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ABSTRACT Eating disorders are a group of disease states including anorexia nervosa, bulimia nervosa and binge
eating on one end as well as episodic or chronic overeating resulting in obesity at the other end of the spectrum.
These disorders are characterized by decreased and/or increased energy intake and are frequently associated with
hormonal and metabolic disorders. The discovery of leptin, an adipocyte-secreted hormone acting in the brain to
regulate energy homeostasis, and its subsequent study in human physiology have significantly advanced our
understanding of normal human physiology and have provided new opportunities for understanding and possibly
treating disease states, such as anorexia and bulimia nervosa. It has been recently discovered that leptin levels
above a certain threshold are required to activate the hypothalamic-pituitary-gonadal and hypothalamic-pituitary-
thyroid axes in men, whereas the hypothalamic-pituitary-adrenal, renin-aldosterone, and growth hormone-IGF-1
axes may be largely independent of circulating leptin levels in humans. In this review, we summarize the latest
findings related to the role of leptin in the regulation of several neuroendocrine axes, such as the hypothalamic-
pituitary-gonadal and the hypothalamic-pituitary-thyroid axes in humans and discuss its potential pathophysiologic
role in eating disorders. J. Nutr. 134: 2469S–2474S, 2004.
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Anorexia nervosa is characterized by severe restriction of
food intake resulting in dramatic loss of body weight, whereas
in bulimia nervosa recurring episodes of binge eating and
vomiting frequently occur without significant changes in body
weight (1). Episodic or chronic overeating, including the night
eating syndrome which leads to obesity, are also considered to
belong to the complex group of eating disorders. Although the
prevalence of anorexia nervosa is increasing, dieting, occasion-
ally excessive, in the context of obesity is the most common
condition associated with food deprivation in the Western
World. Malnutrition, metabolic abnormalities as well as
changes in immune function, inflammation, and hormonal
(mainly reproductive) changes are well known consequences
of significantly decreased caloric intake (2,3).

Basic research efforts and clinical investigations focusing on
the etiology of eating disorders have revealed the pathophys-

iological importance of several variables, including social and
psychological factors, genetic predisposition, altered levels of
neurotransmitters and neuropeptides, and alterations in neu-
roendocrine axes (4). This review focuses on the role of leptin,
an adipocyte-secreted hormone regulating energy homeostasis,
in normal human physiology and discusses the potential im-
plications of these findings in eating disorders associated with
energy deprivation, i.e., anorexia nervosa, bulimia nervosa,
and binge eating disorders.

Leptin

Leptin is a 167-amino acid protein that is structurally
related to members of the cytokine family (5,6). Leptin was
discovered through positional cloning of the ob-gene (7) and
is expressed primarily in white adipose tissue (8–10), but also
in the stomach (11), hypothalamus (12), pituitary (13), skel-
etal muscle (14), placenta (15), and mammary gland (16,17).
Accumulating evidence suggests that leptin is not mainly an
“anti-obesity hormone,” as proposed originally, but is primarily
a crucial endocrine factor playing an important role in the
regulation of several physiological processes activated in states
of food deprivation. Leptin is mainly secreted by the white
adipose tissue in direct proportion to the amount of energy
stored in fat and acts by binding to specific leptin receptors.
Leptin’s actions in the hypothalamus and a variety of periph-
eral organs are mediated by the long isoform of the leptin
receptor [OB-R (18,19)]. Several isoforms of this receptor,
resulting from alternative splicing, are expressed in hypotha-
lamic nuclei (20,21), the ovary, prostate, and testis, suggesting
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direct effects of leptin not only in energy homeostasis, but also
in other physiological processes, including reproductive func-
tion (22–24).

Leptin levels in eating disorders

Anorexia nervosa. Anorexia nervosa is associated with a
significant and occasionally dramatic decrease in food intake
resulting in progressive weight loss. This disease state has been
defined as a complex syndrome characterized by the diagnostic
criteria of a) body weight more than 15% lower than that
expected for age and height, b) anxiety and fear of obesity, c)
disturbed attitudes towards body weight and shape, and d)
hypothalamic amenorrhea for �3 mo in postpubertal females
(25). The latter is closely associated with a decrease of body
weight to levels below the threshold of about 70% of the mean
weight of a matched population. Interestingly, in response to
this degree of weight loss, multiple endocrine axes apart from
the reproductive axis are also disrupted (26).

