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To elucidate the role of leptin in regulating neuroendocrine and metabolic function during an acute fast, six to eight
healthy, lean men were studied under four separate conditions: a baseline fed state and three 72-hour fasting studies
with administration of either placebo, low-dose recombinant-methionyl human leptin (r-metHuLeptin), or replacement-
dose r-metHuLeptin designed to maintain serum leptin at levels similar to those in the fed state. Replacement-dose r-
metHuLeptin administered during fasting prevents the starvation-induced changes in the hypothalamic-pituitary-gonadal
axis and, in part, the hypothalamic-pituitary-thyroid axis and IGF-1 binding capacity in serum. Thus, in normal men, the fall
in leptin with fasting may be both necessary and sufficient for the physiologic adaptations of these axes, which require
leptin levels above a certain threshold for activation. In contrast to findings in mice, fasting-induced changes in the
hypothalamic-pituitary-adrenal, renin-aldosterone, and growth hormone–IGF-1 axes as well as fuel utilization may be
independent of leptin in humans. The role of leptin in normalizing several starvation-induced neuroendocrine changes
may have important implications for the pathophysiology and treatment of eating disorders and obesity.

Article Endocrinology

Find the latest version:

https://jci.me/17490/pdf

http://www.jci.org
http://www.jci.org/111/9?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI17490
http://www.jci.org/tags/73?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/20?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/17490/pdf
https://jci.me/17490/pdf?utm_content=qrcode


Introduction
Leptin is an adipocyte-derived hormone whose
absence in mice (1) and humans (2–4) causes abnor-
mal energy homeostasis and profound obesity that is
ameliorated by leptin treatment (5, 6). Leptin is secret-
ed into the circulation in a highly organized and pul-
satile fashion (7). By activating specific leptin receptors
in the hypothalamus, leptin alters the expression of

several hypothalamic neuropeptides and thereby reg-
ulates energy intake and expenditure (8–10). Although
leptin was originally thought to function primarily as
an antiobesity hormone in leptin-deficient states, sub-
sequent research has suggested an additional and sig-
nificant role for leptin in signaling changes in energy
balance (especially nutritional deprivation) and in reg-
ulating the neuroendocrine and metabolic responses
to starvation in rodents (8–10).

Short-term fasting results in a rapid and marked
decline in leptin levels out of proportion to the loss of
fat mass (11, 12), and it has been proposed that this
most likely serves as an adaptive mechanism to promote
survival and limit procreation during starvation (8). In
mice, the exogenous administration of leptin in physi-
ologic replacement doses prevents the fasting-induced
changes of several neuroendocrine axes (8), but this has
not yet been directly studied in humans. Understanding
the role of leptin in regulating neuroendocrine function
during fasting in humans is a matter of profound phys-
iologic interest. Moreover, this may have important
therapeutic implications for low-leptin states, such as
anorexia nervosa, hypothalamic amenorrhea, and lipoa-
trophy and may also elucidate the compensatory neu-
roendocrine mechanisms responsible for the plateauing
effect of caloric restriction in the treatment of obesity.

To evaluate the role of leptin in regulating neuroen-
docrine and metabolic function during an acute fasting
period, we studied eight healthy lean men under four
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separate conditions: a baseline fed state and three sepa-
rate 72-hour fasting studies with administration of
placebo, low-dose recombinant-methionyl human lep-
tin (r-metHuLeptin), and replacement-dose r-metHu-
Leptin designed to achieve physiologic leptin levels sim-
ilar to those in the fed state. During each study, we
performed detailed characterization of several neu-
roendocrine axes, body composition, and energy expen-
diture. Specifically, we analyzed not only end hormone
levels but also pulsatility characteristics of neuroen-
docrine hormones, since pulsatility is required for bio-
logical effects in several systems (13).

Methods
Human subjects. Using an institutional review board–
approved clinical protocol, we studied eight lean men
(age, 23.3 ± 1.2 years; BMI, 23.7 ± 0.6 kg/m2) in the Gen-
eral Clinical Research Center (GCRC) of the Beth Israel
Deaconess Medical Center under an investigator-initi-
ated investigational new drug. Subjects were screened
for any medical problems and were admitted to the
GCRC under four different conditions: baseline fed
state, fasting with placebo administration, fasting with
low-dose r-metHuLeptin administration, and fasting
with replacement-dose r-metHuLeptin administration
designed to achieve physiologic serum leptin levels. The
fasting studies with placebo and low-dose r-metHu-
Leptin were randomized and double-blinded. The
interval between admissions was no less than 7 weeks
to allow for recovery of hematocrit, to ensure that sub-
jects would return to their baseline weight at the begin-
ning of each admission, and to avoid any potential
long-term effects of r-metHuLeptin administration.
Although eight subjects were initially enrolled, two
withdrew before completing the replacement-dose 
r-metHuLeptin admission, and thus only data from six
evaluable subjects (age, 23.5 ± 1.3 years; BMI, 24.0 ± 0.4
kg/m2) are presented. One subject was not able to com-
plete the fasting/low-dose r-metHuLeptin admission.

During the baseline fed state, subjects were placed on
an isocaloric diet to maintain their admission body
weight, with four standardized meals per day; 20% of
the calories were from breakfast (8:00 am), 35% from
lunch (1:00 pm), 35% from dinner (6:00 pm), and 10%
from a snack (10:00 pm). Daily sodium intake was
3,768 mg per day. During the fasting studies, subjects
received only caffeine-free and calorie-free liquids for 3
days and sodium chloride (NaCl) (500 mg), potassium
chloride (KCl) (40 mEq), and a standard multivitamin
with minerals each day. They received a snack on the
evening before the first study day and then fasted until
10:00 am on the fourth study day, at which time they
were given a light standardized breakfast. Ad libitum
feeding was allowed starting at 1:00 pm. We recorded
the number of calories ingested for breakfast and the
first ad libitum meal after fasting. Subjects completed
a visual analogue scale to indicate how hungry they felt
on day 1 (at the beginning of the fast) and day 4 (just
before the first meal at 10:00 am).

