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Abstract

Leptin has emerged over the past 2 decades as a key hormone secreted by adipose tissue

that conveys information on energy stores. Leptin is considered an important regulator of

both neuroendocrine function and energy homeostasis. Numerous studies (mainly precLinicaL
and much less in humans) have investigated the mechanisms of leptin’s actions both in the
healthy state as well as in a wide range of metabolic diseases. In this review, the authors

present leptin physiology and review the main findings from animal studies, observational and
interventional studies, and clinical trials in humans that have investigated the role of leptin in
metabolism and cardiometabolic diseases (energy deficiency, obesity, diabetes, cardiovascular
diseases, nonalcoholic fatty liver disease). The authors discuss the similarities and discrepancies
between animal and human biology and present clinical applications of leptin, directions for future
research, and current approaches for the development of the next-generation leptin analogs.
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Leptin, a molecule which is secreted mainly by adipose tissue and which circulates at
levels proportional to percentage of body fat mass or acute changes in caloric intake, is
considered an important regulator of metabolism and energy homeostasis. Research studies
have investigated the impacts of leptin on several disease states of energy deficiency and
energy excess, including obesity and its comorbidities, but the role of leptin still remains
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to be fully defined in humans, given that leptin biology in humans does not fully reflect
findings in preclinical models (Central Illustration).

In this review, we first discuss the essentials of leptin physiology and review the

literature related to preclinical studies, observational studies, and clinical trials on leptin
therapeutics. We particularly focus on the effects of leptin on neuroendocrine function,
energy homeostasis, and metabolic and cardiometabolic diseases in humans. Finally, we
present directions of future research in terms of both physiology studies and clinical trials
in humans as well as current efforts for the development of next-generation, safer, and more
efficient, leptin analogs.

LEPTIN PHYSIOLOGY

Leptin is mainly secreted by adipose tissue and circulates at a level proportional to the
overall amount of energy stored as fat in the body (1). Leptin levels are secondarily
regulated by several other factors and are particularly sensitive to acute changes in energy
intake, decreasing to ~10% to 20% after only 3 days of fasting, long before levels of adipose
tissue have been so reduced (1,2). Leptin acts primarily in the brain and only secondarily in
the periphery (3) (Figure 1).

Leptin is transported through the blood-brain barrier (BBB) (4-6) and also acts directly

in some areas of the hypothalamus which are not protected by the BBB through binding
and activating the long form of the leptin receptor (ObRD) (7). On the basis of preclinical
experiments, leptin mainly acts in the arcuate nucleus of the hypothalamus to activate pro-
opiomelanocortin (POMC)-containing neurons, which produce anorexigenic molecules like
aMSH (a-melanocyte stimulating hormone), and to deactivate the orexigenic neuropeptide
Y (NPY)- and agouti-related peptide (AgRP)-containing neurons (8-10). Thus, when energy
stores are low, such as with low body fat levels or when fasting, leptin levels decrease,
leading to lower activity of POMC neurons and increased activity of NPY and AgRP
neurons and thus increased appetite and food intake. In the opposite case, when energy
stores are abundant, such as in cases of high body fat levels, it would have been expected
that the elevated leptin levels would result in decreased energy intake by acting at the

level of the hypothalamus. However, in common obesity, leptin effects on energy intake are
limited (see Observational Clinical Studies in Humans). In humans, leptin is also known

to have direct or indirect impacts on other areas of the brain outside of the hypothalamus,
which have bearings on appetite and other behaviors, such as areas related to saliency,
decision making, and reward processing (11-13). Leptin has been found to alter functional
connectivity between these brain areas, suggesting that it may also alter the way that the
brain communicates (13,14). How these may impact normal physiology and the 2 extremes
of energy homeostasis (i.e., anorexia nervosa or the female triad and obesity—a state of
leptin resistance or tolerance) and how these may relate to the other systems impacted by
obesity and leptin need to be further defined by future studies.

Leptin has also an important impact on hypothalamic pituitary axes in both animals
and humans. More specifically, leptin has well-documented effects on the hypothalamic-
pituitary-gonadal axis in states of energy deficiency (1); administration of leptin in
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physiological replacement doses for 3 days in leptin deficiency states (e.g., induced
hypoleptinemic state due to fasting) in healthy people causes release of GnRH
(gonadotropin-releasing hormone), which can stimulate luteinizing hormone and follicle-
stimulating hormone to produce androgens or estrogens (1). Leptin administration for
several months in mildly hypoleptinemic women with hypothalamic amenorrhea due to
strenuous exercise restores menstruation and ovulation (15,16). In these women, leptin
administration results in higher luteinizing hormone-to-follicle-stimulating hormone ratio
and higher peak concentrations of estradiol and inhibin A (17), all important components
of a normal reproductive cycle. Similarly, when leptin is administered in patients with
congenital leptin deficiency (CLD), existing disruptions to the gonadal system are corrected
(18-21). These effects are aligned with a role of leptin in regulating the neuroendocrine
response to energy deprivation (22), during which the gonadal system may be downregulated
to conserve energy by diminishing procreation in states of low energy stores that would
make sustaining a pregnancy challenging for both the fetus and the mother.