Serum leptin concentrations are significantly reduced in
the acute stage of anorexia nervosa compared to healthy,
normal weight, age-matched controls (27–32), but significant
positive correlations between leptin and body weight or per-
centage of body fat have also been described by several groups
(1,28,30,31). Significantly decreased leptin levels have also
been described in cerebrospinal fluid (CSF)4 of female patients
with anorexia nervosa (30) as well as in the serum of anorectic
boys (33). During treatment of anorexia nervosa and recovery
of body weight, serum leptin concentrations increase at a rapid
rate and eventually reach higher values at a faster rate than
age- and weight-matched controls (29). Thus, it appears that
the lowered body fat mass is the major determinant of de-
creased serum leptin concentrations in anorexia nervosa (1)
and that decreased serum leptin levels are transferred more
efficiently into the brain and CSF. In addition to the efficiency
of the leptin transporters expressed in the Blood Brain Barrier
(BBB), it appears that the ratio of free to bound leptin in the
circulation also plays an important role. Leptin exists in hu-
man circulation in a free form and bound to a soluble leptin
receptor (sOB-R), which represents the main leptin binding
activity in human serum (34) and which is the major deter-
minant of free leptin index, the presumed biologically active
form of leptin (35). Significantly higher proportions of total
leptin circulate bound to a binding-protein in anorectic or
lean compared to obese subjects (36), suggesting a pivotal role
for leptin-binding proteins in the regulation of energy ho-
meostasis and eating behavior. Moreover, a recent study re-
vealed that weight gain in patients with anorexia nervosa
results not only in a significant increase in serum leptin con-
centrations, but also in a significant reduction of sOB-R val-
ues, suggesting that elevated sOB-R levels during states of
starvation might reflect a compensatory mechanism to further
suppress leptin levels and action during negative energy bal-
ance (37).

Bulimia nervosa. Bulimia nervosa (BN) is characterized
by episodes of binge eating, but, in contrast to anorexia ner-
vosa, the body weight tends to remain stable over time. Serum
leptin concentrations have been reported to correlate signifi-
cantly and positively with BMI in bulimia nervosa (1). Similar
to patients with anorexia nervosa, patients with BN have
significantly lower mean serum leptin levels compared to
weight- and age-matched healthy subjects (1,31,38–40); how-

ever, in general, the circulating leptin concentrations in BN
are not as low as in patients with anorexia nervosa (39), and
menstrual irregularities tend to occur less frequently in pa-
tients with BN than in patients with anorexia nervosa (26).
Interestingly, the secretion of leptin is related to the chronic
nature and severity of illness in patients with bulimia nervosa
(40).

Binge-eating disorders. The group of binge-eating disor-
ders (BED) is characterized by episodes of binge-overeating
and eating-related psychopathological symptoms. In contrast
to bulimia nervosa, there is no associated compensatory be-
havior (1). Up to 90% of obese patients present with symp-
toms of binge eating (41,42), in contrast to �5% of nonobese
subjects (41,43).

Data about the role of leptin in these disorders is very
limited, but it appears that serum leptin concentrations are
significantly elevated in women with BED compared to
healthy, age-matched controls (1), indicating some degree of
leptin resistance. However, others reported that leptin levels
are similar in obese binge- and nonbinge-eating women
(44,45), and that serum leptin concentrations are positively
correlated with BMI (44). Thus, the role of leptin in this group
of eating disorders needs to be studied more carefully in the
future. Moreover, it is important to note that mutations of the
melanocortin-4 receptor, a molecule downstream of leptin,
have been found in about 5% of severely obese patients with
binge-eating disorders, suggesting that binge eating disorders
could prove to be one of the phenotypic characteristics of
subjects with a mutation in this gene (46). Mutations in genes
downstream of leptin could also explain the higher leptin
levels in the context of leptin resistance in these subjects.

Leptin and the regulation of neuroendocrine axes in
normal subjects and subjects with eating disorders

Hypothalamic-pituitary-gonadal axis. The long isoform
of the leptin receptor, OB-Rb, is highly expressed in the
arcuate and ventromedial hypothalamic nuclei, areas impor-
tant for the regulation of both food intake and sexual behavior
(19). Moreover, it has been demonstrated that leptin receptors
are expressed specifically on GnRH-secreting neurons, and
that leptin accelerates GnRH-pulsatility (but not pulse ampli-
tude) in arcuate hypothalamic neurons regulating the release
of gonadotropins (47–49). Thus, it has been suggested that
leptin serves as a signal to convey information to the brain
about the body’s fat stores and metabolic resources and acts as
a permissive signal to activate the reproductive axis (24).
Leptin may also facilitate GnRH secretion via indirect mech-
anisms, acting through altering the secretion of neuropeptides
(50) and/or by releasing nitric oxide (NO) from adrenergic
interneurons (47,51). It has also been suggested that leptin
may exert direct effects on the pituitary level, as both leptin
and the leptin receptor are expressed in pituitary cells (13,52).
Finally, functional leptin receptors are also expressed in ovar-
ian follicular cells as well as in Leydig cells (22,53,54). More-
over, leptin-mRNA is also expressed in granulosa and cumulus
cells of preovulatory human follicles (55), suggesting endo-
crine and/or direct paracrine effects of leptin on the gonads.
Based on these data, it has been proposed that leptin exerts a
bimodal action on the hypothalamic-pituitary-gonadal axis
depending on serum leptin levels.

