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Introduction: Functional hypothalamic amenorrhea (FHA) is a complex clinical
condition crucial to understand and treat due to its intricate etiology, difficulties
in applying standard treatments, and significant long-term health effects. This
study aimed to summarize and analyze the current research methodologies and
findings from rodent models of FHA to provide insights for future investigations.

Methods: A literature search was conducted on EMBASE and MEDLINE up to
September 23, 2022, using predefined search terms to target FHA-related studies
in rodent models. This review focused on experimental studies involving rodent
models of FHA, including related nonorganic disorders, such as primary ovarian
insufficiency (POI) and polycystic ovary syndrome (PCOS). Data were
independently collected by researchers, detailing animal models, FHA
induction methods, experimental outcomes, and mechanistic exploration, with
a synthesis of results comparing FHA with POl and PCOS.

Results: Thirty articles (9 on FHA, 14 on POI, and 7 on PCOS) were analyzed,
revealing diverse FHA induction methods, including dietary interventions and
exercise, inconsistencies in estrous cycle monitoring, and varied focuses in
mechanistic investigation. Some studies have emphasized hypothalamic-
pituitary-adrenal axis dysfunction, whereas others have investigated ovarian
abnormalities. Comparative analyses of POl and PCOS models identified
research gaps and suggested future research directions.

Conclusions: The incorporation of consistent estrous cycle monitoring and
biomarker measurements is crucial for the advancement of FHA research. Future
studies should comprehensively investigate hormonal changes and explore potential
therapeutic targets for ovarian inflammation and androgen involvement.
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1 Introduction

Functional hypothalamic amenorrhea (FHA) presents a
complex clinical challenge, affecting 20-35% of secondary and 3%
of primary amenorrhea cases. FHA is defined as a chronic
anovulatory condition with no identifiable organic cause (1).
Stress from caloric restriction or psychological factors is a
significant contributor (2, 3).

Understanding FHA is crucial due to its multifactorial etiology,
the challenges in standard treatment, and significant long-term
health impacts. Current management is multidisciplinary (medical,
dietary, mental health), but many patients struggle with adherence
(2) highlighting the need for more effective strategies.

FHA not only causes menstrual dysfunction but also chronic
hypoestrogenism, increasing the risk of infertility, bone loss and
early osteoporosis, and even cardiovascular issues due to endothelial
dysfunction. Additionally, FHA often coexists with anxiety or
emotional stress, which further suppresses the hypothalamic-
pituitary-gonadal axis and complicates recovery (2-5).

Several rodent studies have tested potential FHA treatments
(e.g., agmatine injections (6) or Milicia excelsa root extract (7)), but
these primarily addressed symptoms rather than underlying
mechanisms. A few others induced FHA via specific diets or
exercise protocols (8-12); however, each model only captured
certain aspects of FHA’s complex pathophysiology. These gaps
underscore the need for further rodent studies to elucidate FHA’s
underlying biological mechanisms. By leveraging the controlled
experimental environment provided by rodent studies, researchers
can gain valuable insights into the complex interplay between the
factors contributing to FHA development and progression. Such
insights are essential for developing more targeted and effective
therapeutic interventions to improve the management and long-
term outcomes of patients with FHA.

Therefore, this scoping review aimed to identify and summarize all
rodent FHA studies, including their induction methods and
investigated mechanisms. We also compared FHA models with
rodent models of primary ovarian insufficiency (POI) and polycystic
ovary syndrome (PCOS) to gain new insights into FHA
pathophysiology. This review will contribute to enhancing the
understanding of FHA and informing future treatment developments.

2 Methods

This scoping review was conducted based on the Preferred
Reporting Items for Systematic Review and Meta-Analysis extension
for Scoping Reviews checklist (13), with some modifications.

Abbreviations: ATP, Adenosine triphosphate; CRH, Corticotropin releasing
hormone; FHA, Functional hypothalamic amenorrhea; FSH, Follicle
stimulating hormone; HPO, Hypothalamic-pituitary-ovarian; LH, Luteinizing
hormone; PCOM, Polycystic ovarian morphology; PCOS, Polycystic ovary

syndrome; POI, Primary ovarian insufficiency.
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2.1 Eligibility criteria

This study focused on FHA in mouse and rat models, setting
comprehensive inclusion criteria for the literature search to capture
relevant studies, even if they did not explicitly state “FHA” in the title.
The inclusion criteria were experimental studies that induced
amenorrhea in rats or mice. Subsequently, studies specifically related
to FHA were identified in the selected studies. Studies on POI and
PCOS were included for comparison with FHA because of their similar
nonorganic etiologies. This study aimed to identify the potential areas
for further exploration of FHA pathology by examining the biological
mechanisms underlying POI and PCOS. We excluded duplicate
publications, non-peer-reviewed studies, studies not focused on
amenorrhea, non-experimental studies, such as reviews, studies not
involving mice or rats, studies not written in English, and studies that
were unavailable despite our efforts to obtain the full text.

