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Abstract

Background—We have previously demonstrated that the adipose tissue derived hormone leptin
controls reproductive function by regulating the hypothalamic-pituitary-gonadal axis in response
to energy deficiency. Here, we evaluate the activins-follistatins-inhibins (AFI) axis during acute
(short-term fasting in healthy people) and chronic energy deficiency (women with hypothalamic
amenorrhea due to strenuous exercise [HA]) and investigate their relation to leptin and
reproductive function in healthy subjects and subjects with HA.

Methods—The AFI axis was investigated in: a) A double-blinded study in healthy subjects
having three randomly assigned admissions, each time for four days: in the isocaloric fed state,
complete fasting with placebo treatment, complete fasting with leptin replacement, b) A case-
control study comparing women with HA vs healthy controls, c) An open-label interventional
study investigating leptin treatment in women with HA over a period of up to three months, d) A
randomized interventional trial investigating leptin treatment vs placebo in women with HA for
nine months.

Results—The circulating levels of activin A, activin B, follistatin and follistatin-like 3 change
robustly in response to acute and chronic energy deficiency. Leptin replacement in acute energy
deprivation does not affect the levels of these hormones suggesting an independent regulation by
these two hormonal pathways. In chronic energy deficiency, leptin replacement restores only
activin B levels, which are in turn associated with an increase in the number of dominant follicles.
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Conclusions—We demonstrate for the first time that the AFI axis is affected both by acute and
chronic energy deficiency. Partial restoration of a component of the axis, i.e. activin B only,
through leptin replacement is associated with improved reproductive function in women with HA.
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1. Background

Human reproduction is an energy demanding process that requires sufficient energy stores
[1]. Conditions related to energy deprivation (i.e. excessive exercise, or reduced nutritional
intake) downregulate the hypothalamic-pituitary-gonadal axis (HPG-axis) and often lead to
amenorrhea and infertility [Hypothalamic Amenorrhea, (HA) due to strenuous exercise,
leading to energy expenditure vs. intake imbalance, or anorexia nervosa, affecting up to 10%
of young women] as well as to other clinical manifestations [e.g. osteoporosis, low thyroid
hormones, and insulin-like growth factor I (IGF-1), hyperactive adrenal axis] [2]. We have
previously demonstrated that leptin orchestrates the processes linking adipose tissue, energy
balance, and reproduction [1, 3, 4]. Acute energy deprivation after 72h of fasting reduces
circulating leptin levels to ~10% [5]. Similarly, chronic energy deprivation in women with
HA is associated with hypoleptinemia. Most importantly, leptin replacement can restore
menstruation and fertility and improve other hypothalamic-pituitary-peripheral axes in
women with HA [6, 7]. The beneficial effects of leptin on reproductive function are partially
achieved by restoration of the pulsatile secretion of gonadotropins [5]; however the exact
mechanism and/or the presence of additional mediators participating in this process remains
unknown. This is particularly important, given that not all the women with HA respond to
leptin treatment [6, 7]. Thus, leptin-independent mechanisms/hormonal systems should
contribute to the downregulation of reproductive function observed in energy deprivation
states. Identifying such mechanisms may help to develop new treatments for women with
HA or even target other conditions related to sub-/infertility due to energy imbalance.

The activin-follistatin-inhibin system (AFI) is considered a key regulator of the HPG-axis [8,
9]. Activin A and activin B as well as inhibin B belong to the transforming growth factor
beta (TGF-B) superfamily and exert a variety of functions in different organs, including
pituitary and ovarian regulation, gonadal development, bone metabolism, adrenal growth/
function, retinal development and hematopoiesis [8]. Follistatins [Follistatin and Follistatin-
like 3 (FSTL3)] are glycoproteins that do not share structural similarities with inhibins and
activins. Follistatin is primarily secreted by the liver, pituitary, and ovary and antagonizes
myostatin-induced inhibition of myogenesis [10]. FSTL3 (previously known as follistatin-
related protein) is primarily expressed, at the gene level in placenta, testis, endometrium,
adrenal glands, and skeletal muscle [8]. FSTL3 has similar structure and function with
follistatin, but is considered less potent. Altogether, activins stimulate the HPG-axis while in
contrast, inhibins and follistatins downregulate it by antagonizing activins [8].

Another hormone belonging to the TGF-f superfamily with important structural similarities
to inhibins and major role in reproduction is the Anti-Miillerian Hormone (AMH) [11]. In
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males, AMH is secreted from the testis and is responsible for the regression of the Mdllerian
ducts during fetal sex differentiation. In females, AMH is secreted by the ovary and is
involved in the dominant follicle selection in the follicular phase of menstrual cycle. AMH is
considered a reliable marker of the primordial ovarian follicle reserves.

We have previously reported that acute energy deprivation affects hormones of the AFI axis
[12-15]. Circulating activin A levels were decreased and follistatin levels were increased
both in males and females after 72 hours of fasting [13, 14]. Leptin administration did not
affect the levels of activin A and follistatin neither in acute nor in chronic energy deprivation
states [12-14]. This demonstrates that the AFI axis may be an independent system
regulating the reproductive function according to energy balance.

