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Abstract
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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 multiple
cellular processes that attenuate leptin signaling (referred to here as “cellular leptin resistance”), and
which amplify the extent of weight gain induced by genetic and environmental factors. As commonly
employed, however, the term “leptin resistance” embraces a range of phenomena that are distinct
with respect both to underlying mechanisms and pathophysiological implications. Moreover, the
induction of cellular leptin resistance 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.
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Leptin Action and the concept of “gleptin resistance”
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Leptin, a polypeptide hormone that is produced by adipocytes 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. With the notable exception that
body fat mass is markedly increased, the phenotypes of humans and rodents that lack leptin or
LEPR-B mirror the physiological response to starvation (hunger, decreased metabolic rate,
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infertility, immune dysfunction, insulin resistance, etc.). Thus, leptin action is required for
energy stores to be sensed in the central nervous system (CNS), and as such is essential for
normal energy homeostasis, reproduction, and the like.
Leptin replacement effectively reverses the altered physiology associated with low-leptin
states, including in genetic leptin deficiency (e.g., Lepob/ob mice and rare humans with loss of
function mutations in the leptin gene)(5–7), lipodystrophic syndromes (the lack of adipose
tissue results in a corresponding diminution of circulating leptin)(8–9), and otherwise normal
weight-reduced humans whose circulating leptin is decreased due to 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 leptin deficiency as a key regulator of metabolic and
neuroendocrine responses to states characterized by negative energy balance and weight loss.
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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 BMI range, and those with relatively
low leptin levels for any given BMI/level of adiposity (16–17). Together with the
aforementioned finding of elevated circulating leptin levels in obese subjects (commensurate
with their adipose mass) (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 which often coexists with “leptin resistance” in obese
individuals. Indeed, similar cellular mechanisms may attenuate the action of both hormones,
as detailed next.

LEPR-B signaling
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LEPR-B is a type 1 cytokine receptor that, upon leptin binding to its extracellular domain,
undergoes a conformational change to activate its associated Jak2 tyrosine kinase (21).
Activated Jak2 promotes the tyrosine phosphorylation of a number of intracellular residues on
LEPR-B (as well as 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-3 (STAT3), a latent
transcription factor, which subsequently becomes tyrosine phosphorylated (pSTAT3) by Jak2,
enabling its nuclear translocation and promoting its transcriptional effects. The detection of
pSTAT3 is used as an important bioassay of LEPR-B signaling in vivo (23). Similarly,
Tyr1077 recruits and mediates the phosphorylation and activation of a related transcription
factor, STAT5 (22,24). Tyr985 recruits the tyrosine phosphatase PTPN11 (a.k.a., SHP2; which
controls ERK activation), and also binds the suppressor of cytokine signaling-3 (SOCS3; an
inhibitor of LepRb/Jak2 signaling) (25–26).

