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Leptin Deficiency: Clinical Implications and Opportunities
for Therapeutic Interventions

Susan Bliiher, MD,* Sunali Shah, and Christos S. Mantzoros, MD, DSc, FACP FACEY

Abstract: The discovery of leptin has significantly advanced our
understanding of the metabolic importance of adipose tissue and has
revealed that both leptin deficiency and leptin excess are associated with
severe metabolic, endocrine, and immunological consequences. We and
others have shown that a prominent role of leptin in humans is to mediate
the neuroendocrine adaptation to energy deprivation. Humans with
genetic mutations in the leptin and leptin receptor genes have
deregulated food intake and energy expenditure leading to a morbidly
obese phenotype and a disrupted regulation in neuroendocrine and
immune function and in glucose and fat metabolism. Observational and
interventional studies in humans with (complete) congenital leptin
deficiency caused by mutations in the leptin gene or with relative leptin
deficiency as seen in states of negative energy balance such as lipo-
atrophy, anorexia nervosa, or exercise-induced hypothalamic and neu-
roendocrine dysfunction have contributed to the elucidation of the
pathophysiological role of leptin in these conditions and of the clinical
significance of leptin administration in these subjects. More specifically,
interventional studies have demonstrated that several neuroendocrine,
metabolic, or immune disturbances in these states could be restored by
leptin administration. Leptin replacement therapy is currently available
through a compassionate use program for congenital complete leptin
deficiency and under an expanded access program to subjects with lep-
tin deficiency associated with congenital or acquired lipoatrophy. In
addition, leptin remains a potentially forthcoming treatment for several
other states of energy deprivation including anorexia nervosa or milder
forms of hypothalamic amenorrhea pending appropriate clinical trials.
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he discovery of leptin, the prototype adipocyte—secreted

hormone/cytokine (adipokine), in 1994 has revolutionized
our understanding of hormonal regulation of body composition
and energy homeostasis as well as immune, endocrine, and
metabolic physiology and pathophysiology. In addition, our
view of adipose tissue has changed substantially within the past
decade from that of a depot storage organ to that of an active
endocrine organ producing several bioactive peptides (adipo-

From the *Hospital for Children and Adolescents, University of Leipzig,
Germany; and Beth Israel Deaconess Medical Center, Harvard Medical
School, Boston, MA.

Received May 15, 2009, and in revised form July 20, 2009.

Accepted for publication July 20, 2009.

Reprints: Christos S. Mantzoros, MD, Division of Endocrinology, RN 325,
Beth Israel Deaconess Medical Center, Harvard Medical School,

99 Brookline Ave, Boston, MA 02215. E-mail: cmantzor@
caregroup.harvard.edu.

The authors did not receive funding for this work from any of the following
organizations: National Institutes of Health, Wellcome Trust, Howard
Hughes Medical Institute, and others.

This symposium was supported in part by a grant from the National Center
for Research Resources (R13 RR023236).

Copyright © 2009 by The American Federation for Medical Research

ISSN: 1081-5589

DOI: 10.231/J7IM.0b013e3181b9163d

kines) and inflammatory and anti-inflammatory molecules.'*
Although leptin was originally discovered as an antiobesity
hormone, it was subsequently found that only a minority of
subjects with obesity, that is, those with genetic mutations in the
leptin pathway, have morbid obesity due to leptin deficiency.
Observational and interventional studies revealed that leptin’s
physiological and pathophysiological roles may be more im-
portant in the leptin deficiency end of the spectrum. Subse-
quently, proof-of-concept studies investigated whether leptin
treatment either in subjects with congenital leptin deficiency or
in those with acquired relative leptin deficiency may restore
metabolic, endocrine, and immune functions in those patients.3 “
This review summarizes leptin’s role in the physiology/
pathophysiology of several leptin deficiency disease states.

LEPTIN—THE PROTOTYPE ADIPOKINE

Leptin, a 167—amino acid peptide, is the prototypical
adipose tissue—derived hormone related to the regulation of
energy homeostasis. It exerts pleiotropic effects by binding and
activating specific leptin receptors in the hypothalamus and
other organs, has direct and indirect effects in metabolically
active tissues, and regulates several neuroendocrine axes. Lep-
tin circulates in a biologically active free form and also bound
to leptin-binding proteins.>~” Leptin levels are positively corre-
lated with the amount of body fat, and obese subjects are
hyperleptinemic compared with lean individuals.® However,
they appear to be either tolerant or resistant to the central
hypothalamic effects of leptin. The reduced sensitivity toward
exogenous (administered) and endogenous leptin is commonly
referred to as leptin tolerance or leptin resistance.

