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ABSTRACT 
Anemia resulting from iron deficiency is recognized as one of the most 

prevalent forms of malnutrition on a global scale. Iron is an essential metal 

that plays a key role in various biological processes, including the 

formation of hemoglobin, deoxyribonucleic acid synthesis, and 

mitochondrial respiration. However, mounting evidence indicates that 

excess iron in the body can generate reactive oxygen species (ROS), which 

have been demonstrated to inflict harm on cells, tissues, and organs, 

resulting in deleterious effects. Consequently, merely augmenting iron 

intake does not invariably result in enhanced well-being. Therefore, it is 

imperative to maintain iron concentrations within a precise physiological 

range. In recent years, the relationship between hepcidin, which regulates 

iron content in the body, and inflammation, particularly the inflammatory 

cytokine interleukin-6, has become the focus of significant research. 

However, a significant proportion of athletes manifest symptoms consistent 

with chronic inflammation rather than episodic inflammation. This paper 

provides a comprehensive overview of iron deficiency and iron deficiency 

anemia in athletes and identifies research directions that may lead to new 

therapeutic possibilities. 
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hemojuvelin (HJV) 
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Introduction 
Iron concentrations are subject to stringent regulation, 
maintained within a predetermined range1. Iron is an 
essential nutrient that is primarily absorbed in the upper 
small intestine. A portion of the absorbed iron is stored in 
the liver, while the remainder is utilized by cellular 
enzymes involved in respiration and DNA synthesis2. It has 
been determined that approximately 60–70% of iron 
plays a particularly important role in the process of 
erythropoiesis, which occurs in the bone marrow. This 
process contributes fundamentally to the oxygen-
carrying capacity of newly formed red blood cells 
through hemoglobin function3,4. The typical lifespan of 
these red blood cells is approximately 120 days. At this 
juncture, the cells undergo a process of senescence, which 
promotes regular turnover5. The process under discussion 
occurs primarily in the spleen with the assistance of 
reticuloendothelial macrophages. These macrophages 
are responsible for the degradation of senescent cells 
and the recovery of useful components, such as iron from 
hemoglobin, during this process. Instead of excreting 
these components into the circulation, they utilize 
ferroportin, a protein also found in intestinal epithelial 
cells. This process ultimately enables the uptake of 
apotransferrin, which aids in the redistribution of 
recovered iron to systemic pathways6. This ensures that 
losses are minimized under normal conditions, thereby 
ensuring continuous resource utilization without 
necessitating new dietary intake. These losses are 
primarily attributable to gastrointestinal cell shedding, 
with negligible traces of loss through urine and sweat7. 
This finding underscores the reliance on existing 
endogenous resources and reinforces the closed-loop 
nature of global metabolic regulation. These systems 
function collectively to achieve tightly controlled 
distribution across defined physiological ranges. These 
ranges are meticulously maintained over the requisite 
time frames to ensure the seamless execution of diverse 
functions2. According to the findings of Cappellini et al. 8, 
there is evidence to suggest that the daily loss and 
utilization of iron may potentially exceed its absorption. 
Impairment of iron metabolism, particularly the processes 
of iron recycling from splenic macrophages and hepcidin-
mediated iron absorption in the duodenum, can lead to 
iron deficiency. Hepcidin plays a critical role in iron 
homeostasis 1. Iron is imperative for transporting oxygen 
to muscles during periods of physical exertion, thereby 
facilitating the process of energy production9. 
Consequently, studies have demonstrated that iron 
deficiency can result in impaired athletic performance in 
endurance sports6,10. A multitude of physiological 
mechanisms have been postulated, particularly in the 
context of endurance athletes11,12,13. Recent studies have 
indicated a correlation between the emergence of 
apathy-related symptoms and negative mood 
disorders14, 15. However, the precise mechanism 
underlying exercise-induced iron deficiency in athletes 
remains to be elucidated. 
 

Iron Deficiency Among Athletes 
Presently, the measurement of anemia is predominantly 
conducted through the assessment of hemoglobin 
concentration. According to the World Health 
Organization (WHO), anemia is characterized as a 
condition in which the concentration of hemoglobin falls 

below specific thresholds. For males, this threshold is 
defined as a concentration of less than 13 g/dl, while for 
females, it is set at 12.0 mg/dl. In recent years, blood 
ferritin levels, which reflect iron stores, have garnered 
attention for determining iron deficiency. The World 
Health Organization (WHO) establishes a serum ferritin 
concentration of 15 ng/mL as the cutoff value for iron 
deficiency in healthy individuals (10-59 years)16.  
 
