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Abstract 
Background/Objective: Low energy availability (EA) occurs in athletes due to 
inadequate dietary intake to meet the energy expenditure during exercise. A 
detrimental consequences of low EA in female athletes is suppression of men-
strual function leading to chronic hypoestrogenism, which may reduce bone 
mass while elevating the risk of injury. The primary aim of this study was to 
investigate the effects of increased dietary cholesterol intake through the con-
sumption of eggs on ovarian sex hormone and leptin levels in amenorrheic 
female endurance athletes. Methods: Division I female distance runners clas-
sified as amenorrheic (AMEN, n = 5) or eumenorrheic (EUMEN, n = 5) via 
self-report questionnaire participated in this study. Participants consumed two 
eggs per day for 12 weeks over the course of the outdoor track and field season. 
EA was calculated at baseline and post-intervention using 3-day dietary rec-
ords, triaxial accelerometers, and heart rate (HR) monitors. Maximal oxygen 
uptake (VO2max) was measured to calculate exercise energy expenditure with 
training HR data. Serum hormones, body composition, and blood lipids were 
measured at baseline and post-intervention. Results: There were no signifi-
cant differences exhibited between the AMEN and EUMEN groups in body 
composition, EA, or sex hormones at baseline and after the dietary interven-
tion. However, when examining differences within groups between baseline 
and post-intervention, serum leptin levels increased in the AMEN group by 70% 
(p = 0.02) compared to baseline following egg consumption, while no change 
in serum leptin was observed in the EUMEN group. Also, at baseline, EA was 
calculated to be below 30 kcal·kg−1·FFM·d−1 threshold for only the AMEN 
group, while the EUMEN group was right at the threshold, whereas post-in-

How to cite this paper: Clark, L., Del-
logono, M. and Wilson, T.A. (2026) Con-
sumption of Two Eggs Daily Increases Se-
rum Leptin in Amenorrheic Runners with 
Low Energy Availability without Changes 
in Lipid Profile. Food and Nutrition Sci-
ences, 17, 180-194. 
https://doi.org/10.4236/fns.2026.172014 
 
Received: December 9, 2025 
Accepted: February 6, 2026 
Published: February 9, 2026 
 
Copyright © 2026 by author(s) and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution International  
License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/   

  
Open Access

https://www.scirp.org/journal/fns
https://doi.org/10.4236/fns.2026.172014
http://www.scirp.org
https://www.scirp.org/
https://orcid.org/0000-0001-8363-4356
https://doi.org/10.4236/fns.2026.172014
http://creativecommons.org/licenses/by/4.0/


L. Clark et al. 
 

 

DOI: 10.4236/fns.2026.172014 181 Food and Nutrition Sciences 
 

tervention, EA was calculated to be below the threshold in both groups, but 
not significantly when compared to baseline. Importantly, no changes in se-
rum lipids and lipoprotein cholesterol levels were observed in either treatment 
group post-intervention with the consumption of eggs compared to baseline. 
Conclusions: Twelve-week consumption of two eggs per day increased serum 
leptin in amenorrheic athletes with low EA, with no changes in ovarian sex 
hormones. The serum lipid profile was not adversely affected by increased di-
etary cholesterol in the form of eggs. 
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1. Introduction 