The biological activity of leptin is mediated by activating
specific leptin receptors in the brain and peripheral organs
(Fig. 1). Deficient leptin signaling due to hyperleptinemia (as
described earlier) or hypo/aleptinemia caused by mutations of
either leptin or the leptin receptor genes results in hyperphagia
and decreased energy expenditure in rodents and humans, which
in turn leads to an increasing degree of obesity associated with
increased lipid storage in muscle, liver, and other tissues.’ The
consequences are a dysfunction of several neuroendocrine axes,
including the reproductive, thyroid, and adrenal axes, and an
abnormal function of the immune and autonomic systems and
bone metabolism.>*™® In addition to these well-documented
effects of leptin, the hormone has also been proposed to have a
cognitive enhancing role in the developing central nervous sys-
tem as shown by leptin replacement therapy to a boy with a
missense mutation of the leptin gene.'® However, the most im-
portant function of leptin is the regulation of energy expendi-
ture and food intake, and the major physiological role of leptin is
to signal inadequate rather than excess energy stores.” '°

BIOLOGICAL EFFECTS OF LEPTIN
Leptin and the Reproductive Axis

The role of leptin in regulating reproduction and the
hypothalamic-pituitary-gonadal (HPG) axis is a crucial, per-
missive one. Congenital leptin deficiency and/or loss of leptin
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FIGURE 1. Peripheral and central effects of leptin in regulating neuroendocrine function and energy homeostasis in energy deficiency
and energy excess states. In energy deficiency, less leptin is secreted (thin arrow) and results in the physiological changes indicated in the
figure. In energy excess states, higher leptin concentrations are circulating (thick arrows), but the brain is largely resistant to the effects
of leptin. AGRP indicates agouti-related protein; a-MSH, a-melanocyte-stimulating hormone; CART, cocaine- and amphetamine-regulated
transcript; CRH, corticotrophin-releasing hormone; MCH, melanin-concentrating hormone; NPY, neuropeptide Y.

function due to leptin- or leptin receptor mutations leads to
hypogonadotropic hypogonadism with low levels of follicle-
stimulating hormone and luteinizing hormone, complete loss of
luteinizing hormone pulsatility, lack of pubertal growth spurt,
reduced expression of secondary sexual characteristics, and pri-
mary/secondary amenorrhea.!'*!2 The clinical features of hy-
pothalamic hypogonadism and associated disturbances can be
restored by leptin administration in replacement doses.'> On
the other end of the spectrum, elevated leptin levels due to
increased body fat mass associated with (morbid) obesity may
also have an inhibitory effect on the HGP axis. Leptin may thus
serve as a signal to convey information to the reproductive sys-
tem that the amount of energy stored in the body as fat is adequate
not only for the survival of the individual but also for carrying
a pregnancy to term. Because a certain threshold level of energy
and body fat mass, which may vary from individual to individual,
seems to be necessary for the onset of puberty and normal fer-
tility, leptin has been proposed to be a permissive signal, which
can activate the reproductive axis and maintain normal repro-
ductive function by conveying needed information on available
energy reserves in the adipose tissue.>'* Moreover, in states
of secondary failure of the HPG axis associated with loss of fat
mass, such as in exercise-induced amenorrhea or anorexia ner-
vosa, exogenously administered leptin may fully normalize the
function of the HPG axis.”'*

Leptin and the Hypothalamic-Pituitary-Growth
Hormone (GH)-Insulinlike Growth Factor 1
(IGF-1) Axis

Congenital leptin deficiency due to a mutation in the lep-
tin gene and/or the leptin receptor gene is associated with a
significant delay in growth in early childhood due to abnormal
growth hormone secretion and low insulinlike growth factor 1
(IGF-1) and IGF-binding protein 3 (BP3) levels.'""!? Similarly,
acute fasting and/or chronic energy deprivation, both of which
induce a low leptin state, results in lower IGF levels. Admin-
istration of leptin in replacement doses in these conditions
prevents the decrease in IGF-1 and IGF-BP3 levels but has no
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(short-term) effect on circulating levels of growth hormone.
Similar results have been observed after long-term leptin ad-
ministration to healthy lean subjects studied in energy-replete
and energy-deficient states such as acute food deprivation or
exercise-induced energy deprivation; leptin is capable of up-
regulating IGFs and altering IGF-PB3.!5 However, the exact
long-term impact of leptin on the hypothalamic-pituitary-GH-
IGF axis and growth is still in the center of intense research
efforts.