Iron is crucial for the transport of oxygen to skeletal 
muscles during physical exertion and plays a vital role in 
energy production throughout exercise17. Therefore, a 
deficiency in iron adversely affects athletic performance, 
especially in endurance sports7. Various physiological 
mechanisms have been suggested to account for iron 
depletion during physical activity, including 
gastrointestinal bleeding18, hemolysis related to impact 
(such as on the soles of the feet)19, insufficient dietary 
intake of iron20, and losses through excessive sweating21. 
 
Despite the prevalence of studies employing a serum 
ferritin cutoff value of >30 ng/mL, a broader range, such 
as 12–40 ng/mL, has been utilized in investigations 
focused on iron deficiency and metabolism. Additionally, 
a ferritin cutoff value of 50 ng/mL has been proposed as 
a criterion for the early detection of iron deficiency22-25. 
Furthermore, Mielgo Ayuso et al. reported that the 
optimal cutoff value for diagnosing functional iron 
deficiency is 30–99 ng/mL, and that a serum ferritin level 
of 100 ng/mL or higher indicates adequate iron stores26. 
The findings of this study indicate that employing a higher 
ferritin cutoff value may prove advantageous in the 
context of screening athletes for iron deficiency. 
 
According to the literature, the implementation of mild 
resistance exercise has been demonstrated to enhance 
latent iron deficiency in young women who do not receive 
iron supplements 27 . In addition, Fujii et al. reported that 
mild resistance exercise can enhance the body's ability to 
recycle iron28. However, even if resistance exercise 
improves heme synthesis, it suggests that blood 
hemoglobin levels cannot be restored if iron, a component 
of hemoglobin, is not sufficiently supplied from diet or 
iron stores28. 
 
Although some observations have been made on the 
effects of resistance exercise on iron nutrition in the body, 
the number of publications is significantly lower than that 
on aerobic exercise. Further research is needed to update 
the in vivo iron recycling capacity and the possibility of 
different iron uptakes depending on the type of exercise. 
 

Athletes and Inflammation 
Hepcidin consists of 25 amino acids and originates from 
an 84-amino acid prepropeptide. The predominant 
source of circulating hepcidin is hepatocytes29; it is 

secreted into plasma bound to α2-macroglobulin 6. 

Hepcidin interacts with ferroportin on cell surfaces which 
leads to its internalization followed by lysosomal 
degradation of the hepcidin-ferroportin complex—
thereby diminishing cellular exportation of iron 30. Since 
ferroportin facilitates the efflux of iron from enterocytes, 
hepatocytes, and macrophages, its internalization upon 
binding with hepcidin reduces systemic release of this 
essential mineral. 
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Nonetheless, the most frequent cause of iron deficiency 
anemia is inadequate dietary iron. Other factors 
affecting iron metabolism, such as compromised recycling 
by macrophages and the spleen, along with hepcidin-
mediated suppression of intestinal absorption of iron, 
also play significant roles31, 32. 
 
Hepcidin is a peptide hormone synthesized in the liver 
that serves as the primary regulator of systemic iron 
homeostasis. It modulates plasma iron levels by binding 
to ferroportin, which is the sole known cellular exporter 
of iron located on the basolateral membrane of 
enterocytes, macrophages, and hepatocytes. This 
interaction leads to ferroportin's internalization and 
degradation within lysosomes, thus decreasing iron efflux 
into circulation33, 34. When body iron stores are adequate 
or during inflammatory conditions, hepcidin production 
increases while ferroportin levels diminish, inhibiting iron 
release. In contrast, when there is an increased demand 
for iron—such as during erythropoiesis or periods of 
deficiency—hepcidin expression declines allowing 
ferroportin to facilitate greater transport of iron. 
 
Under typical circumstances, this regulatory mechanism 
ensures stable blood concentrations of iron. However, 
excessive intake or inflammatory responses can lead to 
elevated hepcidin levels resulting in functional iron 
deficiency; in this state, excess iron is sequestered within 
storage sites and becomes unavailable for physiological 
processes. Consequently, measuring circulating hepcidin 
levels can be instrumental in evaluating whether iron 
metabolism operates effectively35.. 
 
Exercise also impacts hepcidin dynamics. Research 
indicates that IL-6 concentrations rise sharply post-
exercise with a subsequent increase in hepcidin 
expression occurring approximately three hours later. 
Recent studies have concentrated on strategies—
including nutritional interventions—to manage these post-
exercise variations in hepcidin to enhance both 
performance and recovery through improved availability 
of iron. 
 
While hepatocytes are primarily responsible for 
producing hepcidin, it is also expressed by 
cardiomyocytes where it predominantly functions within 
cardiac tissue. Essentially, liver-derived hepcidin 
regulates systemic iron metabolism whereas cardiac-
specific hepcidin manages local myocardial 
homeostasis36. This meticulous regulation contributes 
significantly to sustaining normal cardiac function37. These 
insights indicate that the localized cardiac interaction 
between hepcidin and ferroportin is crucial for 
maintaining cardiomyocyte-specific iron balance and 
safeguarding heart function37. 
 
