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Abstract

Purpose

This narrative review evaluates the systemic impact of iron deficiency (ID) in female endurance
athletes, focusing on cognitive function, mitochondrial bioenergetics, and tissue recovery
processes beyond traditional erythropoiesis.

Materials and methods

A comprehensive literature search was conducted across PubMed, Scopus, and Google Scholar
databases, covering peer-reviewed publications from 2003 to 2025. A total of 31 key sources
were analyzed, focusing on non-anemic iron deficiency (IDNA) and the regulatory role of
hepcidin.

Results

Evidence demonstrates that iron is a critical cofactor for neurotransmitter synthesis (dopamine,
serotonin) and the mitochondrial electron transport chain. Subclinical iron depletion impairs
executive planning, attentional focus, and metabolic efficiency, often manifesting as "brain fog"
and prolonged recovery times. Furthermore, exercise-induced interleukin-6 (IL-6) triggers a
hepcidin surge 3-6 hours post-training, which degrades ferroportin channels and reduces
fractional iron absorption by approximately 36%.

Conclusions

Effective iron management requires a "timing-first" approach, including monitoring serum
ferritin (target 30-50 ng/mL) and utilizing alternate-day oral dosing (60-200 mg) in a fasted,
early-morning state. Transitioning from reactive anemia treatment to proactive iron
optimization, incorporating cognitive health markers into routine screening, is essential to

safeguard the performance potential and long-term well-being of female endurance athletes.
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List of Abbreviations:

ATP — Adenosine triphosphate
CNS — Central Nervous System
CRP — C-reactive protein

ETC — Electron transport chain
Fe-S — Iron-sulfur clusters

Hb — Hemoglobin

ID — Iron deficiency

IDA — Iron Deficiency Anemia

IDE — Iron-Deficient Erythropoiesis
IDNA — Iron Deficiency Non-Anemia
IL-6 — Interleukin-6

MeSH — Medical Subject Headings
REDs — Relative Energy Deficiency in Sport
RPE — Rating of Perceived Exertion
STfR — Soluble transferrin receptor
T3 — Triiodothyronine

T4 — Thyroxine

TfS / TSAT — Transferrin saturation
TIBC — Total iron-binding capacity
TPO — Thyroid peroxidase

VO:max — Maximal oxygen consumption

1. Introduction

Modern female endurance sport is undergoing a dynamic evolution, reflected in the

record number of female athletes competing in marathons, triathlons, and ultra-endurance



events. This growing participation highlights the unique physiological demands of the female
body, including specific requirements for essential micronutrients. Among these, iron plays a
pivotal role; it is not merely a cornerstone of oxygen transport but, crucially, a fundamental
cofactor in enzymatic processes that determine energy metabolism and the homeostasis of the
central nervous system (1).

Iron deficiency (ID) remains the most prevalent nutritional deficit among athletes,
affecting—according to various estimates—between 15 and 35% of active women (2). A
particular diagnostic challenge, often termed the "paradigm of hidden deficiency,” is Iron
Deficiency Non-Anemia (IDNA). In this stage, hemoglobin levels remain within clinical norms,
frequently leading to the misdiagnosis of iron adequacy. However, even in the absence of
clinical anemia, depleted tissue iron stores significantly impair cellular enzymatic activities and
oxygen homeostasis (3). Consequently, such subclinical deficits are insufficient to maintain
optimal metabolic functions and can jeopardize the overall health and performance of the
athlete.

The present paper extends beyond the traditional focus on iron in the context of physical
performance (the "beyond the muscle" approach). Recent evidence suggests that subclinical
iron deficiencies in female athletes may lead to significant cognitive impairments, including
diminished concentration, mood disturbances, and prolonged reaction times. In endurance
disciplines, these factors directly translate into impaired decision-making capabilities under
conditions of progressive fatigue (4). Furthermore, iron is critical for tissue repair and recovery
processes; inadequate supply may hinder training adaptation by negatively impacting
mitochondrial biogenesis and endocrine balance (5).