Low energy availability (EA) is a state that occurs in athletes due to inadequate 
dietary intake to meet the energy expenditure during exercise in addition to the 
requirements for optimal metabolic function [1]. Low EA is most commonly ob-
served in endurance athletes with a high caloric expenditure or in activities that 
emphasize lean body composition for performance or aesthetics [2]. EA relative 
to physical activity is determined by the difference between energy intake (EI) and 
exercise energy expenditure (EEE) normalized for fat-free mass (FFM) [3]. After 
accounting for energy allocated to exercise training, EA is representative of the 
energy remaining for essential physiologic processes that include cellular mainte-
nance, growth, reproduction, and thermoregulation [4]. As EA decreases due to 
either changes in energy intake or expenditure, the energy directed towards other 
metabolic processes decreases accordingly as a survival mechanism to conserve 
what valuable energy remains [5]. One of the detrimental consequences of low EA 
below the threshold of 30 kcal·kg−1·FFM·day−1 [3] in female athletes is the suppres-
sion of menstrual function [6]. Relative energy deficiency in sport (REDs) is the 
condition that occurs when the energy deficit is severe enough to cause alterations 
to metabolic rate, menstrual function, immune function, bone health, protein syn-
thesis, and cardiovascular function [7]. Exercise-associated menstrual dysfunction 
(EAMD) may range in severity from subclinical changes that include luteal phase 
defects (LPD) or anovulation to the clinical disturbances of oligomenorrhea and 
amenorrhea [8]. Functional hypothalamic amenorrhea is the most severe case that 
occurs due to suppression of the hypothalamic-pituitary-ovarian axis, reducing 
the secretion of gonadotropin releasing hormone (GnRH) and subsequently the 
gonadotropins luteinizing hormone (LH) and follicle-stimulating hormone (FSH) 
[9] [10]. The resulting hypoestrogenic state has been linked to secondary adverse 
effects upon musculoskeletal health, beginning acutely with increased markers of 
bone resorption and decreased markers of formation [11]. Chronic hypoestrogen-
ism impedes accrual of peak bone mass, thus reducing bone mineral density (BMD) 
[12]-[14] and elevating the risk of musculoskeletal injury [15]-[17]. Low EA, men-
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strual dysfunction, and low BMD characterize the syndrome known as female ath-
lete triad, which involves the presence of one or more of these components [18]. 
Adverse cardiovascular and metabolic effects have also been associated with FHA, 
including endothelial and lipid dysfunction [19] [20], reduction in circulating hor-
mones including insulin, leptin, triiodothyronine (T3), and insulin-like growth fac-
tor-1 (IGF-1) [12] and reduced sympathetic response to exercise [21]. 

Cholesterol is the biological precursor in the synthesis of the ovarian sex hor-
mones estrogen and progesterone. In healthy individuals, the bulk of cholesterol 
is synthesized endogenously while the remaining 30% is obtained through the diet 
[22]. Cholesterol biosynthesis is energetically demanding and is tightly regulated 
by the enzyme HMG-CoA reductase (HMGR) in response to metabolic changes 
[22]. Low EA inhibits HMGR activity, subsequently reducing cholesterol biosyn-
thesis [22]. There is evidence in non-energy-restricted sedentary [23] [24] and low 
EA exercise-trained [25] animal models that increased dietary cholesterol con-
sumption raises sex hormones, which is hypothesized to occur due to increased 
amounts of the precursor available for biosynthesis. In female endurance athletes 
with low EA, it is proposed that supplemental dietary cholesterol may be effective 
in increasing estrogen and progesterone levels to attenuate some of the adverse 
effects of FHA. 

Hypoleptinemia that is observed in athletes with FHA in comparison to eu-
menorrheic controls occurs due to the biological action of leptin as a mediator 
between nutritional status and reproductive function [26] [27]. Leptin levels cir-
culate relative to adipose tissue stores and fluctuate in response to changes in acute 
energy balance [28]. Elevation in energy intake or lipid stores signals an energy 
surplus that causes appetite suppression and increased energy expenditure [29]. 
Conditions of low EA causes suppression in circulating leptin and an absence of 
diurnal leptin variation, stimulating energy conservation through reduction of 
thyroid hormones, metabolic rate, and reproductive function [27] [30] [31]. Due 
to the influence upon reproduction, leptin replacement therapy has been exam-
ined as a pharmacological treatment to restore menstruation. Recombinant hu-
man leptin administration was successful in the recovery of menstruation and 
metabolic hormone abnormalities, including unfavorable changes in bone mark-
ers without differences in caloric intake [32] [33]. Though the advantages of leptin 
administration to resume menses in FHA athletes include the avoidance of mod-
ifications to exercise training or weight gain, it requires twice-daily injection and 
dose adjustments to maintain stable weight, which may be invasive or inconven-
ient for participants. A potential alternative is increased dietary cholesterol intake, 
given that evidence in animal models demonstrates an associated increase in se-
rum leptin when additional cholesterol is supplemented through the diet [34] [35]. 
This association has been reported to occur in sedentary, non-energy-restricted an-
imal experiments and has not yet been investigated in exercise-trained human 
populations. 

