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Abstract

Background: Chronic energy deficiency observed in women that exercise strenuously affects 

reproductive function, often leading to hypothalamic amenorrhea (HA). In such conditions, 

hypoleptinemia and robust changes in the Activin-Follistatin-Inhibin Axis (AFI) are observed. 

Treatment with leptin restores menstruation in many (60% responders) but not all (40% non-

responders) women, suggesting that leptin is not the only regulator of reproductive function related 

to energy balance. In this work, we aimed to identify differences in hormonal profiles between 

leptin responders and non-responders among women with HA, with particular focus on the AFI 

axis.

Methods: AFI axis and reproductive hormones (LH, FSH, Estradiol, ΑΜΗ) were measured in 

blood in: a) An open-label interventional study, b) a randomized placebo-controlled trial, both 

investigating responders versus non-responders/women with HA treated with leptin.

Results: Women with HA that responded to leptin treatment have higher circulating levels/peak 

values of Inhibin A, Estradiol (E2), higher LH/FSH ratio and a trend to lower AMH compared 

with non-responders.
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Conclusions: Components of the AFI axis are associated with improvement of reproductive 

function in women with HA treated with leptin. ΑΜΗ may serve as a marker of ovarian recovery 

under HA treatment.
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1. Introduction

Human reproduction is an energy consuming process that relies on energy sufficiency. In 

conditions of chronic energy deficiency, such as anorexia nervosa or in lean women that 

exercise strenuously, hypothalamic amenorrhea (HA) often occurs, and reproductive 

function is thus attenuated. We have previously demonstrated that in these conditions, a 

profound hypoleptinemia and robust changes in the circulating hormones of the Activin-

Follistatin-Inhibin Axis (AFI axis) are observed [1–5]; i.e. women with HA demonstrate 

lower circulating levels of Activins and FSTL3, and higher levels of FST compared to 

healthy women. We have also shown that leptin administration in women with HA can 

restore menstrual cycles and the circulating levels of reproductive hormones [2, 5]. However, 

the exact mechanism of action has not been fully elucidated. Taken into consideration, that 

approximately 60% of women with HA responded to leptin treatment (responders) and 40% 

did not (non-responders), leptin seems to be an important, but not the only regulator of 

reproductive function in relation to energy balance [2, 4, 5]. Whether established hormonal 

factors, with particular focus on the AFI axis, play an additional role, and could potentially 

predict leptin response, remains unclear.

The AFI axis is well-known to have a regulatory role not only on muscle growth, lipid 

metabolism, glucose metabolism, and metabolic diseases [4, 6–10], but also on many aspects 

of reproductive and developmental biology [11–20]. Activins (A, B), and Inhibins (A, B), 

belong to the transforming growth factor beta (TGF-β) superfamily, and are highly 

expressed in the pituitary gland, gonads, placenta, and corpus luteum [14, 20]. Activins 

enhance pituitary Follicle stimulating hormone (FSH) secretion, whereas Inhibins have an 

opposite action as negative feedback regulators of FSH secretion [20–22]. Hence, they both 

have a role in the regulation of menstrual cycle. At the same time, they have paracrine 

effects associated with ovarian follicular development and steroidogenesis, which are 

important processes of reproductive function [14, 17–20]. Particularly, during 

folliculogenesis, in normal cycles, Inhibin A is primarily secreted from dominant follicles, 

along with E2, and Progesterone from the corpus luteum [21, 22]. Its levels in follicular fluid 

increase with follicular maturation [23]. Inhibin B on the other hand, is secreted from small 

antral follicles [14, 24, 25] and in contrast to Inhibin A, its concentration does not correlate 

with follicular size [23]. During the primary follicle to antral stage, the exact role of Inhibins 

remains unclear [14]. During the antral follicle development stage, Inhibin A is reported to 

be associated with LH-dependent androgen production by theca cells [26, 27], and FSH-

induced E2 secretion by granulosa cells [26]. Some studies also suggest that Inhibin A may 

promote LH-induced Progesterone secretion [28, 29]. However, the exact local role of 

Inhibin A in the corpus luteum remains unclear. In addition, many studies have demonstrated 
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an inverse relationship between increasing FSH and decreasing Inhibin A and Inhibin B in 

association with reproductive aging [20, 30–32].The importance of Inhibins in 

folliculogenesis has also been highlighted in several knock out/knock in mouse studies [33–

35]. Finally, Follistatins are glycoproteins that neutralize many of the biological actions of 

Activins [36]. Specifically, Follistatin (FST) is primarily secreted by the liver, pituitary, and 

ovaries and is the main inhibitor of Activin A [37]. Follistatin-like 3 (FSTL3) is primarily 

expressed in the placenta, testis, endometrium, adrenal glands, and skeletal muscle, has 

similar structure and function to FST and inhibits Activins but less potently [14]. 