Leptin has also an impact on the hypothalamic-pituitary-growth hormone axis in animals,
which entails growth hormone (GH)-releasing hormone, leading to growth hormone
production and subsequently leading to increased secretion of insulin-like growth factor
(IGF) and regulation of the levels of IGF binding proteins (23). In humans, leptin may
alter secretion of IGF-1 in men but not in women and has some limited effects on the

IGF binding proteins in both sexes. However, leptin does not have any direct effects on

GH pulsatility in humans, and when all data in men and women are considered together,

its effects in regulating the GH-IGF axis in humans are minor and not as clinically
important (1,15,24-26). Similarly, leptin effects both on the hypothalamic-pituitary-thyroid
axis (1,16,24,27) and the hypothalamic-pituitary-adrenal axis (18,19,28) are very limited in
humans, in contrast to the reported findings in rodent models (18,19,29). Thus, leptin exerts
most of its effects on the hypothalamic-pituitary-gonadal axis in humans, and mainly in
those with energy deprivation. Importantly, leptin has no role in regulating neuroendocrine
axes in humans with energy sufficiency or excess (i.e., obesity). These findings indicate
teleologically the development of redundant systems in humans for the regulation of those
important for survival axes.

Leptin has also been proposed to be linked with sympathetic nervous system (SNS) activity,
mainly on the basis of data from preclinical studies (30-32). These effects of leptin on

SNS have not yet been replicated in humans (33,34), showcasing another difference between
leptin biology in animals and humans.

Leptin has been linked with immune function, and hypoleptinemia in uncontrolled human
studies has been associated with impaired immune response. Normalization of leptin levels
in leptin-deficient states up-regulates genes related to cell survival and hormonal response
and down-regulates genes related to apoptosis in immune cells as well as activates leptin-
signaling pathways in peripheral blood mononuclear cells and restores CD4(+) T cell
counts (35). In contrast no immunological effects or changes in inflammatory markers
(interleukin-6, interleukin-10, C-reactive protein, STNFR [soluble tumor necrosis factor
receptor]-1, STNFR-1I, MCP1 [monocyte chemoattractant protein 1], SICAM-1 [soluble
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intercellular adhesion molecule 1]) were observed after leptin administration in the
hyperleptinemic (i.e., obese state) (36).

ANIMAL STUDIES

Most animal studies with leptin have been performed in 2 mouse models: The ob/ob mice
and the diet-induced obese (DIO) mice. Leptin was first discovered in 1994 by identifying
the gene that was mutated in ob/ob mice and was responsible for their phenotype (37).
Ob/ob mice have no leptin and are severely obese, are hyperphagic, have lower body
temperature and energy expenditure, have reduced physical activity compared with lean
mice (37,38). They are also hyperglycemic, hyperinsulinemic, hyperlipidemic, and infertile,
and they have an impaired immune system as well as hepatic steatosis (39,40). Leptin
administration in ob/ob mice demonstrated spectacular results by completely reversing
most of the observed abnormalities, even in adult mice. Specifically, in leptin-deficient
ob/ob mice, but not in DIO mice, leptin administration normalized body weight by
reducing fat mass without affecting lean mass (41,42). It also increased exercise and
reduced blood glucose and insulin levels before any significant changes in body weight
(41,42) and improved hepatic steatosis (40) as well as improved myocardial metabolism
and mitochondrial function (43). On the one hand, the main mechanisms involved in

the weight and metabolic regulatory effects of leptin in the ob/ob mice involved: 1) a
reduction in energy intake by massive reduction of appetite (41,42) through activation of
POMC and inhibition of NPY and AGRP neurons in the hypothalamus (44,45) and through
regulation of other neuronal circuits (s. above physiology of leptin); 2) an increase in
energy expenditure (40,45-48) by stimulating SNS activity in cardiovascular system or by
increasing thermogenesis through stimulation of sympathetic signaling in brown adipose
tissue and of browning in white adipose tissue (49-51); 3) an increase in lipolysis as

well as a shift from carbohydrate to lipid utilization as energy fuel (40,47,52); and 4) an
increase in glucose turnover and glucose uptake in brown adipose tissue, brain and heart
(53). On the other hand, several studies performed mainly in ob/ob mice have shown that
leptin may promote atherogenesis, platelet aggregation, inflammation, oxidative stress, and
endothelial dysfunction, leading to plaque vulnerability and increased risk of thrombosis
(54,55). Finally, it may increase blood pressure by stimulating SNS activity (56).

In contrast to ob/ob mice, the effects of leptin on weight regulation were not fully replicated
in DIO mice, which is an animal model that reflects better the biology of human common
obesity (57,58) (Table 1). Specifically, in DIO rat and mouse models, the response to leptin
was poor and demanded high supraphysiological leptin doses to achieve minimal weight loss
effects compared with what was observed in ob/ob mice (31,59,60).