During each fed or fasting study, we followed a simi-
lar experimental protocol. Subjects were admitted to the
GCRC the evening before study day 1 and acclimated to
a research bed for 2 days before the frequent sampling
day. At 7:00 am on days 1 and 3, resting metabolic rate
was directly measured for 20–25 minutes using a Delta-
Trac II metabolic monitor (SensorMedics, Yorba Linda,
California, USA) while the subject was awake and rest-
ing quietly. Blood samples for hormone measurements
were obtained at 8:00 am on days 1 and 3 and at 8:30 am
on day 4 through an intravenous catheter that was
inserted at least 15 minutes before blood sampling. Lep-
tin, testosterone, triiodothyronine (T3), total and free
IGF-1, and cortisol were measured on days 1 and 4.
Insulin, FFA, sex hormone–binding globulin (SHBG),
thyroxine (T4), free thyroxine (FT4), reverse T3 (rT3),
thyroxine-binding globulin (TBG), IGF-binding pro-
teins (IGFBPs) 1, 2, and 3, plasma renin activity (PRA),
and aldosterone were measured on days 1 and 3. Start-
ing at 8:30 am on day 3, blood samples for leptin,
luteinizing hormone (LH), thyrotropin-stimulating
hormone (TSH), growth hormone (GH), and cortisol
were drawn every 15 minutes through an intravenous
line for 24 hours. During the night, blood samples were
drawn outside the subject’s room to avoid disturbing
his sleep. Subjects were exposed to light from 7:00 am
to 11:00 pm and to dark from 11:00 pm to 7:00 am, dur-
ing which time they slept. At the end of the frequent
blood sampling on day 4, 100 µg of gonadotrophin-
releasing hormone (GnRH) and 500 µg of thyrotropin-
releasing hormone (TRH) were injected intravenously
at 8:30 am with blood samples for LH and TSH
obtained at 0, 15, 30, 45, and 60 minutes after injection.
A 24-hour urine collection was performed on day 3 for
catecholamines, creatinine, sodium, and urea nitrogen.
Hormone measurements were performed using com-
mercially available immunoassays. At the beginning and
end of the fast (7:30 am on day 1 and 9:30 am on day 4),
body composition was assessed by bioelectric imped-
ance analysis (Tanita Corporation, Arlington Heights,
Illinois, USA) and dual energy X-ray absorptiometry
(DEXA) using a Hologic QDR-2000 (coefficient of vari-
ation, 1.5% for body fat measurements; Hologic,
Waltham, Massachusetts, USA).

Clinical-quality r-metHuLeptin was administered as
four subcutaneous injections per day. For the low-dose
r-metHuLeptin admission, based on prior pharmacoki-
netic studies, doses ranged from 0.001–0.008 mg/kg per
day, based on the subject’s baseline leptin level, and were
administered every 6 hours starting at 8:00 am on day 1
through day 3 with one last dose at 8:00 am on day 4.
For the replacement-dose r-metHuLeptin admission,
the daily dose of r-metHuLeptin was 0.04 mg/kg per day
on day 1, 0.1 mg/kg per day on days 2 and 3 (to account
for the progressive decrease in leptin levels with addi-
tional days of fasting), and one dose of 0.025 mg/kg at
8:00 am on the fourth day, with the total daily dose
divided into four equal doses given every 6 hours start-
ing at 8:00 am on day 1. The replacement-dose regimen
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was validated in our previous pharmacokinetics studies
in fasting lean men to fully restore the fasting-induced
suppression of leptin levels.

Statistical analysis. The descriptive characteristics of the
group variables were expressed as mean values and
standard error. Mean values were compared using stan-
dard Student’s t tests or Wilcoxon rank-sum tests as
appropriate. Data were analyzed initially for the six
evaluable subjects and then for all subjects who partic-
ipated in the study, with similar results found. We
report here results from the six evaluable subjects. Val-
ues were considered to be significantly different when
P was less than or equal to 0.05 (two-tailed).

To analyze the hormone levels measured in both the
beginning and the end of each of the four admissions,
a separate repeated-measures ANOVA model for each
of the hormones under consideration was constructed.
The dependent variable — the change in hormone level
from day 1 to day 3 or 4 — was modeled on treatment
(fed, fasting/placebo, fasting/low-dose r-metHuLeptin,
fasting/replacement-dose r-metHuLeptin). However, to
gain power for the analysis, the results from the fast-
ing/placebo and fasting/low-dose r-metHuLeptin
admissions were combined into a group called “low-
leptin states.” To meet the assumptions of the repeat-
ed-measures ANOVA, hormone levels that were not
normally distributed were transformed using a log
transformation. The analysis was conducted in SAS
version 8.2 using the MIXED procedure. Using least-
squares means, post hoc Bonferroni-corrected t tests of
the null hypothesis were conducted to test the hypoth-
esis that the change in hormone level for each treat-
ment is equal to zero. The P values associated with the
test of the treatment fixed effect, as well as the P values
associated with the tests of the change in hormone lev-
els from the beginning to the final day of each admis-
sion, are reported. Since multiple comparisons are
made for these hormone levels, a P value of less than
0.0167 is considered statistically significant, and a 
P value between 0.0167 and 0.05 is considered border-
line significant. Hormonal data were also analyzed
using nonparametric tests (Friedman’s, 2-related sam-
ples, k-related samples), and the results obtained were
similar to the ANOVA models presented.