Concerning their role in reproduction, Follistatins antagonize local actions of Activins, 

mainly on FSH secretion in pituitary glands, and stimulate luteinization [14, 17, 18]. Of 

note, during pregnancy the feto-placental unit is the main source of serum Activin A [38, 

39], while Inhibins, and Follistatins are also highly expressed by the placenta [40–42] and 

fetal membranes [40, 41].

In the current study we aimed to investigate hormonal differences between women with HA 

that responded to leptin treatment (responders) vs women that did not respond (non-

responders) in terms of reproductive function, i.e. restoration of menses, with a particular 

focus on the AFI axis.

2. Material and Methods

2.1. Study population-Study design

2.1.1. Study 1: This was an open label pilot study of 8 women with hypothalamic 

amenorrhea (HA) due to increased exercise or low body weight, who were studied for up to 

3 months under leptin treatment as previously described [2]. Inclusion-exclusion criteria, 

participants’ characteristics and outcomes have been previously reported [2].

Briefly, subjects self-administered leptin, in replacement dose, i.e. 0.08 mg/kg/d, with 40% 

of the daily dose at 8 a.m. and 60% at 8 p.m. They were evaluated weekly with physical 

examination, transvaginal or transabdominal pelvic ultrasonography and biochemical 

controls. In women that ovulation occurred, according to specific ultrasound, and laboratory 

criteria, that have been previously reported [2], study was completed at 2 months; in the rest, 

leptin dose was increased to 0.2 mg/kg/d (divided as described above) for one more month 

[2].

In the current analysis, we excluded one subject, that withdrew from study after one month 

for reasons unrelated to the study. In addition, we divided the subjects into two groups, 

responders (n=3) and non-responders (n=4), based on whether they responded to leptin 

treatment or not, in terms of ovulation, and menstruation. More specifically, subjects were 

classified as responders, if they met both of the following criteria: a) had ultrasound findings 

of ovulation, as already described [2], and b) had at least one menstrual bleeding during 

treatment. The rest of the subjects were classified as non-responders.

2.1.2. Study 2: This was a randomized, double-blinded, placebo-controlled trial of 20 

women with HA, who were studied over 9 months, as previously described. The trial was 

registered at the US National Institutes of Health (ClinicalTrials.gov) #NCT00130117 [5]. 
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11 subjects were randomly assigned to receive leptin, and 9 received placebo. Inclusion-

exclusion criteria, participants’ characteristics and outcomes have been previously reported 

[5].

In brief, subjects self-administered leptin or matching placebo s.c, once daily between 7 

p.m., and 11 p.m. for 9 months. Leptin in replacement dose (0.08mg/kg/d) or placebo was 

initially administered to all subjects over 3 months. At the end of this time, subjects, that had 

menstruated at least one time, continued with the same dose for 6 more months, whereas 

subjects, that had not menstruated, had a dose increase to 0.12 mg/kg/d. During the study, 

body weight was regularly monitored, and there was a leptin dose adjustment to maintain 

stable body weight, as already reported [5]. If body weight decreased <8% of baseline for 

more than one visit, or to <80% of ideal body weight, subjects were withdrawn from the 

study. Subjects were evaluated every 4 weeks, with physical examination, and laboratory 

controls.

In the current analysis we included only the leptin treated group and excluded one subject 

that withdrew from the study soon after the first visit, because of injection-site reactions. 

Three participants that were discontinued, i.e. one non-responder, at week 24 due to 

traveling, and two responders, at week 24, and week 28 due to pregnancy, and persistent 

weight loss respectively, were included in the analysis.