Leptin and the Hypothalamic-Pituitary-Thyroid
(HPT) Axis

A significant and pivotal role of leptin in the regulation of
the hypothalamic-pituitary-thyroid axis has been well docu-
mented in humans.®™® Congenital hypoleptinemia due to leptin
receptor mutations is associated with hypothalamic hypothy-
roidism, low circulating thyroxine levels, normal circulating
basal thyrotropin (TSH), and a sustained response of TSH to
a thyrotropin-releasing hormone challenge.'? Healthy subjects
with normal weight exhibit a similar leptin and TSH 24-hour
secretion pattern, which is impaired in subjects with congenital
leptin deficiency.'® Leptin administration in replacement doses
to healthy lean men during a 3-day starvation period signifi-
cantly blunted the fasting-induced decrease in TSH pulsatility
and increased free thyroxine to levels within the reference
range.'” The data available to date indicate that leptin may reg-
ulate TSH, influencing secondarily circulating thyroxine levels
in leptin-replete states. The exact mechanisms underlying these
effects require further investigation.

Leptin and the Adrenal Axis

The role of leptin in the regulation of the adrenal axis in
humans remains a controversial one. Congenital leptin defi-
ciency in subjects with mutations of the leptin gene or the lep-
tin receptor gene present with normal adrenal function, and
interventional studies in healthy subjects with normal weight
also failed to demonstrate an effect of leptin on adrenal
steroids. %15
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Leptin and Immune Function

Leptin exerts direct effects on macrophages by up-
regulating phagocytic activity, stimulates secretion of pro-
inflammatory cytokines, and stimulates chemotaxis in
polymorphonuclear cells.® Animal studies and preliminary
observational studies in humans with either congenital leptin
deficiency or obesity-related hyperleptinemia have revealed that
both leptin excess and leptin deficiency may increase an indi-
vidual’s susceptibility to infection: children with congenital
leptin deficiency are prone to early death due to severe infec-
tions during childhood because of defects in T-cell number and
function.'®2% However, immune function could be markedly
improved with leptin administration in replacement doses."®

Our understanding to date strongly supports a role of lep-
tin in immune function, mainly by altering serum levels of
inflammatory markers and other cytokines important in the T
helper cell response.?’ In addition, leptin regulates the T helper
I/T helper 2 immune balance in states of (congenital) leptin
deficiency and immune dysfunction.'®>!

Considering all these findings from observational and
interventional studies together, congenital leptin deficiency and
negative energy balance associated with acquired leptin defi-
ciency may alter the nature and vigor of the immune response via
leptin-dependent mechanisms. The role of leptin in regulating
immune function appears to be a permissive one’?; there might
exist a critical leptin threshold above which leptin has no major
additional physiological effect on neuroendocrine and/or im-
mune function.’

Leptin and Cognitive Development

In addition to the effects of leptin described above, which
are all well documented, leptin has also been recently proposed
to have a cognitive enhancing role in the developing central
nervous system. Treatment of a leptin-deficient boy with re-
combinant methionyl human leptin (r-metHuLeptin) in replace-
ment doses had significant beneficial effects on cognitive
function, leading to improvements in neurocognition.'® Further
studies are needed to confirm these beneficial neurocognitive
effects in leptin-deficient patients across the life span. In
addition, further investigations are necessary to elucidate the
hypothesis that leptin replacement may improve cognition in
leptin-sufficient patients with delay or decline in cognitive
function.

STATES OF LEPTIN DEFICIENCY:
PATHOPHYSIOLOGY AND TREATMENT

Congenital Leptin Deficiency

Very rare genetic forms of obesity result from congenital
leptin deficiency due to (missense) mutations in the leptin gene
or the leptin receptor gene, frequently associated with consan-
guineous marriage.!>!%1° Congenital leptin deficiency is
associated with a morbidly obese phenotype and significant
disturbances in metabolic and immune functions (see succeed-
ing paragraphs).