The aim of this narrative review is to evaluate the existing literature on the effects of
iron deficiency on cognitive function and recovery capacity in female endurance athletes. This
review seeks to integrate biochemical mechanisms with applied sports practice and to propose
evidence-based recommendations for optimal iron status monitoring and supplementation

strategies in this specific athletic population.

2. Materials and methods

This narrative review explores the physiological and neurocognitive implications of iron

deficiency, with particular focus on iron deficiency without anemia (IDNA) and the regulatory



role of hepcidin in female endurance athletes. These interrelated mechanisms are central to
energy metabolism, cognitive functioning, and recovery processes, and their disruption may
adversely influence athletic performance, mental capacity, and long-term health.

The literature search was conducted using PubMed, Scopus, and Google Scholar, supplemented
by searches of Springer, Elsevier, and MDPI platforms. Only peer-reviewed original research
articles and narrative or systematic reviews published in English were included.

“Female athletes”, “endurance sports”, “iron deficiency”, “non-anemic iron deficiency”,
“hepcidin”, “cognitive function”, “recovery”, “iron supplementation”, and “ferritin” were the
MeSH terms.

We included 33 articles published between 2003 and 2026. No formal time limits were imposed,
although the search strategy prioritized recent high-quality studies while also incorporating key
earlier publications to provide a comprehensive overview of the topic.

Only studies conducted in humans, focusing on female athletes or physically active women,
published in English, and addressing iron metabolism and its functional effects were included.
Studies involving only sedentary populations or animal models were excluded, except when
used to clarify underlying mechanisms.

Initially, 51 articles were identified. After removing duplicates and excluding studies that
focused on non-active populations, lacked relevance, or were not published in English, a total
of 34 studies were included in the final analysis.

Identification

Records identified via PubMed, Scopus, and publishing platforms (Springer, Elsevier, MDPI)
(n=51)

Screening

Records included after title and abstract screening and application of exclusion criteria
(n=34)

Excluded

1 article (duplicate entry)

1 article (language barrier - non-English publication)

15 articles (sedentary populations, animal models, or unrelated nutrients)

(n=17)

Eligibility



Full-text articles assessed for eligibility
(n=34)

Included

Final studies analyzed

(n=34)

The studies were selected through a systematic, multi-step procedure in accordance with a

structured framework based on PRISMA methodology.

3. Pathophysiology of Iron Deficiency in Female Athletes
3.1. Exercise-Induced Mechanisms of Iron Loss

In female endurance athletes, iron deficiency is rarely the result of a single factor; rather,
it arises from a synergy of physiological and exercise-induced mechanisms (2, 6). Beyond the
basal iron loss associated with the menstrual cycle, several sport-specific pathways contribute
to a negative iron balance, with menstrual blood loss acting as an important initial trigger for
adaptations in iron metabolism (7). Foot-strike hemolysis, caused by repeated mechanical
impact during running, leads to the destruction of erythrocytes in the capillaries of the feet,
subsequently increasing iron turnover (8, 9). Furthermore, intense endurance exercise can cause
transient splanchnic hypoperfusion, resulting in gastrointestinal microbleeding and
compromised gut integrity (10). Additional, though smaller, amounts of iron are lost through
dermal excretion (sweat) and exercise-induced hematuria, which can become significant in

athletes with high training volumes (11).

3.2. The Role of Hepcidin in Iron Regulation

A central element in the pathophysiology of iron deficiency in athletes is hepcidin, a liver-
derived peptide hormone that acts as the primary gatekeeper of systemic iron homeostasis. The
regulation of iron via hepcidin is particularly sensitive to the physiological stress induced by

endurance training.



