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Abstract: One of the most common nutritional problems in athletes is iron deficiency. Although a
lot of research has been done, the problem is still not solved. It is believed that iron deficiency is
basically a lack of iron intake due to low dietary intake. Therefore, athletes who are found to be iron
deficient are required to increase their iron intake (supplementation or intravenous administration).
However, there are many supplements available on the market today, and if the problem is simply
a lack of iron intake, it is a nutritional problem that should have been solved. In other words, there
are reasons why the problem cannot be solved by simply taking iron, and it is important to conduct
further research on the relationship between iron status and physical activity in the future. In this
paper, we summarize our recent research, focusing on the studies we have done so far.
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[Iron Distribution in the Body]

Sixty to seventy percent of the iron in the body is present as part of the heme in hemoglobin
(Figure 1). Heme iron, other than hemoglobin, accounts for approximately 5% in body and acts as an
oxygen transporter in tissues. Enzymes that are not heme iron include enzymes that carry out
oxidation reactions. In mitochondria, these non-heme iron enzyme groups are more abundant than
in cytochromes. Iron stores, which account for approximately 25% of the body iron, include ferritin
and hemosiderin. When iron loss is lower than the iron intake, apoferritin synthesis increases with
an increasing iron intake, and iron adsorption onto ferritin within free polyribosomes proceeds,
increasing ferritin stores in the liver. At the same time, hepatic hemosiderin stores are increased,
apoferritin synthesis in the reticuloendothelial system and endoplasmic reticulum of hepatocytes is
enhanced, and serum ferritin is also increased. Conversely, when iron loss is greater than the iron
uptake, iron is released from ferritin in the liver and the serum iron concentration increases. In
addition, iron stored in the reticuloendothelial system and hepatocytes is released into peripheral
blood at a rate of 20-25 mg/day, and serum iron is taken up by erythroblasts in the bone marrow at
the same rate [1-3]. Iron incorporated into erythroblasts is used for hemoglobin synthesis, and
erythroblasts differentiate into erythrocytes and are released into the peripheral blood. Erythrocytes
released into the peripheral blood eventually age and are phagocytosed by the reticuloendothelial
macrophages. Approximately 85% of iron in erythrocytes phagocytosed by reticuloendothelial
macrophages is released back into the body in the form of transferrin and ferritin, and the remainder
is stored in the form of ferritin and hemosiderin. Thus, the uptake of iron into erythroblasts is
complemented and maintained by iron supply from macrophages [1,2,4].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Kinetics of Iron Absorption in the Body.

Dietary iron is absorbed from the upper gastrointestinal tract and enters the bloodstream, where
it is bound to transferrin (Tf) and transported throughout the body. Some of the iron is stored in the
liver and used by cells throughout the body, including muscle cells. The erythrocytes produced
circulate throughout the body to carry oxygen, and at the end of their 120-day life span, the waste
erythrocytes are destroyed in the endoreticular system, and the iron removed from hemoglobin is
returned to the blood and reused. The body has no mechanism to actively excrete iron, and only a
small amount of iron is lost through the shedding of epithelial cells in the gastrointestinal tract. On
the other hand, the amount of iron absorbed from the gastrointestinal tract is small (about 1 mg/day
in adults), and most of the iron is provided by recycled iron, creating a semi-closed loop.

A key player in iron homeostasis is hepcidin [5,6]. Hepcidin is a 25 amino acid peptide hormone
produced from an 84 amino acid prepropeptide. Hepatocytes mainly secrete hepcidin, which binds
to a2-macroglobulin and circulates in the plasma [7].