Congenital and Acquired Lipoatrophy

Another diverse group of congenital or acquired states of
leptin deficiency represents a group of clinical disorders char-
acterized by complete or partial lack of (subcutaneous) adipose
tissue (lipoatrophy), and/or a combination of lack of adipose
tissue in certain areas of the body with excess adipose tissue
(lipohypertrophy) elsewhere.> The human immunodeficiency
virus (HIV)-associated lipodystrophy syndrome (HALS) repre-
sents the most common form of partial acquired lipodystrophy.
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It is estimated to occur in up to 40% to 84% of patients on
highly active antiretroviral treatment for more than 1 year.?®

Leptin Deficiency in Anorexia Nervosa and
Hypothalamic Amenorrhea

Exercise-induced energy deficiency and eating disorders
such as anorexia nervosa are associated with low leptin levels
and associated metabolic sequelae. These subjects impress not
only with low body fat mass but also with delayed puberty and
impaired development of the reproductive system including
hypothalamic amenorrhea along with other neuroendocrine
dysfunctions.”'*

Metabolic Impact of Leptin Deficiency

Congenital or acquired states of hypoleptinemia are
associated with significant metabolic, endocrine, and immuno-
logical disturbances. Those include neuroendocrine dysfunc-
tion, glucose intolerance and insulin resistance, dyslipidemia,
disturbed immune function, and others. Similar to states of
low leptin levels due to genetic mutations, nearly all forms of
lipodystrophy are associated with insulin resistance, abnormal
glucose tolerance, hepatic steatosis, and associated metabolic
disorders, including dyslipidemia, mostly hypertriglyceride-
mia. In addition, HALS has also been linked to endothelial
dysfunction and accelerated atherosclerosis.>> In lipoatrophic
subjects, adipose tissue accumulates intrahepatically and intra-
myocellularly, and this is probably the main mechanism by
which these subjects become insulin resistant. Both leptin
and adiponectin levels are decreased in patients with severe
congenital and milder HIV-associated lipoatrophy. Long-term
effects of leptin administration in such conditions were orig-
inally studied using lipoatrophic mouse models and have
subsequently been studied in the context of controlled clinical
trials in patients with both severe and partial congenital li-
poatrophy induced by administration of highly active antire-
trovirals in HIV-positive patients. These patients have milder
insulin resistance and milder metabolic syndrome. These trials
demonstrated that leptin administration in replacement doses
significantly improves glycemia, dyslipidemia, and hepatic ste-
atosis in lipoatrophic, hypoleptinemic patients with severe in-
sulin resistance and also improves dyslipidemia and insulin
resistance in HIV-positive patients with partial lipoatrophy.>>2®
The resolution of insulin resistance in states of congenital lep-
tin deficiency and lipoatrophy is due to either a direct effect
of leptin or a secondary effect due to loss (or redistribution)
of ectopic body fat.* Moreover, adiponectin also improves in-
sulin resistance and metabolic syndrome in hypoadiponectine-
mic subjects with HALS.*® Because coadministration of both
leptin and adiponectin fully normalized insulin sensitivity in
animal models of lipoatrophic insulin resistance and metabolic
syndrome,*® we are currently performing clinical trials testing
whether coadministration of leptin and adiponectin could have
additive or synergistic effects in improving insulin resistance
and metabolic syndrome.

Clinical Applications of Leptin in
Leptin Deficiency

Subjects with congenital absolute leptin deficiency respond
in a dramatic fashion to leptin administered in replacement
doses, which induce markedly decreased appetite and food in-
take and which in turn result in a significant reduction in body
weight.lg’19 In addition, leptin treatment in children with con-
genital leptin deficiency results in normalization of several neu-
roendocrine axes, including the reproductive and thyroid axes,
and of immune function and cognitive development.!®:!8:1
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Relative leptin deficiency is seen in states of partial
lipodystrophy, eating disorders such as anorexia nervosa, and/or
exercise-induced energy deficiency, as previously discussed.
Interventional studies in women with hypothalamic amenorrhea
and low circulating leptin levels have proven the concept that
r-metHuLeptin in replacement doses may restore reproduc-
tive function, induce ovulation, and increase circulating lev-
els of thyroxine, IGF-1, IGF-BP3, bone alkaline phosphatase,
and other bone markers. In addition, r-metHuLeptin replace-
ment restored gonadotropin-releasing hormone pulsatility,"
thus raising the intriguing possibility that leptin administration
in replacement physiological doses could also be a potential
treatment for some patients suffering from infertility. This hy-
pothesis has been strengthened by the observation that leptin
and the soluble leptin receptor are highly interrelated not only
with each other but also with other intrafollicular hormones that
regulate fertility.>'

