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Review
Because leptin reduces food intake and body weight, the
coexistence of elevated leptin levels with obesity is
widely interpreted as evidence of ‘leptin resistance.’
Indeed, obesity promotes a number of cellular processes
that attenuate leptin signaling (referred to here as ‘cel-
lular leptin resistance’) and amplify the extent of weight
gain induced by genetic and environmental factors. As
commonly used, however, the term ‘leptin resistance’
embraces a range of phenomena that are distinct in
underlying mechanisms and pathophysiological implica-
tions. Moreover, the induction of cellular leptin resis-
tance by obesity complicates efforts to distinguish the
mechanisms that predispose to weight gain from those
that result from it. We suggest a framework for
approaching these issues and important avenues for
future investigation.

Leptin action and the concept of ‘leptin resistance’
Leptin, a polypeptide hormone that is produced by adipo-
cytes in proportion to their triglyceride content, links
changes in body energy (fat) stores to adaptive responses
in the central control of energy balance [1–4]. By binding to
and activating the long form of its receptor (LEPR-B) in the
brain, leptin decreases food intake while increasing energy
expenditure. Evolutionary considerations, together with a
large body of experimental data, indicate that a major
physiologic role of leptin is to respond to and defend
against reductions of body fat (and thus leptin) that might
impair survival and reproductive fitness. Apart from the
notable exception that their body fat mass is markedly
increased, the phenotypes of humans and rodents lacking
leptin or LEPR-B mirror the physiological response to
starvation (e.g. hunger, decreased metabolic rate, infertil-
ity, immune dysfunction, insulin resistance). Thus, leptin
is required for energy stores to be sensed in the central
nervous system (CNS) and is thus essential for functions
such as normal energy homeostasis and reproduction.

Leptin replacement effectively reverses the altered
physiology associated with low leptin states, including
genetic leptin deficiency (e.g. Lepob/ob mice and the rare
humans with loss of function mutations in the leptin gene
[5–7]), lipodystrophic syndromes (in which the lack of
adipose tissue results in a corresponding diminution of
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circulating leptin [8,9]) and otherwise normal humans who
have undergone weight reduction and whose circulating
leptin is therefore decreased as a result of the diminished
fat mass [10–12]. Moreover, exogenous leptin acutely
decreases feeding and body weight in normal animals
and is a powerful determinant of energy expenditure in
fasted animals [5,13,14]. These observations establish lep-
tin deficiency as a key regulator of metabolic and neuroen-
docrine responses to states that are characterized by
negative energy balance and weight loss.

Although leptin administration reduces food intake in
normal animals, food intake ultimately returns toward
normal during prolonged leptin administration, once body
fat stores have been substantially depleted [5]. Moreover,
treatment with leptin alone (even at very high doses) is
ineffective as a means to decrease food intake and body
weight in obese animals and humans, although congenital
leptin-deficiency states represent an exception to this rule
[15]. Indeed, the subset of overweight and obese human
subjects who demonstrate the strongest catabolic response
to leptin are those at the lower end of the obese body mass
index (BMI) range and those with relatively low leptin
levels for any given BMI or adiposity level [16,17]. Togeth-
er with the aforementioned finding of elevated circulating
leptin levels in obese subjects (commensurate with their
adiposemass) [18,19], these observations have inspired the
notion of ‘leptin resistance’ in common forms of obesity [20],
analogous to the insulin resistance that contributes to type
2 diabetes and that often coexists with ‘leptin resistance’ in
obese individuals. Indeed, similar cellular mechanisms
might attenuate the action of both hormones, as detailed
below.

LEPR-B signaling
LEPR-B is a type 1 cytokine receptor that, upon leptin
binding to its extracellular domain, undergoes a conforma-
tional change to activate its associated Jak2 tyrosine kinase
[21]. Activated Jak2 promotes the tyrosine phosphorylation
of several intracellular residues on LEPR-B (also on Jak2
itself) and each tyrosine phosphorylation site recruits a
specific set of downstream molecules to promote specific
intracellular signals (Figure 1). LEPR-B contains three
distinct tyrosine phosphorylation sites: Tyr985, Tyr1077
and Tyr1138 [22]. Tyr1138 recruits signal transducer and
activator of transcription (STAT)3, a latent transcription
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Figure 1. Schematic diagram of LEPR-B signaling and mechanisms of cellular leptin resistance. Leptin binding promotes the activation of LEPR-B-associated Jak2, which

phosphorylates three tyrosine residues on the intracellular tail of LEPR-B. Each of these phosphorylated residues recruits a unique set of downstream signaling molecules.

Phosphorylated Tyr985 (pY985) recruits SHP2 (which participates in ERK activation) and SOCS3 (an inhibitor of LEPR-B signaling). pY1077 recruits the transcription factor

STAT5, whereas pY1138 recruits STAT3. A variety of processes contributes to the attenuation of LEPR-B signaling (red lines), including the feedback inhibition that occurs

by STAT3-promoted SOCS3 accumulation. PTP1B, ER stress and inflammatory signals might also participate in the inhibition of LEPR-B signaling in obesity.

Review Trends in Endocrinology and Metabolism Vol.21 No.11
factor, which subsequently becomes tyrosine phosphorylat-
ed (pSTAT3) by Jak2, enabling its nuclear translocation and
promoting its transcriptional effects.Detectionof pSTAT3 is
used as an important bioassay of LEPR-B signaling in vivo
[23]. Similarly, Tyr1077 recruits andmediates the phosphor-
ylation and activation of a related transcription factor,
STAT5 [22,24]. Tyr985 recruits the tyrosine phosphatase
PTPN11 [protein tyrosine phosphatase, non-receptor type
11 (also called SHP2) which controls extracellular-signal
regulated kinase (ERK) activation] and also binds suppres-
sor of cytokine signaling (SOCS)3, an inhibitor of LepRb/
Jak2 signaling [25,26].

Processes that attenuate LEPR-B signaling
LEPR-B Tyr1138-STAT3 signaling promotes the transcrip-
tion and accumulation of SOCS3, which binds to Tyr985.
SOCS3 binding to Tyr985 attenuates LEPR-B signaling,
completing a negative feedback loop [25,26]; indeed, dis-
ruption of LEPR-B Tyr985 or CNS SOCS3 inmice decreases
food intake and adiposity [27–29]. Furthermore, disruption
of the afferent limb of this feedback pathway (i.e., Tyr1138-
STAT3) also increases the amplitude and duration of Jak2
activation in cultured cells, and some leptin effects (e.g. on
the immune system) are enhanced in Tyr1138 mutant
animals [30].