2.2 Information sources and search
strategy

The databases used for the literature search were EMBASE and
MEDLINE via Embase.com. The search was conducted on
September 23, 2022, following a pre-study review and expert
consultation to identify key search terms used. The key search
terms used to identify studies according to the eligibility criteria are
listed in Supplementary Table S1.

2.3 Selecting sources of evidence

The initial literature search list and data extraction were compiled
in Microsoft Office Excel 2010. We established a screening and data
extraction strategy to ensure consistency among reviewers. Three
researchers (DY Min, MS Kang, and BS Kim) independently screened
the literature, and discrepancies were resolved through discussions
involving another set of three researchers (JY Park, SY Kim, and BS
Kim). The screening process involved sequential steps to exclude
studies that did not meet the predefined inclusion criteria. Initially,
records that met the preselected exclusion criteria were excluded.
Subsequently, a thorough examination of the full text was conducted
to confirm whether the literature aligned with this study. Studies not
explicitly labeled “FHA” were carefully assessed for inclusion if they
met the FHA criteria. In addition, studies in which amenorrhea was
not the primary focus, was only considered as a consequence of
another disease, or in which amenorrhea was induced with an
identifiable organic cause were excluded.

2.4 Data charting process and items

Data extraction was independently conducted by two
researchers (DY Min and MS Kang), and disagreements were
resolved through discussions with other researchers (JY Park, SY
Kim, and BS Kim). Information related to the experimental model
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was extracted, including the animal type, specific species, age of
animals, target disease, method of disease induction, and
experimental design. Studies that identified related disorders, such
as eating disorders and athletic amenorrhea, rather than FHA, were
organized as the target disease categories. In addition, the results of
the experiments, including animal weight, estrous cycle, ovarian
morphology, sex steroid hormones, gonadotropins, and other
relevant outcomes, were summarized. Consequently, if efficacious
substances were concurrently designed for disease treatment, the
extracted information included the substances used, route and
duration of administration, and efficacy confirmation time.

2.5 Statistical analysis

The characteristics of the studies included in this review were
summarized using descriptive statistics. We analyzed the publication
time trends of all the included studies. Studies on FHA were
categorized into primary or secondary amenorrhea types, and the
specific methods used to induce amenorrhea were analyzed and
synthesized. Additionally, we verified whether FHA induction was
confirmed through reports on the estrous cycle. We analyzed the
biomarkers measured in each study and categorized them as serum,
organic, total body, and behavioral markers. Additionally, we
compared the features mentioned above observed in POI and
PCOS rodent studies with those observed in FHA studies.

3 Results
3.1 Selecting sources of evidence

Overall, 383 studies were identified using the search strategy.
After removing six duplicate studies, 377 records remained; we
excluded 332 at the abstract stage for not being peer-reviewed, not
focusing on amenorrhea, not being experimental, or not using rodent
models. Subsequently, 45 full-text articles focusing on diseases with
amenorrhea as the primary symptom were examined to meet this
study’s objectives. We examined the research design and content to
identify the target diseases in each study. The 45 studies were
categorized as FHA (n=9) (6-12, 14, 15), POI (n=14) (16-29),
PCOS (n=7) (30-36), and organic amenorrhea (n=15) (37-51).
The 15 studies classified as “organic amenorrhea” were excluded
from the analysis as the condition targeted in these studies could be
identified as an organic cause of the disease. Bibliographic details and
reasons for excluding these studies are presented in Supplementary
Table S2. Consequently, 30 studies were included in the final analysis
(Figure 1). Of these, 30.0% (n = 9) focused on FHA, 46.7% (n = 14) on
POI, and 23.3% (n = 7) on PCOS.