Endurance exercise triggers an acute inflammatory response, characterized by a
significant transient increase in circulating interleukin-6 (IL-6). This rise in IL-6 stimulates the
hepatic production of hepcidin, which typically peaks approximately 3 to 6 hours post-exercise
(2). Hepcidin regulates systemic iron homeostasis by binding to and inducing the degradation
of ferroportin, the sole known cellular iron exporter expressed on enterocytes and macrophages,
thereby acutely reducing both intestinal iron absorption and iron recycling from macrophage
stores. Endurance exercise induces a transient post-exercise increase in circulating hepcidin
concentrations, creating a temporal “hepcidin window” during which iron availability is
reduced. This exercise-induced hepcidin response has been identified as an important regulatory
mechanism that may contribute to the development of iron deficiency in female endurance
athletes, even in the presence of adequate dietary iron intake (2 ,12).
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Figure 1. Post-exercise inflammation—hepcidin—ferroportin axis showing IL-6—induced
hepcidin increase and subsequent ferroportin degradation, reducing iron export from

enterocytes.

3.3 Stages of Iron Depletion: From Sequestration to Anemia

A comprehensive understanding of the systemic consequences of iron deficiency
requires a clear differentiation between its progressive stages. This staged framework is

particularly relevant in female endurance athletes, as impairments in cognitive function,



recovery capacity, and overall physiological efficiency may emerge well before iron deficiency
progresses to clinically overt anemia (3).

Stage | (Iron Depletion) is defined by a reduction in body iron stores, most commonly
reflected by decreased serum ferritin concentrations, while hemoglobin levels remain within
the normal reference range. At this stage, oxygen transport capacity is preserved; however, the
depletion of tissue iron initiates early disruptions in iron homeostasis. As iron availability
becomes limited, physiological prioritization favors erythropoiesis over non-hematological
processes, which can already compromise metabolic efficiency and neuromuscular function.
Due to the absence of anemia and subtle clinical presentation, this stage frequently remains
undetected in routine sports medical screening (1, 12).

Stage Il (lron-Deficient Erythropoiesis) occurs when iron availability becomes
insufficient to fully support erythropoiesis and the synthesis of iron-dependent enzymes and
non-heme proteins, including mitochondrial cytochromes involved in oxidative metabolism.
Although hemoglobin concentrations may still fall within clinical reference limits, biomarkers
such as serum iron and transferrin saturation are typically reduced. During this stage, athletes
may experience symptoms extending beyond impaired physical performance, including
reduced concentration, mood disturbances, and delayed recovery, highlighting iron’s critical
role in neurological and cellular processes independent of oxygen transport (5,13).

Stage 111 (Iron Deficiency Anemia; IDA) represents the final and most severe stage,
characterized by a decline in hemoglobin concentrations below established diagnostic
thresholds (typically <12 g/dL in women). This results in a pronounced reduction in oxygen-
carrying capacity, leading to diminished aerobic performance (VO:max), chronic fatigue, and
exertional dyspnea. At this stage, the functional consequences of iron deficiency become overt

and substantially impair both athletic performance and general health (5, 14).

Stage Characteristics Biomarkers | Functional Clinical

Consequences Notes




I - lron| Decreased iron |  Ferritin, | Early metabolic | Often
Depletion stores; normal Hb, | and undetected
hemoglobin TSAT  and | neuromuscular in  routine
levels remain | serumiron disruptions; screening;
unaffected possible  fatigue | pre-anemic
and reduced stage
concentration
Il — lron Iron deficiency | | TSAT, { | Impaired Subclinical
Deficient limits support for | serum iron, | concentration, stage;
Erythropoies | erythropoiesis A TIBC, Hb | mood symptoms
is (IDE) and non-heme still within | disturbances, may appear
enzymes normal delayed recovery, | despite
range reduced aerobic | normal Hb
capacity
I — Iron [ Hemoglobin 4 Hb, & | Significant Clinically
Deficiency below normal | ferritin, { | reduction in | overt
Anemia (IDA) | (<12 g/dL in | serum iron | OXygen transport; [ anemia;
women) and TSAT, 4 | reduced marked
TIBC (VO:max), impact  on
chronic  fatigue, | physical
exertional performance
dyspnea and health

Table 1. Stages of iron deficiency in female endurance athletes, from iron depletion to iron
deficiency anemia, showing biomarkers and functional consequences (14, 28).

