Diabetes Volume 69, May 2020

823

Leptin: Less Is More
Shangang Zhao,1 Christine M. Kusminski,1 Joel K. Elmquist,2 and Philipp E. Scherer1
Diabetes 2020;69:823–829 | https://doi.org/10.2337/dbi19-0018

The landmark discovery of the Lep gene and the demonstration of the physiological role of leptin generated great
excitement in the metabolism ﬁeld (1,2). Along with leptin,
the identiﬁcation of the second important adipocytederived hormone, adiponectin (3), fundamentally changed
our view of adipose tissue and its communication with
other organs in the mid-1990s. Adipose tissue was no
longer merely considered an energy sink; rather, we began
to appreciate its role as a highly active endocrine organ.
The early studies also highlighted the importance of adipose tissue per se as a key regulator of systemic energy
metabolism.
Leptin, the product of the Lep gene, is a 167-residue
peptide hormone. It is primarily secreted by adipose tissue.
Functional inactivation of the Lep gene leads to undetectable
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levels of leptin in circulation (4). Once released by adipose
tissue into the bloodstream, leptin reaches its targets, including the hypothalamus, through different mechanisms
(5). Though the mechanisms are still somewhat unclear,
leptin has been reported to reach the brain via direct
transport through circumventricular organs, saturable transport through the blood-brain barrier (6), and uptake into the
brain parenchyma and choroid plexus (7). Leptin binding
to the long form of its receptor (LepRb) activates a wellcharacterized downstream signaling pathway, which regulates food intake and energy expenditure (8). The central
melanocortin system is a target of leptin to regulate energy
and glucose homeostasis (9). This system consists of intermingled neurons expressing pro-opiomelanocortin (POMC)
and neurons producing agouti-related protein (AgRP), which
are respectively activated and inhibited by leptin. In particular, LepR-expressing POMC neurons regulate hepatic
glucose homeostasis (9), while LepR-expressing AgRP neurons regulate food intake and energy expenditure (10).
Unlike insulin, which is stored in granules for immediate release in response to a proper stimulus (11), the
rate of leptin release is primarily dependent on the rate
of Lep gene transcription and translation. The adipocyte
lacks a classical “triggered” exocytic pathway and, at best,
responds in an inducible fashion by releasing factors that
are withheld at the level of the endoplasmic reticulum
within a 15- to 30-min delay. In other words, leptin levels
in circulation are rather stable on a short-term basis (i.e.,
meal to meal) and require (under normal physiological
conditions) hours rather than minutes/seconds to respond to various metabolic stimuli. Similarly, it remains
quite puzzling how leptin regulates food intake on a dayto-day basis. Elevated insulin and glucocorticoid levels
are robust stimulators of leptin secretion. In contrast,
the sympathetic nervous system, through activation of
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The successful use of leptin for the treatment of individuals with lipodystrophy and leptin deﬁciency is well established. However, pharmacological approaches of leptin
therapy for the treatment of diet-induced obesity have
been ineffective. There is ample room for a better understanding of the much famed “leptin resistance” phenomenon. Our recent data in this area prompt us to call
for a conceptual shift. This shift entails a model in which
a reduction of bioactive leptin levels in the context of
obesity triggers a high degree of leptin sensitization and
improved leptin action, both centrally and peripherally.
Put another way, hyperleptinemia per se causes leptin
resistance and associated metabolic disorders. In this
perspective, we brieﬂy discuss the underlying conceptual steps that led us to explore partial leptin reduction as
a viable therapeutic avenue. We hope this discussion will
contribute to potential future applications of partial leptin
reduction therapy for the treatment of obesity and type
2 diabetes.
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Hyperleptinemia: A Cause or Consequence of Obesity?