Given the structural and/or functional similarities/integrations between activin A, activin B,
follistatin, FSTL3, inhibin B and AMH, and in order to fully describe the role of AFI as
system linking energy sufficiency with reproductive function and related disease states, we
investigated in the current study: a) whether circulating activin B, FSTL3, inhibin B, and
AMH change in response to acute energy deprivation (short-term fasting), whether these
changes are associated with alterations of HPG axis and whether they are leptin dependent
(Study 1), b) whether the circulating concentrations of the AFI hormones change during the
menstrual cycle in healthy women and whether they differ in women with HA (chronic
energy deficient state) (Study 2), ¢) whether any changes observed in the AFI axis in women
with HA (chronic energy deficient state) are mediated by leptin (Study 3 and Study 4) and d)
whether any changes observed in AFI axis are related to important improvement of
reproductive function and capacity in women with HA (chronic energy deficient state)
(Study 3) and can therefore be targeted in the future with novel treatments.

2. Materials and methods

2.1 Study design

To address our aims, the following studies have been utilized (s. Fig.1):

2.1.1 Study 1: Clinical Research Center (CRC) — based randomized placebo-
controlled intervention in the isocaloric and fasting state (acute energy
deprivation state)—Following previously described protocols [5, 16], seven healthy lean
men [age 23.2+3.7yr; body mass index (BMI) 23.6+1.7 kg/m2] and six healthy lean women
(age 22.8+3.4 yr; BMI= 21.7 £2.2 kg/m2) with regular menstrual cycles (length 26-32d) and
no history of oral contraceptive use the last six months were studied under three conditions
for 72h: isocaloric fed state, complete fasting state with administration of placebo, or with
replacement dose of leptin in a double-blinded randomized fashion. Six men and six women
completed all three studies. The isocaloric fed state consisted of four standardized meals per
day. During the fasting state, only a standardized volume of calorie-free fluids, electrolytes,
and vitamin supplements were allowed. The replacement dose of leptin was for the males
0.04 mg/kg daily on d1 and 0.025 mg/kg four times per day on d2 and 3; for the females
0.08 mg/kg daily on d1 and 0.05 mg/kg four times per day on d2 and 3. Leptin (Amylin,
Inc., San Diego, CA; previously known as r-metHuLeptin, provided by Amgen, Inc.,
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Thousand Oaks, CA) was administrated subcutaneously (s.c.). Repeated blood sampling
every two hours was performed in day 3 (from 8 am of day 3 till 8 am of day 4).

2.1.2 Study 2: Case-control study comparing chronic energy deficiency vs
healthy state—Twenty-five women with HA studied in the context of study 3 and study 4
(s. below) and 61 healthy controls, thereof 25 BMI-matched were included in this study. The
women had secondary HA for at least six months coincident with a period of increased
exercise or low weight. Their weight had been stable for at least six months and was within
15% of the ideal body weight. They were otherwise healthy (no active eating disorders) and
had not been receiving medications for three months or more. The subjects in the control
group were apparently healthy young female medical students with regular menstrual cycles
and they were either in the follicular phase of their menstrual cycle [n=25, days meant
standard deviation (SD): 6.64+4.20], or in the luteal phase (n=32, days mean + SD:
20.53+4.87) and four could not report with certainty the day of their menstrual cycle. They
had no considerable weight change (>5%) during the previous six months, no change in their
physical activity in the last 3 months and no excessive exercise within the last 24 hours.
Additionally, they had no history of concomitant medication that could affect muscle or lipid
metabolism [protocol described in [17]].

2.1.3 Study 3: Open label leptin replacement study in women with
hypothalamic amenorrhea (chronic energy deficiency state) over a period of
up to 3 months in a single-arm study—Eight lean women with HA due to strenuous
exercise and hypoleptinemia, without active eating disorders and with stable weight
(inclusion criterion: within £15% of ideal body weight for = six months) received
metreleptin (0.08 mg.kg—1.day-1, self-injected subcutaneously twice daily: 40% in the
morning and 60% in the evening) initially for two months [Protocol published in [7]].
Subjects who had not ovulated in the first two months, continued with a third month of
treatment at an increased dose of 0.2 mg (divided as described above). All subjects had visits
weekly to undergo pelvic ultrasonography and measure hormone levels, starting one month
before initiation of leptin treatment (=baseline month, where measurements were performed
at the beginning and end of the month). The pelvic ultrasonography provided information
about the number of follicles, the maximum follicle diameter, the ovarian volume, and the
endometrial thickness. For one subject no serum was available for the planned
measurements and was excluded from the study.