Preliminary interventional studies in patients with lipoa-
trophy and metabolic syndrome induced by highly active
antiretroviral therapy have shown that r-metHuLeptin therapy
in replacement doses in 6 months was associated with ap-
proximately 32% significant decrease in visceral fat mass and
in improvements in insulin sensitivity, endogenous glucose
production, and fasting insulin and glucose levels. In addition,
a significant decrease in triglyceride levels, whole body lipol-
ysis, and free fatty acids could also be seen.’>** Whether r-
metHuLeptin alone or in combination with other treatments
will find a place in our therapeutic armamentarium for this con-
dition remains to be elucidated in additional long-term studies.
Summarizing these initial results, leptin replacement therapy
might prove to be an option for patients with disorders that are
associated with a new hormone deficiency state, that is, the
leptin deficiency. Further studies in this area are ongoing.

THE ROLE OF LEPTIN IN METABOLISM IN STATES
OF LEPTIN EXCESS

It is well established that obesity is associated with hyper-
leptinemia, which may reflect either leptin tolerance or leptin
resistance. Despite initial hopes, placebo-controlled trials in
obese subjects over periods ranging up to 24 weeks have clin-
ically shown no impressive weight loss in leptin-treated sub-
jects compared with placebo-treated controls.*> Given the initial
high expectations for r-metHuLeptin as a potential treatment
for obesity and the impressive results seen in leptin-deficient
patients,® results in subjects with garden variety obesity have
thus been considered to be disappointing. More recent evi-
dence indicates, however, that coadministration of leptin with
medications that could sensitize the body to leptin’s actions
could possibly provide better weight loss outcomes.*® Potential
future applications of leptin in states of energy excess, that is,
obesity, will be presented in detail in a paper by Wyer et al.

DISCUSSION AND FURTHER DIRECTIONS

Leptin, the prototype adipocyte—secreted hormone, the
circulating levels of which communicate information regard-
ing the amount of body’s energy reserves, is involved in the
regulation of several neuroendocrine axes, immune function,
and the regulation of glucose and lipid metabolism. Observa-
tional and interventional studies have revealed that leptin’s
physiological and pathophysiological roles may be more im-
portant in the leptin deficiency end of the spectrum rather than
in states of leptin excess. Similar to other hormone deficiency
syndromes, leptin deficiency syndromes call for leptin replace-
ment treatment in humans. Thus, r-metHuLeptin replacement

© 2009 The American Federation for Medical Research

could prove to be a new potentially useful medication to be
added to our therapeutic armamentarium for disease states of
absolute or relative leptin deficiency to restore neuroendocrine,
metabolic, and immune functions. Leptin replacement in
patients with anorexia nervosa, exercise-induced hypothalamic
dysfunction in strenuously exercising women athletes, and/or
infertility are currently under intense investigation and is a
potentially forthcoming treatment in these conditions pending
appropriate clinical trials. Leptin replacement therapy is cur-
rently being used for congenital leptin—deficient patients through
both a mechanism involving participation in investigator-
initiated clinical trials and a named patient/compassionate use
mechanism. In addition, leptin replacement therapy is under an
expanded access program for subjects with leptin deficiency
associated with congenital or acquired lipoatrophy, such as seen
in patients with HALS and associated metabolic complications.
Because coadministration of both leptin and adiponectin has
fully normalized insulin sensitivity in animal studies, we are
currently performing clinical trails testing whether coadminis-
tration of leptin and adiponectin could have additive or
synergistic effects in improving insulin resistance and metabolic
syndrome. Finally, the development of leptin sensitizers and/or
the results of trials evaluating the coadministration of leptin with
other medications, which could act as leptin sensitizers, are
anticipated with great expectations.
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