The aims of this study are to assess the effects of increased dietary cholesterol 
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through the consumption of eggs upon ovarian sex hormones and leptin in amen-
orrheic female athletes with and without active controls. The objective is to eval-
uate the potential for egg consumption as a novel dietary intervention to improve 
metabolic health in athletes with low EA to prevent any permanent impacts on 
bone health and fertility. 

2. Materials and Methods 
2.1. Subjects  

Ten Female Division I Student-Athletes from The Women’s Cross Country/Track 
and Field Team (age 20.2 ± 1.0 yrs.) participated in this study (refer to Table 1 for 
baseline characteristics). The inclusion criterion for the study was current partic-
ipation in outdoor track and field in endurance events, defined as 800-meter to 
10-kilometer races. Exclusion criteria included chronic illness, use of oral contra-
ceptives, pregnancy, or the inability to participate in exercise training. This study 
was approved by The University of Massachusetts Lowell Institutional Review 
Board (15 - 140-WIL-EPD). All subjects signed an informed consent prior to par-
ticipation in the study. Subjects recruited for participation in the study were a 
subset of participants who were eligible based on previous cross-sectional survey 
data [25]. Individuals eligible for the study based on inclusion/exclusion criteria 
(n = 10) were recruited for participation in the 12-week dietary intervention. 

 
Table 1. Comparison of baseline data in amenorrheic (AMEN) versus eumenorrheic (EU-
MEN) subjects. Data is displayed as mean ± SD or median [interquartile range]. 

Variable AMEN (n = 5) EUMEN (n = 5) p Value 

BMI (kg∙m−2) 20.7 ± 1.7 21.1 ± 1.6 0.72 

FFM (kg) 47.0 ± 1.9 45.1 ± 2.9 0.25 

Body Fat (%) 19.7 ± 2.8 19.7 ± 2.5 0.98 

EA (kcal·kg−1·FFM·d−1) 28.4 ± 13.2 30.2 ± 11.7 0.82 

Estradiol (pg∙mL−1) 32.8 ± 14.9 40.4 ± 16.0 0.46 

Progesterone (ng∙mL−1) 1.9 [0.7 - 5.4] 2.8 [0.7 - 6.2] 1.00 

Leptin (ng∙mL−1) 4.3 ± 1.7 5.2 ± 2.8 0.56 

TC (mg∙dL−1) 165.2 ± 8.0 169.0 ± 22.5 0.73 

LDL-C (mg∙dL−1) 85.4 ± 7.5 88.8 ± 17.3 0.70 

HDL-C (mg∙dL−1) 64.4 ± 7.5 64.8 ± 9.6 0.94 

Triglycerides (mg∙dL−1) 55.2 ± 23.6 63.2 ± 29.0 0.65 

Abbreviations: BMI = body mass index; FFM = fat-free mass; EA = energy availability; TC 
= total cholesterol, p value represents difference via independent-samples t test or Mann-
Whitney U-test, *Significant difference (p < 0.05) between groups. 