Findings from DIO mice together with the results from human studies with obese patients
(see the following sections) suggest the presence of leptin tolerance, which is reminiscent
of insulin resistance observed in obesity and cardiometabolic disorders. However, a main
difference between them is that in insulin resistance a dose response exists, as higher doses
of insulin can reduce glucose levels (an important outcome) in patients with diabetes. In
contrast, very high leptin doses do not affect body weight (see the following sections).
Leptin tolerance remains to be fully defined, but based on animal studies, which are very
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difficult to perform in humans due to technical limitations, is apparently multifactorial and
it: 1) may involve reduced leptin transport across the BBB; 2) may involve impaired receptor
trafficking (intracellular transport of the receptor from cytosol to cell membrane) (5); 3) may
involve suppression of leptin receptor signaling either due to mutations of important proteins
participating in the signaling pathways of leptin (SOCS3 [suppressor of cytokine signaling
3], PTP1B [protein-tyrosine phosphatase 1B], Shp2 [Src homology 2 domain-containing
phosphatase 2]) or due to increased hypothalamic inflammation and endoplasmic reticulum
stress related to lipotoxicity by chronic overnutrition (61-63); or 4) may also merely reflect
the fact that leptin’s role in humans is simply permissive and leptin functions only in
hypoleptinemic and normoleptinemic states. The latter seems to be also the overwhelmingly
likely explanation, given that the findings from animal studies for the other factors are not
consistent. Specifically, it has been suggested, but not always consistently replicated, that in
mouse models of obesity with hyperleptinemia, the response to certain functions of leptin
(e.g., of sympathetic nerve activity and blood pressure) may still be preserved, especially
when leptin is administrated centrally in order to overcome part of the observed leptin
tolerance (31,64,65). However, these effects have no impact on body weight or appetite.
Additionally, recent imaging studies showed normal distribution of leptin across the brain in
obese mice (66,67), arguing against major abnormalities in leptin transport.

Although the obese mouse models of leptin excess such as DIO mice may be more related
to the pathophysiology of human obesity, animal models in general, albeit useful to raise
hypotheses, have important limitations in their translational capacity to human biology of
leptin. First, certain mutations responsible for the mouse phenotypes are extremely rare

in obese humans. In addition, appetite regulation in humans is a much more complex
process controlled not only by basic homeostatic mechanisms but also by other brain
centers (emotion centers, cognitive control, reward system) compared with mice (68).
Finally, thermoregulation and thermogenesis through brown adipose tissue significantly
differs between humans and mice (69). These differences may explain the rather limited
direct translation of the findings in mouse studies related to leptin treatment to humans.

OBSERVATIONAL CLINICAL STUDIES IN HUMANS

Leptin levels are directly proportional to percentage of fat mass (70,71). Consequently,
leptin is also higher in women than in men due to their higher percentage of body fat

and their different hormonal profile (estrogens in women vs. testosterone in men), and is
higher in patients with insulin resistance and type 2 diabetes mellitus (72). Additionally,
leptin levels correlate positively with lipids and lipoprotein levels, but most probably not
independently of body mass index (BMI) (for which most studies adjust for) or percentage
fat mass (for which most studies have not adjusted for, even if they adjust for BMI, thus
leading to uncontrolled confounding) (73).

Several studies have investigated associations of leptin levels with arterial hypertension

as well as with cardiovascular diseases (CVDs) such as coronary heart disease (CHD),
stroke, and carotid artery disease, but they usually demonstrate the same methodological
limitations mentioned previously. Most studies suggest a positive association of leptin levels
with blood pressure and hypertension in adults (74,75), but in most if not all studies residual
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uncontrolled confounding by percentage of fat mass remains an important factor. For CHD,
the results are so far inconclusive. Several studies have reported higher levels of leptin in
patients with CHD compared with control subjects (76,77), as well as increases of leptin
after myocardial infarction (77) and percutaneous coronary intervention (78). However,
other studies could not confirm this association or have even demonstrated an inverse
relationship (79,80). Along these lines, the most recent meta-analysis reported an inverse
association between leptin and CHD, which did not remain significant after adjusting for
additional cardiovascular risk factors, such as BMI, lipids, systolic blood pressure, and
smoking status (79). In prospective cohorts, leptin levels were associated with major adverse
cardiac events in the short term (2 years) (81) but not in the long term (7 to 12 years), but in
general concerns about uncontrolled confounding remain (82,83).

Similarly, the results of studies investigating the relation of leptin levels with incident
stroke, as well as with carotid intima-media thickness are inconsistent, with some of them
reporting positive associations (84-86) and others no associations (79,87). Age, sex, type of
stroke, severity of CHD, definition of major adverse cardiovascular events, and duration of
follow-up differ between studies, and most importantly, lack of control for the confounding
role of percentage of fat mass may explain their contradictory findings (88).