2.1.4 Study 4: Outpatient randomized placebo controlled clinical trial
investigating leptin replacement in women with hypothalamic amenorrhea
(chronic energy deprivation state) over 9 months—Subjects characteristics, study
design, primary and secondary outcomes have been previously published in [6]. This was a
randomized, double-blinded, placebo controlled study (parallel design) with a 1:1 allocation
ratio to receive either metreleptin or placebo. The study protocol was approved by the
institutional review board of Beth Israel Deaconess Medical Center (BIDMC) and was
performed in the General Clinical Research Center (GCRC) of BIDMC, where participants
were randomized between October 2005 and December 2009. The trial was registered at the
US National Institutes of Health (ClinicalTrials.gov) #NCT00130117. Eligible participants
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were women between 18 and 35 years old with secondary hypothalamic amenorrhea for at
least 6 months coincident with strenuous exercise and/or low body weight. Body weight was
stable for at least 6 months before screening and within 15% of ideal body weight (inclusion
criterion). At the time of screening, fasting morning leptin was <5 ng/ml. Exclusion criteria
were: Any significant medical history such as renal or hepatic disease, diabetes mellitus,
myocardial ischemia, malignancy, alcoholism, drug abuse, smoking, active eating disorder,
depression or other psychiatric disease, anemia, any conditions which oral contraceptive use
is contraindicated, other causes of amenorrhea (e.g. hyperprolactinemia, hypothyroidism or
hyperthyroidism, Cushing’s syndrome, polycystic ovarian syndrome, congenital adrenal
hyperplasia, primary ovarian failure), medications known to affect hormones or bone
mineral density (e.g. glucocorticoids, antiseizure medications, thyroid hormones, estrogens),
breast feeding, pregnancy or wanting to become pregnant during the next 6 months.

Primary outcome of the study was the difference between the placebo and leptin treated
group in change of bone mineral content at anteroposterior spine from baseline to 36 weeks
and secondary outcomes included changes in bone markers and in bone mineral density as
well as reproductive outcomes. For our study, primary outcomes were differences between
the placebo and leptin treated group in change of the circulating levels of activin A, activin
B, follistatin, FSTL3 and AMH from baseline to 36 weeks of treatment. Sample size was
defined in this study by an interim analysis after seven subjects per arm had completed 24
weeks of study according to the changes observed for the initial primary outcome. No
preliminary data were available to perform formal power calculations based on specific prior
changes of the molecules of interest. Our study had 88% power to detect differences >30%
with an SD=25% of the mean, two-tailed and at an a=0.05. Twenty participants were finally
assigned randomly to receive either metreleptin or placebo. Randomization tables were
produced by the Harvard Catalyst biostatisticians with SAS and delivered directly to the
Research Pharmacy for use such that study staff that recruited subjects (medical doctors,
care providers) as well as the participants would remain blinded. All participants received
calcium (600 mg twice daily) and vitamin D (400 1U daily). Metreleptin or placebo was self-
administered s.c. once daily between 7:00 and 11:00 pm for 36 weeks. The dose of
metreleptin was 0.08 mg.kg-1.day—1 (self-injected subcutaneously twice daily) for 12
weeks and subjects who had begun menstruating remained in this dose till the completion of
the study. The dose in subjects who had not menstruated at week 12 was increased to 0.12
mg/kg. If a subject lost >5% of her baseline weight, dose was reduced by 0.04 mg/kg. After
the completion of the treatment, subjects were followed for another 16 weeks. Subjects had
visits every four weeks in GCRC for clinical and hormonal assessment. Blood draw was
performed in all cases in the morning after a ten-hour overnight fasting. In the arm allocated
to receive metreleptin, one participant was discontinued from the study due to injection-site
reaction soon after the baseline visit and was not included in the analysis. Additionally, three
participants were also discontinued, one at week 24 due to traveling, one at week 24 due to
pregnhancy and one at week 28 due to persistent weight loss (s. Fig. S1). These three
participants were included in the analysis. Three participants in the placebo-treated group at
weeks 4, 16 and 24 decided not to continue the study because of traveling. Subject that
discontinued the therapy at week 4 was not included in the analysis. Subject characteristics
are described in supplementary Table 2.
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All studies described were in accordance with the Declaration of Helsinki and the
International Conference on Harmonization for Good Clinical Practice. Written informed
consent was obtained from all the participants. Blood draw was performed in all cases in the
morning after a ten-hour overnight fasting.

2.2 Hormone measurements

Activin A (Intra-assay Variability:4.25%, Inter-assay Variability: 3.83 %), Activin B (intra-
assay CV < 4.1%, inter-assay CV < 3.5%, sensitivity: 4.35 pg/ml), Follistatin-like 3 (intra-
assay CV < 3.5%, inter-assay CV < 4.81%, sensitivity: 0.164 ng/ml), Inhibin B (intra-assay
CV < 4.03%, inter-assay CV < 6.32%, sensitivity 1.6 pg/ml), AMH (intra-assay CV <
3.69%, inter-assay CV < 4.52%, sensitivity: 1.2 pg/ml) all from Ansh Laboratories (Webster,
TX, USA), and Follistatin (R&D Systems, MN; sensitivity 0.03 ng/mL, intra-assay CV 4.9—
7.5%, inter-assay CV 5.2-7.3%) were measured using commercially available
immunoassays. LH (intra-assay C<10%, inter-assay CV<10%), FSH (intra-assay CV 2.3-
3.7, inter-assay CV 5.4-6.7, sensitivity: 0.1 mlU/ml), and Testosterone (intra-assay CV 6.8—
13, inter-assay CV 7.7-16.4, sensitivity: 15 ng/dl) levels were measured with an automated
immunoassay system (Immulite 1000; Siemens, Deerfield, IL). All samples were measured
in duplicates and were repeated if coefficient of variation for any sample was > 15%.