Similarly to study 1, we divided subjects into two groups, responders (n=7) and non-

responders (n=3), based on whether they responded to leptin treatment or not, in terms of 

ovulation, and menstruation. Since this study did not include ultrasound scans to directly 

confirm ovulation, we used Progesterone levels as an indication of ovulation [43]. Thus, 

subjects were classified as responders, if they met both of the following criteria: a) had at 

least one Progesterone level ≥ 6ng/ml in the midluteal phase, indicative of normal corpus 

luteum function [43], b) had at least one menstrual bleeding during treatment. The rest of the 

subjects were classified as non-responders.

Protocols of study 1 and study 2 were approved by the Institutional Review Board of the 

Beth Israel Deaconess Medical Center (BIDMC), which comply with the Declaration of 

Helsinki and the International Conference on Harmonization for Good Clinical Practice. All 

participants signed written informed consent. Amgen, Inc. (Thousand Oaks, CA) provided 

leptin.

2.2. Hormone Measurements

All hormones, and body composition parameters were measured previously [2, 4, 5]. Results 

are presented here, after analyzing, and comparing, data between responders, and non-

responders.

Additionally, in study 2, Inhibin A was measured here for the first time, and Activin A was 

re-measured in order to include all timepoints/visits of the study for the current analysis, by 

enzyme linked immunosorbent assay (ELISA), with commercially available kits (Ansh 

Labs, Webster, TX, USA). More specifically, Inhibin A (AL-123; Intra-assay 

Variability:<5.6%, Inter-assay Variability: <4.3%, sensitivity 5.45 pg/mL), and Activin A 
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(AL-110; Intra-assay Variability:<4.25%, Inter-assay Variability: <3.83%, sensitivity 0.065 

ng/mL). Kits, were used according to manufacturer’s instructions.

In both study 1 and study 2, samples of the same subject were run in duplicates, within the 

same assay, to decrease inter-assay variability. They were repeated, if coefficient of variation 

was >20% and the new measurements were considered the valid ones.

2.3. Statistical Analysis

Statistical analysis was performed with SPSS v26.0 (SPSS, Inc., Chicago, IL) and with 

GraphPad Prism 8 (GraphPad Software Inc., La Jolla, CA). Values measured below assay 

sensitivity were replaced with half the value of the lowest standard of the assay for the 

analysis [44]. Data are reported as mean ± standard error of mean (SEM). The level of 

statistical significance was set at p≤0.05 (two tailed or one tailed, only where appropriate, 

and noted as such in results and figures).

In study 1, an intention-to-treat analysis (ITT) with last observation carried forward 

approach was performed. In study 1 and study 2 we investigated the potential effect of group 

(responders versus non-responders), time, and interaction of group by time by using mixed 

models. For each molecule, analysis was performed with and without adjustment for 

baseline, in order to adjust for baseline group differences; post-hoc Fischer LSD test was 

performed to compare responders vs non-responders, for each timepoint. In study 1, we 

further adjusted for BMI since it was significantly different between responders vs non-

responders to leptin treatment. No data were available to perform formal power calculations 

based on specific prior changes of the molecules of interest.

3. Results

Baseline characteristics have been previously reported [2, 5]. Here, we compare responders 

vs non-responders to leptin treatment.

3.1. Responders to leptin treatment may have a higher BMI before treatment initiation but 
they show no substantive differences in body composition and leptin levels both before 
and during leptin treatment compared to non-responders.

Regarding leptin levels, in study 1 there was no difference at start and levels were increased 

continuously and equally both in responders and non-responders to leptin treatment (Figure 

1a). BMI was higher at the beginning and throughout the study in responders compared to 

non-responders, but both groups lost similar amounts of weight during leptin treatment 

(Figure 1b). Weight loss was mainly fat mass and not muscle mass, and was similar both in 

responders and non-responders (Figure 1c–d). In study 2, leptin levels were similar at 

baseline prior to treatment and increased appropriately in both responders, and non-

responders in the initial phase of treatment. Subsequently, they decreased, mainly in non-

responders, due to dose adjustments because of weight loss, which was slightly more in non-

responders than in responders (Figure 1e). BMI tended to be higher at the beginning and 

throughout the study in responders compared to non-responders (Figure 1f). In agreement 

with study 1, body fat mass loss and not lean mass loss was observed during leptin treatment 

in both responders and non-responders (Figure 1g–h).
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3.2 Responders to leptin treatment show higher LH to FSH ratio and higher peaks of E2, 
Inhibin A and Progesterone during leptin treatment compared to non-responders.