Taking into consideration the contradictory findings, it is difficult to assess whether high
leptin levels should be considered an independent risk factor of CVD on the basis of
observational studies, which have largely not adjusted for the most important confounder
and strong correlator to leptin (i.e., the percentage of fat mass); thus, interventional studies
in humans are clearly needed herein. Similarly, it seems premature to consider leptin levels
a potential biomarker with predictive value for cardiovascular outcomes beyond its role as a
biomarker of percentage fat mass, and through this association, with other CVD risk factors
associated with fat mass. Interventional studies involving leptin administration are needed to
extend and fully clarify these observations.

Given also the rapidly increasing prevalence of nonalcoholic fatty liver disease (NAFLD),
which is associated not only with higher liver-related mortality, but also with CVD-related
mortality, several studies have investigated whether leptin can be a useful biomarker for
the noninvasive diagnosis and staging of the disease (89-93). As mentioned previously,
experimentally leptin replacement reverses hepatic steatosis in ob/ob mice, which have
complete leptin deficiency, but leptin excess may promote liver inflammation and fibrosis
when leptin is raised to supraphysiological levels (94). In humans, leptin levels are higher
in patients with NAFLD than in control subjects and progressively increase with increased
severity of the disease (95). Similar to CVD, their predictive value for the noninvasive
diagnosis and staging of NAFLD has not been shown to be superior compared with BMI, or
presence of type 2 diabetes mellitus, and is lower compared with the other major adipokine
(i.e., adiponectin), which is a marker of intra-abdominal obesity, insulin resistance, and
inflammatory status of the organism (90).

Altogether, leptin is a reliable marker of percentage of fat mass, and its blood levels
increase as cardiometabolic risk increases and NAFLD advances. However, leptin should
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not be considered a reliable independent marker of or independent prognostic factor for
cardiometabolic risk, and interventional studies are needed to prove causality.

CLINICAL TRIALS ON LEPTIN TREATMENT IN LEPTIN DEFICIENCY AND
DISEASES WITH CARDIOMETABOLIC ABNORMALITIES IN CONDITIONS
OF LEPTIN DEFICIENCY

The pharmacokinetic studies on leptin administration in humans (96-98) and in human
physiology studies (1,24) w e performed were soon followed by physiology studies

(1,24) and then proof-of-concept studies in strenuously exercising women athletes with
hypothalamic amenorrhea (15) and neuroendocrine or metabolic issues (16,99), and were
followed by the first clinical trials (initially all open label) with leptin administration

to subjects with CLD due to mutations in the leptin gene (18,19) and later in severely
hypoleptinemic patients due to congenital or acquired lipodystrophy (100-102). Both CLD
and congenital lipodystrophy are extremely rare. CLD is characterized by rapid weight gain
in childhood mainly due to hyperphagia, which results to morbid obesity, dyslipidemia,
mild insulin resistance, glucose intolerance, and steatosis. Lipodystrophy refers to a group
of inherited or acquired disorders characterized by the complete (generalized lipodystrophy
[GL]) or partial (partial lipodystrophy [PL]) absence of adipose tissue and ectopic fat
accumulation, mainly in the liver. People with GL are not morbidly obese, but they have
dyslipidemia, severe insulin resistance, hyperglycemia, often heart muscle hypertrophy,
and hepatic steatosis that can rapidly progress to nonalcoholic steatohepatitis and liver
fibrosis (92). People with PL have similar but more moderate metabolic complications,
which depend also on the type of PL (103). Finally, similar metabolic complications

are observed in people with human immunodeficiency virus who develop lipodystrophy
due to highly active antiretroviral therapy (human immunodeficiency virus-associated
lipodystrophy syndrome [HALS]) (101,102,104).

Treatment of these patients with leptin had major and sustainable results. Specifically,

in children with CLD, profound weight loss with fat mass loss due to reduced appetite
(but not of energy expenditure) was observed (18,19). Additionally, dyslipidemia, insulin
resistance, and hyperglycemia were corrected and immune function was improved (18,19).
Leptin treatment in people with GL resulted in mild reductions of weight and profound
decrease of hyperglycemia and hyperlipidemia (105). Hepatic volume, hepatic fat, alanine
aminotransferase, and aspartate aminotransferase levels and ballooning were also reduced,
but lobular and portal inflammation as well as fibrosis remained largely unchanged, as
reviewed in Polyzos et al. (92). In people with PL, leptin administration led to significant
but more modest changes compared with GL (106). Similar to CLD, energy intake was
reduced whereas energy expenditure was not increased both in GL and PL (107-109).

As all these studies were open label, the possibility that other factors (e.g., confinement

to a Clinical Research Center, controlling diet and exercise or other parameters) may

also have played a role remains. Interestingly, the improvement in insulin sensitivity and
in hepatic and circulating triglycerides were at least partially sustained in these subjects
when food intake was controlled, which suggests that the reduced energy intake is not the
only mechanism responsible for the metabolic improvement (108). Here, the lip-ocatabolic
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effects of leptin may contribute to the weight loss. Specifically, leptin replacement in CLD
induces lipolysis and oxidation indicated by an increase in free fatty acids, acylcarnitines,
and ketone bodies (110). In GL or PL, leptin has a more modest impact, indicated