Computerized pulse-analysis programs were used to
identify circadian and ultradian rhythms in the hor-
mone time series (leptin, LH, TSH, GH), as previously
described (13). Pulsatility parameters include basal lev-
els, pulse frequency (number of significant peaks per 24
hours), interpulse interval (time separating consecutive
peak maxima), mass (amount of hormone secreted per
burst per unit of distribution volume, corrected for rate
of disappearance), pulse amplitude (maximal hormone
concentration in a peak), pulsatile production rate (the
product of burst mass and frequency), total production
rate, percent pulsatility, mean concentration, and inte-
grated area (the trapezoidally reconstructed area under
the hormone concentration profile over time). Pulsatil-
ity parameters were log transformed before analysis. 
P values obtained by ANOVA are reported. For parame-
ters in which significant results were obtained (P < 0.05),
post hoc tests were performed using the least significant
difference method to determine whether there was a sig-
nificant difference as compared with the fed state.

Results
Prolonged (72-hour) fasting suppresses serum leptin levels out
of proportion to the change in fat mass, and r-metHuLeptin
administration in replacement doses restores leptin levels. Dur-
ing the fed admission, body weight showed a border-
line trend to increase (P < 0.05). During each of the
three 72-hour fasting admissions, subjects lost approx-
imately 2 kg of body weight, an effect that achieved
only borderline statistical significance (P < 0.05) and
that was not significantly altered by r-metHuLeptin
(Table 1). This weight loss was due to small decreases
in both fat mass and fat-free mass, since the percentage
of fat mass by DEXA during each admission remained
stable. Despite the small amount of weight loss during
each fasting admission, body weight and fat mass on
the first day of each subsequent admission did not
change significantly, indicating that subjects had
returned to their baseline weight at the beginning of
each admission and that body composition remained
stable over the course of the entire study.

Consistent with the stable body weight and composi-
tion over the course of the study, serum leptin levels on
the first day of each admission did not change signifi-
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Table 1
Weight and body composition at the beginning and end of each fed or fasting admission (n = 6)

Fed Fast + P Fast + LL Fast + RL
Initial day Final day Initial day Final day Initial day Final day Initial day Final day

Weight (kg) 75.22 ± 3.31 76.36 ± 3.33A 75.69 ± 2.89 73.70 ± 2.88A 77.05 ± 4.38 75.24 ± 3.98 77.28 ± 3.25 75.04 ± 3.33A

BMI (kg/m2) 23.53 ± 0.38 23.89 ± 0.33A 23.71 ± 0.30 23.08 ± 0.34A 24.08 ± 0.56 23.53 ± 0.45 24.19 ± 0.43 23.47 ± 0.39A

Fat mass by 17.02 ± 3.32 16.82 ± 3.55 17.38 ± 4.59 17.14 ± 4.55A 18.27 ± 3.35 18.25 ± 3.59
DEXA (%)
Fat mass by 12.95 ± 2.76 12.43 ± 2.91 13.66 ± 3.95 12.70 ± 3.55 14.27 ± 2.92 12.92 ± 2.91A

DEXA (kg)
Fat-free mass 62.74 ± 2.93 61.27 ± 2.96A 63.39 ± 4.08 62.14 ± 3.80 63.01 ± 2.85 61.29 ± 3.19A

by DEXA (kg)

Values are means ± SE. P, placebo; LL, low-dose r-metHuLeptin; RL, replacement-dose r-metHuLeptin. AP < 0.05 versus initial day.



cantly (Table 2). Prolonged fasting for 72
hours decreased serum leptin levels signif-
icantly to 10% of baseline — that is, out of
proportion to the loss of fat mass (Table
2). In addition, fasting decreased leptin
mass, amplitude, pulsatility production
rate, mean concentration, and integrated
area (Table 3). Low-dose r-metHuLeptin
during fasting increased leptin levels to
approximately 30% of baseline, whereas
replacement-dose r-metHuLeptin fully
restored the fasting-induced decline in lep-
tin levels (Tables 2 and 3). The resultant
leptin levels were slightly higher than those
in the fed state but within the physiologic
range for lean men. Pulsatility characteris-
tics for the r-metHuLeptin admissions
were not analyzed because of the difficulty
of interpreting endogenous leptin pulses
in the context of exogenously administered
r-metHuLeptin and unknown absorption
kinetics of r-metHuLeptin.

R-metHuLeptin administration fully prevents
the fasting-induced decrease in testosterone lev-
els and LH pulsatility by acting mainly at the
level of the hypothalamus. In the baseline fed
state, testosterone levels remained stable,
but fasting for three days significantly
decreased serum testosterone levels by
approximately 40% of baseline, as expect-
ed (14, 15) (Table 2). A similar decline in
testosterone levels occurred during fasting
with low-dose r-metHuLeptin, whereas
replacement-dose r-metHuLeptin fully
restored testosterone to baseline levels.
The relative changes in testosterone levels
were significantly different between ad-
missions by ANOVA (P = 0.007). SHBG
remained stable during the fed state but
increased significantly and consistently in
all three fasting admissions, with no spe-
cific effect of replacement-dose r-metHu-
Leptin. Thus, the net effect of leptin would
be to increase free as well as total testos-
terone levels during fasting.

To assess the mechanism underlying
these significant changes in testosterone
levels, we studied the effect of fasting
and/or leptin treatment on LH pulsatility
by measuring LH in frequently sampled
serum on the third day of each fed or fast-
ing state. Fasting for 3 days decreased the
typical LH pulsatility pattern observed in
the fed state, as assessed by frequency and
interpulse interval (Table 3 and Figure 1).
In addition, mean concentration and inte-
grated area decreased by approximately
25%. Although these parameters were not
altered by low-dose r-metHuLeptin,
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replacement-dose r-metHuLeptin fully
normalized all these parameters of LH
pulsatility. Although total LH produc-
tion rate tended to be significantly dif-
ferent (P = 0.085), this did not achieve
statistical significance, most likely
because of the relatively small n of the
study. However, correlation analysis of
LH pulsatility parameters showed that
total production rate correlated highly
with mass (r = 0.684, P < 0.001), pul-
satility production rate (r = 0.945, 
P < 0.001), percent pulsatility (r = 0.449,
P = 0.032), mean concentration 
(r = 0.622, P = 0.002), and integrated
area (r = 0.674, P < 0.001).