Regarding gonadotropins, LH levels tended to be higher in study 1 and were significantly 

higher in study 2 in responders compared to non-responders, whereas no significant 

differences were observed in FSH levels in both studies (Figure 2a–b and 2e–f). In addition, 

LH to FSH ratios were higher after 30 days of treatment in study 1, and from start to almost 

completion of treatment in study 2 in responders (Figure 2c and 2g). Similarly, transient 

significant increases in different timepoints of leptin treatment in study 1 and study 2 were 

observed in E2 and Inhibin A (but not in Inhibin B) in responders compared to non-

responders (Figure 2d, 2h, and Figure 3a–b and 3d–e). These significant changes were 

maintained after adjusting for BMI in study 1. For Activin A and Activin B, we observed 

significantly higher levels in responders in study 2 but not in study 1 (Figure 4a–b, 4e–f), 

whereas no differences between the two groups were observed in FST and FSTL3 levels in 

both studies (Figure 4c–d, 4g–h). For AMH, we observed in both studies a tendency to lower 

levels in responders compared to non-responders (Figure 3c, 3f). We hypothesized that the 

large variations observed in the concentrations of gonadotropins, E2 and Inhibin A, 

particularly in responders, may simply reflect an heterochronic response to treatment 

between subjects. Thus, we additionally compared peak values of all hormones during leptin 

treatment between responders and non-responders (Supplemental Table 1 and 2) and 

evaluated the hormonal profile of each responder individually in relation to occurrence of 

ovulation/menstruation (Supplemental Figure 1 and Figure 2). We observed that peak values 

of E2, Inhibin A, as well as Progesterone in study 1 were significantly higher in responders 

compared to non-responders. Notably, the majority of peaks/higher values were documented 

around or at the timepoints that ovulation occurred, and menstrual bleeding followed. These 

results were validated in study 2, where additionally peak values of LH/FSH ratio, Activin 

A, and Activin B were higher in responders, compared to non- responders.

4. Discussion

We demonstrate herein, that women with HA that responded to leptin treatment and restored 

their reproductive function show a distinct hormonal profile compared to non-responders. 

This hormonal profile is characterized by higher LH/FSH ratio, driven mainly by higher LH 

levels and repeated high peaks of E2 and Inhibin A (Figure 5).

Our study significantly expands on our previous findings regarding the impact of leptin on 

human reproductive physiology. Specifically, we have previously demonstrated that short-

term leptin replacement during acute, fasting-induced hypoleptinemia, restores LH 

pulsatility without affecting E2, AFI hormones or AMH [4, 45]. In the long-term studies, LH 

pulsatility has not been assessed but morning LH levels were increased during leptin 

treatment in the open-label study (study 1) and were not significantly different in the 

placebo-controlled study (study 2). E2 levels were increased in both long-term studies [2, 5]. 

Regarding AFI hormones, although their levels showed robust differences in women with 

HA compared to healthy controls (lower circulating levels of Activins and FSTL3, and 

higher levels of FST), they demonstrated only minor changes during long-term leptin 

treatment, i.e. only a slight increase of Activin B [4].
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Here, we show that women with HA that responded to leptin treatment, i.e. ovulated, and 

developed menstrual bleeding, have a higher LH/FSH ratio and demonstrate repeated peaks 

in E2 and Inhibin A levels during treatment compared to women that were treated with 

leptin but did not ovulate and did not restore menstruation. Thus, our findings confirm that 

the main effect of leptin on reproductive function is the improvement of gonadotropin 

secretion, resulting in higher E2 and ovulation. Additionally, they reveal for the first time an 

important role of Inhibin A in restoration of menstruation with leptin treatment.

Regarding the effects of leptin on gonadotropin secretion, we have previously suggested that 

it is most probably related to restoration of GnRH secretion. Interestingly, GnRH secretion 

increases the LH/FSH ratio more robustly than LH alone [46], which may explain why in 

our study the LH/FSH ratio shows more significant differences than LH between responders 

vs non-responders.

