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Abstract

Background: Leptin replacement in patients with leptin gene mutations improves 

hypogonadotropic hypogonadism. The effects of leptin replacement on LH secretion in patients 

with lipodystrophy are unknown.

Aim: We examined nocturnal LH secretory dynamics on and off exogenous leptin therapy using a 

2 period, non-randomized study that included leptin-naïve and -treated subjects with 

lipodystrophy.

Methods: In period 1 (5 days) the leptin-treated group (n=4) continued leptin; leptin was 

withdrawn for the next 14 days (period 2). Leptin-naïve subjects (n=8) were studied without leptin 

in period 1, and with leptin replacement in period 2. LH secretory dynamics were assessed [23:00–

7:00, q10 min sampling, analyzed by multiparameter deconvolution algorithm] at the end of each 

period.

Results: Mean (on vs. off: 5.0±3.1 U/L vs. 3.2±1.3, p=0.04) and integrated LH concentrations 

(2403 ± 1495 U·L−1·min−1 vs. 1534 ± 642, p=0.04) were higher on leptin therapy. Leptin 

treatment increased burst mass (9.7± 15.4 U/L vs. 7.0±11.2, p=0.03) and tended to non-

significantly increase LH burst frequency (0.77±0.26 hr−1 vs. 0.67±0.24, p=0.08). Consequently, 

leptin therapy increased pulsatile production rate (64±101 U·L−1·8hr−1 vs. 57±73, p=0.01). On 

leptin, testosterone (507±286 ng/dL vs. 360±174, p=0.09) and estradiol levels (74±36 pg/mL vs. 

29±24, p=0.01) were higher, in males and females, respectively.

Conclusions: Leptin increases spontaneous nocturnal LH secretion in patients with 

lipodystrophy. This is consistent with rodent and in vitro studies showing a direct stimulatory 

effect (hypothalamic, pituitary or both) of leptin on LH secretion. These novel findings may 

explicate some of the salutary effects of leptin therapy on the hypothalamic-pituitary-gonadal axis 

in lipodystrophy.
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Introduction

Since its identification in 1994 [1], the adipokine leptin has been found to play a major role 

in regulation of body weight [2], glucose and lipid metabolism [3], immune function [4], and 

reproduction [5–7]. Complete leptin deficiency in patients with leptin gene or leptin receptor 

mutations causes hypogonadotropic hypogonadism, which is corrected with leptin 

replacement [8,9]. Leptin replacement for 2 weeks in women with hypothalamic amenorrhea 

secondary to strenuous exercise or low weight, states of relative leptin deficiency, normalizes 

the pulsatility of LH secretion [7].

Lipodystrophies, in which there is partial or complete absence of adipose tissue (and hence, 

adipokines such as leptin), result in variable leptin deficiency, ranging from severe to 

moderate, and represent another model for understanding the actions of leptin in states of 

deficiency and replacement. Women with lipodystrophy have impaired reproduction both 

due to ovarian hyperandrogenism (secondary to hyperinsulinemia), and abnormal 

gonadotropin secretion secondary to low leptin levels [10]. Leptin replacement in 

lipodystrophy both reduces hyperandrogenism by lowering insulin levels, and improves LH 

response to stimulation by GnRH [10], but the effects of leptin replacement on spontaneous 

LH secretion in this population have not been studied. In this study, we examined the effects 

of leptin replacement and withdrawal on overnight LH pulsatility in subjects with 

lipodystrophy.

Subjects and Methods

Subjects

We prospectively studied patients with lipodystrophy under a protocol designed to study the 

short-term effects of initiation or withdrawal of recombinant human methionyl leptin 

(metreleptin; Bristol Myers Squibb and Astra Zeneca) replacement (NCT01778556). The 

study was approved by the NIDDK Institutional Review Board. Patients withdrawn from 

metreleptin were previously enrolled in another protocol using doses of metreleptin adjusted 

over time to optimize triglycerides and hemoglobin A1c while minimizing excessive weight 

loss (NCT00025883). Inclusion criteria for both studies included a clinical diagnosis of 

lipodystrophy, fasting leptin <12.0 ng/mL (females) or <8.0 (males), and ≥ 1 metabolic 

complication of lipodystrophy, including: diabetes (defined by 2007 American Diabetes 

Association criteria), fasting insulin >30 mcU/mL, or fasting triglycerides >200 mg/dL. 

Exclusion criteria included HIV infection, infectious liver disease, drug or alcohol abuse, 

and active inflammatory, psychiatric, or kidney disease.