We then evaluated whether leptin acts
at the hypothalamus to regulate pul-
satile GnRH secretion and/or at the
pituitary to modify the response of LH
secretion to GnRH by performing a
standard GnRH stimulation test at the
end of the 24-hour frequent sampling
during each admission. The integrated
LH response to GnRH (area under the
curve [AUC]) was significantly different
between the admissions (P = 0.028 by
ANOVA). Since there was a significant
difference overall, we performed post
hoc analyses and found that the AUC in
the fed state (AUC, 2,395.46 ± 575.83)
was similar to that in the fasting/
replacement-dose r-metHuLeptin state
(AUC, 2,874.84 ± 391.49; P = 0.35 versus
fed). However, the AUC was increased
during the fasting/low-dose r-metHu-
Leptin state (AUC, 3,537.83 ± 513.01; 
P = 0.046 versus fed) and tended to be
higher during the fasting/placebo state
(AUC, 3,037.90; P = 0.17 versus fed).
This raises the possibility that GnRH
receptors may be upregulated during
fasting (in response to low levels of
GnRH/LH), resulting in an exaggerated
LH response when exogenous GnRH is
administered.

r-metHuLeptin administration prevents
the fasting-induced changes in TSH pul-
satility but does not significantly affect
changes in circulating thyroid hormone lev-
els. In response to acute fasting, T3 lev-
els decreased by approximately 30%
and rT3 levels increased by a similar
degree, whereas T4 levels did not
change, as expected on the basis of its
longer half-life (16, 17) (Table 2). Fast-
ing-induced changes in T3 and rT3
were not altered by r-metHuLeptin,
and TBG levels remained stable during
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all fed or fasting admissions. FT4 levels were stable in
the fed and low-leptin states but increased in response
to replacement-dose r-metHuLeptin administration 
(P < 0.01), although the magnitude of the difference
was relatively small (Table 2).

We then assessed whether fasting and/or leptin treat-
ment has an effect on pulsatile TSH secretion. Acute fast-
ing resulted in a marked suppression of TSH secretion
with a decrease in integrated area by over 70% and loss of
the typical pulsatility characteristics observed in the fed
state (Table 3 and Figure 2). Despite the lack of an effect
by r-metHuLeptin to reverse the fasting-induced changes
in T3 and rT3 levels, replacement-dose r-metHuLeptin
significantly blunted the fall in TSH secretion, indicat-
ing that leptin regulates the starvation-induced alter-
ations in TSH levels and pulsatility (Table 3).

To distinguish whether this effect occurs at the level
of the hypothalamus or pituitary, we performed a stan-
dard TRH stimulation test simultaneously with the
GnRH test. The integrated response of TSH to TRH (as
assessed by AUC) was not different between groups 
(P = 0.361 by ANOVA), most likely because of high
interindividual variability. As compared with the fed

state (AUC, 686.39 ± 276.77), the TSH response tended
to show a decrease during fasting (AUC, 270.20 ± 52.75;
P = 0.075), but the TSH responses during fasting with
low-dose r-metHuLeptin (AUC, 287.15 ± 38.39; P = 0.16)
and with replacement-dose r-metHuLeptin (AUC,
631.75 ± 187.84; P = 0.75) were not significantly different.

r-metHuLeptin administration does not prevent the fasting-
induced changes in GH pulsatility or decline in free IGF-1 levels
but restores in part total IGF-1 levels. Acute fasting increases
GH pulsatility as assessed by frequency, pulsatility pro-
duction rate, total production rate, mean concentration,
and integrated area, although only pulse frequency was
statistically significant by ANOVA (P = 0.003). Interpulse
interval showed a trend toward significance (P = 0.097).
r-metHuLeptin administration during fasting did not
significantly alter the fasting-induced changes in GH
pulsatility (Table 3 and Figure 3).

As expected, total IGF-1 levels declined significantly by
over 50%, whereas free IGF-1 decreased by approximate-
ly 75% with fasting (17, 18) (Table 2). Low-dose 
r-metHuLeptin administered during fasting resulted in
no significant improvement of total and free IGF-1 lev-
els. With replacement-dose r-metHuLeptin, however,
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Figure 1
Twenty-four-hour LH levels (mIU/ml) on the third day of the fed state and fasting studies with administration of placebo, low-dose 
r-metHuLeptin, or replacement-dose r-metHuLeptin (8:30 am to 8:30 am, n = 6).



total IGF-1 levels tended to increase during fasting and
were not significantly different from baseline, in contrast
to free IGF-1 levels, which remained suppressed to a 
similar degree with replacement-dose r-metHuLeptin.
IGFBP-1 increased significantly and to a similar magni-
tude during each of the fasting studies, with no effect of
r-metHuLeptin during fasting as compared with fasting
alone. Although there was a significant overall difference
in the relative changes of IGFBP-3 levels (P = 0.022 by
ANOVA), IGFBP-3 did not change from the beginning
to the end of each fed or fasting state (Table 2). IGFBP-2
levels were not affected by fasting or r-metHuLeptin
(data not shown).