Circulating leptin levels display a pulsatile and circadian
rhythm with a peak in the early morning and a nadir in the
afternoon. These characteristics are similar in lean and obese
subjects with the only exception being pulse amplitude, which
is higher in obese subjects (56). Interestingly, the pattern of

4 Abbreviations used: BED, binge eating disorders; BN, bulimia nervosa; CSF,
cerebrospinal fluid; sOB-R, soluble leptin receptor; TSH, thyrotropin.
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leptin secretion is similar to that of several other hormones
which are also characterized by diurnal and circadian oscilla-
tions (Fig. 1). The pattern of thyrotropin (TSH) secretion, for
example, is similar and appears to be synchronous to that of
leptin (57). Additionally, the circadian rhythm of leptin is
similar to those of prolactin, free fatty acids, and melatonin
(58), but inversely related to those of ACTH and cortisol (59).
Even more importantly, leptin pulsatility is synchronous to the
pulsatility of serum LH and estradiol levels in normal women,
especially during the night when leptin levels are relatively
high, suggesting that leptin may play an important role in the
regulation of physiologic levels and rhythmicity of reproduc-
tive hormones (60,61).

Hypotheses raised by these in vitro studies as well as obser-
vational studies in humans have been further corroborated by
studies in mice which revealed that the delay in estrus asso-
ciated with food deprivation in female mice can be reversed by
leptin treatment, and that leptin rescues the starvation-in-
duced decrease in circulating testosterone and LH concentra-
tions in male mice (62). Moreover, the timing of puberty is
accelerated in normal female mice by leptin treatment
(63,64). Accordingly, delayed sexual maturation of food-re-
stricted female rats can be accelerated by central leptin ad-
ministration, despite still decreased body weight (65). Finally,
sterility in obese female mice with defective leptin production
has been shown to be corrected by leptin treatment (66),
which also corrects the hypogonadotropic hypogonadism of
mice with congenital leptin deficiency (ob/ob mice) (67).
Importantly, the study of a few cases of human congenital
leptin deficiency or leptin receptor mutations has demon-
strated that in both conditions adults fail to undergo puberty
due to a suppressed hypothalamic-pituitary-gonadal axis (68–
72). However, when leptin deficient children were treated
with leptin, they subsequently underwent puberty (71). Sim-
ilar effects were observed in female patients with anorexia
nervosa who gained weight as a result of dietary treatment—
the rise in serum leptin levels was accompanied by a rise in
serum LH and FSH levels (32, 73). In summary, these obser-

vations suggest that a rise in circulating leptin levels may
activate the hypothalamic-pituitary-gonadal axis. Other obser-
vational studies have shown that increasing serum leptin levels
during weight gain in treated patients with anorexia nervosa
are significantly and positively correlated with changes in LH,
FSH, testosterone, and free androgens (32,33). These data
suggest that circulating leptin concentrations need to exceed a
threshold for preservation of reproductive function (74) and it
appears that normalization of leptin levels is an important
factor required for the resumption of reproductive function in
patients with anorexia nervosa.

Direct evidence in support of this hypothesis raised from
observational studies in humans comes from an interventional
trial recently completed by our group. We demonstrated that
leptin, given in replacement doses, fully restores the starvation
induced changes of LH pulsatility and testosterone levels, thus
providing conclusive evidence regarding leptin’s significant
role in regulating neuroendocrine processes, including repro-
ductive function, in normal humans (75). This implies that
reproductive dysfunction in states of negative energy balance,
such as anorexia nervosa and the state of strenuously exercis-
ing women athletes, might be mediated by suppressed circu-
lating leptin concentrations, and thus, reproductive function
might be normalized by leptin replacement therapy. Interven-
tional studies that have recently been completed at our insti-
tution have provided further evidence regarding the key role of
leptin in the pathophysiology and hopefully treatment of re-
productive dysfunction in these disorders.