Dietary iron, both heme and non-heme, is absorbed by intestinal epithelial cells [8]. Non-heme
iron, which is predominantly trivalent, is reduced to divalent iron by duodenal cytochrome b (Dcyt
b) at the intestinal epithelial cell membrane and taken into the cells by divalent metal transporter 1
(DMT1) [9,10]. After its uptake by intestinal epithelial cells, heme iron is transported to the cytoplasm
by heme carrier protein 1 (HCP1), which is degraded by heme oxygenase and released as iron ions
[11,12]. Intracytoplasmic iron is exported into circulation by ferroportins on the basement membrane
of the intestinal epithelium [13-15]. Iron released through the basement membrane by ferroportins is
oxidized to trivalent iron by membrane-bound hephaestin or soluble ceruloplasmin, and then bound
to transferrin (TF) in the blood for safe transport and distribution throughout the body [10,16-18]
(Figure 2).

Transferrin receptor 1 (TfR1), which binds specifically to transferrin with high affinity, is highly
expressed on the membrane surface of erythroblasts in the bone marrow, allowing transferrin-bound
iron to be taken up by the cell. When transferrin binds to TfR1 on the cell membrane surface, it enters
the cell by endocytosis, and iron is translocated from endosomes to the cytoplasm via DMT1 and is
eventually used for hemoglobin production with the involvement of mitochondria [19]. When waste
erythrocytes are trapped and destroyed by macrophages in the reticulospinal system, the resulting
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iron is released into the blood as divalent iron via FPN, which is then oxidized to trivalent iron by
the oxidative action of ceruloplasmin (CP) and rebounds to transferrin for circulation and reuse in
the body. Although TfR1 and its homologue transferrin receptor 2 (TfR2) have been implicated in the
uptake of iron by hepatocytes [20], a pathway independent of these receptors has also been postulated
[21]. Thus, iron metabolism in vivo is regulated by several related molecules, forming a semi-closed
loop. Hepcidin is a small peptide consisting of 25 amino acids in its active form, which is mainly
produced in the liver and circulates in blood. Hepcidin decreases the membrane surface expression
of FPN in intestinal cells and the endoplasmic reticulum [5] and has been shown to be a general
negative regulator of iron metabolism in vivo, inhibiting iron absorption in the gastrointestinal tract
and release from macrophages [22,23].
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Figure 2. The comprehensive mechanism of iron metabolism regulation centered on hepcidin.

Hepcidin is synthesized and secreted by the liver. Synthesized hepcidin is distributed
throughout the body by the bloodstream and acts on cells expressing ferroportin (FPN), including
small intestine, liver, and spleen macrophages. When hepcidin binds to FPN, it promotes FPN
internalization and degradation, thereby inhibiting iron export from cells. In the small intestine,
particularly in the duodenum, non-heme iron (Fe*") from the diet is reduced to ferrous iron (Fe?) by
duodenal cytochrome b (Dcyt b), which is located on the luminal membrane of duodenal epithelial
cells. The reduced iron is taken into the cell by the divalent metal transporter 1 (DMT1) and then
exported to the bloodstream through the FPN on the basolateral side. Fe?* exported from the FPN is
oxidized to Fe3+ by membrane-bound hephaestin (HEPH) or soluble ceruloplasmin (CP). The
oxidized iron rapidly binds to transferrin (Tf) in the blood and circulates as an Fe-Tf complex.
Macrophages in the spleen play a critical role in phagocytosing senescent red blood cells and
recovering iron from hemoglobin. FPN, also present on the macrophage surface, is responsible for
releasing the recovered iron into the bloodstream, but hepcidin also controls this process. In
inflammatory conditions, hepcidin production increases, resulting in systemic suppression of iron
mobilization via FPN. This leads to decreased serum iron, sequestration of iron in reticuloendothelial
macrophages, and restriction of iron available for hematopoiesis, resulting in anemia of chronic
disease (ACD) [19].

[Iron Deficiency]

Iron deficiency is one of the most common nutritional issues worldwide. One in 49 people
worldwide is anemic [24]. An iron imbalance is one of the causes of iron deficiency. In iron deficiency,
daily iron loss and utilization exceed the daily iron intake [25]. In addition, disorders of iron
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metabolism, namely iron recycling from the spleen and macrophages, and iron absorption in the
duodenum via hepcidin, are also associated with iron deficiency [25].