Processes that attenuate LEPR-B signaling
LEPR-B Tyr1138-STAT3 signaling promotes the transcription and accumulation of SOCS3,
which binds to Tyr985. SOCS3 binding to Tyr985 attenuates LEPR-B signaling, completing a
negative feedback loop (25–26); indeed, disruption of LEPR-B Tyr985 or CNS SOCS3 in mice
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
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activation in cultured cells, and some leptin effects (e.g., on the immune system) are enhanced
in Tyr1138 mutant animals (30).
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Similarly, the protein tyrosine phosphatase, PTP1B, mediates the dephosphorylation of Jak2,
limiting the extent of leptin action in cultured cells and in vivo (31–32). As is true for SOCS3,
inactivation of PTP1B in the brain of mice increases leptin signaling and decreases adiposity,
implying a physiological role for both proteins to limit signaling via LEPR-B (33–34).
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Other pathways limit cellular leptin action as well. In peripheral tissues (such as adipose, liver,
and muscle), obesity promotes both endoplasmic reticulum (ER) stress and a state of chronic
low-level inflammation that contributes to insulin resistance; both of these processes may also
participate in the attenuation of CNS LEPR-B signaling in obesity (35–37) (Figure 1). For
example, obesity is associated with hypothalamic ER stress, which impairs LEPR-B signaling
in cultured cells; conversely, attenuation 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 inflammatory signals in the brain of obese rodents
promotes leptin action and protects against DIO (35–37). The story is more complicated here,
however, as some forms of systemic inflammation (acute infection, cancer cachexia, etc.)
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 as such
represent mediators of cellular leptin resistance. While they clearly contribute to diminished
leptin action in obesity, the degree to which these responses themselves enable weight gain
and/or the maintenance 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 component of efforts
to investigate mechanisms underlying such obesity. To our knowledge, measures of leptin
sensitivity are diminished across obese animal models- including both diet-induced obesity
(DIO) and models of monogenic or polygenic obesity in both rats and mice (the exception
being Lepob/ob mice). Consequently, labeling these model organisms “leptin resistant” is
synonymous with calling them “obese,” and adds little to our understanding of underlying
mechanisms.
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BOX 1
Measuring “gleptin 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 methods), 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 readout 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
most detectable hypothalamic pSTAT3 is typically attributable to leptin action (21,68).
Although hypothalamic pSTAT3 represents a sensitive and specific readout of LEPR-B
signaling, STAT3 is not the sole mediator of cellular leptin action, however (21). Leptin
action in the hypothalamus also mediates signaling by STAT5, ERK, PI3 kinase, mTOR,
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AMPK, 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 may be mediated trans-synaptically, which
confounds their use as readouts of cellular leptin signaling (71,75). Consequently, the field
relies primarily on pSTAT3 as the readout for cellular leptin signaling despite ongoing
uncertainty as to how this readout reflects the responsiveness of these other leptin-regulated
pathways that may (or may not) be affected in obesity. Indeed, since 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 may be affected differently by mediators of
cellular leptin resistance (76). Unfortunately, acute leptin action is poorly studied in chronic
obese states. Thus, while pSTAT3 remains a crucial readout 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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Furthermore, because obesity promotes various pathways of cellular leptin resistance
(enumerated already in this review), it is unsurprising that leptin action should be compromised
in obese animals. As importantly, the question of whether the altered parameters of leptin action
in a particular animal model of obesity reflect the underlying initiating mechanism of obesity,
a consequence 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 in animals whose adiposity is otherwise matched to controls.
To facilitate heuristic analysis of these models, we consider several classes of genetic obesity
(which occur in humans as well as in animal models): 1) Alterations in LEPR-B or LEPR-B
signaling, 2) disruption of neural pathways known to participate in leptin action, 3) alterations
in peripheral tissues that promote adiposity independently of changes of food intake, and 4)
changes that are potentially, but not definitively, related to leptin action.
1. Alterations in LEPR-B or LEPR-B signaling
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Animals (or very rare humans) with primary hypomorphic LEPR-B mutations are perhaps the
most straightforward to classify, since 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
obesity pathogenesis in these animals. One could similarly link alterations that compromise
LEPR-B trafficking or downstream LEPR-B signaling (e.g., interference with LEPR-B →
STAT3 signaling, activation of inflammatory signals, etc.) (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.
2. Disruption of neural pathways participating in leptin action
For disruption of neural pathways involved in leptin action, the hypothalamic melanocortin
system affords an informative example. In this system, proopiomelanocortin (POMC) neurons
in the arcuate nucleus of the hypothalamus (ARC) project to downstream targets (such as the
paraventricular hypothalamic nucleus, PVH) where they release POMC-derived peptides,
including α-MSH, that 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
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of the melanocortin peptide or its receptors, causes obesity and proportionate hyperleptinemia.
In the case of such disruptions (for instance, in the case of animals null for the melanocortin 4
receptor (44)), although obese animals display cellular leptin resistance and severe attenuation
of leptin action on feeding, pre-obese animals will have normal cellular LEPR-B signaling and
only modestly diminished impact of leptin 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.
3. Alterations in peripheral tissues that operate independently of food intake
Under certain conditions, genetic alterations that affect energy metabolism in peripheral tissues
can promote increased adiposity. For instance, disruption of mitochondrial uncoupling
protein-1 (Ucp1), which mediates a mitochondrial proton leak to convert fat energy to heat in
brown adipose tissue, diminishes energy expenditure and promotes increased adiposity in
animals housed at thermoneutrality (although these effects are difficult to detect under other
conditions) (45–46). While the potential “leptin resistance” of such animals is rarely examined
(why would you, given that the lesion clearly lies outside of the leptin pathways?), one would
predict 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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4. Alterations in CNS pathways with no clear link to leptin action
Alterations in CNS pathways without a clear primary relationship to leptin action include
impairment of brain-derived neurotrophic factor (BDNF) or its receptor, TrkB (47–48);
disruption of pathways involved in Bardet-Biedel Syndrome (49), Prader-Willi Syndrome
(50), and other obesity-provoking genetic alterations. While the cellular and anorectic response
to leptin under the obese condition in these models can be expected to (and does) reveal cellular
leptin resistance and decreased leptin action on energy balance (49), such studies do not address
whether this impairment is secondary to obesity, or occurs independently of obesity and may
thereby contribute to obesity pathogenesis. Testing for a primary defect in cellular LEPR-B
action (manifest as decreased pSTAT3) that operates independently of obesity can shed light
on which comes first: leptin resistance versus obesity. The observation of partial reduction of
food intake in response to leptin in the presence of normal LEPR-B signaling requires cautious
interpretation, however, as this may reflect disruption of either leptin-regulated downstream
neural pathways or other neural systems that modulate feeding.
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In summary, while 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 (as
well as other, e.g., diet-induced) models.The value of obese genetic models lies in the
identification of underlying molecular mechanisms that control energy balance and, when
defective, can cause or predispose to obesity. To effectively determine the potential primary
effect of a genetic lesion on leptin action, per se, the assays must be performed in non-obese
animals.