Hypothalamic-pituitary-thyroid axis. It is well established
that thyroid hormones are also subject to significant physio-
logic regulation during transition from the fed to the starving
state (76). Studies in rodents have revealed that starvation
rapidly suppresses both T4 and T3 concentrations (62,77),
leading to central hypothyroidism; in humans the decrease of
T3 levels is accompanied by the concomitant increase of
reverse T3. There is currently a significant body of evidence
supporting the notion that some of these changes are due to
decreasing leptin levels in response to starvation (76). Exog-
enous leptin administration normalizes thyroid hormone con-
centrations in starving rodents (62). Congenital leptin defi-
ciency is associated with impaired regulation of the
hypothalamic-pituitary-thyroid axis in rodents (78) and hu-
mans (57). Mutations in the leptin receptor gene, leading to a
state of leptin resistance, are also associated with hypothyroid-
ism in humans (70), and observational studies have previously
shown that leptin’s circadian rhythm is associated with TSH
pulsatility and circadian rhythm in both healthy men and in
leptin-deficient subjects (57).

Intrigued by these experiments in rodents and observa-
tional studies in humans, we have recently completed inter-
ventional studies involving leptin administration to humans to
obtain direct evidence for a role of leptin in regulating the
thyroid axis in men. We showed that leptin given in replace-
ment doses to food-deprived healthy volunteers restores TSH
pulsatility-changes induced by food deprivation, increases free
T4 levels, and does not significantly affect changes in T3 and
rT3 levels (75). Similar data have recently been obtained by
other groups studying either obese subjects dieting to achieve
weight loss or rare cases of human congenital leptin deficiency
(79,80).

Anorexia nervosa seems to be associated with a dysfunction
of the hypothalamic-pituitary-thyroid axis (81). Mean serum
levels not only of leptin, but also of TSH and thyroid hor-
mones, are significantly altered in patients with anorexia ner-
vosa and tend to return to levels seen in control subjects after
weight recovery (81). Although as of today these observa-

FIGURE 1 Regulation of neuroendocrine function by leptin: Un-
dernutrition or overnutrition alter leptin secretion and serum levels,
which in turn result in alterations of neuroendocrine and immune func-
tion mainly in low energy availability/low leptin states.
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tional data have not yet been supplemented by interventional
studies on the regulation of the thyroid axis by leptin in eating
disorders, it is expected that the role of leptin in patients with
eating disorders will soon be elucidated. To this end, support-
ive evidence is provided by the first proof-of-concept studies
recently completed at our institution.

Hypothalamic-pituitary-adrenal axis. It has also been
proposed that serum cortisol concentrations are elevated in
states of starvation, including anorexia nervosa (32,82–86).
Elevated cortisol concentrations in the circulation have been
suggested to be due not only to increased secretion of cortisol
(84), but also to its increased half-life as a result of decreased
metabolism (87). However, anorectic patients, despite hyper-
cortisolism, never present with classic features of Cushing’s
syndrome (88), suggesting a state of “cortisol resistance”
(83,89), which is probably only partial because normal sensi-
tivity to glucocorticoid administration was observed in female
patients with anorexia nervosa (82).

Although animal studies have revealed that ob/ob mice
with congenital leptin deficiency have high circulating glu-
cocorticoid levels (90), humans with either leptin deficiency
or leptin receptor mutations have glucocorticoid concentra-
tions within the normal range and do not present with growth
retardation (69–72). In addition, leptin given in replacement
doses to food-deprived healthy volunteers does not alter the
starvation-induced changes in cortisol secretion and the renin-
aldosterone-system (75). Thus, although direct experimental
evidence provides no support for a role of leptin in regulating
the hypothalamic-pituitary-adrenal axis in healthy normal
subjects, interventional studies involving patients with an-
orexia nervosa are needed to fully elucidate the role of leptin
in regulating the hypothalamic-pituitary-adrenal axis in this
disorder.

Conclusions and future directions

Leptin is a hormone communicating information on the
body’s fat stores/energy reserves to the brain, thus maintaining
normal function of several neuroendocrine axes. Several con-
ditions including eating disorders such as anorexia nervosa and
bulimia nervosa are associated with altered serum levels of
leptin as well as abnormalities in neuroendocrine functions.
Although most of the data available so far have been derived
from animal studies or observational studies in humans, re-
cently completed interventional studies performed in our in-
stitution have provided important insights towards the role of
leptin acting as a “master hormone” in regulating neuroendo-
crine function in normal healthy volunteers and strenuously
exercising women athletes. These studies have already pro-
vided the basis for a better understanding of the mechanisms
underlying the hormonal abnormalities of subjects with eating
disorders and may lead to the development of new therapeutic
strategies for these conditions.
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