3.2 Characteristics of the included studies

The 30 studies included in this review were conducted between
2006 and 2022. Before 2009, only one study (3.3%) was conducted,
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which focused on POI (29). Between 2010 and 2014, eight studies
(26.7%) were published: four FHA (11, 12, 14, 15), two POI (27, 28),
and two PCOS (35, 36) studies. Between 2015 and 2019, nine
studies (30%) were conducted: three FHA (6, 7, 10), three POI (24~
26), and three PCOS (32-34) studies. Between September 2020 and
2022, 12 studies (40%) were conducted: eight POI (16-23), two
FHA (8, 9), and two PCOS (30, 31) studies. Although the total
number of studies is small, an increasing trend is observed,
especially in POI-related studies (Figure 2).

3.3 Characteristics of the FHA rodent
studies

3.3.1 Disease induction methods of the FHA
rodent studies

The details of disease induction in the selected rodent studies are
summarized in Table 1. Of the nine FHA rodent studies, seven (77.8%)
focused on secondary amenorrhea (6, 8-12, 15), while two addressed
primary amenorrhea (7, 14). In the primary amenorrhea models, one
study (14) used a gonadotropin-releasing hormone (GnRH) antagonist
to delay the onset of menarche, whereas another (7) administered an
active plant compound (Milicia excelsa extract) to accelerate menarche,
suggesting stimulation of the hypothalamic—pituitary—ovarian (HPO)
axis. For the seven secondary amenorrhea studies, the disease was
induced through behavioral or genetic methods: dietary interventions
in three studies (42.9%) (8, 9, 12), exercise in one study (14.3%) (10),
combined dietary and exercise in two studies (28.6%) (6, 11), and
genetic manipulation in one study (14.3%) (15), as illustrated in
Figure 3. Dietary interventions involve adjusting the overall caloric
intake (6, 8, 11) or restricting some nutrients (9, 12). Regarding
exercise, some models used forced treadmill running or swimming
(10, 11), while others allowed voluntary wheel running (6) (Figure 4).
One study (15) used genetic knockout of the adrenocorticotropic
hormone receptor/melanocortin 2 receptor gene, leading to
corticosterone deficiency.

Although each study used a different induction duration, none
provided a rationale for their chosen timeframe. The shortest and
longest induction periods were 10 and 35 days, respectively
(Table 1). In Mvondo et al. (7), a therapeutic agent given before
menarche advanced its onset, so defining an induction period was
not applicable. Matsuwaki et al. (15) used a genetic model causing
lifelong dysfunction from birth, making an induction duration
impractical to determine.

Six of the nine FHA studies (66.7%) monitored estrous cycle
changes, and the reporting formats varied greatly (6, 9-12, 15). Four
studies presented estrous cycle data in figure form (9, 11, 12, 15):
three showed all four cycle stages, whereas one omitted the
metestrus stage (15). Another study labeled the cycle’s peak as
‘proestrus’ instead of distinguishing phases (11).

3.3.2 Measured markers of the FHA rodent
studies

We analyzed various biomarkers measured in each rodent FHA
study and summarized them in Table 2. Although all nine FHA

frontiersin.org


https://doi.org/10.3389/fendo.2025.1456754
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Min et al. 10.3389/fendo.2025.1456754

)
= Records identified through database
é searching:
=z MEDLINE, EMBASE (n = 383)
E
D
= Duplicates removed:
(n=0)
-/
)
Records after duplicates removed:
(n=377)
(-1}
=
5 v
:
@ Records screened: _| Records excluded:
(n=377) Not peer-reviewed (n = 135)
Not related to reversible amenorrhea (n = 116)
Not experimental design (n=71)
Not using mice or rats (n = 10)
v
£
= Full-text articles assessed for eligibility: ,| Records excluded:
E” (n=45) Organic amenorrhea (n = 15)
- v
)
2 Final studies included in review:
= FHA (n=9)
"g‘ POI (n=14)
= PCOS (n=7)
—/

FIGURE 1
Flow chart of the study selection process. FHA, functional hypothalamic amenorrhea; POI, primary ovarian insufficiency; PCOS, polycystic

ovary syndrome.
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Publication distribution over time.

Frontiers in Endocrinology 04 frontiersin.org


https://doi.org/10.3389/fendo.2025.1456754
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

TABLE 1 Details of disease induction of selected rodent studies on functional hypothalamic amenorrhea.