Similarly, protein tyrosine phosphatase (PTP)1B med-
iates the dephosphorylation of Jak2, limiting the extent of
leptin action in cultured cells and in vivo [31,32]. Similar to
SOCS3, inactivation of PTP1B in the brain of mice
increases leptin signaling and decreases adiposity, imply-
ing a physiological role for both proteins to limit signaling
via LEPR-B [33,34].

Other pathways also limit cellular leptin action. In
peripheral tissues (such as adipose, liver and muscle),
obesity promotes both endoplasmic reticulum (ER) stress
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and a state of chronic low-level inflammation that contri-
butes to insulin resistance; both of these processes might
also participate in the attenuation of CNS LEPR-B signal-
ing in obesity [35–37] (Figure 1). For example, obesity is
associated with hypothalamic ER stress, which impairs
LEPR-B signaling in cultured cells; conversely, attenua-
tion of ER stress improves leptin signaling and leptin
action in vivo. Increased activity of inflammatory signaling
pathways in the hypothalamus of obese animals can impair
leptin signaling both in vivo and in cultured cell models,
whereas genetic or pharmacological blockade of inflamma-
tory signals in the brain of obese rodents promotes leptin
action and protects against diet-induced obesity (DIO) [35–

37]. The story is more complicated, however, as some forms
of systemic inflammation (e.g. acute infection, cancer ca-
chexia) promote anorexia and weight loss via mechanisms
involving hypothalamic systems that are also targets for
leptin action [38].

Thus, SOCS3, PTP1B, ER stress and inflammation
represent some of the molecular and cellular mediators
that directly attenuate LEPR-B signaling in states of
obesity and thus represent mediators of cellular leptin
resistance. Although they clearly contribute to diminished
leptin action in obesity, the degree to which these
responses themselves enable weight gain and/or the main-
tenance of increased adiposity in obese individuals
remains incompletely understood.

Assessing leptin resistance in genetic models
Recent years have witnessed a dramatic increase in the
number of genetic mouse models of obesity, and measures
of leptin sensitivity (Box 1) have become a routine compo-
nent of efforts to investigate mechanisms underlying such
obesity. Current knowledge indicates that measures of
leptin sensitivity are diminished across obese animal mod-



Box 1. Measuring ‘leptin resistance’ in vivo

Assessment of LEPR-B signaling and leptin action in vivo essentially

relies on two assays: detection of leptin-stimulated pSTAT3 in the

hypothalamus (by immunoblotting or immunohistochemical meth-

ods) and responses of food intake and body weight/fat content to

leptin administration [23]. The assessment of pSTAT3 levels has

emerged as the gold standard experimental marker for cellular

LEPR-B action in vivo. The strength of this approach is that

hypothalamic pSTAT3 is engaged rapidly and directly by LEPR-B

and that most detectable hypothalamic pSTAT3 is typically attribu-

table to leptin action [21,68]. Although hypothalamic pSTAT3

represents a sensitive and specific marker of LEPR-B signaling,

STAT3 is not the sole mediator of cellular leptin action [21]. Leptin

action in the hypothalamus also mediates signaling by STAT5, ERK,

phosphoinositide (PI) 3-kinase, mammalian target of rapamycin

(mTOR), AMP-dependent kinase, and potentially other pathways

that are partially or completely independent of STAT3 [69–73].

Leptin also controls the membrane potential and firing of its target

neurons, and such rapid effects do not involve nuclear STAT3

signaling [74]. Unfortunately, many of these other pathways are

more difficult to detect than pSTAT3, can be influenced by factors

other than leptin (e.g. PI3 kinase is strongly activated by insulin and

mTOR is controlled by amino acid availability) and might be

mediated trans-synaptically, which confounds their use as reflectors

of cellular leptin signaling [71,75]. Consequently, the field relies

primarily on pSTAT3 as the marker for cellular leptin signaling

despite ongoing uncertainty as to how this reflects the responsive-

ness of these other leptin-regulated pathways that might (or might

not) be affected in obesity. Indeed, because leptin administration

produces both acute effects (generally mediated by fast-acting

cellular kinase cascades, such as ERK, PI3 kinase and mTOR) and

longer-term transcriptional signals (e.g. via STAT3 and STAT5),

acute and chronic leptin signals might be affected differently by

mediators of cellular leptin resistance [76]. Unfortunately, acute

leptin action is poorly studied in chronic obese states. Thus,

although pSTAT3 remains a crucial marker for LEPR-B signaling in

vivo, additional assays are required to enable the examination of

LEPR-B signaling and cellular leptin resistance more completely.
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els, including both models of DIO andmodels of monogenic
or polygenic obesity in rats and mice (the exception being
Lepob/ob mice). Consequently, labeling these model organ-
isms ‘leptin resistant’ is synonymous with calling them
‘obese,’ and adds little to our understanding of the under-
lying mechanisms.

Furthermore, because obesity promotes various path-
ways of cellular leptin resistance (already enumerated in
this review), it is unsurprising that the action of leptin
should be compromised in obese animals. Equally impor-
tant, the question of whether the altered parameters of
leptin action in a particular animal model of obesity are a
consequence of obesity, reflect the underlying initiating
mechanism of obesity, or some combination thereof,
remains largely unanswered. Hence, indices of leptin
action in obese animals are of limited value unless they
are obtained before weight gain occurs or are obtained
from animals whose adiposity is otherwise matched to
controls.

To facilitate heuristic analysis of these models, we
considered several classes of genetic obesity (which occur
both in humans and in animal models): (i) alterations in
LEPR-B or LEPR-B signaling, (ii) disruption of neural
pathways known to participate in leptin action, (iii) altera-
tions in peripheral tissues that promote adiposity indepen-
dently of changes of food intake and (iv) changes that are
potentially, but not definitively, related to leptin action.
Alterations in LEPR-B or LEPR-B signaling

Animals (or very rarely, humans) with primary hypo-
morphic LEPR-Bmutations are perhaps themost straight-
forward to classify, because such individuals have cellular
leptin resistance in its purest form and there can be no
question that the failure of cellular leptin action is causal
to the obesity pathogenesis in these animals. Similarly, it
is possible to link alterations that compromise LEPR-B
trafficking or downstream LEPR-B signaling (e.g. interfer-
ence with LEPR-B! STAT3 signaling, activation of in-
flammatory signals) [36,39–41] to obesity arising as a
primary consequence of cellular leptin resistance. In each
of these cases, diminished LEPR-B signaling (e.g. pSTAT3)
and leptin action is observed under all conditions.