2.3 Statistical analysis

Statistical analysis was performed with SPSS v19.0 (SPSS, Inc., Chicago, IL) for Windows
and with Graphpad prism 7 (GraphPad Software Inc, La Jolla, CA). Data for continuous
variables are presented as mean + SDs, unless stated otherwise, and data for categorical
variables are presented as numbers and/or percentages, as appropriate. In Study 1, an
intention-to-treat analysis with last observation carried forward approach was performed.
Two-way analysis of variance (Two-way ANOVA) was performed in continuous variables in
Study 1 and post-hoc Tukey’s test was used to compare the means of the three types of
treatment (Fed, Fasting+Placebo, Fasting+Leptin). One-way analysis of variance (Friedman
test for paired and Kruskal-Wallis test for unpaired measurements) followed by post-hoc
Dunn’s test was used to compare the area under the curves (AUCs) and fold-to-baseline
AUCs in Study 1 of the three treatment groups. In study 2, normality of distribution of the
continuous variables was assessed with Shapiro-Wilks test. Variables that were not normally
distributed were logarithmically transformed, as appropriate in this study as well as in study
3 and 4. Independent samples T-test or Mann-Whitney test were used for between group
comparisons, in cases of two groups of continuous variables, followed by analysis of
covariance (ANCOVA). In Studies 3 and 4, differences between baseline and post-
intervention were estimated using ANOVA repeated measures analysis of variance for the
single-arm study [Study 3] and mixed model adjusted for baseline for on-treatment analysis
for the placebo-controlled prospective study [Study 4], with post-hoc t-tests with Bonferroni
correction for both studies. The level of statistical significance was set at 0.05 for all
analyses (two tailed or one tailed only where appropriate and noted as such in the results and
figures).
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3. Results

3.1. Circulating activin B and FSTL3 but not inhibin B and AMH change in a leptin-
independent manner whereas circulating LH and testosterone are reduced leptin-
dependently in response to acute energy deprivation (Study 1)

As we have previously reported, prolonged fasting for 72h reduces the leptin levels by
approximately 80-85% [5, 16]. During the third day of fasting, the daily (24h) luteinizing
hormone (LH) secretion is reduced by approximately 30% (Fig. 2A-D); in contrast, the
follicle-stimulating hormone (FSH) secretion remains unchanged (Fig. 2E—H). Testosterone
in males (not in females) is reduced by approximately 50% (Fig. 3AE-D). Interestingly,
leptin replacement during fasting completely prevents the reduction of LH secretion (Fig.
2AE-D). Additionally, leptin attenuates the testosterone reduction in males (Fig. 3B, D).

We have previously demonstrated that follistatin is increased and activin A is decreased
during acute fasting both in males and females in a leptin-independent manner [13, 14].
Here, we show that activin B, similarly to activin A, is decreased by approximately 25% in
fasting conditions both in males and females (Fig. 4AE-C). In contrast to follistatin, FSTL3
is also decreased by approximately 45% in females and 25% in males during fasting (Fig.
4DE-F). Neither AMH nor inhibin B changed in either gender (Fig. S2 AE-F). Leptin
replacement during fasting does not affect activin B, FSTL3 and inhibin B (Fig. 4 and Fig.
S2), similarly to what we have previously observed for activin A and follistatin. Leptin
replacement may only increase circulating AMH levels in females (Fig. S2C).

3.2. The levels of circulating AFI hormones change during the menstrual cycle and are
different in healthy women (energy sufficiency state) compared to women with HA (chronic
energy deficiency) (Study 2)

A previous study has reported that activin A demonstrates its highest level around midcycle
and late luteal/early follicular phase, and its lowest in the midfollicular and midluteal phase
[18]. Additionally, several studies have demonstrated that inhibin B decreases in the luteal
phase, while AMH does not change through the menstrual cycle [19, 20]. In our population
of healthy women (s. table 1 for subject characteristics), inhibin B levels were decreased
~35% in the luteal phase, but activin A, AMH, and FSTL3 remained unchanged (s. Table
S1). Both activin B (~13%) and follistatin (~21%) were increased in the luteal compared to
the follicular phase (s. Table S1).