As obesity gradually progresses with increased adipose tissue mass (as a result of an imbalance between energy
intake and energy expenditure), a concomitant prominent
increase in circulating levels of leptin is typically observed.
Under normal physiological conditions, circulating levels
of leptin are proportional to adipose tissue mass for a given
individual, despite a substantial variation at any given BMI.
As such, it seems plausible that obesity-associated hyperleptinemia may be a consequence of obesity. Therefore,
hyperleptinemia was not thought to play a direct role in
the onset of obesity-associated disorders. However, given
the robust and positive association of hyperleptinemia with
many metabolic disorders, such as insulin resistance, kidney disease, and cardiovascular disease, is it possible the
role of hyperleptinemia has been overlooked? Put another
way: is hyperleptinemia per se contributing to the metabolic dysfunction commonly seen in obese subjects (17)?
For example, hyperleptinemia, independent of adiposity,
has been shown to be predictive in the outcome of cardiovascular disease progression (18). We propose that the
contribution of chronic hyperleptinemia (within a physiological range) has not received the attention it deserves.
It should be noted that high (pharmacological) levels of
leptin are necessary, but not sufﬁcient, to induce leptin

resistance. In the absence of other stimulating factors,
such as high-fat diet (HFD), hyperleptinemia improves glucose metabolism and insulin sensitivity, as observed in
transgenic lean mice overexpressing leptin and in mice
receiving chronic intracerebroventricular (i.c.v.) leptin perfusions (12,19). Upon exposure to HFD, hyperleptinemia
promotes leptin resistance (20). Chronically elevated levels
of leptin in mice (through means of constitutive very highlevel leptin overexpression from a transgenic cassette in
adipose tissue) results in increased susceptibility to dietinduced obesity (21) as well as enhanced adipose tissue
mass with aging. Consistent with these observations, we
recently reported that further increasing the levels of leptin
even well within a physiological range in the context of
preexisting obesity (by utilizing a titratable doxycycline
[Dox]-inducible adipose tissue-speciﬁc leptin overexpression cassette) accelerates diet-induced obesity and dramatically worsens obesity-associated insulin resistance (22).
Surprisingly, less than a doubling of the concentration of
leptin in circulation was sufﬁcient to trigger these very
profound metabolic alterations. This is in contrast to previous approaches that delivered leptin at pharmacological
levels (12,19). Based on these observations, we speculated
that, in the context of obesity, any intervention that promotes leptin secretion, directly or indirectly, could be considered in the long run as an “obesogenic” driver with
negative metabolic consequences. This model is supported
by a number of observations. For instance, insulin and
glucocorticoids, both hormones that stimulate leptin release, also promote diet-induced obesity (9,15). Moreover,
certain inﬂammatory factors, such as tumor necrosis
factor-a and lipopolysaccharide, enhance leptin secretion,
providing a crucial link between obesity and its associated
metabolic disorders.
However, one persistent problem is that none of these
models can functionally dissociate the changes in leptin
levels from other changes occurring simultaneously at the
level of the adipocyte.
Hyperleptinemia in Evolution

The long-term evolutionary challenge has been food scarcity rather than food oversupply. The selection pressure
was clearly aimed to develop a number of strategies to
effectively cope with the starvation response to survive
through a period of caloric shortage. In response to fasting,
a drop in leptin levels initiates a series of characteristic
neuroendocrine responses, including heightening of appetite, reduction of fertility, slowing down metabolic rates
and suppression of growth, to increase food intake and
suppress noncritical physiological functions for survival
(2). Put another way, leptin levels within a physiological
range inform the brain that it is not a time of energy
deﬁcit. This well-preserved starvation response may be the
major functional purpose of the fall in leptin. However, in
the context of a food oversupply, the obesity-associated
hyperleptinemia, rather than a starvation-induced drop
in leptin levels, becomes the major effector of leptin in

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/69/5/823/431703/dbi190018.pdf by guest on 19 August 2022