Disruption of neural pathways participating in

leptin action

For disruption of neural pathways involved in leptin ac-
tion, the hypothalamic melanocortin system affords an
informative example. In this system, proopiomelanocortin
(POMC) neurons in the arcuate (ARC) nucleus of the
hypothalamus project to downstream targets (such as
the paraventricular hypothalamic nucleus; PVH) where
they release POMC-derived peptides, including a-melano-
cyte stimulating hormone (MSH), which activate CNS
melanocortin receptors to reduce food intake and increase
energy expenditure [42,43]. Many ARC POMC neurons
express LEPR-B, and leptin increases the activity of the
melanocortin system. Disruption of melanocortin action by
physical lesions of the ARC or PVH, by pharmacological
means, or by various genetic alterations at the level of the
melanocortin peptide or its receptors, causes obesity and
proportionate hyperleptinemia. In the case of such disrup-
tions (for instance, in the case of animals null for the
melanocortin 4 receptor [44]), obese animals display cellu-
lar leptin resistance and severe attenuation of leptin action
on feeding, whereas pre-obese animals will have normal
cellular LEPR-B signaling and only modestly diminished
leptin action on feeding and body weight. Terming this
form of obesity ‘leptin resistance’ obscures a great deal of
mechanistic detail regarding the primarily affected (e.g.
melanocortin) pathway, which lies downstream of cellular
LEPR-B signaling/action.

Alterations in peripheral tissues that operate

independently of food intake

Under certain conditions, genetic alterations that affect
energy metabolism in peripheral tissues can promote in-
creased adiposity. For instance, disruption ofmitochondrial
uncoupling protein (Ucp)1, whichmediates amitochondrial
proton leak to convert fat energy to heat in brown adipose
tissue, diminishes energy expenditure and promotes in-
creased adiposity in animals housed at thermoneutrality
(although these effects are difficult to detect under other
conditions) [45,46]. Although the potential ‘leptin resis-
tance’ of such animals is rarely examined (why would this
bedone, given that the lesion clearly lies outside of the leptin
pathways?), the prediction is that these animals should
exhibit a blunting of cellular leptin action and leptin effects
on feeding when studied in the obese state, but that both
should be normal in the pre-obese, lean state.
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Alterations in CNS pathways with no clear link to leptin

action

Alterations in CNS pathways without a clear primary rela-
tionship to leptin action include impairment of brain-de-
rived neurotrophic factor or its receptor (TrkB) [47,48],
disruption of pathways involved inBardet–Biedel syndrome
[49], Prader–Willi syndrome [50] and other obesity-provok-
ing genetic alterations. Although the cellular and anorectic
response to leptin under the obese condition in thesemodels
can be expected to (and does) reveal cellular leptin resis-
tance and decreased leptin action on energy balance [49],
such studies do not address whether this impairment is
secondary to obesity, or whether it occurs independently of
obesity and might thereby contribute to obesity pathogene-
sis. Testing for a primary defect in cellular LEPR-B action
(presenting as decreased pSTAT3) that operates indepen-
dently of obesity can shed light on which comes first, the
leptin resistance or the obesity. The observation of partial
reduction of food intake in response to leptin in the presence
of normal LEPR-B signaling requires cautious interpreta-
tion, however, as this might reflect disruption of either
leptin-regulated downstream neural pathways or other
neural systems that modulate feeding.

In summary, although mechanisms of cellular leptin
resistance are likely to have important implications for
energy balance, it is important to distinguish cellular
leptin resistance that is caused by obesity from the often
distinct primary processes that promote obesity in genetic
(and other, e.g. diet-induced) models. The value of obese
genetic models lies in the identification of the underlying
molecular mechanisms that control energy balance and
that, when defective, can cause or predispose to obesity. To
effectively determine the potential primary effect of a
genetic lesion on leptin action itself, the assays must be
performed in non-obese animals.

The elephant in the room: cellular leptin resistance in
context-dependent obesity, including DIO
Although genetic alterations in humans and animals have
taught us a great deal about mechanisms of severe obesity
and the systems that govern energy balance, it appears
that the changed environment, not altered genetics, under-
lies the burgeoning epidemic of obesity in developed and
developing countries. During the past 50 years, two major
changes have shifted the energy balance equation: the
decreased requirement for physical energy expenditure
and the increased availability and abundance of palatable,
calorically dense foods. A common research model of obe-
sity investigators, DIO, mirrors the ubiquity of highly
palatable, calorie-dense foods in modern societies. In this
paradigm, animals remain lean when maintained on stan-
dard chow, but increase their caloric intake and rapidly
gain adipose mass when provided a calorically dense diet
(generally high in both fat and sugar content). Although
genetic predisposition to DIO clearly exists (some rodent
strains gain little weight on high-calorie compared with
normal chow, whereas others rapidly progress to obesity)
[51], it is the availability of a highly palatable diet that
drives overeating and subsequent obesity in these models.

It is debatable as to what extent cellular mechanisms of
leptin resistance (i.e., impaired LEPR-B and downstream
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signaling) cause and/or facilitate the obese phenotype in
DIO models. Clearly, we cannot resort to examining adi-
posity-matched animals on each diet (as one could for
genetic models), because the major factor driving the body
weight difference between DIO and chow-fed lean animals
is the hedonically driven excess consumption and conse-
quent adiposity, rather than an innate difference of leptin
signaling. How then to distinguish the causes from the
consequences of obesity?

Perturbing the known mechanisms of cellular leptin
resistance has provided some insight here, because inter-
fering with neuronal LEPR-B Tyr985/SOCS3, PTP1B, ER
stress and some inflammatory pathways protects against
obesity and augments the response to exogenous leptin in
animals fed highly palatable diets [27–29,35,36]. The de-
velopment of cellular leptin resistance with increasing
obesity in DIO limits the ability of leptin to control adipos-
ity, thereby magnifying the extent of weight gain or, to be
more specific, participating in the determination of the new
level of body fat stores following the change in diet.

To what extent might cellular leptin resistance function
as a primary factor in weight gain in DIO? In fact, several
lines of evidence argue against such a causative role. First,
although thepSTAT3 response to exogenous leptinmight be
diminished inDIO animals, baseline ARCpSTAT3 levels in
the absence of exogenous leptin administration (i.e., LEPR-
B signaling due to endogenous circulating leptin) are actu-
ally increased in DIO animals compared with chow-fed
controls [23]. Thus, the reduction in LEPR-B signaling
observed with exogenous leptin administration reflects a
response topharmacologicmanipulation; although themed-
iators of cellular leptin resistance might restrain LEPR-B
signaling in obesity (i.e., baseline pSTAT3 in DIO animals
should perhaps be higher in the absence of cellular leptin
resistance), these mechanisms of cellular leptin resistance
donot reduceLEPR-B activity to levels below those in chow-
fed animals and thus cannot account for DIO on their own.
Second, DIO animals tend to reduce their food intake and
body weight when switched to a less palatable diet [52].
Hence, the presence of cellular leptin resistance in DIO
animals is insufficient to maintain the full obesity pheno-
type in the absence of the primary precipitant (palatable
high-calorie chow).