4. The Impact of Iron Deficiency on Cognitive Function in Female Athletes

4.1. Neurotransmission and Brain Homeostasis



Iron is an essential cofactor for tyrosine hydroxylase, the rate-limiting enzyme in
dopamine synthesis, and plays a pivotal role in the production of other monoamine
neurotransmitters, including serotonin and norepinephrine (15, 16). Dopamine is critical for
motivation, executive function, and reward processing, all of which are essential for sustaining
effort during prolonged physical exertion, including endurance exercise (17). Consequently,
iron deficiency may impair dopaminergic neurotransmission and negatively affect cognitive
performance, reducing mental drive and resilience during high-intensity training or competition.

Experimental studies in animal models have demonstrated that iron deficiency can
reduce dopamine transporter function and D2 receptor density, providing mechanistic insight
into how iron may affect motivation and reward signaling (15). Even without anemia,
subclinical iron deficiency (IDNA) has been linked to lower iron levels in certain brain regions.
While this has been observed in adolescent females, it suggests that similar mechanisms could
also affect other groups at risk for iron deficiency, including female endurance athletes,
potentially impacting cognitive functions such as attention, executive function, and mental
drive (17, 18).

Beyond dopamine, iron is required for oligodendrocyte function and myelin
maintenance, which are crucial for neuronal signal conduction and neuroplasticity. Deficient
brain iron stores may therefore impair motor learning, strategy adjustment, and cognitive
flexibility—abilities essential for optimal performance in endurance disciplines (16, 17). In a
comprehensive review, Gao et al. (2025) further corroborate these findings, underscoring that
iron is a fundamental requirement for maintaining neural integrity and metabolic homeostasis
throughout the lifespan. Their analysis highlights that even marginal iron deficiencies can
disrupt the complex neural networks responsible for neurotransmitter regulation and brain
health (17).

4.2. Cognitive Processing, Reaction Time, and Perceived Exertion

In endurance sports such as marathons or triathlons, the ability of the Central Nervous
System (CNS) to process information efficiently under conditions of progressive fatigue is a
key determinant of performance. Athletes with depleted iron stores often exhibit significant
impairments in attentional focus and information processing speed. Specifically, research
indicates that body iron status is significantly associated with executive planning functions,
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which are essential for maintaining complex pace strategies and tactical decision-making during
competition (11, 19).

Recent clinical observations in physically active women indicate that iron deficiency,
even in the absence of anemia, is frequently associated with subjective cognitive symptoms,
including reduced concentration, mental fatigue, and impaired clarity of thought, which may
negatively affect both training quality and post-exercise recovery (20). Such alterations in
cognitive functioning are particularly relevant in endurance disciplines that require sustained
attention, rapid information processing, and precise motor control, where lapses in focus may
increase the risk of technical errors or injury.

Emerging evidence further suggests that iron deficiency contributes to central fatigue
by influencing the brain’s perception of effort. Women with suboptimal iron status report higher
levels of perceived exertion during exercise performed at comparable physiological workloads,
indicating an altered psychophysical response to endurance stress (20). This elevated Rating of
Perceived Exertion (RPE) may reflect increased neural effort required to maintain performance
under conditions of impaired iron availability. Consequently, iron deficiency may lead to
premature psychological exhaustion, limiting endurance capacity before the full aerobic

potential is physiologically reached (20, 22).

5. Impact on Recovery and Tissue Repair

5.1. Mitochondrial Function and Energy Production

While the role of iron in oxygen transport via hemoglobin is well-established, its
function within the cellular bioenergetic framework is equally critical for endurance
performance. Iron is a fundamental component of the electron transport chain (ETC), serving
as a key constituent of cytochromes and iron-sulfur (Fe-S) clusters. These proteins are essential
for the transfer of electrons required to generate adenosine triphosphate (ATP) through
oxidative phosphorylation (5).