In order to investigate whether the AFI axis is also affected in the state of chronic energy
deficiency, we have compared the circulating levels of the AFI hormones in women with HA
with healthy controls. Women with HA demonstrate ~50% lower circulating levels of activin
B, 35% of activin A, 12% of FSTL3, and ~85% higher levels of follistatin compared to
healthy women (s. Table 1). Finally, inhibin B and AMH levels were similar between both
groups.
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3.3. Changes in the AFI axis due to chronic energy deprivation are leptin-independent, with
the exception of circulating activin B that increases in women with HA treated with leptin
(Study 3 and study 4)

We investigated whether the regulation of AFI axis in chronic energy deficiency is
controlled by leptin in two studies (Study 3 and Study 4). In the single-arm open-label study
(Study 3) (s. table S2 for subject characteristics), treatment with leptin in women with HA
increased the activin B levels by ~34% in the first month of treatment, 52% in the second,
and 62% in the third (Table 2). In the double-blinded placebo controlled study (Study 4) (s.
table S2 for subject characteristics and Fig. S1 for study flow diagram), the increase of
activin B levels was ~35% and was observed after twenty weeks of treatment (Table 3). The
difference of activin B levels (higher in leptin treated group compared to placebo) remained
significant even after adjusting for estradiol and progesterone (p value time*treatment
adjusted only for baseline= 0.010, time*treatment- adjusted for estradiol, progesterone and
baseline=0.023). Of note, in study 4 the women treated with HA started from higher baseline
levels of activin B compared to the subjects in study 3 and followed a different treatment
protocol (i.e. decrease of leptin dose by >5% body weight reduction from baseline,
maximum dose 0.12 mg. kg-1. day-1, instead of 0.2 mg. kg—1. day-1 in the third month of
Study 3) which may explain the delayed and more modest increase of activin B. Activin A,
follistatin, FSTL3, and AMH did not change during treatment neither in Study 3 (p for
activin A = 0.017 in the analysis of variance (ANOVA), no significant differences in post-
hoc tests) nor in Study 4 (Tables 2-3), similar to what we have previously reported for
inhibin B.

3.4. The increase of circulating activin B in women with HA (chronic energy deprivation
state) treated with leptin correlates with follicular parameters (Study 3)

We hypothesized that activin B could be related with beneficial effects on follicular
parameters. In an exploratory analysis, the difference between the highest (achieved during
treatment) and baseline levels of activin B (last measurement at baseline month “End of
Baseline”, before initiating leptin treatment) correlated positively with the difference
between the total and baseline number of dominant follicles (r=0.677, one-tailed p=0.048)
(Fig. 5), while no correlation was observed for AMH, activin A, follistatin and FSTL3 (Fig.
S3). Finally, activin B levels were not associated with follicle, ovarian, or endometrium size.

4. Discussion

We demonstrate here, for the first time, that activin B and FSTL3 levels decrease during
short-term energy deprivation in healthy individuals. Additionally, we demonstrate that
activin A, activin B, follistatin, and FSTL3 levels are altered in disease states, i.e. women
with HA, due to chronic energy deficiency, in a similar manner and even more robustly as
compared to short-term energy deprivation. Furthermore, we show that short-term leptin
treatment does not affect the secretion profile of any of the investigated hormones of the AFI
axis in acute energy deprivation in healthy males and females indicating a leptin independent
pathway for their regulation. In chronic energy deficiency, long-term treatment with leptin in
females with HA restores the circulating levels of activin B, in an estradiol and
progesterone-independent manner. The increase in activin B levels during leptin treatment is
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positively associated with the total number of dominant follicles measured by ultrasound, a
finding that supports the role of activin B as regulator of reproductive function in disease
state, i.e. in women with HA due to chronic energy deficiency. In contrast to activins and
follistatins, the secretion profile of inhibin B and AMH is neither affected by short- nor by
long-term energy deficiency.

Combining the results of our previous and the current study, we suggest that two main
hormonal systems (leptin-system and AFI-system) control the reproductive function in acute
and in chronic energy deficient states (Fig. 6).

4.1. Leptin is regulating the reproductive function in acute and chronic energy deficiency

Leptin regulates primarily LH secretion in response to energy deprivation [1, 3-5, 16]. The
leptin-dependent system demonstrates high-sensitivity even in short-term energy deprivation
(i.e. 72h in our studies), since a profound reduction of circulating leptin is observed, leading
to a downregulation of LH secretion in both genders and in a decrease of testosterone levels
in males. As we have previously demonstrated [16], circulating estradiol levels are not
affected in this condition, indicating that despite the leptin-mediated downregulation of LH
secretion, ovary function is probably still preserved in healthy females during short term
fasting. This is also supported by previous studies demonstrating normal follicle
development and/or estradiol production despite the reduction of LH in healthy women who
were fasting for three to five days in follicular phase [21, 22].