by changes in acylcarnitines and byproducts of branched-chain amino acids and protein
degradation (111). In contrast to results from mouse studies and observational human
studies, leptin treatment neither in CLD nor in GL or PL increased blood pressure levels.
On the contrary, in a mixed population of GL and PL, in which one-third of the subjects
had hypertension, leptin treatment was associated with a small but significant reduction of
systolic blood pressure after 12 months (112). Additionally, and again in contrast to mouse
studies, leptin treatment in lipodystrophic patients did not affect insulin secretion and did
not suppress beta cell function (113). Leptin also exerted beneficial immunomodulatory
effects by normalizing T lymphocyte number and relative percentages (114), as observed
in subjects with acquired leptin deficiency but no cardiometabolic complications (35).
Finally, randomized clinical trials (RCTs) involving leptin treatment in subjects with HALS
with less significant hypoleptinemia had similar but more modest results in all metabolic
parameters. Specifically, insulin resistance, visceral fat, and triglycerides were reduced;
high-density lipoprotein was increased; and inflammatory markers (number of CD4+ cells,
tumor necrosis factor-a, interleukin-6, C-reactive protein, human immunodeficiency virus
viral load) were not affected (102,115).

Altogether, leptin treatment was extremely effective at correcting metabolic abnormalities in
children with CLD and people with GL. Additionally, it was effective (but more modestly)
at correcting metabolic abnormalities in PL and HALS, whereas leptin deficiency was less
pronounced (Table 1) and circulating leptin levels were not as low.

CLINICAL TRIALS IN COMMON OBESITY

From the first observational studies, it became obvious that circulating leptin levels reflect
fat mass and are thus increased in people with obesity, which in turn indicates a state of
resistance or tolerance to leptin function. Because insulin resistance is often also observed
in obese subjects, researchers were hoping that leptin administration to achieve higher
circulating levels in obese population, as it happens with insulin’s effects on glucose, will
still be able to exert at least part of its beneficial cardiometabolic functions, especially

if administered in very high doses. In this context, several studies have investigated the
effect of leptin treatment in subjects with common obesity (Table 2). The specific study
designs aimed to evaluate escalating doses of leptin or leptin analogs, through several routes
of administration and through shorter or longer durations of treatment and in different
metabolic conditions, such as treatment with or without dietary caloric restriction and before
or after an initial weight loss (Table 2). The first multicenter RCT with subjects treated

with escalating doses of leptin that also followed a mild hypocaloric diet (~500-kcal deficit)
for 24 weeks failed in terms of its primary outcome but concluded, through a post hoc
secondary analysis, that leptin may be effective for some obese people treated with higher
leptin doses (116). Subsequent in vitro, ex vivo, and in vivo studies in humans have shown
that all important leptin signaling pathways are saturable at 30 to 50 ng/ml free leptin

levels in peripheral tissues (adipose tissue, muscle, peripheral blood mononuclear cells)

and without any difference between obese versus lean subjects (36,117). In line with these
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findings, administration of leptin in both low (118) and very high doses, in order for its

free plasma concentrations to reach clearly supraphysiological levels, did not show any
significant effect on weight loss in obese individuals (36,119). Another line of research
focused on evaluating leptin efficacy in obese subjects after an initial attempt to reduce
their leptin tolerance through diet or other interventions (120-122). Two RCTs that included
exclusively subjects that have lost weight during a 3- to 4-week lead-in diet period could
not show any beneficial effects of leptin treatment compared with placebo on weight loss
(120,121). Similarly, leptin administration had no effect on body weight in morbidly obese
patients that have lost significant body weight after Roux-en-Y gastric bypass (122).

In line with the lack of any effect of leptin on body weight, no changes in body composition
(body fat mass, fat free mass) (118,119,122,123), energy expenditure (118,122,123),
appetite (118,123), respiratory quotient as marker of macronutrient utilization (118,123),
glucose homeostasis (insulin, glucose, insulin sensitivity) (118-121), lipid profile
(118,120,121), heart rate (121), blood pressure (121), cortisol (122), and inflammatory
markers (36,120) were observed with leptin treatment compared with placebo in obese
hyperleptinemic individuals. Only 1 single-arm open label study and a single-blind placebo-
controlled trial, of sequential design, performed by the same group, showed an increase in
nonresting energy expenditure and SNS tone in obese subjects that were treated with leptin
after a 10% weight loss achieved with diet (124-126). Additionally, it showed improvements
in visual analog scales for appetite and a leptin-mediated reversal of the changes in neural
activity in response to visual food stimuli due to weight loss (124,126). These effects led

to a 2.1-kg weight loss in the open-label study (125) and to nonsignificant weight changes
compared with placebo after 5 weeks of treatment in the single-blind placebo-controlled
crossover study, but the sequential design of these studies has raised the notion that observed
changes may have simply reflected the evolution of normal physiology of energy deprivation
over time (124).

Altogether, clinical studies so far have shown no major weight-regulatory or metabolic
benefit with leptin treatment in obese hyperleptinemic individuals and need to be expanded
in the future for a better understanding of leptin biology and its therapeutic potential in
humans.