Research indicates that mitochondrial iron deficiency can impair enzymatic activity
long before a decline in hemoglobin levels is observed. Specifically, a reduction in the activity
of iron-dependent enzymes, such as succinate dehydrogenase, limits the muscle's oxidative
capacity (23). For female endurance athletes, this mitochondrial dysfunction results in a lower
anaerobic threshold and an increased reliance on glycolytic pathways at submaximal intensities.
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This metabolic shift leads to accelerated lactate accumulation and a significantly prolonged
recovery period between high-intensity training sessions, as the resynthesis of ATP and the
clearing of metabolic byproducts are compromised by inefficient mitochondrial respiration (5,
24). Furthermore, iron is essential for mitochondrial homeostasis; therefore, chronic deficiency

may hinder the metabolic adaptations of skeletal muscle to aerobic training (23, 24).

5.2 Thyroid Hormone Metabolism and Thermogenesis

Iron plays a fundamental role in maintaining hormonal homeostasis, serving as an
indispensable element for thyroid function. It is a critical cofactor for thyroid peroxidase
(TPO)—a heme-dependent enzyme essential for the synthesis of thyroid hormones (14). Iron
deficiency, even in its non-anemic stage (IDNA), can significantly disrupt the hypothalamic-
pituitary-thyroid axis, leading to a reduction in the basal metabolic rate, which is particularly
detrimental to female athletes during the recovery process (12, 18).

A key mechanism linking iron status to athletic performance is the conversion of
thyroxine (T4) into its biologically active form, triiodothyronine (T3). The enzymes responsible
for this transformation, deiodinases, are indirectly dependent on iron availability. Research
suggests that iron deficiency limits this conversion, resulting in lower circulating levels of T3
(18). For endurance athletes, this may manifest not only as generalized lethargy but also as
impaired thermogenesis. A reduced ability to maintain core body temperature and increased
sensitivity to cold can negatively impact training comfort in variable weather conditions and
slow down tissue repair processes that occur during sleep (17, 18).

Furthermore, chronic iron deficiency may exacerbate or mask the symptoms of Relative
Energy Deficiency in Sport (REDs), where thyroid dysfunction is a recognized component of
the female athlete triad (10, 12). Consequently, optimizing ferritin levels is essential not only
for oxygen transport but also as a prerequisite for the metabolic and hormonal integrity required
for high-level athletic competition (20).

5.3. Collagen Synthesis and Connective Tissue Integrity
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The role of iron in an athlete’s body extends beyond energy metabolism to include the
structural regeneration of the musculoskeletal system. Iron is an essential cofactor for the
enzymes prolyl hydroxylase and lysyl hydroxylase, which are responsible for modifying amino
acids during collagen biosynthesis. This process is critical for the formation of stable cross-
links within the collagen triple helix, providing tissues with the necessary mechanical strength
and elasticity (14, 25).

Inadequate iron availability can lead to the weakening of the structure of tendons,
ligaments, and articular cartilage. For female endurance athletes, who are subject to repetitive
mechanical loading, impaired collagen synthesis translates into an increased risk of overuse
injuries, such as tendinopathies or connective tissue micro-trauma (24, 25). Furthermore, iron
supports the proliferation of fibroblasts, which is essential for rapid tissue healing and
remodeling following strenuous exercise (17).

When combined with the hormonal disturbances described in section 4.2, iron deficiency
creates an unfavorable environment for recovery, where tissue repair cannot keep pace with the
micro-damage incurred during training. Optimizing iron status is therefore a fundamental
element of injury prevention strategies and the long-term maintenance of musculoskeletal

health in competitive female athletes (20, 25).