Iron is involved in many metabolic processes including mitochondrial electron transfer,
neurotransmitter synthesis, protein synthesis, and organ formation. In addition, iron deficiency
significantly reduces mitochondrial iron-sulfur content, cytochrome content, and total oxidative
capacity [26]. Furthermore, iron deficiency limits hematopoiesis in hematopoietic tissues, leading to
a decrease in hemoglobin concentration and resulting in iron deficiency anemia. Therefore, many
biological functions, including the immune function, sympathetic nerve function, endocrine
metabolism, and thermoregulation are reduced when iron is reduced in the body [27-30].

[Iron Deficiency in Athletes]

Iron deficiency (ID) is a common nutritional disorder among endurance athletes [31]. Iron is
responsible for transporting oxygen to muscles during exercise and plays an important role in energy
production during exercise [32]. Therefore, iron deficiency leads to impaired athletic performance
during endurance events [33,34].

Iron deficiency is common in endurance athletes because of prolonged training and repetitive
ground contact [31]. Several physiological mechanisms have been proposed to explain the reduced
iron status, including gastrointestinal bleeding [35], hemolysis from the impact on the plantar surface
and other areas [36], iron deficiency in the daily diet [37], and loss due to heavy sweating [38]. Iron
storage deficiency occurs rapidly or very slowly, depending on the balance of the iron intake, storage,
and iron requirements. In addition, the rate at which true iron deficiency occurs in individual tissues
and intracellular organelles depends on the intracellular mechanisms of iron recycling and the
metabolic turnover rate of iron-containing proteins [25].

As mentioned above, hepcidin regulates iron homeostasis by binding to ferroportin, the only
known intracellular iron exporter, and inhibits its function through occlusion or degradation [39,40].
It has recently been reported to be associated with the onset of symptoms of apathy and negative
mood disorders [41,42]. Consequently, hepcidin interferes with iron absorption and recycling.
However, the detailed mechanisms underlying exercise-induced iron deficiency in athletes remain
unclear.

[ Exercise and Iron])

Hepcidin is a peptide hormone synthesized in the liver. The expression of hepcidin is
upregulated by inflammation [43], increased iron stores [44], and exercise [45].

Banzet et al. observed that in rats subjected to treadmill exercise, liver hepcidin mRNA levels
were elevated above resting levels immediately after exercise and returned to resting levels 6 h after
exercise [45] Newlin et al. observed that plasma hepcidin levels increased significantly 3 h after
exercise and returned to baseline levels 24 h after exercise [46]. Peeling et al. reported a significant
increase in hepcidin mRNA levels in rats after 5 weeks of treadmill exercise. It has been suggested
that hepcidin levels are influenced by exercise intensity and duration [47].

Intense exercise also increases the levels of the inflammatory cytokine interleukin-6 (IL-6), which
stimulates hepcidin production. Serum hepcidin levels have also been found to increase
approximately 3-6 h ours after a single bout of exercise [48,49]. Prolonged exercise also causes a
marked increase in circulating IL-6 levels [50,51]. This has been suggested to be the mechanism
responsible for the increase in hepcidin levels after exercise [51], and the mechanism of hepcidin
expression from elevated IL-6 has been reported [52].

In recent years, mild to moderate anemia lasting more than a few months has been observed in
patients with infectious, inflammatory, or neoplastic diseases, and is called anemia of inflammation
or anemia of chronic disorder (ACD) [53]. This condition does not include chronic anemia due to
chronic exanthema, hemolysis, renal failure, liver disease, endocrine disorders, and so on. Although
anorexia-cachexia syndrome (ACD) is a widely used term, its meaning is somewhat ambiguous and
the use of the term inflammatory anemia is recommended. Recently, hepcidin, a newly discovered
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endogenous antimicrobial substance, was shown to be closely involved in the development of this
condition and has attracted renewed attention [54].