r-metHuLeptin administration does not alter the fasting-
induced changes in cortisol secretion and the renin-aldosterone
system but blunts the fasting-induced increase in urinary epi-
nephrine. Baseline cortisol levels at the beginning and end
of each admission and 24-hour urine free cortisol on the
third day did not change with fasting and/or r-metHu-
Leptin (Table 2). In addition, there were no significant
changes in pulsatility parameters or the integrated area
of serum cortisol levels with fasting and/or r-metHu-

Leptin (data not shown) (Figure 4). However, the 24-
hour mean cortisol concentration was significantly
increased during all fasting states as compared with the
fed state (P = 0.006 by ANOVA; fed, 4.84 ± 0.65; fasting,
7.84 ± 0.49; P = 0.002 versus fed; fasting plus low-dose 
r-metHuLeptin, 7.97 ± 1.08; P = 0.003 versus fed; fasting
plus replacement-dose r-metHuLeptin, 7.19 ± 0.39; 
P = 0.007 versus fed), indicating mild activation of the
hypothalamic-pituitary-adrenal (HPA) axis with fasting.
Similarly, fasting accompanied by a low-sodium state
(500 mg of NaCl per day) significantly increased PRA
and aldosterone levels. Urinary sodium excretion
decreased after 3 days of fasting, although the change
was not significant, and r-metHuLeptin did not alter the
fasting-induced changes in the PRA-aldosterone axis.

We assessed sympathoadrenal activity by measuring
24-hour urine catecholamines on the third day of each
admission. Epinephrine is primarily secreted by the
adrenal medulla, whereas norepinephrine is the main
neurotransmitter of the sympathetic nervous system
(SNS). Thus, urinary norepinephrine is an indirect
measure of adrenergic activity. With fasting, 24-hour
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Figure 2
Twenty-four-hour TSH levels (µIU/ml) on the third day of the fed state and fasting studies with administration of placebo, low-dose 
r-metHuLeptin, or replacement-dose r-metHuLeptin (8:30 am to 8:30 am, n = 6).



urine epinephrine increased as expected (19) and
decreased in part toward baseline with replacement-
dose r-metHuLeptin (Table 2). Urine norepinephrine
levels showed a nonsignificant tendency to increase dur-
ing the fasting studies, consistent with previous data
(20), and were not affected by r-metHuLeptin.

r-metHuLeptin administration does not significantly alter the
fasting-induced metabolic changes or energy expenditure but
tends to reduce the increase of food intake during refeeding. We
directly measured resting metabolic rate (RMR) on the
first and third day of each admission and found that
RMR increased significantly after acute fasting, with no
effect from r-metHuLeptin administration (Table 4). The
measured respiratory quotient decreased with fasting,
indicating a shift of metabolism towards fat utilization,
as expected (17). More specifically, carbohydrate utiliza-
tion decreased by over 75%, and fat utilization increased
by 45%. Protein utilization increased by 50%, which was
reflected by increased 24-hour urinary nitrogen excre-
tion (P = 0.004 by ANOVA), but these fasting-induced
metabolic changes were not altered by r-metHuLeptin
administration (Table 4). In addition, serum insulin lev-

els fell by over 70%, and FFA levels increased by nearly
300% with fasting, but r-metHuLeptin administration
had no effect on these changes (Table 2).

Finally, we assessed whether leptin affects sponta-
neous food intake during refeeding. As expected, the
number of ingested calories increased significantly
after each of the fasting studies, as compared with the
corresponding meal provided in the fed state on an
isocaloric diet (Table 4). The final dose of r-metHu-
Leptin was administered at 8:00 am on the fourth
study day, approximately 2 hours before the first meal
during refeeding. With replacement-dose r-metHu-
Leptin, the number of ingested calories tended to
decrease but was not significantly different from those
in the other fasting studies (P = 0.17 versus fasting/
placebo, P = 0.17 versus fasting/low-dose leptin). On
the basis of visual analogue scales to indicate subjec-
tive sensation of hunger and satiety, subjects felt sig-
nificantly more hungry on the last day of each fasting
admission than on the first day of the admission, with
no significant effect of r-metHuLeptin administration
(data not shown).
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Figure 3
Twenty-four-hour GH levels (ng/ml) on the third day of the fed state and fasting studies with administration of placebo, low-dose 
r-metHuLeptin, or replacement-dose r-metHuLeptin (8:30 am to 8:30 am, n = 6).



Discussion
Studies in animal models have provided substantial
evidence that the starvation-induced fall in leptin lev-
els plays a central role in regulating the neuroendocrine
adaptation to starvation (8), suggesting that the sup-
pression of leptin levels with starvation or food restric-
tion may be of more critical importance than the
increases in leptin that occur with overfeeding and obe-
sity (9, 21). In humans, as in mice, congenital absence
of leptin or functional leptin deficiency due to inacti-
vating mutations of the leptin receptor causes severe
obesity accompanied by neuroendocrine abnormalities
(2–4, 22). The nature of the neuroendocrine defects in
leptin-deficient rodents and in leptin-deficient or lep-
tin-resistant humans differ in some important respects,
however, suggesting that the role of leptin in mediat-
ing the neuroendocrine response to starvation may be
different in humans versus rodents (2–4, 8, 22).

Although observational studies have reported associ-
ations of circulating leptin levels with the levels of sev-
eral neuroendocrine hormones in healthy humans (13,
23, 24), to our knowledge no prior interventional stud-
ies have been performed to assess the role of changing

leptin levels on neuroendocrine function in lean indi-
viduals. Our data suggest that a reduction of leptin lev-
els in lean men regulates the acute fasting-induced
changes in the hypothalamic-pituitary-gonadal (HPG)
axis and, in part, changes in the hypothalamic-pitu-
itary-thyroid (HPT) axis and IGF-1 binding capacity,
but it is not responsible for changes in the HPA, renin-
aldosterone, and GH-IGF-1 axes associated with acute
fasting. Finally, suppression of leptin does not appear
to be responsible for the changes in fuel utilization or
energy expenditure observed during short-term fasting
and tends to contribute to the increased number of
calories ingested in the immediate post-fasting period.