6. Practical Implications, Monitoring, and Supplementation Strategies

6.1. Monitoring Iron Status and Interpretation in Elite Athletes

Accurate assessment of iron status in female endurance athletes requires a sophisticated
approach that moves beyond standard clinical reference ranges. Traditional laboratory norms
for the general population often fail to account for the heightened physiological demands of
high-volume training (3, 5). For competitive athletes, the primary focus should be on serum
ferritin, transferrin saturation (TfS), and soluble transferrin receptor (STfR) levels to distinguish
between functional and absolute deficiency (2, 13). Furthermore, comprehensive monitoring of
these biochemical profiles is essential for the early detection of subclinical deficiencies in
endurance disciplines (32). Such diagnostic precision should be integrated into a broader
framework of health-promoting behaviors, which significantly determine the overall quality of

life and athletic longevity (33).
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Current sports science consensus suggests that a serum ferritin level below 30 ng/mL
should be classified as stage 1 iron deficiency (ID) in athletes, even if hemoglobin levels remain
within normal limits (non-anemic iron deficiency) (13, 25). However, emerging evidence
indicates that suboptimal iron stores may adversely affect cognitive function and executive
processes in women, even in the absence of anemia (11, 19). When ferritin drops below 15-20
ng/mL, the risk of significant performance impairment and metabolic disruption increases
dramatically (14, 24).

A critical challenge in monitoring is the fact that ferritin acts as an acute-phase reactant.
Following intensive training or competition, systemic inflammation can artificially elevate
ferritin levels via the IL-6 pathway, potentially masking an underlying deficiency (1, 2). To
ensure diagnostic accuracy, blood samples should be collected in a rested state (at least 24 hours
after strenuous exercise) and interpreted alongside C-reactive protein (CRP) (2, 23).

Furthermore, the interpretation of these biomarkers should consider the three-stage
model of iron deficiency (22, 24). Stage 1 (Iron Depletion) is characterized solely by low ferritin;
Stage 2 (Iron-Deficient Erythropoiesis) involves reduced TfS and elevated sTfR; and Stage 3
is reached when hemoglobin production is compromised, resulting in Iron Deficiency Anemia
(IDA). Early detection during Stage 1 is crucial to prevent the "brain fog" and decreased mental

drive often reported by athletes even before the onset of clinical anemia (20, 25).

6.2. Oral vs. Intravenous Supplementation Strategies

The selection of an appropriate iron supplementation protocol is a critical clinical
decision that must consider the severity of the deficiency, the athlete’s gastrointestinal tolerance,
and the strategic timing within the competitive season (1, 3). While the goal remains the
restoration of iron stores to support both physiological and cognitive functions, the pathway to
achieving this varies significantly in efficacy and athlete compliance.

Oral Supplementation remains the primary intervention for athletes in Stage 1 and Stage
2 iron deficiency (22). However, its effectiveness is often compromised by the regulatory
hormone hepcidin. Research indicates that oral iron ingestion triggers a transient spike in serum
hepcidin, which peaks approximately 6 hours post-ingestion and can remain elevated for up to
24 hours, subsequently inhibiting the absorption of any doses taken shortly thereafter (2). To

overcome this "hepcidin block,” modern sports nutrition guidelines recommend an alternate-
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day dosing strategy (e.g., 60-200 mg of elemental iron every 48 hours). This protocol has been
shown to maximize fractional iron absorption and significantly reduce gastrointestinal side
effects such as nausea, abdominal pain, and constipation, which are the most common reasons
for non-compliance among female athletes (26, 27).

Intravenous (1V) iron therapy is indicated in cases of severe iron deficiency (ferritin <20
ng/mL), documented intolerance or poor adherence to oral supplementation due to
gastrointestinal adverse effects, and in situations requiring rapid repletion of iron stores prior to
high-priority competitive events (2, 5, 14). IV administration enables direct systemic delivery,
thereby bypassing intestinal absorption pathways and the regulatory constraints imposed by
hepcidin (2). Consequently, this approach leads to prompt restoration of iron availability within
both erythroid and non-erythroid compartments. Clinical observations in athletic populations
further suggest that 1V iron therapy may be associated with a rapid improvement in subjective
cognitive symptoms, including enhanced mental clarity, reduced perceived fatigue, and
improved overall psychophysical well-being (20, 21, 20).