2.2. Metabolic Assessment 

Metabolic data collection was scheduled over two assessment sessions on separate 
days. Assessment session I consisted of anthropometric measurement with a plat-
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form scale and stadiometer (QuickMedical, Issaquah, WA), fasting venous blood 
sample collection, body composition analysis with BC-418 Segmental Body Com-
position Analyzer (Tanita, Arlington Heights, IL), and resting metabolic rate (RMR) 
measurement using Parvo Medics TrueOne 2400 metabolic cart (Parvo Medics, 
Sandy, UT). Assessment session I was conducted in the morning hours (700 - 1000) 
following a 12-hour fast and absence of intense exercise training within the prior 
24 hrs. Eumenorrheic female athletes were assessed during the early follicular 
phase (days 2 - 6 immediately following the onset of menses via self-report) to 
avoid fluctuations in hormone levels and RMR due to variation in menstrual cycle 
phase [36]. Assessment session II was conducted in the afternoon (1300 - 1600) 
and included the measurement of maximal oxygen consumption (VO2 max) using 
the standard Bruce Protocol treadmill test using Parvo Medics TrueOne 2400 met-
abolic cart.  

2.3. Assessment of Energy Availability 

Dietary energy intake and energy expenditure were measured over 3 consecutive 
days to calculate energy availability (EA) at baseline and at the end of the 12-week 
dietary intervention. Subjects completed a 3-day dietary record following educa-
tion by the researchers and were instructed to maintain their habitual eating pat-
terns and exercise training during the data collection period. ActiGraph GT9X 
Link (ActiGraph, Pensacola, FL) tri-axial accelerometers were worn by subjects 
on their non-dominant wrist for the 3-day period to measure non-exercise phys-
ical activity thermogenesis (NEAT). Subjects were instructed to wear Polar H7 
Heart Rate (HR) Monitors (Polar, Stockholm, Sweden) during all exercise sessions 
to determine exercise energy expenditure (EEE). 

Subject energy intake (EI) was calculated using 3-day dietary record data with 
the 2013-2014 Version of the Food and Nutrient Database for Dietary Studies 
(FNDDS; Food Surveys Research Group, Beltsville, MD) [37]. NEAT was calcu-
lated using ActiLife Software, version 6.13.3 (ActiGraph). EEE was calculated 
from the HR data measured during training sessions using corresponding energy 
expenditure data recorded during VO2 max testing. EA was calculated by subtrac-
tion of EEE from EI normalized for fat-free mass (FFM), or EA = (EI – EEE)/kg 
FFM expressed in kcal·kg−1·FFM·d−1.  

2.4. Serum Hormone and Lipid Measurement 

Fasting venous blood samples were centrifuged for 15 minutes at 2500 RPM and 
serum was collected and immediately stored at −80˚C until analysis. Serum estra-
diol, progesterone, and leptin were measured using enzyme-linked immunoassay 
(ELISA) kits (ALPCO, Salem, NH) on a microplate reader (Infinite 200 PRO se-
ries, Tecan Trading AG, Switzerland). Serum total cholesterol (TC), high-density 
lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), 
and triglycerides (TG) were measured by use of a clinical chemistry auto-analyzer 
(Medica EasyRA, Bedford, MA). 
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2.5. Dietary Intervention 

Following baseline data collection, subjects were instructed to consume two eggs 
per day in the form of their choice for a 12-week time period that took place over 
the course of the outdoor track and field season. Subjects were instructed to oth-
erwise maintain normal eating habits during this intervention period. Egg con-
sumption provided between 328 - 372 mg of supplemental dietary cholesterol 
daily based on the content supplied by two medium-to-large eggs in the FNDDS 
[36]. 

2.6. Statistical Analysis 

Statistical analysis was performed using SPSS version 24.0 (IBM, Armonk, NY, 
USA). Study data is presented as mean ± SD for normal distribution as determined 
by the Shapiro-Wilk test. Data is alternatively presented as median (interquartile 
range) for non-normal distribution. The subjects were divided into two groups 
based on menstrual status for analysis. Subjects were classified in the amenorrheic 
group (AMEN, n = 5) if self-report revealed the absence of the menstrual cycle 
for >90 days prior to recruitment into the study or Eumenorrheic (EUMEN, n = 
5) if self-report indicated consistent menstrual cycles occurring at 26 to 32-day 
intervals.  