Regarding Inhibin A, in women with regular menstrual cycle, circulating levels increase 

progressively and peak twice, once in the end of follicular phase concomitantly with E2, and 

once in the midluteal phase almost concomitantly with Progesterone [20, 47]. During the 

follicular phase, Inhibin A is mainly considered a product of granulosa cells, reflects the size 

of the dominant follicle and contributes together with E2 to the gonadotropin surge leading 

to ovulation. In the luteal phase, Inhibin A is the product of corpus luteum and it may 

contribute to the negative feedback control of FSH secretion [20]. Although due to the long-

duration of our studies and the special characteristics of our study population (women with 

HA), we did not perform more regular measurements than every 2 to 4 weeks, we were still 

able to capture peaks in E2 and Inhibin A that were synchronous with ovulation-

periovulatory phase in study 1 or were approximately two weeks before the observed 

menstruation in study 2. Thus, in contrast to non-responders, responders to leptin treatment 

have reproductive hormonal profiles that are very similar to the ones observed during normal 

regular menstrual cycles.

Regarding AMH, a hormone with similar structure to Inhibins,and Activins, secreted in 

females by granulosa cells of the ovary, it is widely accepted that it is a biomarker for the 

relative size of the ovarian reserve [48, 49]. Several prior studies related to HA support, that 

in this condition AMH circulating levels may be elevated or within the normal high range 

[50–53], and may reverse after restoration of menses [51, 52]. In our studies, we observed 

generally lower circulating levels in responders during treatment compared to non-

responders (Figure 5). This, however, reached clear significance only at the end of study 2, 

where circulating levels in responders were within normal range, compared to non-

responders, that had elevated levels [54]. Thus, our findings in combination with the results 

from previous studies indicate that AMH may serve as a marker of ovarian recovery under 

HA treatment. Larger studies however are needed to confirm, and extend this assumption.

We have also investigated whether the reproductive response to leptin treatment among 

women with HA can be explained by differences in their metabolic and hormonal status at 

baseline, before treatment initiation. We could not identify a hormonal factor that was 

consistently different between responders and non-responders at baseline in both studies. 

However, we do observe significantly higher BMI levels in the open-label study and a trend 
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to higher levels in the placebo-controlled study in responders compared to non-responders. 

BMI levels were similarly reduced in both groups during leptin treatment in both studies. 

The differences in BMI, however,were not supported by significant differences in leptin 

levels due to higher fat mass or by robust changes in muscle mass. In addition, in study 1, 

including BMI as a covariate in the model did not alter significance, indicating that this 

parameter does not influence the currently investigated hormones. Whether BMI can affect 

the outcome, i.e.restoration of reproductive function, by regulation of other hormones than 

the ones investigated herein remains to be clarified in future studies.

Limitations of the studies include the small number of participants and that the clinical trials 

included in our analyses were designed to address other primary, and secondary outcomes 

than the ones reported here. The results of the study were statistically significant, however, 

this study focused on mechanisms underlying the primary and secondary outcomes of the 

original study. Additionally, in study 2, ultrasound findings were not included in the study 

design, to directly confirm ovulation. The strength of these studies is their uniqueness, since 

this type of intervention cannot be easily replicated, as leptin is currently approved only for 

complications of congenital or acquired lipodystrophy.

Conclusions

The profile of six hormones of the AFI axis was investigated in women with HA treated with 

leptin. Response to leptin treatment is characterized by an increase in LH/FSH that 

upregulates E2 and Inhibin A levels, resulting in ovulation and restoration of menstruation in 

women with HA, and eventually a normalization of the elevated AMH circulating levels.

Our findings expand the role of Inhibin A, member of the AFI axis, in human reproductive 

physiology and additionally show the potential of AMH as a marker of ovarian recovery 

under HA treatment.
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Highlights

• Women with HA that responded to leptin treatment, i.e. ovulated and restored 

menstruation, show a distinct hormonal profile compared to non-responders.

• This hormonal profile is characterized by higher LH/FSH ratio and higher 

circulating levels/peak values of Inhibin A and E2 compared to non-

responders.