adrenergic receptors, signiﬁcantly represses leptin release
(9).
Acute and chronic administration of recombinant leptin
into lean individuals or mice (either wild-type or leptindeﬁcient ob/ob mice) yields a number of responses, such as
reducing food intake and body weight (12). This and other
observations formed the basis for leptin therapy for the
U.S. Food and Drug Administration–approved treatment
of individuals with leptin deﬁciency and generalized lipodystrophy (13). Originally, there was the expectation that
leptin therapy would have the same successful potential
for the treatment of diet-induced obesity as insulin has for
diabetes (14). However, it was rapidly established that the
vast majority of obese individuals do not have a shortage of
leptin. Rather, most common forms of obesity are associated with excessive circulating levels of leptin (coined
“hyperleptinemia”), which results in a still ill-deﬁned state
of “leptin resistance” (15). The most accepted deﬁnition of
leptin resistance is the inability of pharmacological doses
of leptin to suppress food intake and body weight. However, “selective leptin resistance” is also proposed to explain the preservation of leptin action in hypertension and
in the reproductive axis in the context of diet-induced
obesity (16). Unlike insulin resistance, which can be at
least partially overcome by further increasing the levels of
insulin, enhancing the circulating levels of leptin is completely ineffective. As such, numerous attempts over the
years to restore the physiological role of leptin have failed.
As a consequence, the initial idea that leptin therapy could
be utilized to effectively overcome diet-induced obesity in
preclinical and clinical settings had to be abandoned.
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Partial Leptin Reduction: Beneﬁcial or a Source of
Further Metabolic Deterioration?

Given the possibility that hyperleptinemia contributes to
obesity and its associated metabolic disorders, we probed
for any potentially beneﬁcial effects associated with a reduction in circulating levels of leptin. Notably, we assessed
the effects of partial leptin reduction in two disparate
settings: 1) in the context of high leptin sensitivity and 2)
in the context of baseline leptin resistance.
In the context of increased leptin sensitivity (as observed in an extremely lean state and at a young age), the
circulating leptin levels are low. Under these circumstances, the response to a further reduction in leptin levels
coincides with the classical model, which emphasizes that
low circulating levels of an adipocyte-derived factor (i.e.,
leptin) reﬂect an energy deﬁcit and prompt increased food
intake and decreased energy expenditure (30). Predictably,
we observed a rapid weight gain upon leptin reduction in
the lean and young state, demonstrated by utilizing young,
lean inducible leptin knockout mice (22). This is also apparent in mice and humans that are heterozygous for
one of the functional copies of the Lep gene (31,32). In the
heterozygous state, the gene dosage is only 50%, and
hence the degree of hyperleptinemia achieved in the obese
state is also reduced by 50%. In a state of elevated leptin
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sensitivity, a further reduction in the circulating levels of
leptin is not desired. In this context, treatment with recombinant leptin is an effective approach to improve glucose
metabolism, as demonstrated with the dramatic results
obtained with leptin treatment of ob/ob mice and lipodystrophic patients. A subset of obese individuals display
lower levels of leptin, suggesting a state of higher leptin
sensitivity, and, as such, these obese individuals respond
adequately to leptin therapy (33).
However, the biological dose-response curve for leptin’s
action on inhibiting food intake and promoting energy expenditure is within a relatively narrow range, i.e., transitioning between a state of energy deﬁcit with low leptin
levels and “energy sufﬁciency” evoked by even modestly
higher leptin levels. The leptin response rapidly plateaus off
at higher levels, beyond which leptin remains absolutely
ineffective. Therefore, even under conditions of leptin sensitivity, leptin levels need to be maintained narrowly within