We propose that increased food intake and associated
adiposity promotes cellular leptin resistance in DIO and
that this cellular leptin resistance prevents LEPR-B signal-
ing from reaching the level that it would otherwise attain in
response to the increased ambient leptin, thereby further
facilitating theweightgainassociatedwith the consumption
of a high-calorie diet. This model has the advantage of
incorporating the potential relevance of cellular leptin re-
sistance in the pathogenesis of common forms of obesity
while acknowledging that it cannot explain the entire path-
ogenesis of DIO. It also recognizes the potential for mechan-
isms of cellular leptin resistance as therapeutic targets,
because mitigating these processes should enhance
LEPR-B signaling, thereby reducing the degree of obesity.

The initiation of DIO
What are the key mechanisms that drive the development
andmaintenance of obesity inDIO?Many factors can affect
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Figure 2. Determination of the settling point for food intake. (a) Mechanisms that

contribute to food intake, with those factors that exert pressure to decrease feeding

listed on top and those that tend to increase feeding listed on the bottom. (b) Initial

response to increased palatability/availability of food, which increases feeding by

increasing the drive to eat. (c) New equilibrium for food intake in the continued

presence of increased food palatability/availability. Increased feeding promotes

increased adiposity, which increases leptin action to promote earlier satiation and

additional effects to decrease feeding toward the initial baseline. With obesity,

cellular mediators of leptin resistance are promoted in the hypothalamus, limiting

leptin action and increasing the amount of leptin/adiposity required to suppress

feeding.
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food intake, only some of which are subject to biological
regulation and the amount of food that is ultimately con-
sumed represents the integrated effect of these factors
(Figure 2a). Tending to increase food intake are the hedon-
ic attractiveness and availability of food, learned prefer-
ences and molecular mediators of hunger, such as ghrelin
and cannabinoid signaling (aswell as relative reductions in
ambient leptin levels with weight loss) [2,3,53–55]. Oppos-
ing these factors are leptin action and other mediators that
promote satiety, including insulin and numerous gut-de-
rived signals. Altering the strength of, or sensitivity to, any
of these factors will alter the amount of food consumed and
hence affect adiposity. Just as decreasing the strength of
the leptin signal will increase feeding by diminishing
anorectic drive, so will increases in the palatability and/
or availability of food, even when the cellular efficacy of
leptin signaling remains unchanged.

Hence, in DIO (and presumably inmuch of human obesi-
ty), the presence of palatable food favors an increase in food
intake; as this increase in feeding causes fat stores to
increase, the resultant rise in signals of energy repletion
(including leptin) will eventually favor the return of food
intake toward levels matched to energy expenditure, creat-
inganewsteadystate (albeit at theprice ofhigher adiposity)
(Figure 2b and 2c). Indeed, when rodents are switched to a
high-calorie diet, their energy intake initially increases
dramatically, followed by a gradual return toward baseline
values (normalized to metabolic mass). This return toward
baseline feeding reflects the establishment of a new equilib-
rium at which the heightened incentive to feedmediated by
the palatable food is balanced by the effects of increased
anorectic signals such as leptin and gut satiety signals.
Thus, increased adiposity is a predictable response to the
enhanced palatability of available food, even in the absence
of molecular and cellular pathways that might interfere
directly with leptin signaling and action.

An important corollary in this context is that if the diet-
promoted increase in adiposity also induces cellular leptin
resistance, the amount of circulating leptin needed to
achieve this new equilibrium is proportionately increased
and this increase must occur through the further expan-
sion of fat mass. Hence, diet-induced cellular leptin resis-
tance leads to the defense of an even higher level of body fat
stores than would otherwise occur. Thus, although cellular
leptin resistance is not the primary cause of weight gain in
this scenario, it influences both the amount of weight (fat)
gained and possibly the subsequent defense of that elevat-
ed weight. Removal of the palatable food diminishes the
strength of the orexigenic drive, allowing the now elevated
(secondary to increased adiposity) leptin action to drive
feeding down towards a new equilibrium value. The extent
of weight loss will therefore depend on the associated
diminution of cellular leptin resistance and other processes
that are induced during the adaptation to obesity, with the
consequence that normalization of body weight upon the
removal of palatable, calorically dense food might be in-
complete.

With this background, we return to the issue of whether
DIO can aptly be described as a state of leptin resistance.
We suggest that this description is appropriate when
referring to mechanisms that limit cellular leptin action
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themselves, but that it is essential to distinguish this
phenomenon from the initiating insult (e.g. palatable food,
the genetic lesion predisposing certain animals to obesity),
which might not, in and of itself, impair LEPR-B signaling
and cellular leptin action.

Obesity and the notion of ‘selective’ leptin resistance
It has been proposed that the maintenance of reproductive
function, energy expenditure, sympathetic outflow and
other leptin-regulated processes in the setting of DIO
indicates impaired leptin action in obesity, restricted to
the control of feeding. Note that although the effect of
genetic lesions that impair specific leptin-regulated path-
ways might produce selective leptin resistance, these rep-
resent a different case from that of DIO [39,56]. Several
lines of evidence argue against a meaningful selectivity in
leptin resistance in DIO. First, a variety of data suggests
that leptin acts on both energy expenditure and feeding via
overlapping sites and mechanisms [43,57] and the nature
of a process that might interfere with feeding but not
energy expenditure is thus unclear. Indeed, although the
ARC represents a major site of cellular leptin resistance in
DIO [23], ARC leptin action modulates energy expendi-
ture, glucose homeostasis and other aspects of leptin action
in addition to participating in food intake. In addition,
endogenous leptin clearly plays a role in limiting appetite
in DIO, as food intake rapidly restabilizes after the initial
increase of feeding on highly palatable, energy-dense chow.
Indeed, increasing the palatability of food promotes in-
creased food intake despite the integrity of cellular leptin
action, although food intake returns toward normal as
adiposity increases (with the attendant increase of leptin
levels and action) (Figure 2). The decrease of feeding and
body weight upon the reinstatement of a normal chow diet
suggests that the initial increase of food intake and subse-
quent adiposity represents a predictable response to the
hedonic characteristics of the novel diet, rather than a
response to diminution of leptin action. Thus, the transient
increase and subsequent return of energy intake toward
baseline during DIO support a model in which elevated
leptin levels in obesity contribute to the control of hunger
as well as energy expenditure. Furthermore, the response
of obese humans to weight loss (which causes responses
such as increased hunger, cold intolerance, and decreased
thyroid and sympathetic tone) is fundamentally intact [12],
suggesting that the ‘extra’ leptin in obese individuals
exerts biologically relevant effects on parameters addition-
al to those involved in the control of feeding. If it can be
postulated that the effect of weight loss from the obese
state is to increase hunger and that this reflects ongoing
leptin resistance, the same must also be true for the other
factors (diminished thyroid tone, cold intolerance and so
on) that also accompanyweight loss. Thus, a variety of data
argues against a meaningful selectivity (i.e. control of
feeding only) in the attenuation of leptin action in DIO
and common human obesity.