Disease induction

1ee uiw

ABojourdopul Ul s1a13uU0I4

S0

640°UISIoNUOY

Type of
; f Type of : ; ; ;
Author (year) Animal (type) Age (in days) amenorrhea ; yP Details of Disease induction Estrous
induced Target disease disease . . . : )
. : disease induction duration (in days)  cycle report
induction
Tto (2021) (8) Mouse (C57/B6) 28 Secondary Food restriction Diet Low-calorie diet 35 No
Tonai (2020) (9) Mouse (C57BL/6]]cl) 21 Secondary Iron deficiency Diet Low Fe diet 21 Yes
Xiong (2018) (10) Rat (SD) 84 Secondary Athletic amenorrhea Physical training Forced swimming 21 Yes
Mvondo (2017) (7) Rat (wistar) 45 Primary Puberty ND NA NA No
Taksande (2015) (6) Rat (SD) 60 Secondary Activity- Diet & Low-calorie diet and 10 Yes
based anorexia physical training free training
Butler (2013) (14) Rat (SD) 23 Primary Puberty GnRH antagonist GnRH antagonist injection 18 No
Narita (2011) (12) Rat (wistar) 42 Secondary Essential amino Diet Single-amino-acid- 16 Yes
acids deficiency deficient diet
Dos Santos (2011) (11) Rat (wistar) 84 Secondary Food restriction & Diet & Low-calorie diet or forced 28 Yes
athletic amenorrhea physical training training or a combination
of both
Matsuwaki (2010) (15) Mouse (ND) ND Secondary Functional Genetic modification Melanocortin 2 receptor NA Yes
hypothalamic knock-out
amenorrhea

ND, not described. NA, not applicable.
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Genetic
mutation

Physical
training

Diet &
physical
training

Secondary amenorrhea

Frequency of disease induction methods by each type of amenorrhea. Primary amenorrhea refers to the failure to initiate estrous cycles after
puberty, while secondary amenorrhea refers to the cessation of established estrous cycles. The bars represent the total number of studies involving
either primary or secondary amenorrhea. The colors indicate the type of induction method: Light gray = genetic mutation, Light blue = physical
training, Medium blue = combined diet and physical training, Dark blue = diet, White = GnRH-antagonist, Black = no treatment.

levels, FSH receptor, CYP19A1, Cyclin D2). Xiong et al. (10)
assessed ovarian mitochondrial function by measuring mtDNA
copy number. Taksande et al. (6) and Matsuwaki et al. (15)
investigated hypothalamic-pituitary-adrenal (HPA) axis
involvement in FHA; notably, Matsuwaki’s genetic model

pinpointed an elevated corticotropin-releasing hormone (CRH)
effect. Narita et al. (12) measured metabolic hormones (IGF-1,
leptin, insulin, ghrelin) to study appetite-related mechanisms.
Mvondo et al. (7) monitored gonadotropin and sex steroid levels,
as well as reproductive organ development, during delayed puberty.

‘ Diet
Total Calories Single Nutrient
Restriction Restriction
Induction for 10 days Induction for 28 days Induction for 35 days Induction for 16 days Induction for 21 days
Taksande et al. (2015) Santos et al. (2011) Ito et al. (2021) Narita et al. (2011) Tonai et al. (2020)
‘ Training |
Forced Training Free Training

Induction for 28 days

Induction for 21 days

Xiong et al. (2018) Santos et al. (2011)

FIGURE 4

Induction for 10 days

Taksande et al. (2015)

Disease induction duration based on the disease induction method for secondary amenorrhea. Seven studies focused on secondary amenorrhea
were classified into diet and training, providing detailed methods and the duration over which the disease was induced.
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TABLE 2 Measured markers in FHA rodent studies.

Serum markers

Organic markers

Behavioral
Author (year) Sex Other Total body markers markers
Gonadotropin . Others Reproductive system Other organs
steroids hormones
Tto (2021) (8) IGE-1 [Uterus] Weight [Bone] Body weight, body length Running
Skeletal morphology ¥ welght, body fengt wheel activity
[Ovary] Weight, follicular
Tonai (2020) (9) FSH - - Iron morphology, iron, E2, RNA, ATP, [Liver] Iron level Body weight Pregnancy rate
Cyp19al, Cend2
[Ovary] Weight, follicular
Xiong (2018) (10) FSH, LH E2, P4, T - - morphology, mtDNA copy number, - Body weight -
ND2, E2, ER, PR
Mvondo [Uterus] Weight, epithelial height i
FSH, LH E2, P4 - - - Bod: t -
(2017) (7) [Vagina] Epithelial height ody weigh
Taksande ' ' Food u?ta.ke,
- - Corticosterone - - - Body weight running
(2015) (6) S
wheel activity
[Bone] Growth .
Butler (201 14 - - - - - B -
utler (2013) (14) plate morphology ody weight
IGF-1, leptin, Glucose, lipids (TC,
Narita (2011) (12) - - insulin, TG, NEFA), [Ovary] Weight, amino acid [Liver] Weight, TG Body weight, total fat weight Food intake
desacyl ghrelin amino acids
Body weight, chemical composition of the
Dos Santos . . L . . . .
Q011 (11) - E2 Leptin - [Ovary] Weight - carcass (protein, lipid, perirenal adipose tissue Food intake
weight etc.)
. . [Brain] CRH, GnRH-
Matsuwaki LH 0 B B [Ovary] Follicular morphology containing B Sexual behavior