In contrast, chronic energy deficiency state, often observed in females due to strenuous
exercise or reduced caloric intake, is characterized by hypoleptinemia and a robust
downregulation of HPG axis leading to amenorrhea and infertility [6, 7, 23]. These changes
in reproductive function may have teleological significance given that in periods of
significant energy deprivation survival of the organism has precedence over procreation, thus
available calories should preferentially be reserved for survival vs. bringing a pregnancy to
term. However, recovery of menstruation and fertility in these women remains often
challenging even after improvement of energy balance. As we have previously
demonstrated, leptin replacement in these conditions leads to ovulation and restoration of
menstrual cycles by restoration of LH pulsatility and increase in estradiol and progesterone
in many but not all of the women with HA[6, 7]. This indicates that other hormonal
mechanisms are additionally involved in the regulation of reproductive function in this state.

4.2. Regulation of activin-follistatin system in response to acute energy deficiency

We report herein a second hormonal system that is affected by short and long term changes
in energy balance and may have an impact in reproductive function especially in chronic
energy deprivation state. This system consists primarily of activins (activin A and activin B)
and follistatins (follistatin and FSTL3), while inhibin B and AMH according to our findings
are not affected by energy balance. In acute energy deprivation state, the stimulatory
reproductive hormones activin A and activin B are decreased both in males and females. The
secretion profiles of the antagonists of activins differ, with follistatin-levels being increased
and FSTL3 decreased. This may be due to their differences in the secretion patterns and/or
function. Follistatin is secreted by organs that are susceptible to changes during energy
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deprivation in females, i.e. pituitary and ovary, while FSTL3 is secreted primarily by the
endometrium, which has minor involvement in the regulation of HPG axis during energy
deprivation [8]. Additionally, follistatin is much more potent than FSTL3 at inhibiting
activins [8], indicating that the net outcome from the increase of follistatin and decrease of
FSTL3 levels points to a further inhibition of the already downregulated AFI axis due to the
reduced circulating levels of activins.

4.3. Regulation of activin-follistatin system in response to chronic energy deficiency

In chronic energy deprivation states, women with hypothalamic amenorrhea due to strenuous
exercise (a prototype condition of chronic energy deficiency) demonstrate even more robust
changes in activins and follistatin, with a reduction in circulating levels of activin A (~35%),
activin B (~50%), and FSTL3 (~12%), and higher levels of follistatin (~85%) compared to
healthy controls. To our knowledge this is the first study comparing levels of activin A,
activin B, follistatin, and FSTL3 between women with HA and healthy controls. An older
study had focused on activin A and reported higher levels in HA [24]. In that study, a two-
site enzyme immunoassay was used for the measurement of activin A, which is currently not
available and thus its accuracy and precision cannot be independently evaluated. The authors
of the study admitted that the increase of activin A is difficult to explain. In contrast, our
findings here support the teleological hypothesis of reduced reproductive ability in energy
deficient states, when energy stores are primarily used for functions essential for survival.

Activins and follistatins act both on the pituitary gland to regulate FSH secretion, as well as
on the gonads to regulate follicle growth, ovary hormonal secretion, germ cell development
and Sertoli cell proliferation [8, 9]. Despite the robust changes of the activins and
follistatins, we did not observe any reduction of FSH in acute energy deprivation state. This
is also supported by previous findings showing that FSH does not change during acute
fasting [21]. Whether gonadal function is affected directly by the changes in activins-
follistatins during acute fasting remains unclear and should be addressed in future studies.
Similarly, in chronic energy deprivation, women with HA usually demonstrate a loss of
pulsatility in LH secretion, while the changes in FSH secretion are rather modest. In our
studies, baseline FSH measurements were also in the normal range despite the profound
differences in baseline levels of activins and follistatins between women with HA and
healthy controls. In addition, the levels of FSH did not increase during long-term leptin
treatment in women with HA, even in those that responded to therapy i.e. developed
menstruation and increased their follicle numbers [6, 7].

4.4. Interaction of the activin-follistatin hormonal system with leptin in acute or chronic
energy deficiency

Since changes in activins-follistatins are not associated with alterations in circulating FSH,
we investigated whether they are related to parameters of ovary function and whether they
are regulated by leptin in conditions of energy deficiency. Our findings demonstrate that
with the exception of activin B, neither in acute nor in chronic energy deficiency state leptin
replacement affects the circulating levels of the AFI hormones. This shows that most of the
changes observed in the AFI system in energy deficiency are leptin-independent. Regarding
activin B, we observed a restoration of the circulating levels of the hormone in women with
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HA during leptin treatment in both prospective clinical studies. The increase in activin B
remained significant even after adjusting for estradiol and progesterone, both of which
increase during leptin treatment. Since the rise in activin B levels is estradiol- and
progesterone-independent, it is possible that leptin directly stimulates activin B synthesis-
secretion. Activin B is a homodimer of two BB-subunits while activin A of two BA-subunits.
Although the distribution of BA and BB-subunit transcripts is similar in most of the tissues
in humans, in anterior pituitary gland and in gonadotropes only the BB-subunit has been
detected so far [8]. Interestingly in rats, where both subunits are expressed in the pituitary
gland, selective deletion of the leptin receptor in gonadotropes significantly reduces the pA
and BB transcripts [25]. Thus, it is possible that the higher activin B levels during leptin
treatment in humans derive by an increased secretion of the hormone by the gonadotropes
and this needs to be addressed by experimental studies in the future.