Study design

This was a 2 period, non-randomized study in which all subjects were studied twice in a 

paired design. In period 1 (5 days), metreleptin-treated patients continued metreleptin. 
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Metreleptin was discontinued for the next 14 days (period 2). Leptin-naïve patients were 

studied without metreleptin in period 1 then were administered 5 mg metreleptin twice daily 

for the next 14 days (period 2) (Fig. 1). Throughout the study, patients consumed an 

isocaloric diet of fixed macronutrient composition in order to assess the effects of 

metreleptin independent of energy intake. With the exceptions of insulin and metreleptin, 

patients continued all other medications used prior to the study.

At the end of periods 1 and 2, LH was measured in blood (0.5 mL) drawn every 10 minutes 

from 2300–0700 h. During their period of leptin treatment, patients undergoing leptin-

initiation received their last dose of leptin at 2100 h and patients undergoing leptin-

withdrawal received their last dose at 0900 h. Early morning (0600–0700 h) FSH in all 

patients, 17-β estradiol (E2) and progesterone (P4) in females, and total testosterone (T) in 

males were measured. Trans-abdominal pelvic ultrasounds were obtained during period 2, 

and read by a single gynecologist (PS). Due to frequent oligo/amenorrhea in women with 

lipodystrophy, periods 1 and 2 were not synchronized with menstrual cycle phase. Cycle 

phase at each visit was assigned retrospectively, when possible, based on date of last 

menstrual period, LH, FSH, E2, P4, and ovarian ultrasonographic appearance. Endogenous 

leptin was measured after an overnight fast prior to metreleptin treatment. QUICKI was 

calculated as: 1 / [log (fasting insulin, mcU/mL) + log (fasting glucose, mg/dL)].

Hormone measurements

LH was measured in duplicate by enzyme immunoassay (EIA) (Cayman Chemical 

Company, Ann Arbor, MI) with minimum detectable concentration of 0.5 IU/L. Intra- and 

inter-assay coefficients of variation (CVs) were 7.3 and 3.4%, respectively. FSH was 

measured by EIA (Siemens Immulite 2000XPi, Malvern, PA) with minimum detectable 

concentration of 0.1 IU/L, intra-assay and inter-assay CVs were 3.1–4.2 % and 4.2–16.6 %. 

Leptin was measured by RIA using a commercial kit (Linco Research) with minimum 

detectable concentration of 0.5 ng/ml, intra-assay and inter-assay CVs were 2.2 % and 9.9 

%, respectively. All other measurements were done in the NIH Clinical Center laboratory 

using standard methodology.

Analysis of LH secretion

LH secretory profiles were assessed using multiparameter deconvolution as previously 

described [11]. The following LH secretory parameters were characterized: secretory burst 

frequency (number of secretory peaks over the sampling period), mean burst amplitude 

(average of calculated maximal rates of secretion for all secretory episodes), mass/burst 

(average amount of hormone secreted/burst), pulsatile production rate, and integrated 

concentrations.

Data analysis

Results are presented as mean ± SD. Differences between reproductive hormone 

characteristics on and off-leptin were evaluated using 2-tailed, paired t tests for normally 

distributed data or Wilcoxon matched-pairs tests for nonparametric data. Differences 

between baseline parameters of leptin-naïve and leptin-treated patients were evaluated using 

2-tailed, unpaired t tests or Mann-Whitney tests, as appropriate. To assess if changes on and 
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off leptin were different between leptin-naïve and leptin-treated patients, we examined the 

period effect for each variable effect using mixed models. A P value <0.05 was considered 

statistically significant.

Results

Baseline characteristics

Twelve lipodystrophy patients (4 male, 8 female; age 31 ± 13 years; and body weight 70 ± 

19 kg) were studied. Four patients (2 male, 2 female) were currently treated with metreleptin 

(dose 4.0±0.5 mg/day) for 6.6 ± 5.8 years; the remaining eight (2 male, 6 female) were 

leptin-naïve. Three had congenital generalized lipodystrophy, two had acquired generalized 

lipodystrophy, and seven had familial partial lipodystrophy. Mean endogenous leptin was 

7.8±11.5 ng/mL. Seven of eight leptin-naïve patients were treated with diabetic and 

hypolipidemic agents (4 with fibrates, and 4 with statins). Three of four leptin-treated 

patients took diabetic medications in conjunction with metreleptin. Triglycerides were 

higher in leptin-naïve (2108 ± 3888mg/dL) versus leptin-treated patients (175 ± 121mg/dL, 

p=.048). A1c tended to be higher in leptin-naïve (8.8 ± 1.8%) versus leptin-treated patients 

(6.7 ± 1.6%, p=.07). QUICKI was not different between the two groups, but indicated 

insulin resistance in the overall cohort (0.29±.03). Metreleptin treatment for 2 weeks 

decreased triglyceride levels while all the other metabolic parameters remained unchanged 

(suppl. table 2)

All males had testicular volumes >20 mL. All females had achieved menarche >1 year 

previously, were pre-menopausal, and had histories of oligomenorrhea (<9 periods/year) or 

amenorrhea prior to metreleptin. No patient took exogenous reproductive hormones within 

the prior 3 months. Seven of eight women had ultrasound features of polycystic ovarian 

morphology (>12 follicles 2–9 mm/ovary). Only one subject had menstrual cycle dating and 

progesterone values confirming the luteal phase at the on-leptin visit. One other subject was 

possibly in the luteal phase with a progesterone >2 ng/mL at the off-leptin visit. In all other 

cases, hormonal and ultrasound parameters suggested the follicular phase or 

hypogonadotropic hypogonadism. Thus, as usually noted in women with polycystic ovarian 

syndrome, women were unlikely to be in the luteal phase during the on-leptin or off-leptin 

visits.