(2010) (15)

[Vagina] Vaginal opening latency

neuron, kisspeptin

ATP, Adenosine Triphosphate; Cend2, Cyclin D2; CRH, Corticotropin-Releasing Hormone; Cyp19al, Cytochrome P450 Family 19 Subfamily A Member 1; E2, Estradiol; ER, Estrogen Receptor; FSH, Follicle-Stimulating Hormone; GnRH, Gonadotropin-Releasing
Hormone; IGF-1, Insulin-Like Growth Factor; LH, Luteinizing Hormone; mtDNA, Mitochondrial DNA; ND2, NADH Dehydrogenase Subunit 2; NEFA, Non-esterified Fatty Acids; P4, Progesterone; PR, Progesterone Receptor; RNA, Ribonucleic Acid; T, Testosterone;
TC, Total Cholesterol; TG, Triglyceride.
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Ito et al. (8) and Butler et al. (14) explored the impact of FHA on
bone health, whereas Santos et al. (11) focused on leptin’s role.
We categorized the mechanisms investigated in rodent FHA
studies into three groups: HPA axis dysfunction, ovarian
dysfunction, and others. Two studies explored the HPA axis (6, 15).
Taksande et al. found increased blood cortisol levels owing to excessive
exercise-induced anorexia. Matsuwaki et al. created genetically
manipulated mice lacking corticosterone secretion. Their results
suggested that elevated CRH, not corticosterone, disrupts GnRH
secretion. These studies demonstrated the involvement of the HPA
axis in FHA. Tonai et al. and Xiong et al. focused on ovarian
abnormalities (9, 10). Xiong et al. observed changes in ovarian
mitochondrial metabolism, whereas Tonai et al. investigated the
alterations in features related to follicular development. Besides,
Narita et al. and Ito et al. observed reductions in IGF-1 levels,
whereas Santos et al. primarily observed leptin reduction (8, 12).

3.4 Comparison between FHA, POI, and
PCOS rodent studies

Rodent models of POI and PCOS, which lack structural
reproductive system defects and have amenorrhea as a key
diagnostic feature, were compared with FHA studies to identify
the differences (Table 3).

The rodent species used across the three disease models varied.
Rats were predominantly used in FHA and PCOS studies, whereas

10.3389/fendo.2025.1456754

mice were more commonly used in POI models. While rats tended
to be older than mice, several studies did not report animal age (15,
22, 23, 33), limiting direct comparisons.

The duration of disease induction was generally longer in
mouse models than in rat models. However, this comparison is
complicated by several POI studies that induced amenorrhea from
birth using genetic manipulation (15) or administered high-dose
chemotoxic drugs (17, 20, 22, 23, 25-29).

A major distinction among the models lies in the method of
disease induction. FHA models typically employed behavioral
interventions, such as dietary restriction and/or excessive physical
activity. In contrast, POI and PCOS models predominantly used
pharmacological methods. Specifically, 12 of the 14 POI studies
induced ovarian failure via chemotherapeutic agents (e.g.,
cyclophosphamide) (16, 18-27, 29), with only two relying on genetic
models. Likewise, all seven PCOS studies used hormone-based or
enzyme-inhibiting drugs, including testosterone enanthate, letrozole,
or dehydroepiandrosterone (30-36) (Supplementary Table S3).

Estrous cycle monitoring was reported in 66.7% of FHA studies
(6/9 (6, 9-12, 15)), 28.6% of POI (4/14 (19, 22, 28, 29)), and 57.1%
of PCOS models (4/7 (31-34)).

An analysis of the measured biomarkers revealed that
gonadotropins (FSH or LH) were assessed in 44.4% of FHA
studies (4/9 (7, 9, 10, 15)), 64.3% of POI studies (9/14 (16-18, 24,
25, 27-29, 38)), and 71.4% of PCOS studies (5/7 (30-32, 34, 35)).