[ Aerobic Exercise and Iron]

Because of the high prevalence of iron deficiency in persons with exercise habits, not only in the
athletic population [31], and because many of these are aerobic exercise disciplines, much of the
research on exercise and its effects on the body’s iron nutritional status has been conducted on aerobic
exercise.

The proposed mechanisms by which iron status is affected by vigorous exercise include
gastrointestinal bleeding after running and increased hematuria as a result of the destruction of red
blood cells in the sole of the foot during running [55-57]. The possibility of increased erythrocyte
metabolic turnover in athletes was also supported by iron kinetic measurements performed by Ehn
et al., who showed that iron loss was 20% faster in female athletes than in non-athletes in experiments
using radioactive iron and that iron loss was faster in adult males [58]. He also reported that female
athletes had normal hemoglobin and plasma iron levels but a latent iron deficiency in the bone
marrow [58]. Animal studies have reported that animals that exercise in a low-iron state have faster
metabolic turnover of erythrocyte iron than those that do not exercise [59].

In contrast, animal studies have reported that aerobic exercise reduces or ameliorates the decline
in in vivo iron indices caused by iron deficiency [60,61]. Perkkio et al. found that aerobic exercise
(treadmill running) in iron-deficient rats significantly increased hemoglobin concentration,
endurance capacity, and VOzmax [62]. In contrast, in iron-sufficient rats, there was no decrease in
hemoglobin concentration in the exercise group relative to the non-exercise group [62]. Willis et al.
also reported that aerobic exercise (treadmill running) results in significantly higher hemoglobin
concentrations in iron-deficient rats than in resting rats [63]. However, Gagine et al. observed a
significant decrease in bone marrow iron in the exercise group relative to the resting group when rats
were subjected to aerobic exercise (swimming exercise), suggesting that the decrease in bone marrow
iron was due to increased iron metabolic turnover, including iron release from cells and the
hemoglobin synthesis rate [64]. Qian et al. reported that in animals that underwent intense exercise
(swimming exercise), the uptake of iron by bone marrow erythrocytes and hemoglobin synthesis
increased, but tissue iron levels in the liver, spleen, kidneys, and heart decreased [65]. They also
suggested that the decrease in tissue iron levels may be due to increased the uptake of iron into bone
marrow cells for hemoglobin synthesis and that exercise may lead to a shift of iron from storage sites
to bone marrow cells to promote hemoglobin synthesis [66]. Exercise-induced decreases in tissue iron
content have been observed in other studies. Strause et al. also reported that exercised rats had lower
liver and spleen iron than resting rats [66], and Ruckman et al. observed an increase in hemoglobin
in exercised rats relative to resting rats [67]. However, they observed a trend toward iron deficiency
in the liver and spleen, suggesting that decreased organ iron levels are associated with increased
hemoglobin levels [67].

Nachitgall et al. investigated the blood status of 45 long-distance runners and reported that
serum ferritin levels were < 35 pug/L in 51% of athletes and < 20 ug/L in 16% [68]. In addition, Simon
et al. studied the blood status of professional soccer players and elite rowers and found that some
players had normal hemoglobin levels, but serum ferritin levels below 12 ug/L (cutoff) [69]. In animal
studies, iron deficiency in the absence of anemia has been shown to reduce endurance and exercise
capacity. Hinton et al. also reported improved endurance when iron supplementation was
administered to women with normal hemoglobin concentrations. Hinton et al. also reported
improved exercise capacity when iron supplements were prescribed to women with normal
hemoglobin and low serum ferritin levels [70]. In other words, the fact that hemoglobin
concentrations were within the normal range does not mean that the iron intake was adequate. These
reports suggest that assessing anemia by measuring the hemoglobin concentration alone may miss
truly anemic individuals.