In summary, hepcidin plays a pivotal role in the regulation 
of iron metabolism at both the systemic and tissue-specific 
levels. At a systemic level, it contributes to the 
maintenance of overall balance by lowering serum 

concentrations of iron while inhibiting intestinal absorption 
and regulating release from hepatic cells and 
macrophages38, 39. Conversely, the local production of 
hepcidin within specific organs, such as the heart, ensures 
targeted regulation necessary for optimal organ 
functionality. 
 
The mechanisms that govern hepcidin expression are 
intricate, involving several genes and pathways. The 
following regulatory pathways have been identified as 
key players in the complex network of regulatory 
processes: the BMP/SMAD signaling cascade and the 
HFE/TFR2 pathways. In addition, the expression of the 
gene in question has been shown to be modulated by 
inflammatory states, including anemia associated with 
chronic disease, through IL-6/STAT3 signaling 
pathways38, 40. 
 

Athlete and Anemia of chronic disease 
(ACD) 
It is well established that athletes frequently experience 
exercise-induced systemic inflammation, which is 
characterized by a chronic inflammatory state. The 
development of chronic inflammatory diseases (CIDs) is 
attributed to an overproduction of hepcidin, a pivotal 
factor in the pathophysiology of anemia. Moreover, the 
sustained production of inflammatory cytokines can result 
in anemia of chronic disease (ACD). In such cases, multiple 
signaling pathways interact in a complex manner to 
control hepcidin expression. The aforementioned 
pathways include the BMP/SMAD, HFE-TFR2, and IL-
6/STAT3 pathways (Figure 2). In particular, hemojuvelin 
(HJV/RGMc), a member of the repulsive guidance 
molecule (RGM) family, has been identified as a key 
regulator of hepcidin expression. HJV manifests in two 
distinct forms: membrane-bound (m-HJV) and soluble (s-
HJV). The function of m-HJV is to serve as a BMP co-
receptor, thereby acting as a pivotal regulator of 
hepcidin expression, demonstrating a positive regulatory 
effect on hepcidin expression. Conversely, s-HJV has 
been identified as a negative regulator of hepcidin 
expression by inhibiting the BMP/SMAD signaling 
pathway.  
 
During inflammatory responses, hepcidin expression is 
induced by activation of the IL-6/STAT3 pathway. 
However, the BMP/SMAD pathway is also imperative for 
this process. HJV has been demonstrated to play a 
pivotal role in the interaction between these pathways, 
contributing to the induction of hepcidin expression in 
ACD. Subsequent studies will offer further insight into the 
roles of ACD and HJV. The potential of HJV in regulating 
hepcidin expression and its role in inflammatory diseases 
require further elucidation. The findings from these studies 
may contribute to a more profound understanding of the 
pathophysiology of ACD. This may facilitate the 
identification of methods to prevent iron deficiency 
anemia and enhance exercise capacity. 
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Figure 1. The following investigation will explore the molecular mechanisms that govern hepcidin expression regulation. 

 
This section delineates the principal regulatory pathways 
that govern hepcidin expression in the context of 
inflammatory states and iron concentrations within the 
body. The expression of hepcidin is predominantly 
controlled by two types of pathways: those related to 
inflammation (notably the IL-6/STAT3 pathway) and 
those that sense iron levels (such as BMP/SMAD and 
HFE/TFR2 pathways).Within the context of inflammation, 
interleukin-6 (IL-6), a product of inflammatory responses, 
binds to its receptors, including gp130, thereby 
activating JAK1/2. This activation results in the 
phosphorylation of STAT3, which subsequently enters the 
nucleus and attaches to the hepcidin promoter to initiate 
transcription. In contrast, within iron-sensing mechanisms, 
BMP6 engages with the BMP receptor complex, resulting 
in the phosphorylation of SMAD1/5/8. The 
phosphorylated SMAD proteins form a complex with 
SMAD4 and translocate into the nucleus, where they also 
bind to the hepcidin promoter. In this instance, HJV 
functions as a co-receptor for BMP receptors, thereby 
amplifying BMP signaling. Additionally, Neogenin from 
the RGM family binds to HJV, contributing to this 