NOVEL FINDINGS FROM CLINICAL TRIALS IN LEAN AND OBESE
POPULATIONS

The lack of an effect of leptin treatment on weight in patients with obesity has led to

the question of whether leptin’s role in human metabolism is limited in regulating energy
homeostasis in the rare cases of CLD and lipodystrophies (e.g., in the extremes of leptin
deficiency). In this context, we have recently reported the effects on metabolic outcomes of:
1) leptin administration for 3 days in lean and obese subjects during hypoleptinemia induced
by complete fasting; 2) a single-dose leptin administration in lean and obese subjects in

the fed state; and 3) leptin administration for up to 9 months in mildly hypoleptinemic
women with a low percentage of body fat due to strenuous exercise (34). The results of our
studies showed that short-term leptin administration reduces food intake during refeeding
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after complete fasting in a lean, and thus leptin sensitive, group of subjects. Otherwise,

leptin administration in the short term had no impact on body weight, energy expenditure,
and SNS activity both during fasting and in fed state, in obese and lean subjects and in 3
different leptin doses (physiological, supra-physiological, and pharmacological). Long-term
leptin treatment in women with mild hypoleptinemia due to low body fat (athletes), who

had stable and within-normal-range BMI at least 6 months prior to treatment initiation,

led to significant body weight loss, which was exclusively loss of fat mass. These weight-
regulatory effects of leptin were most probably achieved by reducing energy intake and
transiently increasing lipid catabolism. In contrast, leptin treatment did not affect energy
expenditure, SNS activity, adrenal function, heart rate, and blood pressure. The weight and
fat mass loss observed with long-term leptin treatment were completely reversible after
discontinuation of leptin treatment and return of leptin levels to the normal range. These
results support a role for leptin to regulate not only neuroendocrine (mainly reproductive)
function, but also energy homeostasis in low-leptin states. Additionally, these results support
the hypothesis of a gradual loss of function for leptin when moving from conditions of leptin
deficiency to conditions of leptin sufficiency and leptin excess (Central Illustration).

PERSPECTIVES

Based on the results from clinical studies, a human leptin analog (metreleptin [Myalept],
which has a methionine added to the leptin molecule to improve molecular folding and
production efficiency) was first approved in Japan in 2013, followed by the United States in
2014 and Europe in 2018. The indication for metreleptin in the United States is the presence
of complication such as diabetes and hypertriglyceridemia associated with congenital or
acquired GL. In Europe, the indication is extended also to patients with PL (familial or
acquired) in adults and children 12 years of age and older, for whom standard treatments
have failed to achieve adequate metabolic control. The lack of response to leptin treatment
in common obesity has led to intensified efforts: 1) to further decipher the biological
mechanisms involved in leptin’s actions; 2) to fully clarify whether leptin resistance or leptin
tolerance (permissive action of leptin only in energy deficiency states) exists in humans; and
3) to design novel and more effective drugs, given that metreleptin use has been limited by
the Food and Drug Administration to complete leptin deficiency states only (Figure 2).

In this context, recent approaches aim to identify individuals among the population with
common obesity who have low leptin levels and thus theoretically less leptin tolerance and
more room for leptin to act when its levels are raised from low (below physiological level)
to normal. Along these lines, a recent study identified a long noncoding RNA (IncOb) that
controls leptin gene expression. DIO-mice lacking IncOb are obese and lose weight after
leptin treatment. Importantly, polymorphisms in the IncOb in humans are associated with
obesity and low leptin levels (127). Additionally, in a post hoc exploratory pooled analysis
of old studies in obese subjects treated with leptin, published only in abstract form, women
with <16 ng/ml and men with <5 ng/ml leptin levels may be losing more weight when
treated with leptin compared with placebo (approximately —4% vs. —2% weight change from
baseline after 24 weeks of treatment) (128). However, there are a number of caveats in this
approach. First, at this point in time, it is difficult to define a universal threshold for leptin
levels as an indicator of leptin responsiveness not only for technical reasons (leptin assays
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are not standardized across studies and data on specific leptin thresholds from 1 study cannot
be directly extrapolated to others), but also for important scientific reasons. As indicated in
our recent study (34), leptin treatment reduces body weight in lean individuals, but baseline
leptin levels before treatment initiation cannot predict the magnitude of weight loss with
leptin administration. Finally, even if we manage to identify a target subset of the population
with high chances of response to leptin, and not withstanding leptin’s effect to decrease
exclusively fat mass, leptin treatment will still have to prove to be equal or superior to
available weight loss medications that can currently lead to up to 5% to 10% weight loss
(129,130).

A second approach that has been discussed, on the basis of the proposed existence of leptin
resistance or tolerance, involves combination of leptin treatment with another agent that may
act as leptin sensitizer. Studies both in rodents and humans have shown, for example, that
amylin can act additively, but not synergistically, with leptin to activate signaling pathways
in peripheral tissues (131) and in concert with leptin in the brain to regulate feeding (132).