To optimize the efficacy of oral iron supplementation protocols, strict management of
dietary co-factors is required. Co-administration with vitamin C significantly enhances iron
bioavailability, whereas concomitant intake of absorption inhibitors—including calcium-rich
dairy products, coffee, and tea containing polyphenols and tannins—should be avoided for at
least 2-3 hours following ingestion (15,16). Additionally, the utilization of newer iron
formulations, such as iron bisglycinate or sucrosomial iron, may represent a valuable alternative
strategy in athletes exhibiting heightened gastrointestinal sensitivity, improving both

tolerability and long-term adherence (3,12).

6.3 Individualized Iron Supplementation Strategies and Practical Recommendations for

Female Endurance Athletes

To achieve maximal efficacy, iron supplementation must be synchronized with the
athlete's physiological "absorption window," which is primarily dictated by the post-exercise
inflammatory response. Strenuous endurance training triggers an acute spike in interleukin-6
(IL-6), leading to an elevation of serum hepcidin that typically peaks 3—6 hours post-exercise
and can remain elevated for up to 24 hours (2, 6, 27). During this period, iron absorption is

severely impaired as hepcidin binds to and degrades the ferroportin channels necessary for iron
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transport into the bloodstream (1, 17, 29). Clinical trials involving trained runners have
demonstrated that this post-exercise hepcidin surge can reduce fractional iron absorption by
approximately 36% compared to rest conditions (26).

Recent high-quality meta-analytical evidence confirms that while oral iron
supplementation is highly effective in increasing serum ferritin and hemoglobin levels in
athletes, the magnitude of these improvements is significantly influenced by the baseline iron
status and the strategic timing of the intervention (30). Consequently, a personalized approach
requires shifting iron intake to periods of basal hepcidin levels—typically early morning, in a
fasted state, or before the first training session of the day (2, 6, 13). For athletes training at high
altitudes, precise timing and the use of alternate-day dosing are essential to prevent the rapid
depletion of iron stores while minimizing gastrointestinal distress (2, 31). Furthermore, the
psychological dimension of athlete development, particularly self-regulation skills and
effective stress management, plays a vital role in maintaining high performance levels and
preventing burnout during demanding training periods (34). Integrating these psychological
markers with precise biochemical monitoring of iron status provides a more comprehensive

framework for safeguarding the well-being of female endurance athletes (33).

7. Discussion

The synthesis of current evidence demonstrates that iron deficiency (ID) in female
endurance athletes is a multisystem disorder impacting oxygen transport, mitochondrial
efficiency, and neurocognitive health. Even subclinical stages (IDNA), characterized by normal
hemoglobin but depleted ferritin levels, significantly impair executive function and attentional
capacity due to disrupted neurotransmitter synthesis and cerebral metabolic homeostasis.
Consequently, maintaining serum ferritin above 30-50 ng/mL is essential to prevent "brain fog"
and psychophysical fatigue, thresholds notably higher than standard clinical norms. Given that
endurance disciplines require high levels of cognitive control, integrating subjective fatigue and

recovery quality into monitoring frameworks is a crucial advancement in athlete management.
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Furthermore, the post-exercise inflammatory response, specifically the spike in
interleukin-6 (IL-6), triggers a hepatic release of hepcidin that peaks 3—6 hours after training.
This surge degrades ferroportin channels, reducing fractional iron absorption by approximately
36% and rendering immediate post-training supplementation counterproductive. To optimize
bioavailability, contemporary evidence strongly supports individualized, alternate-day dosing
(every 48 hours) synchronized with basal hepcidin levels, typically in the early morning. While
oral iron remains the primary intervention, its success depends on avoiding dietary inhibitors
and accounting for stressors like altitude exposure. In cases of severe deficiency, intravenous
therapy offers rapid restoration of stores, though its use must remain strictly evidence-based.

In conclusion, iron management in female athletes must transition from reactive
treatment of anemia to proactive optimization of iron stores. By prioritizing a "timing-first"
approach and incorporating cognitive health markers into routine screening, practitioners can
effectively safeguard an athlete's performance potential and long-term well-being. Future
research should utilize randomized controlled trials to further delineate the causal pathways

between iron status and mental performance in elite populations.
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