Similarly, sex steroid hormones (estrogen, progesterone, or
testosterone) were measured in 44.4% of FHA studies (4/9 (7, 10,

TABLE 3 Summary of experimental characteristics in rodent models of FHA, POI, and PCOS.

Characteristics of animal and physiological changes

Rat
Animal type'
Mouse
Rat
Age (in clays)2
Mouse
Rat
Disease induction duration (in days)2
Mouse
Estrous cycle report
FSH
Gonadotropin'
LH
Estrogen
Sex steroids' Progesterone
Testosterone

Other hormones

Others"?

FHA (n = 9) POI (n = 14) PCOS (n =7)

6 (66.7%) 2 (14.3%) 5 (71.4%)

3 (33.3%) 12 (85.7%) 2 (28.9%)
56.33 +24.45 56.00 + 39.60 40.25 + 21.12°
2450 + 4.95° 46.90 + 6.94° 35.00 £ 9.90
18.60 + 6.62¢ 16° 20.20 £ 9.26
28.00 + 9.90" 22.00 + 14.07% 47.50 + 17.68

6 (66.7%) 4 (28.6%) 4 (57.1%)

3 (33.3%) 9 (64.3%) 4 (57.1%)

3 (33.3%) 2 (14.3%) 5 (71.4%)

6 (66.7%) 9 (64.3%) 4 (57.1%)

2 (22.2%) 0 4 (57.1%)

1(11.1%) 0 5(71.4%)

4 (44.4%) 2 (14.3%) 2 (28.6%)

2 (22.2%) 4 (28.6%) 4 (57.1%)

"Each cell represents the number of studies that apply to it.
Data in the ‘Age’ and ‘Disease induction duration’ row are present as mean + SEM.

30Others includes non-hormonal biomarkers such as inflammatory cytokines, oxidative stress markers, immune modulators, metabolic substrates, and tissue-level indicators. Full details of

measured markers are described in Supplementary Table S4.

a-c) Studies that did not describe age were excluded; a) Ullah et al. (33), b) Matsuwaki et al. (15), ¢) Hernandez-Lopez et al. (23) and Park et al. (22). d) Mvondo et al. (7) is excluded because their
experimental design is distinctive. e) Yuksel et al. (26) is excluded because they induced POI via single administration of drugs. f) Matsuwaki et al. (15) is excluded because they used genetically

mutated mice. g) 8 studies are excluded because they induced POI via single administration of drugs.
FHA, Functional Hypothalamic Amenorrhea; FSH, Follicle-Stimulating Hormone; LH, Luteinizing Hormone; PCOS, Polycystic Ovary Syndrome; POI, Primary Ovarian Insufficiency.
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11, 15)), 64.3% of POI studies (9/14 (16-19, 21, 24, 25, 27, 28)), and
85.7% of PCOS studies (6/7 (30-35)).

Notably, FHA models often included cortisol or appetite-related
hormones (leptin, ghrelin, insulin) in their assays. In contrast,
PCOS models frequently measured anti-Miillerian hormone
(AMH) along with inflammatory cytokines and oxidative stress
markers, while POI models also emphasized inflammatory and
antioxidant markers. (See Supplementary Table S4 for the detailed
list of markers).

4 Discussions

4.1 Main findings

Out of 383 screened records, we identified 30 relevant studies,
including nine FHA rodent model studies. We found that FHA
models employed diverse induction methods but rarely confirmed
amenorrhea duration via estrous cycle monitoring. FHA models
relied on behavioral triggers (diet/exercise), whereas POI and PCOS
models used pharmacological induction. Across all studies,
gonadotropins and sex steroids were the primary outcomes
measured; uniquely, FHA studies also measured cortisol and
appetite-related hormones, whereas POI/PCOS studies focused
more on inflammatory and antioxidant markers.