• AMH may serve as a marker of ovarian recovery under HA treatment.
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Figure 1: Circulating leptin levels and body composition parameters in responders vs non-
responders to leptin treatment (study 1 and study 2).
Leptin levels, BMI, total fat mass, and lean mass of responders vs non-responders during 

leptin treatment in study 1 (a-d) and study 2 (e-h) are demonstrated. Data are reported as 

mean ± SEM. P-values one-tailed for group, time, and group by time effect were calculated 

with mixed models and are shown below the corresponding graphs (unadjusted and adjusted 

for baseline). For all molecules post-hoc Fisher’s LSD test was performed to compare 

responders vs non-responders for each timepoint. *, **, *** correspond to p≤0.05, 0.01, 

0.001 respectively. adj.: adjusted; BMI: Body Mass Index; bsl: baseline; SEM: Standard 

Error of the Mean; unadj.: unadjusted
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Figure 2. Circulating profile of gonadotropins and E2 in responders vs non-responders to leptin 
treatment (study 1 and study 2).
Blood concentrations of responders vs non-responders of LH, FSH, LH to FSH ratio, and E2 

in study 1 (a-d) and study 2 (e-h) are demonstrated. Data are reported as mean ± SEM. P-

values one-tailed for group, time, and group by time effect were calculated with mixed 

models and are shown below the corresponding graphs (unadjusted and adjusted for 

baseline). For all molecules post-hoc Fischer LSD test was performed to compare 

responders vs non-responders for each timepoint. *, **, *** correspond to p≤0.05, 0.01, 

0.001 respectively.

adj.: adjusted; bsl: baseline; E2: Estradiol; FSH: Follicle-stimulating hormone; LH: 

Luteinizing hormone; SEM: Standard Error of the Mean; unadj.: unadjusted
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Figure 3. Circulating profile of Inhibins and AMH in responders vs non-responders to leptin 
treatment (study 1 and study 2).
Blood concentrations of responders vs non-responders of Inhibin A, Inhibin B, and AMH in 

study 1 (a-c), and study 2 (d-f) are demonstrated. Data are reported as mean ± SEM. P-values 

one-tailed for group, time, and group by time effect were calculated with mixed models and 

are shown below the corresponding graphs (unadjusted and adjusted for baseline). For all 

molecules post-hoc Fischer LSD test was performed to compare responders vs non-

responders for each timepoint. *, **, *** correspond to p≤0.05, 0.01, 0.001 respectively.

adj.: adjusted; bsl: baseline; AMH: Anti-mullerian hormone; SEM: Standard Error of the 

Mean; unadj.: unadjusted
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Figure 4. Circulating profile of Activins and Follistatins in responders vs non-responders to 
leptin treatment (study 1 and study 2).
Blood concentrations of responders vs non-responders of Activin A, Activin B, FST, and 

FSTL-3 in study 1 (a-d), and study 2 (e-h) are demonstrated. Data are reported as 

mean ± SEM. P-values one-tailed for group, time, and group by time effect were calculated 

with mixed models and are shown below the corresponding graphs (unadjusted and adjusted 

for baseline). For all molecules post-hoc Fischer LSD test was performed to compare 

responders vs non-responders for each timepoint. *, **, *** correspond to p≤0.05, 0.01, 

0.001 respectively.

adj.: adjusted; bsl: baseline; FST: Follistatin; FSTL-3: Follistatin-like 3; SEM: Standard 

Error of the Mean; unadj.: unadjusted
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Figure 5: Mechanism of restoration of reproductive function in women with hypothalamic 
amenorrhea by leptin.
Women with hypothalamic amenorrhea that respond to leptin treatment and have their 

reproductive function restored show a distinct hormonal profile when compared to non-

responders. This hormonal profile is characterized by higher LH/FSH ratio, apparently due 

to the central effects of leptin on GnRH secretion in hypothalamus. Responders also have 

higher peaks of E2 and Inhibin A in blood, which indicates improved ovarian function and 

restoration of normal regular menstrual cycles. Additionally, circulating AMH, which serves 

as an additional marker of ovarian recovery, is reduced.

AMH: Anti-mullerian hormone; E2: Estradiol; FSH: Follicle-stimulating hormone; GnRH: 

Gonadotropin-releasing hormone; LH: Luteinizing hormone
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