Effects of leptin on nocturnal LH pulsatility and sex steroids

There were no differences in changes between the on and off leptin periods for leptin-naïve 

versus leptin-treated patients, so data were analyzed in aggregate (period effect >0.05 for all 

parameters). Average LH over the sampling period was significantly higher on metreleptin 

(on: 5.0 ± 3.1 IU/L, off: 3.2 ± 1.3, p=0.04). FSH was higher on metreleptin (p=0.02) (Table 

1). Leptin treatment had no significant effect on testosterone levels in males (on: 507±286 

vs. off: 360±174 ng/dL, p=0.09) or females (43±28 vs. 53 ± 39 ng/dL, p=0.34). In females, 

E2 was significantly higher on metreleptin (p=0.02) but, as most sampling was not done in 

the luteal phase, P4 was not different (on: 0.9 ± 1.0 ng/mL, off: 1.1 ± 2.3, p=0.41).
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Metreleptin increased pulsatile LH secretion, due primarily to an increased mass of LH per 

burst, with a trend to increase burst frequency (Table 1, Fig. 2, suppl figure 1). Metreleptin 

did not modulate LH basal (time-invariant) secretion rate or orderliness of LH release as 

measured by approximate entropy (data not shown). Although the small sample size 

precludes subgroup analysis, post-hoc analysis suggests that there were no sex differences in 

the effects of leptin on LH pulsatility parameters (Psex*treatment >0.10).

Discussion

This study demonstrates that, in patients with lipodystrophy, short-term metreleptin 

treatment or withdrawal modulates LH pulsatility. Metreleptin increases nocturnal integrated 

LH concentrations by augmenting pulsatile production (secretory burst mass and frequency), 

increases early morning estradiol concentrations in women, and tends to increase morning 

testosterone concentrations in men. To our knowledge, this is the first demonstration of 

enhanced LH production by leptin replacement in patients with lipodystrophy.

Animal studies suggest that leptin acts at multiple levels to modulate the hypothalamic-

pituitary-gonadal (HPG) axis [12]. Intraventricular injection of leptin increases plasma LH 

concentrations in rats due to direct actions on the hypothalamus and pituitary [12]. In the 

medial basal hypothalamus, leptin increases GnRH. In vitro, leptin acutely stimulates basal 

and GnRH-induced LH release from the pituitary. Consistent with this, leptin administration 

to leptin-deficient ob/ob mice reverses hypogonadotropic hypogonadism and anovulation 

[13].

In humans, as in rodents, leptin deficiency (congenital or acquired) is associated with 

hypogonadism [5,14–16], which improves with metreleptin treatment. In homozygous 

leptin-deficient adolescents, metreleptin leads to onset of puberty and/or restoration of 

regular menstrual periods [5,14,17,18], while in adult men, metreleptin leads to higher free 

and total T, improved muscle strength, increased facial hair, and penile/testicular growth 

[15]. In two adult women with leptin gene mutations, leptin facilitated ovulation thus raising 

mid-luteal P4. In two adolescents, metreleptin for 11 weeks [18] or 12 months [17] 

accentuated LH pulse amplitude and frequency, resulting in significantly elevated mean LH 

concentrations. Similarly, in an adult with leptin gene mutation, metreleptin therapy for 6 

months increased 24-hr average LH, LH pulse amplitude, and T, but did not change LH burst 

frequency [15].

As anticipated, the effect of leptin replacement on LH pulsatility in patients with 

lipodystrophy was similar to that previously observed in patients with hypothalamic 

amenorrhea [7]. In both groups, leptin replacement led to a rise in mean LH with a 

suggestion of increased LH pulse frequency, but no change in LH pulse amplitude (data not 

shown for lipodystrophy). Estradiol, likewise rose with leptin replacement in both groups. 

Grossly improved LH pulse patterns were seen in a similar percentage of female patients 

with lipodystrophy (7 of 8) and with hypothalamic amenorrhea (6 of 8) [7]. Interestingly, 

only one of four male patients with lipodystrophy had an improved LH pulse pattern with 

leptin replacement. Both males and females with congenital leptin deficiency respond to 

long-term leptin replacement with normal pubertal development, thus the sex differences 

Abel et al. Page 5

Neuroendocrinology. Author manuscript; available in PMC 2020 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



observed here may be due to chance, or to a different time course of leptin action (requiring 

greater than 14 day exposure) in males versus females.