Independent-samples t test was used to compare normal data between the AMEN 
and EUMEN groups at baseline and post-dietary intervention. Mann-Whitney U-
test was used to compare non-normal data between groups. Paired-samples t test 
was used to compare data at baseline to data post-dietary intervention within the 
AMEN and EUMEN groups. Related-samples Wilcoxon Signed Rank Test was 
used to compare non-normal data within AMEN and EUMEN groups. Statistical 
significance for all analyses was set at an alpha level of 0.05.  

3. Results 

At baseline, there were no significant differences between treatment groups in 
measurements of body composition, energy availability, serum hormones, or se-
rum lipids (Table 1). Mean EA in AMEN group was calculated to be 28.4 ± 13.2 
kcal·kg−1·FFM·d−1, falling below the threshold of 30 kcal·kg−1·FFM·d−1. Mean EA 
was slightly at this threshold in EUMEN group at 30.2 ± 11.7, though this differ-
ence in comparison to AMEN (+6.1%) was not significant (p = 0.82). Mean serum 
estradiol, progesterone and leptin levels were lower in AMEN versus EUMEN 
(−19%, −32%, and −17%, respectively), but these differences were not statistically 
significant. There was no difference between AMEN and EUMEN groups in se-
rum lipid levels. 

There were also no significant differences between AMEN and EUMEN groups 
in body composition data, energy availability, serum hormones, or serum lipids 
after the 12-week dietary intervention (Table 2). Although both the AMEN and 
EUMEN groups now had mean EA below the threshold of 30 kcal·kg−1·FFM·d−1 
after week 12 (25.2 ± 14.3 kcal·kg−1·FFM·d−1 and 27.0 ± 4.7 kcal·kg−1·FFM·d−1, re-
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spectively). Also, the AMEN group still had lower mean serum estradiol and pro-
gesterone levels than the EUMEN group (−24% and −64%, respectively), though 
these differences were not statistically significant. However, after the 12-week in-
tervention, the AMEN group had slightly higher mean serum leptin levels than 
the EUMEN group (24%). 

 
Table 2. Comparison of post-intervention data in amenorrheic (AMEN) versus eumenor-
rheic (EUMEN) subjects. Data is displayed as mean ± SD or median [interquartile range]. 

Variable AMEN (n = 5) EUMEN (n = 5) p Value 

BMI (kg∙m−2) 20.4 ± 1.4 20.9 ± 1.7 0.75 

FFM (kg) 47.0 ± 1.7 46.0 ± 2.9 0.53 

Body Fat (%) 20.1 ± 3.6 18.8 ± 6.0 0.69 

EA (kcal·kg−1·FFM·d−1) 25.2 ± 14.3 27.0 ± 4.7 0.79 

Estradiol (pg∙mL−1) 29.8 ± 11.5 39.4 ± 32.9 0.56 

Progesterone (ng∙mL−1) 2.1 [0.4 - 3.9] 5.8 [2.8 - 13.7] 0.22 

Leptin (ng∙mL−1) 7.3 ± 1.7 5.9 ± 3.5 0.44 

TC (mg∙dL−1) 173.4 ± 18.6 165.4 ± 16.5 0.49 

LDL-C (mg∙dL−1) 94.0 ± 17.7 84.8 ± 9.1 0.33 

HDL-C (mg∙dL−1) 67.0 ± 7.8 69.4 ± 11.3 0.71 

Triglycerides (mg∙dL−1) 59.8 ± 29.6 55.0 ± 10.8 0.74 

Abbreviations: BMI = body mass index; FFM = fat-free mass; EA = energy availability; TC 
= total cholesterol, p value represents difference via independent-samples t test or Mann-
Whitney U-test, *Significant difference (p < 0.05) between groups. 

 
Table 3. Comparison of pre-intervention to post-intervention data within amenorrheic 
(AMEN) and eumenorrheic (EUMEN) groups. 