In healthy men, fasting significantly decreases serum
testosterone levels through changes in pulsatile LH
secretion (14, 15), an effect that may be mediated by
decreased hypothalamic GnRH pulses (25). In this
study, we found that leptin replacement during fasting
had the most significant effect on the HPG axis, with
full restoration of LH pulsatility characteristics and
testosterone levels. This indicates that the fall in testos-
terone with decreased leptin is a result of inadequate LH
stimulation of testosterone secretion and is consistent
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Figure 4
Twenty-four-hour cortisol levels (µg/dl) on the third day of the fed state and fasting studies with administration of placebo, low-dose 
r-metHuLeptin, or replacement-dose r-metHuLeptin (8:30 am to 8:30 am, n = 6).



with the hypothesis that a threshold leptin level between
0.5 and 2 ng/ml may be necessary for normal LH secre-
tion (26). This effect of low leptin on LH pulsatility is
most likely secondary to effects on the hypothalamus to
influence pulsatile GnRH release, on the basis of in vitro
and animal data (27), although an additional direct
effect of leptin on the pituitary cannot be excluded.

Our findings lend further credence to converging lines
of evidence from animal models and observational stud-
ies in humans indicating an important role of leptin in
reproduction (28). Food deprivation decreases testos-
terone levels in male mice and prolongs the onset of vagi-
nal estrus in female mice, whereas exogenous leptin
administration restores the decline in testosterone and
LH levels in fasted normal mice (8) and corrects the
sterility of leptin-deficient ob/ob mice (29, 30). In healthy
women, ultradian fluctuations in leptin levels are syn-
chronous with both LH and estradiol fluctuations (24).
Rises in leptin may be associated with the onset of puber-
ty in boys (31), although the literature is divided on this
point (32, 33). In addition, reproductive dysfunction
occurs in humans with leptin deficiency or resistance
due to mutations in the leptin gene or the leptin recep-
tor gene, respectively. These rare cases have included two
adult leptin-deficient women with amenorrhea, an adult
leptin-deficient man who had never entered puberty (3,
4), and three leptin-resistant adolescent sisters with low
gonadotropin levels and no evidence of pubertal devel-
opment (22). In one case, intervention with leptin
replacement therapy for 1 year in a 9-year-old leptin-defi-
cient child resulted not only in marked loss of fat mass
but the development of a pulsatile nocturnal pattern of
gonadotropin secretion consistent with early puberty (6)
that progressed to normal LH and FSH pulsatility with
continued leptin replacement (34). Thus, these data are
consistent with a role for leptin as a “gate” for normal
reproductive function when adequate energy stores are
achieved and suggest that leptin may have a role for

treating the reproductive dysfunction seen in low leptin
states, such as hypothalamic amenorrhea and eating dis-
orders, and may also have therapeutic applications in
conditions such as delayed puberty, which is associated
with decreased leptin levels (35, 36).

We then examined whether r-metHuLeptin adminis-
tration regulates the fasting-induced changes in thy-
roid function. A complex sequence of alterations in
serum TSH and thyroid hormone levels has been
observed in humans undergoing a short-term fast (37,
38). These include a decrease in TSH pulse amplitude
(39), a decrease of serum T3 levels, and an increase of
rT3 (the less biologically potent hormone), whereas T4
levels remain unchanged due to its longer half-life. This
suggests that fasting shifts T4 conversion from T3 to
rT3 (16), and it has been proposed that decreased T3
and thyroid receptor protein levels are of teleological
importance in limiting energy expenditure and catab-
olism during a fast (16).

Our data confirm the expected changes of thyroid
hormone levels in response to short-term fasting, are
consistent with findings reported in leptin-deficient
children (4), and demonstrate for the first time that 
r-metHuLeptin administration prevents the fasting-
induced changes of TSH secretion and results in a slight
increase of FT4, as previously described in leptin-defi-
cient subjects (34). Whether leptin regulates hypothala-
mic TRH release and/or pituitary TSH secretion needs
to be studied further. Moreover, since r-metHuLeptin
did not alter the fasting-induced changes in T3 and rT3,
our findings provide no evidence for an effect of leptin
on expression and/or activity of deiodinases, which
most likely mediate the short-term starvation-induced
changes in T3 and rT3 (16, 17) and may be influenced
by changes of other metabolic signals such as FFA.
Finally, since TBG levels were not differentially affected
by either fasting or r-metHuLeptin administration, one
could propose that the observed changes in T3 and T4
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Table 4
Energy expenditure, macronutrient utilization, and caloric intake during each fed or fasting admission (n = 6)

Fed Fast + P Fast + LL Fast + RL
Initial day Final day Initial day Final day Initial day Final day Initial day Final day

RMR 1732.6 ± 102.7 1671.5 ± 86.7 1768.8 ± 129.1 2030.6 ± 83.1A 1726.1 ± 132.5 1989.9 ± 125.0A 1777.5 ± 87.2 2010.4 ± 83.8A

(kcal/d)
RQ 0.81 ± 0.02 0.85 ± 0.01 0.85 ± 0.03 0.75 ± 0.01A 0.80 ± 0.02 0.73 ± 0.01A 0.83 ± 0.02 0.75 ± 0.01A