Although FHA, POI, and PCOS are all forms of amenorrhea,
the approaches used to establish animal models differed
considerably in our review. Unlike POI or PCOS, which are
commonly induced through pharmacological interventions, most
rodent models of FHA replicate the condition through behavioral
manipulations such as caloric restriction or excessive exercise.
These approaches mirror the key etiological drivers of FHA
observed in humans, specifically energy deficiency due to
disordered eating or excessive physical activity (2). Given that
FHA is a functional disorder without underlying structural
abnormalities, and is primarily driven by psychological and
behavioral factors, developing a standardized and reproducible
model remains challenging. Quantifying and controlling variables
such as stress intensity or exercise load is inherently difficult, and
individual variability in response further complicates model
consistency. Moreover, since FHA is clinically reversible, it is
important that models also demonstrate restoration of the estrous
cycle upon removal of stressors. While pharmacological models are
not commonly employed for FHA, they may provide a
complementary strategy to overcome some of the limitations of
behavioral induction. For instance, experimental approaches may
include pharmacologically suppressing GnRH activity or artificially
elevating stress-related hormones such as CRH or cortisol. Notably,
a study (15) included in our analysis demonstrated the potential of
targeting the CRH pathway to develop a stress-related FHA model.
Nevertheless, pharmacological models often fall short in capturing
the multifaceted and systemic nature of FHA. While they may not
fully replicate clinical FHA, such models can still serve as valuable
tools for testing mechanistic hypotheses or screening targeted
therapeutics. Ultimately, selecting an FHA model should be
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guided by the research objective—whether to closely reflect the
clinical condition of FHA or to explore specific mechanistic
pathways that are difficult to isolate in human studies. A more
integrated approach, linking preclinical and clinical research, will be
crucial to filling current gaps and enhancing our understanding of
the complex pathophysiology of FHA.

The severity of amenorrhea is an important consideration and
can be influenced by the induction method. For instance, an amino-
acid-deficient diet delayed estrous cyclicity by day 10 and led to
complete cessation by day 14 (12), indicating a progressively severe
effect. Tracking the estrous cycle in models is therefore highly
informative for gauging FHA severity. Yet only six of nine FHA
studies monitored cycle changes (and just four provided graphical
cycle data (9, 11, 12, 15)), which made it challenging to compare
severity across studies. Monitoring and presentation of all four
estrous cycles, including proestrus, estrus, metestrus, and diestrus
(e.g., using the clear graph format of Tonai et al. (9)) would greatly
aid comparability.

This review categorized the mechanisms of FHA rodent studies
into three groups: HPA axis dysfunction, ovarian dysfunction, and
others. Some studies observed increased blood cortisol levels owing
to excessive exercise-induced anorexia (6, 15), while others focused
on ovarian abnormalities, such as changes in mitochondrial
metabolism and follicular development (9, 10). Some studies have
also observed reductions in IGF-1 and leptin (8, 12).

Notably, most FHA rodent studies observed post-induction
changes without delving into mechanisms (Matsuwaki et al. (15),
who examined the CRH pathway via genetic manipulation, was a
rare exception). This gap is evident in the limited measurement of
key HPO-axis hormones in many studies. FHA is fundamentally an
HPO-axis disorder - diminished GnRH leads to low FSH/LH,
impaired follicular development, and hypoestrogenism (2) - so
future FHA models should measure these hormones and be
designed to target such mechanistic pathways. More controlled
experiments directly examining the HPO-axis dysfunction in FHA
will yield deeper insights.

4.2 Interpretation

We compared FHA models with POI and PCOS models because
all three conditions feature amenorrhea without overt structural
abnormalities. Mechanistic insights from POI and PCOS (e.g.,
ovarian follicle apoptosis in POI or metabolic dysfunction in
PCOS) can thus shed light on FHA’s pathophysiology.

In POI (an ovarian failure condition), research focuses on ovary-
specific mechanisms like apoptosis, pyroptosis, and mitochondrial
dysfunction. Although FHA originates from hypothalamic
dysfunction, incorporating ovarian-level analyses — such as follicular
apoptosis or mitochondrial activity, as done in POI models — could
deepen our understanding of its downstream effects. Similarly, PCOS,
particularly the phenotype characterized by polycystic ovarian
morphology (PCOM) without hyperandrogenism, shares
considerable overlap with FHA. Notably, this PCOM subtype is now
considered by some to fall within of the FHA spectrum (52). One
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common mechanism may involve excessive sympathetic activity, as
demonstrated in PCOS models with heightened catecholamine output
(53-56). Interestingly, the Taksande model of FHA (6), which
combines exercise and caloric restriction, also showed elevated
cortisol levels and hyperactivity — suggesting potential involvement
of ovarian sympathetic innervation.

Another overlapping pathway involves androgens. Adequate
androgen levels are crucial for LH secretion and follicular
responsiveness, with peripheral fat contributing substantially to
circulating testosterone (57, 58). In the FHA model by Xiong et al.,
excessive exercise resulted in reduced LH and testosterone levels,
indicating that impaired androgen support may play a role in FHA
pathophysiology. These observations suggest that energy imbalance
in FHA may lead to reduced androgen availability, subsequently
affecting gonadotropin secretion and ovarian function.