Potential mechanisms contributing to the maintenance
of obesity with dietary intervention
If much of the obesity in developed societies represents a
response to plentiful, available and palatable food, why
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does the withdrawal of such foods, as occurs with dieting,
generally fail to achieve sustained weight loss in obese
individuals? This is a difficult issue to investigate in
humans, because palatable foods are readily available
and virtually omnipresent, even to most dieters; a tasty,
calorically dense treat is only as far away as the nearest
refrigerator, vending machine, convenience store or des-
sert menu. This ubiquity of palatable, energy-dense foods
probably contributes to the failure or relapse of many
dieters, especially as weight loss itself potently increases
the drive to eat.

To control for the vagaries of food availability, obese
individuals have been hospitalized for study. When sub-
jected to aweight loss of 10% or greater (to within the high–

normal weight range), such patients exhibit decreased
thyroid and sympathetic tone, cold intolerance, and in-
creased hunger [12,58]. Because these effects are reversed
by the administration of low dose exogenous (replacement)
leptin, many of these changes are attributable to the
associated decreased circulating leptin concentrations that
occur with weight loss. Thus, decreasing leptin concentra-
tions from obese values provokes a physiologic response
that tends to defend the obese levels of adiposity.

This adaptive response to weight loss (or rather, to the
associated decrease of circulating leptin) could theoretical-
ly reflect a different baseline settling point (‘threshold’ for
leptin action) in individuals who are predisposed to obesity
or, alternatively could indicate that obesity and/or hyper-
leptinemia induce longer-term changes in neural systems
that modulate energy balance, which, in turn, resets the
system to a new and elevated defended level of adiposity.
These possibilities are not mutually exclusive.

In at least some rodent models, the restoration of nor-
mal chow to DIO animals reduces food intake and adiposity
[52], but not necessarily to the levels observed in animals
that were never exposed to the obesogenic diet. Once
obesity becomes established, therefore, an upward re-reg-
ulation of the defended level of body fat stores might occur.
Indeed, there exist several otherwise confusing observa-
tions that can be accounted for by proposing that long-term
reprogramming occurs in chronic obesity/hyperleptinemia.
One example is the finding that chronic leptin overexpres-
sion in rodents, which initially promotes leanness, results
in increased adiposity in the long term [59–61]. How the
homeostatic system might become reset to a new and
elevated level of adiposity and/or ambient leptin remains
a key open question. Although many components of cellu-
lar leptin resistance would be expected to diminish with
decreasing adiposity (e.g. the activation of Tyr985/SOCS3-
dependent feedback inhibition), other contributory pro-
cesses might be relatively fixed and, hence, more difficult
to reverse.

Important issues for obesity research
One implication of the foregoing discussion is that the
potential causes of common obesity are myriad. Indeed,
recent genome-wide association studies (GWAS) have iden-
tified common polymorphisms at numerous loci, each with
very modest contributions to adiposity [62]. The common
polymorphisms/loci identified to date collectively account
for little more than 10% of the heritable predisposition
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to obesity, consistent with the notion that the genetic vari-
ability in obesity susceptibility probably represents the sum
of multiple small changes, each of which affects different
molecular determinants of feeding (or potentially energy
expenditure). These GWAS focused on alleles with >5%
frequency in the studied populations; hence, it remains to
be seen whether lower frequency alleles of the same and/or
other genes can account for the remainder of the genetic
susceptibility.

Genetic differences affecting neural pathways control-
ling the perceived reward value of food can be expected to
modify the magnitude of the response to a change in the
type or availability of palatable foods. Such gene variants
might be among many factors that influence this response,
including, for example, developmentally encoded differ-
ences in the function of the ARC melanocortin pathway;
sensitivity to meal-related satiety signals; variation within
pathways involved in cellular mechanisms of leptin action
or resistance; and learned preferences (and the factors that
underlie them). Genetic differences in the leptin receptor
and its signaling pathway could also play a role in affecting
obesity risk, by promoting cellular leptin resistance, al-
thoughminimal genetic data currently exist to support this
mechanism (with the exception of a potential role for
SH2B1, a LEPR-B-associated signaling molecule that pro-
motes leptin action and for which common polymorphisms
are associated with obesity in GWAS) [63,64].

Along similar lines, there are many potential ways to
lower food intake so as to achieve therapeutic benefit. A
sustained increase in the strength of anorexic signals will
favor themaintenance of a reduced level of body fat stores,
as would interference with orexigenic signals and med-
iators of cellular leptin resistance; intervention at multi-
ple independent points is likely to produce synergistic
effects. Hence, many systems deserve a more detailed
integrated analysis as we seek to better understand the
mechanisms governing food intake and to modify them
therapeutically, including the neural pathways that mod-
ulate food palatability and reward. It will also be impor-
tant to clarify how physiological signals, including leptin
and ghrelin, interact with these brain systems to modu-
late the hedonic drive to eat. Similarly, nutritional status
and hormonal cues such as leptin and ghrelin are now
recognized to affect behavior and emotion beyond feeding,
including anxiety-related and depression-related beha-
viors [65,66]. It will therefore be useful to improve our
understanding of these pathways and gain mechanistic
insight into how mood contributes to overeating and/or
eating disorders (and vice versa).

Beyond changes in diet and lifestyle, it is clear that
other environmental influences can also modulate the
predisposition to obesity. Perinatal nutrition and other
exposures contribute to the lifelong risk for obesity and
metabolic disease [67]. Themechanisms by which the early
environment programs the later metabolic outcome
remains unclear, although imprinting of key genes or
altering the architecture of the neural circuits that control
feeding and energy expenditure (or both) represent rea-
sonable possibilities. Themechanisms and consequences of
these developmental perturbations represent important
avenues for future research.
Lastly, much remains to be learned about mechanisms
underlying cellular leptin resistance and the relative impor-
tance of various mediators of cellular leptin resistance.
Major issues in this area include mechanisms by which
overfeeding and obesity promote ER stress and inflamma-
tion in key neuronal subsets, and how mechanisms of an-
orexigenic (e.g. sepsis) and orexigenic (associated with
cellular leptin resistance) hypothalamic inflammationdiffer
in termsof theiramplitude, timing,molecularpathwaysand
cell specificity. Related questions pertain to roles for specific
nutrients (e.g. fatty acids) in cellular leptin resistance in the
hypothalamus, and much remains to be learned about the
importance of such processes in obesity-associated attenua-
tion of leptin action. It will also be crucial to determine
whether and how chronic obesity and/or hyperleptinemia
promotes a durable program to reset the neural expectation
for higher levels of adiposity (e.g. leptin), which could occur
at the level of cellular action, neural circuitry/plasticity,
genomic imprinting, or other processes. In this context, it
is important to consider that not all such obesity-induced
mechanisms that promote feeding and/or interfere with
anorectic processeswill necessarily alter LEPR-B signaling.
If and when such processes are identified, it will be impor-
tant to label them inprecise,mechanistic terms, rather than
grouping them together as ‘leptin resistance.’