Variable Group Baseline Week 12 p Value 

BMI (kg∙m−2) 
AMEN 20.7 ± 1.7 20.4 ± 1.4 0.84 

EUMEN 21.1 ± 1.6 20.9 ± 1.7 0.79 

FFM (kg) 
AMEN 47.0 ± 1.9 47.0 ± 1.7 0.97 

EUMEN 45.1 ± 2.9 46.0 ± 2.9 0.46 

Body Fat (%) 
AMEN 19.7 ± 2.8 20.1 ± 3.6 0.71 

EUMEN 19.7 ± 2.5 18.8 ± 6.0 0.64 

EA (kcal·kg−1·FFM·d−1) 
AMEN 28.4 ± 13.2 25.2 ± 14.3 0.62 

EUMEN 30.2 ± 11.7 27.0 ± 4.7 0.50 

Cholesterol Intake (mg·d−1) 
AMEN 195.8 ± 144.7 388.6 ± 131.7 0.14 

EUMEN 303.9 ± 263.2 343.1 ± 271.9 0.40 

Estradiol (pg∙mL−1) 
AMEN 32.8 ± 14.9 29.8 ± 11.5 0.72 

EUMEN 40.4 ± 16.0 39.4 ± 32.9 0.91 

Progesterone (ng∙mL−1) 
AMEN 1.9 [0.7 - 5.4] 2.1 [0.4 - 3.9] 0.89 

EUMEN 2.8 [0.7 - 6.2] 5.8 [2.8 - 13.7] 0.23 
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Continued 

Leptin (ng∙mL−1) 
AMEN 4.3 ± 1.7 7.3 ± 1.7 0.02* 

EUMEN 5.2 ± 2.8 6.2 ± 4.0 0.37 

TC (mg∙dL−1) 
AMEN 165.2 ± 8.0 173.4 ± 18.6 0.28 

EUMEN 169.0 ± 22.5 165.4 ± 16.5 0.63 

LDL-C (mg∙dL−1) 
AMEN 85.4 ± 7.5 94.0 ± 17.7 0.17 

EUMEN 88.8 ± 17.3 84.8 ± 9.1 0.59 

HDL-C (mg∙dL−1) 
AMEN 64.4 ± 7.5 67.0 ± 7.8 0.20 

EUMEN 64.8 ± 9.5 69.4 ± 11.3 0.19 

Triglycerides (mg∙dL−1) 
AMEN 55.2 ± 23.6 59.8 ± 29.6 0.79 

EUMEN 63.2 ± 29.0 55.0 ± 10.8 0.49 

Abbreviations: BMI = body mass index; FFM = fat-free mass; EA = energy availability; TC 
= total cholesterol, p value represents difference via paired-samples t test or related-samples 
Wilcoxon Signed Rank Test, *Significant difference (p < 0.05) between groups. 

 
When comparing the pre-intervention and post-intervention data within groups 

there were still no significant differences in body composition, serum estradiol 
and progesterone levels, or blood lipids, however, there was a significant increase 
in serum leptin levels in the AMEN but not with the EUMEN group (Table 3). 
This difference in serum leptin level in the AMEN group, increased from 4.3 ± 1.7 
ng∙dL to 7.3 ± 1.7 ng∙dL at week 12 of the dietary intervention (+70%, p = 0.02). 
Whereas, there was no significant change in serum leptin in EUMEN subjects 
(19%). EA decreased similarly within both AMEN and EUMEN groups (−11%) over 
the 12 weeks. As far as the dietary intervention of consuming 2 whole eggs per day 
for 12 weeks, the mean daily cholesterol intake increased greatly in the AMEN 
group (+98%) but only slightly in the EUMEN group (13%), but not statistically 
significant (p = 0.14 and p = 0.40, respectively). In a follow-up interview regarding 
menstrual status, it was revealed that one of five amenorrheic athletes regained 
menses by the end of the 12 week dietary intervention period. 