a physiological level. For example, hyperleptinemia also induces leptin resistance, even in highly leptin-sensitive ob/ob
mice (34).
In stark contrast to the leptin-sensitive state, in the
context of leptin resistance, an approach toward leptin reduction displays beneﬁcial antidiabetic and antiobesogenic
effects. A number of independent lines of observations support this model. A reduction in leptin levels (induced either
by genetic strategies or through neutralizing monoclonal
antileptin antibodies) restores leptin sensitivity in the context of obesity, concomitant with reduced food intake and
signiﬁcant weight loss (22). Moreover, b3-adrenergic receptor agonist treatment inhibits insulin-stimulated leptin
secretion (9) to trigger reduced weight gain upon HFD
feeding (35). In addition, inverse agonist treatment for the
peripheral cannabinoid-1 receptor (CB1R) decreases the expression and secretion of leptin from adipocytes and increases leptin clearance via the kidney; this collectively
counteracts the progression of obesity (36). These antiobesogenic effects are exerted in a leptin-dependent manner, as
judged by the observation that the CB1R inverse agonists
completely lack any effects in ob/ob or db/db mice. Furthermore, phenolic compounds, such as resveratrol, which inhibit leptin expression in adipocytes, protect mice from
obesity (37). Similarly, interleukin-6 has been shown to
attenuate obesity in a leptin-dependent manner (38). Metformin, a ﬁrst-line antidiabetic drug with pleiotropic beneﬁcial effects on energy homeostasis, also inhibits leptin
secretion from adipocytes (39). All these observations support a model that “partial leptin reduction” restores leptin
sensitivity and manifests antiobesogenic effects in the context of leptin-resistant states. If additional studies support
this model, it leads to the provocative prediction that any
compound or therapeutic intervention that directly or indirectly inhibits leptin levels (via reduction of transcription
or secretion) has the potential to be beneﬁcial for weight
control and metabolic homeostasis under obese conditions.
Our inducible leptin knockout mice (generated through
inducible Lep gene deletion during embryonic development)
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circulation. However, neurons still respond to changes of
elevated leptin levels based on multiple observations. First,
in obese mice, leptin receptor levels in the hypothalamic
region are increased rather than decreased (23). Second,
basal phospho-STAT3 levels in diet-induced obese mice are
increased rather than decreased (24). Third, a complete
block of leptin receptor action through leptin receptor
antagonists or speciﬁc inhibitors further increases food
intake and weight gain (25). Fourth, i.c.v.injection of leptin
into obese mice is still efﬁcient in inducing profound weight
loss and insulin sensitivity (26).
All of these observations support a model wherein subsets of leptin-responsive circuits can be engaged even in
the context of obesity. Moreover, we predict that the leptin
resistance in obesity is differentially triggered in distinct
neuronal groups. For example, leptin-responsive neurons
regulating feeding become resistant earlier than leptinresponsive neurons that regulate autonomic outﬂow including blood pressure. This prediction is an extension of
the concept of “selective leptin resistance” (27). This model
is analogous to the concept of selective insulin resistance in
the liver described by Brown and Goldstein (28) in which
insulin fails to suppress hepatic glucose production, but
high insulin continues to stimulate lipogenesis. These
responses subsequent to rising leptin levels may contribute
to increased food intake and obesity-associated metabolic
disorders, such as diabetes, hypertension, and cardiovascular disease. All of these eventually lead to reduced health
span and life span (29). In that sense, constraining leptin
action within a low “physiological” range may actually
enhance ﬁtness.
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Figure 1—Body weight of inducible ob/ob mice and littermate
controls. Inducible ob/ob and littermate control (Ctrl) mice were
placed on a chow diet with Dox 600 from birth to 6 weeks of age,
followed by a switch to HFD plus Dox 600 and HFD only diets at the
indicated weeks. Body weights were monitored on a weekly basis.