Conflict of interest
RJS receives research support, consults and is on the speakers’ bureau for
Amylin Pharmaceuticals and is on the speakers’ bureau and scientific
advisory board for Novo Nordisk.

Acknowledgements
This study was supported by NIH DK057768, DK056731, DK078056
(M.G.M.), DK083042 and DK052989 (M.W.S.), DK52431 (R.L.), grants
from the American Diabetes Association (M.G.M., R.L.), American Heart
Association, the Marilyn H. Vincent Foundation (M.G.M.) and the Russell
Berrie Foundation (R.L.). We thank other participants in the PRISM
2008 meeting and members of the Myers lab for helpful discussions.

References
1 Myers, M.G., Jr, Munzberg, H., Leinninger, G.M. and Leshan, R.L.

et al. (2009) The geometry of leptin action in the brain: more
complicated than a simple ARC. Cell Metab. 9, 117–123

2 Schwartz, M.W., Woods, S.C., Porte, D., Jr, Seeley, R.J. and Baskin,
D.G. et al. (2000) Central nervous system control of food intake.Nature
404, 661–671

3 Rosenbaum,M. and Leibel, R.L. et al. (1999) The role of leptin in human
physiology. N. Engl. J. Med. 341, 913–915

4 Ahima, R.S., Saper, C.B., Flier, J.S. and Elmquist, J.K. et al. (2000)
Leptin regulation of neuroendocrine systems. Front Neuroendocrinol.
21, 263–307

5 Halaas, J.L., Gajiwala, K.S. and Maffei, M. et al. (1995) Weight-
reducing effects of the plasma protein encoded by the obese gene.
Science 269, 543–546

6 Chehab, F.F., Lim, M.E. and Lu, R. et al. (1996) Correction of the
sterility defect in homozygous obese female mice by treatment with the
human recombinant leptin. Nature Genetics 12, 318–320

7 Farooqi, I.S., Jebb, S.A. and Langmack, G. et al. (1999) Effects of
recombinant leptin therapy in a child with congenital leptin
deficiency.N. Engl. J. Med. 341, 879–884

8 Oral, E.A., Simha, V. and Ruiz, E. et al. (2002) Leptin-replacement
therapy for lipodystrophy. N. Engl. J. Med. 346, 570–578

9 Shimomura, I., Hammer, R.E., Ikemoto, S., Brown,M.S. and Goldstein,
J.L. et al. (1999) Leptin reverses insulin resistance and diabetes
mellitus in mice with congenital lipodystrophy]. Nature 401, 73–76

10 Chan, J.L., Heist, K., Depaoli, A.M., Veldhuis, J.D. andMantzoros, C.S.
et al. (2003) The role of falling leptin levels in the neuroendocrine
649



Review Trends in Endocrinology and Metabolism Vol.21 No.11
and metabolic adaptation to short-term starvation in healthy men.
J. Clin. Invest. 111, 1409–1421

11 Welt, C.K., Chan, J.L. and Bullen, J. et al. (2004) Recombinant human
leptin in women with hypothalamic amenorrhea.N. Engl. J. Med. 351,
987–997

12 Rosenbaum, M., Murphy, E.M., Heymsfield, S.B., Matthews, D.E. and
Leibel, R.L. et al. (2002) Low dose leptin administration reverses effects
of sustained weight-reduction on energy expenditure and circulating
concentrations of thyroid hormones. J. Clin. Endocrinol. Metab. 87,
2391–2394

13 Ahima, R.S., Prabakaran, D. and Mantzoros, C. et al. (1996) Role of
leptin in the neuroendocrine response to fasting. Nature 382, 250–252

14 Kaiyala, K.J., Morton, G.J., Leroux, B.G., Ogimoto, K., Wisse, B. and
Schwartz, M.W. et al. (2010) Identification of body fat mass as a major
determinant of metabolic rate in mice. Diabetes 59, 1657–1666

15 Bluher, S. and Mantzoros, C.S. et al. (2009) Leptin in humans: lessons
from translational research. Am. J. Clin. Nutr. 89, 991S–997S

16 Ravussin, E., Smith, S.R. and Mitchell, J.A. et al. (2009) Enhanced
weight loss with pramlintide/metreleptin: an integrated
neurohormonal approach to obesity pharmacotherapy. Obesity
(Silver Spring) 17, 1736–1743

17 Oral, E.A. and Chan, J.L. et al. (2010) Rationale for leptin-replacement
therapy for severe lipodystrophy. Endocr. Pract. 16, 324–333

18 Considine, R.V., Sinha, M.K. and Heiman, M.L. et al. (1996) Serum
immunoreactive-leptin concentrations in normal-weight and obese
humans. N. Engl. J. Med. 334, 292–295

19 Rosenbaum, M., Nicolson, M. and Hirsch, J. et al. (1996) Effects of
gender, body composition, and menopause on plasma concentrations of
leptin. J. Clin. Endocrinol. Metab. 81, 3424–3427

20 Frederich, R.C., Hamann, A., Anderson, S., Lollmann, B., Lowell, B.B.
and Flier, J.S. et al. (1995) Leptin levels reflect body lipid content in
mice: evidence for diet-induced resistance to leptin action.Nat. Med. 1,
1311–1314

21 Robertson, S.A., Leinninger, G.M. and Myers, M.G., Jr et al. (2008)
Molecular and neural mediators of leptin action. Physiol. Behav. 94,
637–642

22 Gong, Y., Ishida-Takahashi, R., Villanueva, E.C., Fingar, D.C.,
Munzberg, H. and Myers, M.G., Jr et al. (2007) The long form of the
leptin receptor regulates STAT5 and ribosomal protein S6 via
alternate mechanisms. J. Biol. Chem. 282, 31019–31027

23 Munzberg, H., Flier, J.S. and Bjorbaek, C. et al. (2004) Region-specific
leptin resistance within the hypothalamus of diet-induced-obese mice.
Endocrinology 145, 4880–4889