4. Discussion 

This is the first known study to assess the effects of supplemental dietary choles-
terol in amenorrheic female athletes upon ovarian sex hormones and leptin. The 
present study was conducted prospectively in free-living conditions with no alter-
ations to exercise training in participants. Though increased exogenous choles-
terol intake did not increase serum estrogen or progesterone, an increase in serum 
leptin occurred in amenorrheic athletes following the 12-week dietary interven-
tion. No adverse effects of the increased cholesterol intake upon lipid profile were 
observed. 

Supplementary dietary cholesterol was consumed by subjects in the form of 
eggs, which in addition to supplying numerous nutrients are inexpensive and eas-
ily obtained and prepared. Eggs are an ideal food to be used to increase exogenous 
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cholesterol intake as they are high in dietary cholesterol without excessive amounts 
of saturated fat, as in other animal products. The high bioavailability of egg pro-
tein [38] provides essential amino acids (EAAs) that aid muscle protein synthesis, 
which may preserve lean body mass and facilitate recovery from intense training 
[39]-[41]. Eggs provide several B-vitamins required by energy production through 
cellular respiration in the body, including thiamin, riboflavin, folate, B6, and B12 
[42]. In addition, eggs contain high amounts of leucine, an EAA that mediates 
skeletal muscle glucose uptake in tandem with the insulin signaling pathway [43]. 
Increased levels of intracellular leucine enable glucose-sparing and blood sugar 
maintenance during exercise and energy restriction [42], which may enhance en-
durance performance in female athletes with FHA [44]. 

An increase in serum leptin was observed in amenorrheic female athletes despite 
persistence of energy deficiency as determined by EA below 30 kcal·kg−1·FFM·d−1 
both at baseline and post-intervention. Leptin levels are responsive to both changes 
in acute energy balance and adipose tissue stores [28], both of which remained 
stable in study participants over 12 weeks. The clinical relevance of this elevation 
in leptin has been established by previous literature in amenorrheic female ath-
letes, where it has been proposed as a treatment to restore menstruation and im-
prove bone health [32] [33]. The first prospective interventional study adminis-
tering twice-daily intravenous recombinant leptin treatment reported efficacy in 
stimulating follicular growth and ovulation, increasing mean LH and LH pulse fre-
quency, estradiol, IGF-1, thyroid hormone, and markers of bone formation with no 
change in markers of resorption [32]. A second interventional study also reported 
stimulation of menses, an increase in estradiol and progesterone, and favorable 
changes in bone markers corresponding to increases in serum leptin [33]. These 
studies show how serum leptin levels change the hormones involved in the Ac-
tivin-Follistatin-Inhibin Axis (AFI axis), where females with HA demonstrate 
lower circulating levels of Activins and FSTL3, and higher levels of FST compared 
to healthy women [45]. Although the exact mechanism of action has not been ob-
served, Activins and Inhibins belong to the transforming growth factor beta (TGF-
β) family, and are highly expressed in the pituitary gland, gonads, placenta, and cor-
pus luteum [45] [46]. Activins enhance pituitary follicle-stimulating hormone 
(FSH) secretion, whereas Inhibins have an opposite action on FSH secretion [45] 
[46]. Hence, Activins and Inhibins both play a role in the regulation of the men-
strual cycle. At the same time, they have paracrine effects associated with ovarian 
follicular development and steroidogenesis, which are important processes of re-
productive function [45] [46]. Further prospective research should be conducted 
to assess the benefit of elevations in serum leptin due to dietary cholesterol con-
sumption upon bone markers in female athletes with FHA. 