CHO 44.0 ± 5.2 59.2 ± 3.4A 56.3 ± 6.2 8.6 ± 6.1A 39.1 ± 9.6 5.9 ± 3.5A 49.5 ± 6.8 12.7 ± 6.1A

utilization (%)
Fat 32.2 ± 4.2 19.3 ± 2.5A 22.6 ± 4.8 53.6 ± 4.6A 35.5 ± 7.0 58.8 ± 3.0A 28.3 ± 5.4 52.2 ± 5.5A

utilization (%)
Protein 23.8 ± 1.3 21.5 ± 1.2 21.0 ± 1.6 37.8 ± 1.8A 25.4 ± 2.6 35.3 ± 1.5 22.2 ± 1.5 35.1 ± 2.8A

utilization (%)
Urine nitrogen 11.28 ± 0.73 17.13 ± 0.79B 15.64 ± 1.40B 16.49 ± 2.12B

(g/24 h)
Lunch calories 936.8 ± 131.0 2,252.3 ± 233.9B 1,986.7 ± 251.3B 1,874.6 ± 247.2B

during refeeding (kcal)
Total calories 1,520.0 ± 100.1 2,609.9 ± 240.1B 2,365.9 ± 243.1B 2,223.8 ± 252.9B

during refeeding (kcal)

Values are means ± SE. RQ, respiratory quotient; CHO, carbohydrate. AP < 0.05 versus initial day. BP < 0.05 versus fed.



also reflect free T3 and free T4 changes. In fact, meas-
ured free T4 was unchanged in the fasting state but
increased in response to r-metHuLeptin administration,
although the magnitude of the change was small.

It has previously been shown that leptin administra-
tion in rodents reverses the inhibitory effect of food
deprivation on spontaneous pulsatile TSH secretion
(40) and prevents the suppression of pro-TRH mRNA
in paraventricular nucleus neurons that occurs with
fasting (41). In healthy men, we have found that leptin
and TSH rhythms exhibit a similar 24-hour pattern of
variability with significant pattern synchrony of ultra-
dian fluctuations, a pattern that is impaired in leptin-
deficient subjects (23). Interestingly, leptin-resistant
subjects with a mutation in the leptin receptor had evi-
dence of hypothalamic hypothyroidism with low T4,
normal basal TSH, and sustained TSH response to TRH
(22). Although r-metHuLeptin administration has been
found to increase FT4 and FT3 levels in leptin-deficient
children (34) and to reverse the decreased T3 and T4 lev-
els in four subjects on a long-term hypocaloric diet (42),
r-metHuLeptin did not alter the changes in thyroid hor-
mone levels in this acute fasting paradigm with the
exception of a slight increase of FT4, despite preventing
TSH pulsatility alterations. This was most likely due to
the long half-life of thyroid hormones and the short
duration of the fast in this study. Thus, further studies
are required to study the effect of r-metHuLeptin
administration on all components of the HPT axis in
response to more prolonged fasting or long-term
hypocaloric diets. Findings of these studies will have not
only physiologic but also therapeutic importance in the
context of the plateauing weight loss seen in response
to dieting or use of antiobesity medications.

During early starvation, serum GH levels rise, and
pulsatile GH secretion increases with increased pulse
frequency and 24-hour integrated GH concentrations
(43, 44). Although GH is the main regulator of IGF-1
synthesis in the liver and peripheral tissues, fasting
decreases IGF-1 levels despite elevated GH levels, most
likely because of changes in other determinants of its
secretion, such as hormones (insulin) and nutritional
status per se as well as GH resistance in the liver (18,
45). The combination of increased GH and decreased
IGF-1 levels may have adaptive value by diminishing
the energy expenditure necessary for growth-related
processes while enabling GH to promote the mobiliza-
tion of alternative fuels through lipolysis.

It has previously been shown that the exogenous
administration of leptin to fasted mice fully prevents
the suppression of both GH and IGF-1 levels and cor-
rects in part the fasting-induced suppression of growth
hormone–releasing hormone mRNA expression (46).
Leptin-deficient subjects have decreased GH response
to insulin-induced hypoglycemia and exercise tests but
normal heights (4), whereas leptin-resistant subjects
have a mild but significant growth delay during early
childhood in addition to decreased GH secretion and
low IGF-1 and IGFBP-3 levels (22). We found that

replacement-dose r-metHuLeptin does not prevent the
fasting-induced changes in GH pulsatility or free IGF-1
levels, but on the basis of partial restoration of total
IGF-1 levels and the lack of a specific effect on IGFBP-1,
-2, and -3, it may have an effect on one or more of
IGFBP-4, -5, or -6. Thus, the role of leptin in regulating
insulin-like growth factors and their binding proteins
will require further investigation.

Fasting for 5 days has been shown to alter pulsatile
and rhythmic cortisol release with a modest elevation
of glucocorticoid levels in healthy men (47). In mice,
acute starvation increases corticosterone and ACTH
levels, whereas exogenous leptin administration revers-
es the activation of the HPA axis (8). A significant
inverse relationship between fluctuations in leptin,
ACTH, and cortisol has been demonstrated in humans,
independent of glucocorticoid effects on leptin (13),
but unlike mice, human subjects with mutations in the
leptin or leptin receptor gene appear to have normal
adrenal function. Leptin-deficient subjects had elevat-
ed basal cortisol and ACTH levels but normal urinary
free cortisol and response to dexamethasone suppres-
sion (4). Similarly, evaluation of the HPA axis in the lep-
tin-resistant subjects did not reveal any abnormalities
(22). In this study, we found evidence for mild activa-
tion of the HPA axis with acute fasting but no effect of
replacement r-metHuLeptin, suggesting species-spe-
cific differences in leptin regulation of the HPA axis as
compared with rodents (8). Thus, the synchronous but
inverse relationship of cortisol and leptin fluctuations
reported previously (13) does not appear to be causal
but is probably due to a third factor. In addition, the
paradigm used in this study does not exclude the pos-
sibility that leptin replacement during fasting needs to
be administered in a pulsatile fashion for regulation of
the HPA axis. Finally, it remains unknown whether lep-
tin administration may alter ACTH pulsatility or affect
β-hydroxysteroid dehydrogenase activity and thus cor-
tisol levels in peripheral tissues.