In a 24-week randomized, double-blind clinical study, combination of pramlintide (amylin
analog) with leptin led to 12.7% weight loss, significantly more compared with either
treatment alone (133,134). However, a phase 1 clinical trial evaluating pramlintide with
metreleptin was terminated 2011 due to the development of leptin antibodies.

This raises another important point that has to be addressed in potential future studies

with leptin or leptin analogs. Development of non-neutralizing antibodies against drugs

is observed frequently and has in most cases no clinical relevance. However, antibodies

may lead to neutralization of treatment or, more importantly, to adverse effects due to
neutralization of the endogenous secreted protein. In an analysis of 579 patients with obesity
and 134 patients with lipodystrophy treated with metreleptin, the vast majority of patients
developed antibodies, which similar to other protein therapeutics, were almost exclusively
non-neutralizing. Only 3 patients with obesity may have developed in vitro neutralizing
antibodies coincident with weight gain and only 4 patients with GL coincident with
worsened metabolic profile (135). Although a clear cause-and-effect relationship has not
been demonstrated, this was sufficient to terminate clinical studies with leptin in common
obesity and prevent the approval of metreleptin for treatment of PL and delay it for GL.
Thus, future research is now focusing on the development of leptin analogs, including
monoclonal antibodies activating the leptin receptor, that do not induce the production of
endogenous antibodies, which after they are tested in clinical experimental settings they may
proceed to larger clinical trials.

A third experimental approach focuses on developing treatments that will address 1 or more
pathophysiological mechanisms that may be involved in potential leptin resistance. In this
context, the following solutions are being evaluated: 1) chemical modification of leptin and
intranasal delivery methods or novel agonists of leptin ObRb with shorter sequences to
facilitate the crossing across the BBB (136,137); 2) identification of novel molecules, such
as endospanin-1, that control ObRb trafficking (transport of the receptor from cytosol to cell
membrane in order to be functional) (138); 3) inhibition of endogenous negative feedback
mechanisms of leptin signaling, which are mainly controlled by SOCS3 and PTP1B,
although the first PTP1B inhibitors showed poor selectivity and in vivo efficacy (139); and
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4) decrease of endoplasmatic reticulum stress with the use of chemical chaperones, which
stabilize protein folding and reduce defected protein aggregation (140). All of the previous
have shown promising results in DIO mouse models, but the investigation and translation of
their effects in humans has been limited so far.

In conclusion, leptin clearly controls energy homeostasis and neuroendocrine, mainly
reproductive, function in states of energy deprivation in humans. Leptin treatment has major
and sustainable metabolic effects in people with low leptin levels (obese with CLD, GL, PL,
HALS), who are, however, a small fraction of the cardiometabolically unhealthy population.
Leptin treatment is ineffective in common obesity, which is characterized by leptin excess.
Whether leptin resistance is an important factor that contributes to the development and
progression of obesity versus whether leptin only has a permissive role acting in energy
deficiency states, and thus obesity is simply a leptin-tolerant state remains to be fully
elucidated.

Future research should focus on: 1) any effects of leptin on the cardiovascular system

and CVDs, either through or independently from its weight- or lipid-regulatory effects;

2) leptin’s effects in central nervous system areas controlling feeding behavior in humans
beyond the hypothalamus as well as leptin’s effects in peripheral tissues; and 3) novel drug
development that will not be inducing leptin antibodies and which will be either targeting
the leptin receptor or pathways downstream of the leptin receptor. Finally, another area of
considerable clinical interest derives from findings from in proof-of-concept studies that
leptin exerts significant bone metabolism effects (16,99) in leptin-deficient humans. Leptin
treatment, in the context of randomized clinical trials, improves bone mineral density and
content in strenuously exercising women with hypothalamic amenorrhea that are at high risk
for developing osteoporosis and stress fractures (16,99).

In conclusion, given the differences between human studies and animal studies, which
similar to observational studies in humans have been extremely useful to raise hypotheses
but cannot prove causality and elucidate human leptin biology, the field needs new leptin
analogs to be used in the context of first human physiology studies and later proof-of-
concept randomized clinical trials that can prove causality, elucidate molecular pathways,
and demonstrate efficacy in humans (i.e., the species of interest). The availability of
novel leptin analogs that may apparently not be inducing anti-leptin antibodies provides
an opportunity in that direction.

ABBREVIATIONS AND ACRONYMS

AgRP agouti-related peptide

BBB blood-brain barrier

BMI body mass index

CHD coronary heart disease
CLD congenital leptin deficiency
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CvD cardiovascular disease
DIO diet-induced obese
GH growth hormone
GL generalized lipodystrophy
HALS human immunodeficiency virus- associated lipodystrophy syndrome
IGF insulin-like growth factor
NAFLD nonalcoholic fatty liver disease
NPY neuropeptide Y
ObRb long form of the leptin receptor
PL partial lipodystrophy
POMC pro-opiomelanocortin
RCT randomized clinical trial
SNS sympathetic nervous system
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HIGHLIGHTS

. Leptin is an important regulator of neuroendocrine function and energy
homeostasis, and blood levels of leptin reflect energy stores, fat mass, or
energy deprivation.