Serum estradiol and progesterone did not change in response to the 12-week 
dietary cholesterol intervention. This data contrasts with literature examining in-
creased dietary cholesterol in animal models that produced elevations in ovarian 
steroid hormones as early as 4 weeks in carp (24) and 9 weeks in ovariectomized 
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mice [23]. It should be noted that these studies were conducted in sedentary ani-
mal populations fed ad libitum without significant physical energy expenditure. 
Data in exercise-trained animal populations with supplemental dietary cholesterol 
is also limited, though a 12-week prospective study showed an increase in serum 
estradiol in female exercise-trained rats receiving a high-cholesterol diet [25]. 
Though it was hypothesized that an increase in serum leptin would increase ovar-
ian hormones accordingly, the duration of the intervention may not have been 
adequate to allow neuroendocrine adaptations in response to energy homeostasis 
to occur. Previous literature regarding intravenous leptin treatment measured 
substantial elevations in serum leptin after 12 weeks; treatment did not elicit changes 
in estradiol or progesterone until assessment after 24 weeks of treatment [33]. Di-
etary cholesterol supplementation extended over a longer period should be con-
ducted to determine if leptin increases will effectively induce other favorable met-
abolic and hormonal changes accordingly. 

There were no unfavorable changes observed in blood lipid levels of amenor-
rheic or eumenorrheic participants in response to the increased dietary cholesterol 
intervention involving the consumption of two eggs per day. This is the first known 
study assessing the impact of egg consumption on lipid profile in amenorrheic 
female athletes. There has been much controversy over the past several decades 
regarding the impact of dietary cholesterol upon blood lipids, though the regula-
tion of cholesterol homeostasis is now better understood. An increase in dietary 
cholesterol intake reduces endogenous biosynthesis due to activation of the nega-
tive feedback loop that suppresses HMGR activity [47]. The most recent version 
of Dietary Guidelines for Americans has been updated to remove the previous 
recommendations to limit daily cholesterol intake [48]. Literature examining the 
effect of egg consumption on cardiovascular health report absence of correlation 
with the risk for coronary artery disease and stroke in non-diabetic individuals 
[49] [50]. Investigation of the impact upon genes involved with regulation of cho-
lesterol homeostasis indicated that consumption of three eggs per day did not im-
pact total cholesterol or genes involving cholesterol uptake and transport in healthy 
individuals [51]. In addition, research conducted in overweight males consuming 
three eggs per day on a carbohydrate-restricted diet had increases in HDL-C with-
out a change in LDL-C [52]. Though cholesterol absorption varies greatly among 
individuals [53], previous studies have shown a mean increase of 2.2 mg∙dL−1 in 
plasma total cholesterol per every 100 mg∙day−1 increase [54]. Hyper responders, 
comprising approximately 25% of the population, experience increases in both 
LDL-C and HDL-C; however, the LDL-C/HDL-C ratio remains constant [55] [56].  

Several limitations of the current study should be noted. Menstrual status of the 
participants was determined through self-report, and no other markers of fertility 
or hypothalamic-pituitary-ovarian axis function were assessed for confirmation. 
The dietary intervention was a 12-week prospective study that may not have been 
of adequate duration to measure changes in ovarian sex hormones in response to 
the elevation in serum leptin. The group sizes in the current study were limited 
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due to the exclusion of a high number of subjects due to oral contraceptive use, 
and therefore may not have been adequate to provide statistical power to detect 
differences in sex hormones. Due to the small number of available eligible study 
participants, no amenorrheic or eumenorrheic control groups without egg con-
sumption were included. However, it is of note that one of five amenorrheic ath-
letes recovered menses at the end of the dietary intervention, which warrants fur-
ther investigation. Future prospective studies involving egg consumption in 
amenorrheic athletes with group sizes of adequate statistical power to determine 
further impacts upon sex hormones and/or specific changes in menstrual status 
for a longer time period than 12 weeks should be conducted. In addition, the im-
pact of increases in serum leptin on bone markers and other markers of metabolic 
status due to egg consumption should also be assessed. 

In conclusion, twelve-week consumption of two eggs per day increased serum 
leptin in energy-deficient amenorrheic athletes despite the presence of low EA. 
Egg consumption had no effect on estradiol or progesterone regardless of changes in 
leptin. Serum lipids were not adversely affected by the increase in dietary choles-
terol. Further study to determine the effects of increased dietary cholesterol upon 
ovarian sex hormones over a longer duration is warranted, as this would be a po-
tential nutritional treatment to improve metabolic health for amenorrheic ath-
letes. 
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