4.5 Relation of the leptin-mediated changes in the activin-follistatin hormonal system with
reproductive function in chronic energy deficiency

To evaluate the functional relevance of the restoration of the activin B levels during leptin
treatment, we performed an exploration analysis and identified a positive association of
activin B with the number of dominant follicles in women with HA after treatment with
leptin. Animal studies have focused so far on activin A, where they showed that treatment of
follicles isolated from goat, rodent, or sheep with activin A stimulates growth and survival of
the follicles.[26-28] Activin A-deficient mice die within 24h of birth. On the other hand,
activin-B deficient female mice are fertile, but they demonstrate perinatal lethality of their
offsprings [29]. Activin B is produced in the early phase of antral follicular development and
decreases androstenedione production from primary theca cells in vitro [30]. In our study,
both responders and non-responders to therapy demonstrate an increase of activin B levels.
This indicates that activin B may have a contributing role in follicular development. Thus, an
important question that has to be answered in the future, is whether restoration of the other
profoundly affected AFI hormones (i.e. activin A, follistatin and FSTL3) to the levels
observed in healthy population will contribute further to the improvement of the
reproductive function in women with HA and what the therapeutic potential of such changes
would be.

Limitation of the open-label as well as of the randomized clinical trial is the small sample
size. Additionally, both studies were designed to address other primary and secondary
outcomes than the ones reported here. Finally, in the randomized clinical trial no
measurements of follicular parameters were performed, which would have been used to
validate our findings from the open-label study.

4.6. Clinical implications of the current findings

The clinical implications of the above findings can be extended to several directions. First of
all interventional studies administering activins or inhibiting follistatins (when these
molecules become available for clinical evaluation) alone or in combination with leptin
replacement, will help to first advance our knowledge of underlying mechanisms and then
determine whether restoration of these two main hormonal systems can lead to complete
recovery of reproductive ability in women with HA. Current treatment for HA is focusing on
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increasing caloric intake, decreasing exercise and replacing estrogens and it is only modestly
achieving to improve fertility and protect from bone loss. Secondly, interventional studies
with activins or follistatin-inhibitors may prove to be useful for evaluating treatments in
other conditions related to sub- or infertility, such as the polycystic ovary syndrome (PCQOS),
where also increased follistatin levels and normal or reduced activin A and B levels are
observed independently of obesity [31-33]. Finally, several drugs modulating the functions
of activins/follistatins/myostatins are currently in the pipeline. For example, bimagrumab, an
antibody against activin receptor type Il, is currently evaluated as potential treatment in
several conditions, ranging from muscle wasting after hip fracture, to treatment of
sarcopenia or even treatment in overweight and obese patients with type 2 diabetes [34].
Similarly, Sotatercept (ACE-011), that prevents the binding of Activin A to its type I1A
receptor (ActRIIA) has been associated with increased bone formation and decreased
resorption in healthy postmenopausal women [35]. The regulation of the AFI axis by energy
status shown herein provides physiological support to the efforts to manipulate the axis by
creating agonists or antagonists for therapeutic benefit in disease states that are intimately
linked with energy status changes (from lipodystrophy and HA to obesity and diabetes).
Since such treatments are practically blocking, among other, the function of activins, should
be carefully assessed for possible effects on the reproductive system.
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Highlights
Circulating activins and follistatins change in response to acute energy

deprivation leptin-independently

Women with hypothalamic amenorrhea due to strenuous exercise (state of
chronic energy deficiency) demonstrate an altered circulating profile of
activins and follistatins compared to healthy eumenorrheic women

Leptin treatment in women with hypothalamic amenorrhea increases the
circulating levels of activin B

The increase in circulating activin B correlates positively with the number of
dominant follicles measured during leptin treatment
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Study 1: Randomized placebo-controlled intervention studied in the isocaloric vs. acute energy deprivation state
with and without leptin administration

Isocaloric state H Day 0 I Day 1 | Day 2 I *Day 3* Day 4 I Day 5 ‘

Placebo or Leptin every 6 hrs
Acute energy P v

deprivation state Day 0 Day 1 | Day 2 l *Day 3" Day 4 | Day 5 l

* Repeated blood sampling every two hours was performed in Day 3

Study 2: Case-control study comparing chronic energy deprivation state vs healthy isocaloric state

Women with exercise induced chronic energy deficiency Healthy eumenorrheic women studied in the
and hypothalamic amenorrhea (HA) (n=25) isocaloric state (n=61 total and n=25 BMI-matched)

Study 3: Open label leptin replacement study in women with exercise induced chronic energy deficiency over up to 3
months

. 1month 2 months : 1 month .
Baseline Metreleptin (0.08 mg/kg/day) NO, Metreleptin (0.2 mg/kg/day)
(no treatment) ovulation

Study 4: Randomized leptin replacement trial in women with exercise induced chronic energy deficiency over 9 months

. 3 months . 6 months g
| Metreleptin (0.08 mg/kg/day) ‘

Vs If no ovulation after 3 mo then dose increased (0.12 mg/kg/day)
| Placebo l

Fig. 1.