To build on these mechanistic insights, future FHA studies
should go beyond observational descriptions and pursue causal
testing through targeted experimental approaches. For example, the
role of CRH in inhibiting GnRH secretion — as suggested in models
with elevated stress response — can be validated using CRH
receptor antagonists or CRHRI knockdown strategies (59).
Likewise, ovarian-specific genetic manipulations, such as FSH
receptor or mitochondrial regulator (e.g., PGC-1a) knockouts,
may help delineate the downstream effects of energy deficiency
and chronic stress (60, 61). These approaches, in conjunction with
advanced techniques like RNA sequencing, JC-1 mitochondrial
potential assays, and Western blotting of HPO-axis proteins (62—
64), will be essential for unraveling FHA’s molecular mechanisms.

Nevertheless, a key limitation of current FHA rodent models is
their inability to capture the psychosocial stress component
characteristic of human FHA. While energy restriction and
physical exertion are well replicated in animals, chronic
emotional stress, social context, and individual neuroendocrine
resilience — central to clinical FHA — remain challenging to
model. This discrepancy restricts translational validity and
highlights the importance of integrating multifactorial stress
paradigms in future FHA modeling.

Differences in reporting estrous cycle make it difficult to compare
FHA severity across models. Accordingly, we recommend that future
FHA rodent studies systematically monitor and report all four estrous
cycles including proestrus, estrus, metestrus, diestrus via daily vaginal
cytology and presenting the data in a clear sequential format (e.g., a
timeline of cycle phases) to visualize disruptions. Irregular cycling can
be defined as deviations from the typical four—five-day cycle pattern
(for instance, prolonged diestrus or erratic phase progression), while
amenorrhea (complete cycle cessation) may be operationalized as the
absence of estrus for at least two weeks, indicating persistent anestrus.
Monitoring and visualization of all estrous cycles will facilitate more
accurate comparisons of cycle regularity and amenorrhea severity
across models.

We also advocate for measuring diverse biomarker to enhance
comparability and mechanistic interpretation across FHA, POI, and
PCOS models. The comprehensive hormonal changes related to
HPO-axis (GnRH, FSH, LH, estradiol, and progesterone), stress
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(CRH and cortisol), metabolism (leptin, ghrelin, and insulin),
ovarian reserve (AMH), and inflammation/oxidative stress (IL-6,
TNF-o, lipid peroxidation markers) will provide a more
comprehensive perspective of FHA pathophysiology and facilitate
direct comparions with POI and PCOS models, clarifying both
shared and unique mechanisms.

4.3 Strengths and limitations

This scoping review provides a comprehensive overview of FHA
rodent models, summarizing induction methods and mechanistic
findings, and emphasizes the need for reporting all estrous cycle and
comprehensive biomarker measurement. By comparing FHA with
related conditions such as POI and PCOS, we identified key
differences in disease modeling approaches, highlighting
methodological inconsistencies and gaps in biomarker reporting
and cycle monitoring. These insights may help guide future research
aimed at refining experimental designs and advancing our
understanding of FHA pathophysiology.

However, our study has limitations. This review included only
nine FHA studies, which limits the depth of analysis and strength of
the conclusions for FHA. Although this study offers a more
comprehensive understanding of FHA by comparing and
analyzing POI and PCOS studies alongside FHA studies, further
foundational research is needed to expand the evidence base on
FHA and to support more robust and generalizable conclusions.
Moreover, we focused only on rodent models and did not review
therapeutic interventions. Future work should examine FHA more
comprehensively, including both mechanistic studies and treatment
outcomes. Additionally, our findings suggest that androgen activity
and ovarian inflammation are underexamined components of FHA
pathophysiology, despite their potential links to HPO and HPA axis
dysfunction. Given parallels with PCOS and the known impact of
stress and metabolism on the reproductive axis, incorporating
these factors into future FHA models would enhance their
translational relevance.

Based on the gaps identified, we recommend that future FHA
rodent studies focus on: (1) reporting changes across all four estrous
cycle and conducting comprehensive biomarkers assessments; (2)
extending experiment durations to include longer induction and
recovery phases; and (3) incorporating multi-axis hormonal and
inflammatory profiling (including androgens, CRH, cortisol,
cytokines, and ovarian histology). Implementing these steps
will improve the comparability of FHA models, clarify their
underlying mechanisms, and inform better clinical strategies for
managing FHA.
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