In recent years, serum and plasma ferritin concentrations have been commonly used to
determine iron deficiency. The ferritin concentration in the blood reflects the amount of stored iron.
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The World Health Organization (WHO) recommends 15 ng/mL as the cutoff value of the serum
ferritin concentration for iron deficiency in healthy individuals (age: 10-59 years) [71]. Many studies
have also used a cutoff value of serum ferritin > 30 ng/mL, although studies related to iron deficiency
and iron metabolism have used broader cutoff values, such as 12-40 ng/mL. However, a study
investigating the association between serum ferritin, hepcidin, and iron absorption in young women
recommended a ferritin cutoff value of 50 ng/mL for the early detection of iron deficiency [72].
Mielgo-Ayuso et al. also reported that 30-99 ng/mL was considered functional iron deficiency and
that a serum ferritin level of > 100 ng/mL was considered necessary [73]; therefore, the optimal cutoff
value is still controversial.

[ Resistance Exercise and Iron])

Compared to aerobic exercise, there are fewer studies on the effects of resistance exercise on iron
metabolism. Resistance exercise is characterized by increased body protein synthesis [74] and muscle
protein synthesis with faster post-exercise recovery [75-78].

Mild resistance exercise has been reported to improve subclinical iron deficiency in young
women without iron supplementation [79]. In this study, 12 weeks of resistance exercise (dumbbell
exercise) in women with subclinical iron deficiency resulted in significant increases in serum ferritin
levels, hemoglobin concentration, red blood cell count, and total iron-binding capacity, suggesting
that daily mild resistance exercise improves anemia and iron deficiency anemia.

For example, Matsuo et al. reported that iron deficiency anemia was reduced in a study in which
rats were subjected to a climbing exercise in which they voluntarily ascended and descended a 2-
meter wire mesh tower cage for drinking water [78,80,81]. They suggested that this effect was related
to an increase in ALAD activity, an enzyme involved in heme biosynthesis, due to resistance exercise
[78,80,81]. Bone marrow ALAD activity increases after exercise in rats subjected to habitual climbing
exercises. Matsuo et al. compared iron-deficient rats that performed habitual climbing or swimming
exercise for 8 weeks and reported that they observed an increase in ALAD activity during climbing
exercise, although swimming exercise did not alter bone marrow ALAD activity [78]. Climbing
exercise has been shown to increase bone marrow ALAD activity, whereas aerobic exercise does not
increase bone marrow ALAD activity. These findings suggest that resistance exercise, as opposed to
aerobic exercise, may increase hemoglobin levels [81,82] (Figure 2). On the other hand, it has been
suggested that even if climbing exercise increases heme biosynthetic capacity, blood hemoglobin
concentration may not recover if the supply of iron, the source of hemoglobin, from diet or stored
iron is insufficient [78,82,83].

It was observed that the blood hemoglobin concentration was improved and maintained in
resistance-trained rats without a decrease in tissue iron concentration relative to resting rats [84]. In
addition, there were no significant differences in blood iron indices or total body iron levels between
groups of rats performing resistance exercise and those at rest. Furthermore, we observed that
resistance exercise in rats increased iron excretion relative to resting rats [85]. These results suggest
that the effect of resistance exercise on improving the iron nutritional status may not be due to
increased iron absorption but rather to increased iron recycling. We speculate that this result is due
to the fact that resistance exercise promotes iron recycling [82,83].

Therefore, because different types of exercise may have different effects on the iron nutritional
status, we investigated the effects of different types of exercise on the iron nutritional status in
athletes, focusing on track and field teams that have different exercise modalities, such as long-
distance athletes who perform aerobic exercise and short-distance athletes and throwers who often
perform strength training, which is a resistance exercise. This study examined the effects of different
exercise modalities on the nutritional status of athletes. None of the male or female athletes in this
study had anemia. It is believed that most men were not anemic because they consumed more than
the recommended amount of iron. However, none of the females were anemic, although many did
not consume the estimated average requirement (average iron intake: 8.1 + 2.8 mg/day) (Figure 3).
Short distance running, throwing, jumping, judo, and American football require strength and
endurance, and strength training (resistance exercise) is normally incorporated into regular practice.
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For these reasons, resistance exercises are used in the training of athletes. These results suggest that
resistance exercise increases iron recycling and may not induce anemia, even when the iron intake is