Schematic summary of the four clinical studies that were used in order to investigate the
changes of circulating AFI hormones in response to acute and chronic energy deficiency
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Fig. 2. LH and FSH circulating levels on day 3 of isocaloric fed state [Fed], 72h complete fasting
with placebo [Fa+PI] or 72h complete fasting with metreleptin replacement [Fa+Lep]) [Study 1]

LH is decreased during fasting (A), primarily in males (B) and less (non-significant) in
females (C) treated with placebo. Leptin replacement prevents the decrease of LH (A-D).
FSH does not change independent of treatment (fed, fasting+placebo or fasting+leptin) (E—-
H). (Trt [Type of Treatment, i.e. Fed, fasting+placebo or fasting+leptin], Time [hours
starting from 8 am on day 3 till 6 am on day 4]). P-values were calculated with two-way
ANOVA and post-hoc Tukey’s test was used to compare the three types of treatment (Fed,
Fa+Pl, Fa+Lep). One-way analysis of variance (Friedman test for paired and Kruskal-Wallis
test for unpaired measurements) followed by post-hoc Dunn’s test was used to compare the
area under the curves (AUCs) of the three treatment groups.
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Fig. 3. Testosterone circulating levels on day 3 of three different conditions (isocaloric fed state
[Fed], 72h complete fasting with placebo treatment [Fa+PI], 72h complete fasting with
metreleptin replacement [Fa+Lep]) [Study 1]

Testosterone is decreased during fasting (A), more robustly in males (B,D) than in females
(C,D). Leptin replacement partially prevents the testosterone reduction during fasting (B,D)
in males, while it has no effect on females (C,D). (Trt [Type of Treatment, i.e. Fed, fasting
+placebo or fasting+leptin], Time [hours starting from 8 am on day 3 till 6 am on day 4]). P-
values were calculated with two-way ANOVA and post-hoc Tukey’s test was used to
compare the three types of treatment (Fed, Fa+PI, Fa+Lep). One-way analysis of variance
(Friedman test for paired and Kruskal-Wallis test for unpaired measurements) followed by
post-hoc Dunn’s test was used to compare the fold-to-baseline AUCs of the three treatment

group.
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Fig. 4. (Study 1) Activin B and FSTL3 levels on day 3 of isocaloric fed state [Fed], 72h complete
fasting with placebo [Fa+PI] or 72h complete fasting with metreleptin replacement [Fa+Lep]

[Study 1]

Activin B (A-C) and FSTL3 (D-F) levels are lower on the third day of fasting,
independently of treatment with placebo or leptin. (Trt [Type of Treatment, i.e. Fed, fasting
+placebo or fasting+leptin], Time [hours starting from 8 am on day 3 till 6 am on day 4]. P-
values were calculated with two-way ANOVA and post-hoc Tukey’s test was used to

compare the means of the three types of treatment (Fed, Fa+Pl, Fa+Lep).
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Fig. 5. Correlation of activin B levels with number of dominant follicles during leptin treatment
Study 3

[I'he d)gff]erence between the highest (achieved during leptin treatment) and baseline levels
(“End of Baseline”, which is the last measurement in the baseline month) of activin B
correlates positively with the difference between the total and baseline number of dominant
follicles (r=0.667, one-tailed p= 0.048) in leptin-treated women with HA (white filled
symbols = subjects who ovulated, black filled symbols = subjects who did not ovulate.
Bivariate correlations were calculated with Pearson’s coefficient. P-values for the difference
between the highest and baseline levels were calculated with paired t-test.
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Fig. 6. Main hormonal pathways regulating reproductive function in women with hypothalamic
amenorrhea (chronic energy deficiency)

Chronic energy deficiency results in low adipose tissue mass and low circulating leptin. The
profound hypoleptinemia downregulates the GnRH secretion from hypothalamus which in
turn reduces LH pulsatility in the pituitary gland. Consequently, estradiol and progesterone
levels are significantly decreased, follicular development is impaired and amenorrhea with
infertility occur. Chronic energy deficiency also leads to a reduction in circulating activins
and FSTL3 and to an increase in FST. These hormones are secreted mainly by the gonads
and secondarily by the liver (activin B and FST), adipose tissue and muscle. The changes in
circulating activins and follistatins are mainly leptin independent (with the exception of
activin B) and are not affecting FSH secretion. Restoration of the activin B levels through
leptin treatment is associated with an increase in the number of dominant follicles in women
with HA, indicating that the alterations of activins and follistatins in chronic energy
deficiency may contribute to the impairment of follicular development and consequently to

amenorrhea and infertility.
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