regulatory process. Upon the binding of transferrin-
bound iron to TFR1, a dissociation of HFE from TFR1 
occurs, concomitant with its association with TFR2. This 
interaction exerts a regulatory influence on HJV and BMP 
receptor complexes, thereby facilitating hepcidin 
expression through the process of SMAD1/5/8 
phosphorylation. Furthermore, HFE directly engages with 
ALK3, a type I BMP receptor. It has been demonstrated 
that HFE inhibits ALK3's ubiquitination as well as its 
proteasomal degradation, while enhancing its protein 
levels and promoting its relocation to the cell surface. The 
BMP/SMAD pathway exhibits a high degree of 
interaction with the IL-6/STAT3 pathway. The response 
elements for both STAT3 and BMP on the hepcidin 
promoter are situated in close proximity, indicating that 
an active BMP/SMAD pathway is imperative for the 
complete activation of hepcidin expression induced by IL-
6 signaling. Therefore, it can be inferred that the 
BMP/SMAD pathway may prepare or prime the hepcidin 
promoter for optimal synthesis activation when stimulated 
by IL-6. The collaborative function of these pathways 
ensures meticulous regulation of hepcidin expression48 
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Figure 2. The present study will examine the relationship between HJV Cleavage and the Regulation of Hepcidin Expression. 

 
Membrane-bound HJVs (m-HJVs) have been identified as 
critical players in the regulation of BMP signaling, 
suggesting a pivotal role for these membrane-bound 
HJVs in the context of cellular processes. The process of 
signal transduction is initiated when BMPs bind to their 
respective receptors, leading to their activation. This, in 
turn, results in the phosphorylation of SMAD1/5/8. These 
phosphorylated proteins subsequently bind with SMAD4, 
forming a complex that translocates to the nucleus to 
promote the transcription of hepcidin genes. The 
interaction between Neogenin and m-HJV is imperative 
for the regulation of this sequence of hepcidin expression. 
Consequently, the cleavage of m-HJV by Matriptase-2 
(TMPRSS6) has been shown to inhibit hepcidin expression. 
The presence of m-HJV along with the Neogenin and 
TMPRSS6 protein complex facilitates this cleavage 
process by TMPRSS6. The accompanying diagram 
illustrates the m-HJV fragments produced from this 
cleavage event, with green hexagons denoting these 
fragments. Conversely, soluble HJV (s-HJV) functions as 
an antagonist within BMP signaling pathways. Furin 
cleaves HJV within the endoplasmic reticulum (ER), 
resulting in the formation of s-HJV. This soluble form 
functions as a decoy receptor, impeding BMPs from 
binding to m-HJV and consequently hindering hepcidin 
expression. In essence, s-HJV interferes with the 
BMP/SMAD signaling pathway, resulting in a decrease in 
hepcidin expression.48. 
 

Future research 
Hepcidin exerts a pivotal function in the pathophysiology 
of ACD by modulating systemic iron homeostasis41-43. 
Hepcidin has been shown to bind to ferroportin, 
promoting its internalization and subsequent 
degradation, thereby reducing iron efflux from cells44. In 
ACD, the persistent inflammation that characterizes this 
condition has been shown to increase hepcidin production, 

which in turn reduces the amount of iron available for 
erythropoiesis and may lead to the development of 
anemia45.  
 
The regulation of hepcidin expression is intricate and 
involves multiple signaling pathways, including the 
BMP/SMAD pathway, the IL-6/STAT3 pathway, and the 
HFE-TFR2 pathway42. Hemojuvelin (HJV), also known as 
repulsion-inducing molecule C (RGMc) or 
haemochromatosis type 2 protein (HFE2), plays an 
important role in regulating these pathways and 
ultimately hepcidin expression46,47. HJV has been 
identified as a co-receptor for BMP, a role that has been 
demonstrated to enhance BMP signaling and promote 
hepcidin transcription46, 47. 
 

While the role of HJV in hepcidin regulation is not a novel 
concept, it is frequently disregarded in the domain of 
sports nutrition. Indeed, a considerable body of research 
has been dedicated to investigating the relationship 
between hepcidin and IL-6, as well as their interaction 
with nutrients. We hypothesize that the development of 
novel methodologies to prevent anemia associated with 
HJV will prove advantageous not only for athletes but 
also for the general population. 
 

Conclusion 
The present review focuses on the issue of iron deficiency 
in athletes. A substantial body of research has previously 
examined the impact of physical activity on iron status 
within the human body. The present study focused on the 
relationship between hepcidin and IL-6. However, it is 
imperative to acknowledge that there exist three 
predominant pathways for hepcidin expression, and 
future research endeavors should prioritize the 
elucidation of these pathways. 
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Subsequent research is likely to offer further insights into 
the role of ACD and HJV. These studies may contribute to 
a more profound understanding of the pathophysiology 
of ACD and potential strategies for preventing iron 
deficiency anemia and improving athletic performance. 
 

Research limitations 
The limitation of this review is that research into the effect 
of resistance exercise on improving iron stores has only 
been conducted in animals. Although one report was cited 
in the text, no other human studies on iron and resistance 
exercise were found. We believe that careful 
consideration is needed when applying the iron recycling 
effect of resistance exercise to athletes. 
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