The elephant in the room: cellular leptin resistance in context-dependent
obesity, including DIO
While 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, underlies the burgeoning epidemic of obesity in developed
and developing countries. During the last 50 years, two major changes have shifted the energy
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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
obesity investigators, diet-induced obesity (DIO), mirrors the ubiquity of highly palatable
calorie-dense foods in modern societies. In this paradigm, animals remain lean when
maintained on standard 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). While
genetic predispositions to DIO clearly exist (some rodent strains gain little weight on highcalorie compared to normal chow, while 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 debated to what extent cellular mechanisms of leptin resistance (i.e., impaired LEPR-B
and downstream signaling) cause and/or facilitate the obese phenotype in DIO models. Clearly,
we cannot resort to examining adiposity-matched animals on each diet (as one could for genetic
models), since the major factor driving the body weight difference between DIO and chowfed lean animals is the hedonically-driven excess consumption and consequent adiposity, rather
than an innate difference of leptin signaling. How then to distinguish the causes from the
consequences of obesity?
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Perturbing the known mechanisms of cellular leptin resistance has lent some insight here, since
interfering 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 development of cellular leptin resistance with
increasing obesity in DIO limits the ability of leptin to control adiposity, 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.
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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, while the
pSTAT3 response to exogenous leptin may be diminished in DIO animals, baseline ARC
pSTAT3 levels in the absence of exogenous leptin administration (i.e., LEPR-B signaling due
to endogenous circulating leptin) are actually increased in DIO animals compared to chow-fed
controls (23). Thus, the reduction in LEPR-B signaling observed with exogenous leptin
administration reflects a response to pharmacologic manipulation; while the mediators of
cellular leptin resistance may restrain LEPR-B signaling in obesity (i.e., baseline pSTAT3 in
DIO animals should perhaps be higher yet in the absence of cellular leptin resistance), these
mechanisms of cellular leptin resistance do not reduce LEPR-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 phenotype 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 signaling from
reaching the level that it would otherwise attain in response to the increased ambient leptin,
thereby further facilitating the weight gain associated with the consumption of high-calorie
diet. This model has the advantage of incorporating the potential relevance of cellular leptin
resistance in the pathogenesis of common forms of obesity while acknowledging that it cannot
explain the entire pathogenesis of DIO. It also recognizes the potential for mechanisms of
cellular leptin resistance as therapeutic targets, since mitigating these processes should enhance
LEPR-B signaling, thereby reducing the degree of obesity.