24 Hekerman, P., Zeidler, J. and Bamberg-Lemper, S. et al. (2005)
Pleiotropy of leptin receptor signalling is defined by distinct roles of
the intracellular tyrosines. FEBS J. 272, 109–119

25 Banks, A.S., Davis, S.M., Bates, S.H. and Myers, M.G., Jr et al. (2000)
Activation of downstream signals by the long form of the leptin
receptor. J. Biol. Chem. 275, 14563–14572

26 Bjorbaek, C., Lavery, H.J. andBates, S.H. et al. (2000) SOCS3mediates
feedback inhibition of the leptin receptor via Tyr985. J. Biol. Chem.
275, 40649–40657

27 Bjornholm, M., Munzberg, H. and Leshan, R.L. et al. (2007) Mice
lacking inhibitory leptin receptor signals are lean with normal
endocrine function. J. Clin. Invest. 117, 1354–1360

28 Howard, J.K., Cave, B.J., Oksanen, L.J., Tzameli, I., Bjorbaek, C. and
Flier, J.S. et al. (2004) Enhanced leptin sensitivity and attenuation of
diet-induced obesity inmice with haploinsufficiency of Socs3.Nat.Med.
10, 739–743

29 Mori, H., Hanada, R. and Hanada, T. et al. (2004) Socs3 deficiency in
the brain elevates leptin sensitivity and confers resistance to diet-
induced obesity. Nat. Med

30 Dunn, S.L., Bjornholm,M., Bates, S.H., Chen, Z., Seifert,m. andMyers,
M.G., Jr et al. (2005) Feedback inhibition of leptin receptor/Jak2
signaling via Tyr1138 of the leptin receptor and suppressor of
cytokine signaling 3. Mol. Endocrinol. 19, 925–938

31 Elchebly, M., Payette, P. and Michaliszyn, E. et al. (1999) Increased
insulin sensitivity and obesity resistance in mice lacking the protein
tyrosine phosphatase-1b gene. Science 283, 1544–1548

32 Klaman, L.D., Boss, O. and Peroni, O.D. et al. (2000) Increased energy
expenditure, decreased adiposity, and tissue-specific insulin sensitivity
in protein-tyrosine phosphatase 1B-deficient mice. Mol. Cell Biol. 20,
5479–5489
650
33 Bence, K.K., Delibegovic, M. and Xue, B. et al. (2006) Neuronal
PTP1B regulates body weight, adiposity and leptin action. Nat.
Med. 12, 917–924

34 Banno, R., Zimmer, D. and De Jonghe, B.C. et al. (2010) PTP1B and
SHP2 in POMC neurons reciprocally regulate energy balance in mice.
J. Clin. Invest. 120, 720–734

35 Ozcan, L., Ergin, A.S. and Lu, A. et al. (2009) Endoplasmic reticulum
stress plays a central role in development of leptin resistance. Cell
Metab. 9, 35–51

36 Zhang, X., Zhang, G., Zhang, H., Karin, M., Bai, H. and Cai, D. et al.
(2008) Hypothalamic IKKbeta/NF-kappaB and ER stress link
overnutrition to energy imbalance and obesity. Cell 135, 61–73

37 Ogimoto,K.,Harris,M.K., Jr andWisse,B.E. et al. (2006)MyD88 is akey
mediator of anorexia, but not weight loss, induced by lipopolysaccharide
and interleukin-1 beta. Endocrinology 147, 4445–4453

38 Grossberg, A.J., Scarlett, J.M. and Marks, D.L. et al. (2010)
Hypothalamic mechanisms in cachexia. Physiol. Behav. 100, 478–489

39 Bates, S.H., Stearns, W.H. and Schubert, M. et al. (2003) STAT3
signaling is required for leptin regulation of energy balance but not
reproduction. Nature 421, 856–859

40 Cui, Y., Huang, L. and Elefteriou, F. et al. (2004) Essential role
of STAT3 in body weight and glucose homeostasis. Mol. Cell Biol.
24, 258–269

41 Gao, Q., Wolfgang, M.J. and Neschen, S. et al. (2004) Disruption of
neural signal transducer and activator of transcription 3 causes
obesity, diabetes, infertility, and thermal dysregulation. Proc. Natl.
Acad. Sci. U. S. A. 101, 4661–4666

42 Morton, G.J., Cummings, D.E., Baskin, D.G., Barsh, G.S. and
Schwartz, M.W. et al. (2006) Central nervous system control of food
intake and body weight. Nature 443, 289–295

43 Elmquist, J.K., Coppari, R., Balthasar, N., Ichinose,M. and Lowell, B.B.
et al. (2005) Identifying hypothalamic pathways controlling food intake,
body weight, and glucose homeostasis. J. Comp. Neurol. 493, 63–71

44 Marsh, D.J., Hollopeter, G. and Huszar, D. et al. (1999) Response of
melanocortin-4 receptor-deficient mice to anorectic and orexigenic
peptides. Nat. Genet. 21, 119–122

45 Feldmann, H.M., Golozoubova, V., Cannon, B. and Nedergaard, J. et al.
(2009) UCP1 ablation induces obesity and abolishes diet-induced
thermogenesis in mice exempt from thermal stress by living at
thermoneutrality. Cell Metab. 9, 203–209

46 Kozak, L.P. and Anunciado-Koza, R. et al. (2008) UCP1: its
involvement and utility in obesity. Int. J. Obes. (Lond.) 32 (Suppl 7),
S32–S38

47 Unger, T.J., Calderon, G.A., Bradley, L.C., Sena-Esteves, M. and Rios,
M. et al. (2007) Selective deletion of Bdnf in the ventromedial and
dorsomedial hypothalamus of adult mice results in hyperphagic
behavior and obesity. J. Neurosci. 27, 14265–14274

48 Xu, B., Goulding, E.H. and Zang, K. et al. (2003) Brain-derived
neurotrophic factor regulates energy balance downstream of
melanocortin-4 receptor. Nat. Neurosci. 6, 736–742

49 Seo, S., Guo, D.F., Bugge, K., Morgan, D.A., Rahmouni, K. and
Sheffield, V.C. et al. (2009) Requirement of Bardet-Biedl
syndrome proteins for leptin receptor signaling. Hum. Mol. Genet.
18, 1323–1331

50 Goldstone, A.P. (2004) Prader-Willi syndrome: advances in genetics,
pathophysiology and treatment., Trends Endocrinol. Metab. 15, 12–

20
51 Levin, B.E., Dunn-Meynell, A.A., McMinn, J.E., Alperovich, M.,

Cunningham-Bussel, A. and Chua, S.C., Jr et al. (2003) A new
obesity-prone, glucose-intolerant rat strain (F. DIO). Am. J. Physiol.
Regul. Integr. Comp. Physiol. 285, R1184–R1191