Fasting with minimal sodium intake is associated with
an initial natriuresis phase and negative sodium balance
followed by avid sodium retention (48). In this study,
subjects received a much smaller dose of NaCl during
fasting than in the fed state (500 versus 3,768 mg per
day), which may account for the fact that urinary sodi-
um tended to but did not decrease significantly with
fasting. Fasting did significantly increase PRA and aldos-
terone, however, but r-metHuLeptin did not alter these
fasting-induced changes in the mineralocorticoid axis.
These findings are in contrast to the effect of leptin
administration on increase natriuresis (49, 50) and sym-
pathetic activity (51) in normal, nonobese leptin-resist-
ant Zucker rats (51). Our findings are in agreement with
a previous study in nonobese men on an isocaloric diet
in whom leptin administration (0.3 mg/kg per day) for
6 days had no effect on autonomic activity or urinary
catecholamines (52). We found that urine epinephrine
levels increased in response to fasting, but replacement-
dose r-metHuLeptin had only a moderate effect in 
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partially preventing the rise in urine epinephrine levels
and no effect on urine norepinephrine levels. Thus in
humans, leptin may regulate epinephrine synthesis in
the adrenal medulla but has less effect on peripheral
SNS activity as reflected by norepinephrine levels.

Since r-metHuLeptin administration did not alter any
fasting-induced metabolic changes (17), we propose that
the fall of leptin levels with starvation is not required for
the shift in fuel utilization brought about by fasting,
which may be due to the fasting-induced suppression of
insulin (53). These results are consistent with the finding
that leptin replacement in fasting mice had no effect on
ketone levels (8). Despite the lack of a significant effect
on metabolic parameters and hunger questionnaires
(most likely a less sensitive and precise assessment of
appetite than caloric measurement), subjects given
replacement-dose r-metHuLeptin tended to consume
fewer calories in the postfasting state (although this did
not reach statistical significance). This raises the possi-
bility that, similar to the results seen in fasted rodents (8),
the fall of leptin may contribute to the increased appetite
seen after fasting. Interestingly, a recent relatively small,
randomized, double-blind clinical trial demonstrated
that administration of high, pharmacologic doses of
pegylated r-metHuLeptin in addition to a hypocaloric
diet produced significant suppression of appetite as
measured by eating/hunger questionnaires (54), but this
was not seen in response to the physiologic doses used in
this study. The potential effect of leptin to regulate
appetite and food intake after fasting requires further
investigation in larger studies, but if confirmed, these
data in association with the role of leptin in normalizing
neuroendocrine changes may have implications for the
role of leptin in the treatment of obesity.

Leptin binds to the leptin receptor (ObR) in the hypo-
thalamus, activating the signal transducer and activator
of transcription-3 (STAT3) signaling pathway, which
mediates the metabolic effects of leptin through changes
in melanocortin production and energy homeostasis.
Recent evidence from transgenic animal models suggests
that, in addition to the STAT3 signaling system, a dis-
tinct and parallel signal transduction pathway exists that
regulates hypothalamic neuropeptide Y (NPY) and con-
trols fertility, most likely through activation of extracel-
lular signal-related kinase (ERK) and PI3K kinase (55).
Although the thyroid axis has not been studied in detail
in these transgenic animal models, it is well known that
NPY also regulates the HPT axis (56). Thus, our data in
lean men are consistent with a clear effect of exogenous-
ly administered leptin to regulate the ObR–ERK/PI-3
kinase–NPY pathway but not the ObR-STAT3-
melanocortin pathway for signal transduction in the
hypothalamus of lean men. Elucidation of the factors
that inactivate the ObR–STAT3 system in humans is of
major physiologic and therapeutic importance.

In summary this study represents, to our knowledge,
the first interventional study to assess the role of leptin
in the physiology of acute fasting in humans and demon-
strates that its role differs in several respects from that in

rodents. We found that replacement-dose r-metHuLeptin
administered during an acute fasting state prevents key
changes in the HPG and HPT axes and, in part, changes
of total IGF-1, demonstrating that the fall in leptin with
fasting may be both necessary and sufficient for these
physiologic adaptations in normal men. In contrast to
findings in rodents, fasting-induced changes in the HPA,
renin-aldosterone, and GH/IGF-1 axes as well as fuel uti-
lization are independent of leptin in the setting of acute
leptin deficiency in humans. These findings suggest that
decreased leptin levels may be responsible for several neu-
roendocrine abnormalities seen in low leptin states, such
as anorexia nervosa, hypothalamic amenorrhea, and
lipoatrophy. Thus, interventional studies involving lep-
tin administration are required to fully clarify the physi-
ologic and potentially therapeutic role of leptin in these
specific disease states. These data may also explain the
development of compensatory neuroendocrine changes
underlying the plateauing effect of hypocaloric diets pre-
scribed for weight loss in overweight patients. In this
regard, further studies are needed to establish whether
leptin also regulates neuroendocrine function in over-
weight, leptin-resistant subjects and in women, who have
higher endogenous leptin levels. In addition, more pro-
longed fasting studies are required to evaluate the effect
of chronic leptin administration on neuroendocrine axes,
particularly those axes in which a longer time frame may
be required for fasting-induced changes to be evident.
Finally, although the HPG and HPT axes appear to only
require leptin levels above a certain threshold for activa-
tion, it remains possible that regulation of other neu-
roendocrine axes, such as the HPA axis, may require lep-
tin pulsatility and thus administration of leptin in a
pulsatile fashion in order to be evident. Ongoing and
future studies will fully elucidate these important issues
in human leptin physiology.
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