levels are more prone to regain weight (46). A greater reduction of leptin levels offers a better correlate to weightloss maintenance (47). More recently, another clinical study
concluded that leptin reduction does not counteract weight
loss and it is indeed correlated with further weight loss in
the long run (48). Future studies will be required to determine whether a partial leptin reduction in the obese setting
favors a further weight-loss or at least a weight-maintenance
phenotype.
The Underlying Mechanisms Involved in the Beneﬁcial
Effects of Partial Leptin Reduction

An examination of the existing literature reveals many
more examples of either genetic or pharmacological interventions that result in metabolic improvements associated
with pronounced reductions in leptin levels. We ourselves
observed critical effects directly linking the lowering of
leptin levels to metabolic improvements. Combining these
observations with the existing literature, we argue that
there is a compelling case for lowered leptin levels as the
underlying driving force for the metabolically beneﬁcial
effects of many interventions.
Mechanistically, how is leptin sensitization achieved?
Several mechanisms have been proposed (15,16), including
1) leptin being more efﬁciently transported into the brain,
2) the fact that this leads to a removal of a feedback
inhibition mechanism to enhance leptin signaling, and 3)
a restoration of leptin sensing in key “metabolic” neurons,
such as POMC and AgRP cells.
The central leptin-sensing mechanisms critically rely
on changes in peripheral circulating leptin concentrations
(14). Leptin levels are rather stable in the short term;
however, there is a signiﬁcant degree of variation over the
course of a day, as part of diurnal oscillations (49). While
the physiological signiﬁcance of these diurnal variations is
still unclear, the changes in circulating leptin could be
“resetting” the central leptin signaling pathway. In the
context of obesity-associated hyperleptinemia, we propose that a “ﬂattened” peak and trough in the diurnal
variation results in a diminished response of hypothalamic
neurons in leptin actions. Thus, an exogenously imposed
leptin reduction may restore leptin oscillations and restore proper signaling in hypothalamic neurons. We therefore propose that the fasting-induced fall in leptin levels
acutely restores leptin signaling, which leads to enhanced
leptin signaling during a period of reduced leptin concentrations in the periphery. This fall in leptin levels, which is
acutely out of proportion to fat mass loss, is a critical signal
for neurons to coordinate a fasting response (2). The acute
response to leptin-neutralizing antibody treatment (that
very effectively lowers leptin levels) may be associated
counterintuitively with enhanced leptin signaling. This
model will require direct assessment utilizing reporter
mice that can acutely provide central readouts for both
leptin and insulin signaling.
It is also well established that leptin exerts many of its
effects with actions on key groups of neurons. Notably,
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are a means to directly test components of this model (Fig.
1). These mice display more than 90% reduction in circulating levels of leptin. From birth to 6 weeks of chow diet
feeding, inducible leptin-deﬁcient mice display rapid weight
gain when compared with littermate control mice. However, upon switching to an HFD, the rate of weight gain in
leptin-deﬁcient mice is much slower than in control littermates. This suggests that the inability to increase leptin
levels, in the context of an obesogenic condition, preserves
some degree of leptin sensitivity, thus rendering the mice
resistant to diet-induced obesity.
Weight loss via caloric restriction is the ﬁrst-line recommendation for obesity and its associated metabolic
disorders (40). Numerous studies have documented the
beneﬁcial effects of caloric restriction in inducing weight
loss and slowing down the progression of multiple metabolic disorders. Leptin reduction via caloric restriction
increased leptin sensitivity and is predicted to further aid
in weight loss or weight maintenance (41). However, this
prediction is not supported by the observation of rapid
recovery of lost weight following caloric restriction (42). A
series of clinical studies from the Leibel laboratory has
demonstrated that repletion of leptin to individuals after
weight loss reverses skeletal muscle and autonomic and
neuroendocrine adaptations to achieve the maintenance of
reduced weight (43,44). Thus, dropping leptin levels has
been proposed as a cause of body weight rebound (45). An
alternative explanation is that once obesity is established,
alterations in key central circuits are induced, such that
the new, elevated level of body weight and fat mass are
biologically defended. However, some other clinical reports
suggest that obese individuals with higher basal leptin
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Applications of Partial Leptin Reduction Therapy