Trends Endocrinol Metab. Author manuscript; available in PMC 2011 November 1.

Myers et al.

Page 7

The initiation of DIO
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What are the key mechanisms that drive the development and maintenance of obesity in DIO?
Many factors can affect food intake, only some of which are subject to biological regulation,
and the amount of food that is ultimately consumed represents the integrated impact of these
factors (Figure 2a). Tending to increase food intake is the hedonic attractiveness and
availability of food, learned preferences, and molecular mediators of hunger, such as ghrelin
and cannabinoid signaling (as well as relative reductions in ambient leptin levels with weight
loss) (2–3, 53–55). Opposing these factors are leptin action, along with other mediators that
promote satiety, including insulin and numerous gut-derived 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.
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Hence, in DIO (and presumably in much of human obesity), the presence of palatable food
favors increased 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, creating a new steady-state (albeit,
at the price of higher 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 equilibrium at which the heightened incentive to
feed mediated by the palatable food is balanced by the effects of increased anorectic signals
such as leptin, gut satiety signals, etc. 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 directly interfere with leptin signaling and action.
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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
expansion of fat mass. Hence, diet-induced cellular leptin resistance 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 elevated 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 may be incomplete.
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 per se, but that it is essential to distinguish this
phenomenon from the initiating insult (palatable food, the genetic lesion predisposing certain
animals to obesity, etc.), which may not, in and of itself, impair LEPR-B signaling and cellular
leptin action.

Obesity and the notion of “gselective” 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 while the effect
Trends Endocrinol Metab. Author manuscript; available in PMC 2011 November 1.
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of genetic lesions that impair specific leptin-regulated pathways may produce selective leptin
resistance, these represent a different case than DIO (39,56). Several lines of evidence argue
against a meaningful selectivity in leptin resistance in DIO. First, a variety of data suggest 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, while the ARC represents a major site of cellular leptin resistance in
DIO (23), ARC leptin action modulates energy expenditure, glucose homeostasis, and other
aspects of leptin action in addition to participating in food intake. Also, endogenous leptin
clearly plays a role to limit appetite in DIO, as food intake quickly re-stabilizes after the initial
increase of feeding on high palatability, energy-dense chow. Indeed, increasing the palatability
of food promotes increased 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 subsequent adiposity
represents a predictable response to hedonic characteristics of the novel diet, rather than the
response to a 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 in this setting.
Furthermore, the response of obese humans to weight loss (which causes increased hunger as
well as cold intolerance, decreased thyroid and sympathetic tone, etc.) is fundamentally intact
(12), suggesting that the “extra” leptin in obese individuals exerts biologically relevant effects
on parameters additional to those involved in the control of feeding. If one postulates that the
effect of weight loss from the obese state to increase hunger reflects ongoing leptin resistance,
the same must also be true for the diminished thyroid tone, cold intolerance, and so on, that
also accompany weight loss. Thus, a variety of data argue against a meaningful selectivity (i.e.
to the 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