. Treatment with leptin can be effective in patients with certain cardiometabolic
diseases associated with leptin deficiency but not in common obesity.

. Additional physiological studies and clinical trials are needed to explore
potential clinical applications of next-generation leptin analogs.
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CENTRAL ILLUSTRATION.
Effects of Leptin on Metabolism

Leptin demonstrates metabolic effects that are inversely associated with its circulating
levels. In conditions ofabsolute Leptin deficiency, Leptin treatment is highly effective,
whereas its efficacy is progressively diminished by increasing leptin levels, probably
due to tolerance or resistance to its functions. CLD = congenital leptin deficiency;

GL = generalized lipodystrophy; HALS = human immunodeficiency virus-associated
lipodystrophy syndrome; PL = partial lipodystrophy.

JAm Coll Cardiol. Author manuscript; available in PMC 2022 February 16.

Db/Db



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Perakakis et al. Page 23

Hypothalamus Reduction Other brain centers

(+) POMC 2 oMSH = MCs Hedonic, Salience,
(=) NPY = NPY-receptors Attention, Reward (+) GnRH = TLH, T FSH 2 T Androgens, Estrogens

(=) AgRP = MCs  Robust data both in animals and humans with low leptin levels
* Robust data in animals and in humans with low leptin levels

Increase, or inhibition of reduction after weight loss (+#) TRH= TTSH> 1 T4

S . . * Robust effect in animals, weak in humans
« Some effect in animals, very weak, if any, effect in humans

Stimulation (+) GHRH 2 TGH 2 T IGF-1

* Robust effect in animals, very weak, if any in humans
« Effect in animals, no replication in humans

Reduction Stimulation of cortisol

« Robust data in animals and in humans with low leptin levels + Effect in animals, very weak, if any, in humans

Increase Improvement

o . . « Effect in animals and in humans with low leptin levels
« Robust effect in animals, very weak, if any, in humans

FIGURE 1. Main Effects of Leptin on Metabolism and Endocrine Function in Mouse Models
and Humans

In animals, Leptin has demonstrated robust effects on energy intake and expenditure as
well as in sympathetic nervous system activity, Lipid metabolism, inflammation, liver
function, and hypothalamic-pituitary function. In humans, leptin treatment is effective
mainly in conditions of complete or mild leptin deficiency, in which it decreases energy
intake, induces lipid catabolism, improves immune response, and restores the hypothalamus-
pituitary-gonadal axis. AgRP = agouti-related peptide; « MSH = a-melanocyte stimulating
hormone; FSH = follicle-stimulating hormone; GH = growth hormone; GHRH = growth
hormone-releasing hormone; GnRH = gonadotropin-releasing hormone; IGF = insulin-like
growth factor; LH = luteinizing hormone; MCs = melanocortins; NPY = neuropeptide

Y; POMC = pro-opiomelanocortin; T4 = thyroxine; TRH; TRH = thyrotropin-releasing
hormone; TSH = thyroid- stimulating hormone.
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1. Identification of obese subjects with low leptin levels
2. Development of leptin analogs that will not induce antibodies
3. Modify leptin / new ObRb agonists to improve crossing through BBB

lmB“,
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Akt mTOR

Vo

Foxol S6 MAPK

Energy homeostasis
Body weight to cell membrane
e 5. Deactivate negative feedback mechanisms e.g. PTP1B inhibitors
6. Use of chemical chaperones to reduce ER stress
; :§ 7. Target further downstream pathways (e.g. MC4R agonists)
ER stress «

Inflammation

4. Identify new proteins to improve transport of ObRb from cytosol

e Activation of further downstream pathways

FIGURE 2.
Current Approaches Aiming to Improve the Efficiency of Leptin Treatments in Common

Obesity

Leptin is secreted mainly by adipose tissue and circulates in the bloodstream crossing the
blood-brain barrier (BBB) and acting in the brain. Leptin’s binding on its receptor activates
signaling pathways that are related to energy homeostasis and body weight regulation in
humans. In common obesity, leptin treatment does not induce changes in body weight,
suggesting potentially the presence of leptin tolerance or resistance. Current efforts aim

to increase the efficiency of leptin treatment by following several approaches, such as by
selecting obese patients with low leptin levels and thus higher chances for response or by
improving transport of leptin- based treatments in the brain or by targeting the downstream
signaling pathways related to leptin. Akt = IIlIl; ER = endoplasmic reticulum; Foxol,
Forkhead box protein O1; IRS = insulin receptor substrate; JAK2 = Janus kinase 2; MAPK
= mitogen-activated protein kinase; MC4R, melanocortin 4 receptor; mTOR = mammalian
target of rapamycin; ObRb = long form of the leptin receptor; PI3K = phosphoinositide 3-
kinase; PTP1B = protein-tyrosine phosphatase 1B; S6 = substrate 6; SHP2 = Src homology
2 domain-containing phosphatase 2; SOCS3 = suppressor of cytokine signaling 3; STAT =
signal transducer and activator of transcription.
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