Our study demonstrated rapid (14 days) temporal effects of metreleptin on LH secretion, as 

previously observed in women with hypothalamic amenorrhea [7]. On a more rapid time 

scale, metreleptin prevented the decrease in LH pulsatility induced by a 72-hour fast in 

healthy lean men [19]. Thus, in lipodystrophy, replacement of leptin modulates the 

reproductive axis acutely. Interestingly, these effects on LH appear to be short-lived, as 14-

day metreleptin withdrawal promptly attenuated LH secretion even after metreleptin 

treatment for an average of 7 years. Many studies have shown that there is a nocturnal rise in 

follicular phase LH pulse amplitude, width, and interpulse interval and LH mean 

concentrations in eugonadal adult females [20–24]. In healthy women, leptin appears to 

regulate minute-to-minute oscillations in LH, leading to the suggestion that nocturnal rise in 

leptin may be a determinant of nocturnal LH profile prior to ovulation [23] [24]. Indeed, 

similar to our finding, leptin replacement increased nocturnal LH secretion in females with 

hypothalamic amenorrhea [7] and human congenital leptin deficiency [15].However, 

understanding the effects of leptin replacement on the circadian LH secretion is important. 

The design of the current study and blood volume limitations did not allow for a 24-hr, 10 

min frequent blood sampling. Thus, the effects of leptin on day-time LH secretion will 

remain unknown in our study

Patients with lipodystrophy have moderate to severe leptin deficiency. Unlike patients with 

absolute leptin deficiency from leptin gene mutations, these patients experience normal 

puberty. However, women manifest hyperandrogenism, amenorrhea, polycystic ovaries, and 

infertility, and men have slightly low T production [16]. We previously reported that 12 

months of metreleptin reduces T, increases E2 levels, and restores regular menstrual cycles 

in 80% of women [16]. Single morning LH concentrations were not significantly altered by 

metreleptin, but there was an age-dependent increase in GnRH-stimulated LH release. In 

men, metreleptin increased T by ~ 67%, with no significant changes in basal or GnRH-

stimulated LH [16].

Our current study is open-label, nonrandomized, and lacks a control treatment arm. Ethical 

and scientific considerations involved in conducting an exploratory study of subjects with a 

rare disorder with proven therapy precludes are more robust study design. Nevertheless, this 

study involving a rare disease provides insight into some of the salutary effects of 

metreleptin on reproductive function. Based on this current study and our studies of long 

term leptin replacement [16], it appears that leptin replacement restores fertility both by 

ameliorating insulin resistance and hyperandrogenism, and by augmenting LH pulsatility in 

patients with lipodystrophy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of the study design. Patients treated with metreleptin prior to the study continued 

their regimen during period 1 and then completely discontinued metreleptin during period 2. 

Patient never treated with metreleptin prior to the study were studied without metreleptin in 

period 1 and then administered 10 mg of metreleptin each day during period 2. Frequent 

sampling to measure reproductive hormones was done during period 1 and 14 days after the 

start of period 2. Pelvic ultrasound was done between frequent sampling studies.
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Figure 2. 
Mean nocturnal LH concentration (A) and pulsatile LH production rate (B) during the “on” 

and “off” leptin periods of all patients (n=12, means ± SEM). P value indicates significance 

for comparison between the two periods.*P<0.05
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Table 1.

LH pulsatility parameters and sex steroid levels during off and on leptin replacement in patients with 

lipodystrophy.

Variable On Leptin Off Leptin P-value

Mean LH, IU/L 4.97 ± 3.10 3.17 ± 1.32 0.04

Integrated LH, IU•L−1•min−1 2403 ± 1495 1534 ± 642 0.04

LH Burst frequency, hr−1 0.77 ± 0.26 0.67 ± 0.24 0.08

LH Secretory burst mass, IU/L 9.7 ± 15.4 7.0 ± 11.2 0.03

LH Pulsatile production rate, IU•L−1•8hr−1 63.8 ± 100.7 36.0 ± 48.9 0.01

LH Total production rate, IU•L−1•8hr−1 84.2 ± 99.8 57.3 ± 73.1 0.06

FSH, IU/L 5.99 ± 6.18 4.40 ± 3.91 0.02

Estradiol*, pg/mL 73.8 ± 36.4 29.4 ± 24.4 0.02

Total Testosterone†, ng/dL 507 ± 286 360 ± 174 0.09

Values shown are means ± SD. P values indicate significance for comparisons between “on” and “off” leptin periods using 2-tailed, paired t tests or 
the nonparametric Wilcoxon rank sum test.

*
Only females or

†
males used in analysis.
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