In the context of obesity, a partial leptin deletion (as
achieved by monoclonal leptin-neutralizing antibodies)
triggers signiﬁcant weight loss concomitant with antidiabetic outcomes. Monotherapy with leptin-neutralizing
antibodies could be complemented with combination therapies with other antidiabetic and antiobesity drugs. For
instance, GLP-1 receptor agonists, a unique family of
compounds with potent effects on weight loss, have been
shown to inhibit food intake and promote energy expenditure through actions in the central nervous system. It
has been further demonstrated that GLP-1 enhances central leptin action and exerts its anorexic effects in synergy
with leptin. Previous reports have examined the potential combination therapy of GLP-1 agonists with leptin.
However, this combination requires a diet consisting of
low lipids (i.e., a switch from HFD to chow diet) accompanied by a dramatic weight loss (more than ;28%) to
observe a restoration of leptin responsiveness (58). An
attractive approach in this context may be combination
therapy of partial leptin reduction with GLP-1 receptor
agonists.
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Similar to GLP-1, FGF21 induces signiﬁcant weight loss
in obese mice, primarily by regulating glucose metabolism
and energy expenditure (59). FGF21 and its derivatives
serve as potential drug targets and, as such, are currently
under development. Recent data suggest that FGF21induced weight loss is centrally mediated, as FGF21 receptors have been identiﬁed in the mediobasal hypothalamus,
a region of the brain that is also highly enriched in leptin
receptor. This renders the attractive possibility for synergistic effects for FGF21 and leptin. However, combination
therapies of leptin with FGF21 encounter similar problems
as GLP-1/leptin combination therapies (58). This suggests
that a partial leptin reduction therapy may be a better
choice for the combination. In addition to this, undesirable
side effects on bone loss associated with FGF21 greatly
hinder its clinical potential. Leptin is a powerful inhibitor
of bone formation in vivo, and, as such, reducing leptin
levels enhances bone mass (60). Taken together, combination therapy of FGF21 and a leptin-neutralizing antibody may be a rational strategy to reverse FGF21-induced
bone loss.
Rosiglitazone, a potent PPARg agonist, enhances insulin sensitivity and serves as an effective therapy for type
2 diabetes. However, treatment with rosiglitazone is frequently associated with weight gain, a potential reduction
in bone density, and presumed cardiovascular side effects
(that are at this stage questioned). This collectively dampened the enthusiasm for the wide usage of rosiglitazone in
the treatment of individuals with type 2 diabetes (61). The
effects of PPARg agonists on leptin are still not settled.
The leptin promoter contains a 17-base-pair noncanonical
PPARg/RXRa-binding site, suggesting that leptin gene
expression is directly regulated by PPARg (62). Uncertainty emerges as to whether the reported side effects of
rosiglitazone are leptin dependent or leptin independent.
Direct studies will be needed to assess whether partial
leptin reduction therapy could alleviate some of the side
effects of PPARg agonists.
Finally, insulin replacement is the most widely utilized
therapy in the treatment of both type 1 and type 2 diabetes. One of the most documented side effects of insulin
therapy, however, is signiﬁcant weight gain (63). As mentioned above, insulin is also a potent physiological stimulator of leptin secretion. It remains unclear as to whether
insulin-induced weight gain is leptin dependent or leptin
independent. Our studies show that partial leptin reduction in obese mice elicits beneﬁcial effects for weight loss.
Importantly, leptin physiology is preserved extremely well
from mice to humans. As such, combination approaches of
insulin and leptin-neutralizing antibodies may produce
highly positive effects for the future of diabetes and
obesity management.
Conclusions

In the context of a physiological state of enhanced leptin
sensitivity (observed in leptin-deﬁcient ob/ob mice, in lipodystrophy, and in a small subset of obese individuals),
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recent evidence suggests that key neurons, including
POMC neurons, regulate the dynamics of leptin transcription and secretion (50). Thus, leptin sensitivity in key
neurons may be required to maintain leptin sensitivity
globally. Leptin signaling in the hypothalamus undergoes
feedback regulation to prevent overactivation. The key
feedback mechanisms are executed by the suppressor of
cytokine signaling 3 (SOCS3) and phosphatases, including
protein tyrosine phosphatase 1B (PTP1B) and T-cell protein tyrosine phosphatase (TCPTP) (51,52). Leptin binding
to LepRb results in activation, phosphorylation, and translocation of STAT3 into the nucleus to modulate the
expression of important genes, including SOCS3 (53).
SOCS3 then binds to janus kinase 2 (JAK2) to inhibit
its activity (54). As a classical feedback inhibition scheme,
this effectively dampens leptin signaling (55). Indeed,
SOCS3 expression in the hypothalamic region is leptin
dependent; higher leptin levels promote increased SOCS3
expression (53). In addition, similar to SOCS3, PTP1B also
functions as part of the feedback mechanism to reduce
leptin signaling (56). Obesity-associated hyperleptinemia
induces PTP1B expression and contributes to leptin resistance (56).
As such, in the context of obesity, the major cause of
impaired leptin action may not be a defect in leptin signaling per se but rather the potent feedback mechanisms
induced by constitutive activation of leptin signaling. Importantly, this also feeds back on insulin signaling (57).
Partial reduction of leptin action in the hypothalamus
ameliorates these feedback mechanisms of leptin signaling
and restores both leptin and insulin sensitivity. This may
well be true in other areas of the brain and in the periphery, thus leading to potent system-wide insulin sensitizing
effects, even prior to weight loss.
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