NIH-PA Author Manuscript

If much of the obesity in developed societies represents a response to plentiful, available and
palatable food, why 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, since palatable foods are readily available and virtually omni-present, even to most
dieters -- a tasty, calorically-dense treat is only as far away as the nearest refrigerator, vending
machine, convenience store, or dessert menu. This ubiquity of palatable, energy-dense foods
likely contributes to the failure or relapse of many dieters, especially since 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 subjected to a 10% or greater weight loss (to within the high-normal weight range),
such patients exhibit decreased thyroid and sympathetic tone, cold intolerance, and increased
hunger (12,58). Since 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
concentrations 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 theoretically 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
hyperleptinemia induce longer-term changes in neural systems that modulate energy balance,
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which, in turn, resets the system to a new and elevated defended level of adiposity. These
possibilities are not mutually exclusive.
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In at least some rodent models, the restoration of normal 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 reregulation of the defended level of body fat stores may occur. Indeed, there exist a number of
otherwise confusing observations that can be accounted for by proposing that long-term
reprogramming occurs in chronic obesity/hyperleptinemia: One example is the finding that
chronic leptin overexpression 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. While many
components of cellular leptin resistance would be expected to diminish with decreasing
adiposity (e.g., the activation of Tyr985/SOCS3-dependent feedback inhibition), other
contributory processes may be relatively fixed and, hence, more difficult to reverse.

Important issues for obesity research
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One implication of the foregoing discussion is that the potential causes of common obesity are
myriad. Indeed, recent genome-wide association studies (GWAS) have identified 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 to obesity, consistent with the notion that the genetic variability
in obesity susceptibility likely represents the sum of multiple small changes, each of which
impacts 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.
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Genetic differences affecting neural pathways controlling 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 differences 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; learned preferences
(and the factors that underlie them); and so forth. Genetic differences in the leptin receptor and
its signaling pathway could also play a role in affecting obesity risk, by promoting cellular
leptin resistance, although minimal genetic data currently exist to support this mechanism (with
the exception of a potential role for SH2B1, a LEPR-B -associated signaling molecule that
promotes 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 the
maintenance of a reduced level of body fat stores, as would interference with orexigenic signals
and mediators of cellular leptin resistance; intervention at multiple independent points is likely
to produce synergistic effects. Hence, many systems deserve a more detailed integrated analysis
as we seek to better understand mechanisms governing food intake and to modify them
therapeutically, including the neural pathways that modulate food palatability and reward. It
will also be important to clarify how physiological signals, including leptin, ghrelin, etc.,
interact with these brain systems to modulate the hedonic drive to eat. Similarly, nutritional
status and hormonal cues such as leptin and ghrelin are now recognized to impact behavior
and emotion beyond feeding, including anxiety- and depression-related behaviors (65–66). It
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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).
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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). The mechanisms 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 reasonable possibilities. The mechanisms and consequences of
these developmental perturbations represent important avenues for future research.
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Lastly, much remains to be learned about mechanisms underlying cellular leptin resistance and
the relative importance of various mediators of cellular leptin resistance. Major issues in this
area include mechanisms by which overfeeding and obesity promote ER stress and
inflammation in key neuronal subsets, and how mechanisms of anorexigenic (e.g., sepsis) and
orexigenic (i.e., that associated with cellular leptin resistance) hypothalamic inflammation
differ in terms of their amplitude, timing, molecular pathways, and 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 regarding the importance of such processes
in obesity-associated attenuation 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 (leptin, etc.), which could occur at the level of cellular
action, neural circuitry/plasticity, genomic imprinting, or the like. In this context, it is important
to consider that not all such obesity-induced mechanisms that promote feeding and/or interfere
with anorectic processes will necessarily alter LEPR-B signaling. If and when such processes
are identified, it will be important to label them in precise, mechanistic terms, rather than
lumping them together with “leptin resistance.”
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Figure 1.

Schematic diagram of LepRb 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, while pY1138 recruits STAT3. A
variety of processes contribute 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 may also participate in the inhibition of LEPR-B signaling in
obesity.
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Figure 2.
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Determination of settling point for food intake. (a) Schematic of 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 bottom. (c) Initial response to increased palatability/
availability of food. This 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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