52 Parton, L.E., Ye, C.P. and Coppari, R. et al. (2007) Glucose sensing by
POMC neurons regulates glucose homeostasis and is impaired in
obesity. Nature 449, 228–232

53 Cota, D., Tschop, M.H., Horvath, T.L. and Levine, A.S. et al. (2006)
Cannabinoids, opioids and eating behavior: The molecular face of
hedonism? Brain Res. Rev. 51, 85–107

54 Figlewicz, D.P. and Benoit, S.C. et al. (2009) Insulin, leptin, and food
reward: update 2008.Am. J. Physiol. Regul. Integr. Comp. Physiol. 296,
R9–R19

55 Grill, H.J. (2006) Distributed neural control of energy balance:
contributions from hindbrain and hypothalamus. Obesity. (Silver.
Spring) 14 (Suppl 5), 216S–221S



Review Trends in Endocrinology and Metabolism Vol.21 No.11
56 Rahmouni, K., Morgan, D.A. and Morgan, G.M. et al. (2004)
Hypothalamic PI3K and MAPK differentially mediate regional
sympathetic activation to insulin. J. Clin. Invest. 114, 652–658

57 Bates, S.H., Dundon, T.A., Seifert, m., Carlson, M., Maratos-Flier, E.
and Myers, M.G., Jr et al. (2004) LRb-STAT3 signaling is required for
the neuroendocrine regulation of energy expenditure by leptin.
Diabetes 53, 3067–3073

58 Rosenbaum, M., Nicolson, M., Hirsch, J., Murphy, E., Chu, F. and
Leibel, R.L. et al. (1997) Effects of weight change on plasma leptin
concentrations and energy expenditure. J. Clin. Endocrinol. Metab. 82,
3647–3654

59 Zhang, Y. and Scarpace, P.J. et al. (2006) The role of leptin in leptin
resistance and obesity. Physiol. Behav. 88, 249–256

60 Ogus, S., Ke, Y., Qiu, J., Wang, B. and Chehab, F.F. et al. (2003)
Hyperleptinemia precipitates diet-induced obesity in transgenic mice
overexpressing leptin. Endocrinology 144, 2865–2869

61 Knight, Z.A., Hannan, K.S., Greenberg, M.L. and Friedman, J.M. et al.
(2010) Hyperleptinemia is required for the development of leptin
resistance. PLoS One 5, e11376

62 Monda, K.L., North, K.E., Hunt, S.C., Rao, D.C., Province, M.A. and
Kraja, A.T. et al. (2010) The genetics of obesity and the metabolic
syndrome. Endocr. Metab. Immune Disord. Drug. Targets 10, 86–108

63 Renstrom, F., Payne, F. and Nordstrom, A. et al. (2009) Replication and
extension of genome-wide association study results for obesity in 4923
adults from northern Sweden. Hum. Mol. Genet. 18, 1489–1496

64 Li, Z., Zhou, Y., Carter-Su, C., Myers, M.G., Jr and Rui, L. et al. (2007)
SH2B1 enhances leptin signaling by both Janus kinase 2 Tyr813
phosphorylation-dependent and -independent mechanisms. Mol.
Endocrinol. 21, 2270–2281

65 Liu, J., Garza, J.C., Bronner, J., Kim, C.S., Zhang, W. and Lu, X.Y.
et al. (2010) Acute administration of leptin produces anxiolytic-like
effects: a comparison with fluoxetine. Psychopharmacology (Berl.)
207, 535–545
66 Lu, X.Y., Kim, C.S., Frazer, A. and Zhang, W. et al. (2006) Leptin: a
potential novel antidepressant. Proc. Natl. Acad. Sci. U. S. A. 103,
1593–1598

67 Simerly, R.B. (2008) Hypothalamic substrates of metabolic imprinting.
Physiol. Behav. 94, 79–89

68 Faouzi, M., Leshan, R., Bjornholm, M., Hennessey, T., Jones, J. and
Munzberg, H. et al. (2007) Differential accessibility of circulating leptin
to individual hypothalamic sites. Endocrinology 148, 5414–5423

69 Robertson, S.A., Koleva, R.I. and Argetsinger, L.S. et al. (2009)
Regulation of Jak2 function by phosphorylation of Tyr317 and
Tyr637 during cytokine signaling. Mol. Cell Biol

70 Villanueva, E.C., Munzberg, H. and Cota, D. et al. (2009) Complex
regulation of mammalian target of rapamycin complex 1 in the
basomedial hypothalamus by leptin and nutritional status.
Endocrinology 150, 4541–4551

71 Cota, D., Proulx, K. and Smith, K.A. et al. (2006) Hypothalamic mTOR
signaling regulates food intake. Science 312, 927–930

72 Niswender, K.D., Morton, G.J., Stearns, W.H., Rhodes, C.J., Myers,
M.G., Jr and Schwartz, M.W. et al. (2001) Intracellular signallingKey
enzyme in leptin-induced anorexia. Nature 413, 794–795

73 Minokoshi, Y., Alquier, T. and Furukawa, N. et al. (2004) AMP-kinase
regulates food intake by responding to hormonal and nutrient signals
in the hypothalamus. Nature 428, 569–574

74 Munzberg, H., Jobst, E.E. and Bates, S.H. et al. (2007) Appropriate
inhibition of orexigenic hypothalamic arcuate nucleus neurons
independently of leptin receptor/STAT3 signaling.J.Neurosci. 27, 69–74

75 Niswender, K.D., Morrison, C.D. and Clegg, D.J. et al. (2003) Insulin
activation of phosphatidylinositol 3-kinase in the hypothalamic
arcuate nucleus: a key mediator of insulin-induced anorexia.
Diabetes 52, 227–231

76 Cota, D., Matter, E.K., Woods, S.C. and Seeley, R.J. et al. (2008) The
role of hypothalamic mammalian target of rapamycin complex 1
signaling in diet-induced obesity. J. Neurosci. 28, 7202–7208
651


	Obesity and leptin resistance: distinguishing cause from effect
	Leptin action and the concept of ‘leptin resistance’
	LEPR-B signaling
	Processes that attenuate LEPR-B signaling
	Assessing leptin resistance in genetic models
	Alterations in LEPR-B or LEPR-B signaling
	Disruption of neural pathways participating in leptin action
	Alterations in peripheral tissues that operate independently of food intake
	Alterations in CNS pathways with no clear link to leptin action

	The elephant in the room: cellular leptin resistance in context-dependent obesity, including DIO
	The initiation of DIO
	Obesity and the notion of ‘selective’ leptin resistance
	Potential mechanisms contributing to the maintenance of obesity with dietary intervention
	Important issues for obesity research
	Conflict of interest
	Acknowledgements
	References