low.
This result suggests that the iron intake varies with exercise type.
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Figure 3. Effects of swimming or climbing exercise on hemoglobin concentration in rats receiving 4,
18, 29, and 40 mg Fe/kg diet for 8 wk. Values are means and SE for 6 rats. Means with different
superscripts are significantly different at p<0.05, determined by ANOVA and Fisher’s PLSD test. SED,
sedentary; SWIM, swimming exercise; CLIMB, climbing exercise.

ALAS and ALAD, key enzymes in hemoglobin synthesis, were measured as indicators of heme
biosynthetic capacity. When rats were subjected to 8 weeks of resistance exercise (climbing), bone
marrow heme biosynthetic capacity increased, and the effect was greater than that of aerobic exercise.
Previous experiments observing the effects of exercise on heme biosynthesis have inconsistently
reported that habitual resistance exercise (climbing) increases heme biosynthesis, whereas no
consistent conclusions have been drawn about the effects of habitual aerobic exercise.

[ Nutrition and Exercise]
(1) Diet and Iron

The effects of various athletic activities on the iron status of college athletes have been studied
[84,85]. Many male athletes were not anemic because they consumed more than the recommended
amount of iron. Although many female athletes in the aforementioned study did not consume the
estimated average requirement, none of them became anemic. Heme iron absorption was more
efficient than non-heme iron absorption. There is also a protein (meat factor) that enhances iron
absorption; meat factor increases the absorption of non-heme iron by almost a factor of 2. Lyle et al.
reported that consumption of one meat-containing meal per day is effective in maintaining serum
ferritin levels for long periods, even with moderate exercise [85]. Tetens et al. reported that serum
ferritin levels decreased in women of childbearing age who consumed a plant-based diet, whereas
serum ferritin was maintained in women who consumed a meat-based diet [86]. The subjects
consumed more than 1.0 g of protein per kg of body weight. In addition, the animal protein intake
was approximately 50% in both men and women. Based on the above, the subjects were considered
to have an adequate meat intake, which may have increased iron absorption and prevented anemia
[87].

Reinke et al. also suggested that the key physical factors of performance in rowing (i.e., power
and endurance) may reduce the decline in stored iron relative to soccer, which requires speed and
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agility [88]. This may be one of the factors to consider for different iron intakes for different types of
exercise.

(2) Diet and Nutrients

The first step in optimizing iron supplementation in athletes is to correct existing iron deficiency.
Clenin et al. suggested that iron deficiency in athletes can be treated by dietary modification, oral
supplementation, or intravenous/intramuscular supplementation [89]. Macrophages efficiently
recycle old red blood cells, and under normal conditions, only 10% of the lost iron can be replenished
by the diet [90,91]. It is important for athletes to consume meat, fish, whole grains, and green
vegetables in their diet. In addition, foods rich in vitamin C increase iron absorption, whereas
polyphenols found in coffee, tea, and certain plants inhibit iron absorption [91]. When iron deficiency
occurs, the first step is usually to improve diet, aiming for an iron intake of 14 mg/day [89]. This
number is approximately twice that of the general population in Japan. Furthermore, considering
that the recommended iron intake for female endurance runners is 18 mg/day [92], this is a
considerable burden for athletes in Japan, who are unable to achieve the iron recommendations of
the general population.

Recently, the effects of the carbohydrate and energy intake on the hepcidin response in athletes
have been investigated [93,94]. Decreased muscle glycogen content has been shown to increase
exercise-induced IL-6 [93,95-98]; and McKay et al. found that both low energy availability (LEA) and
a low carbohydrate intake increased the hepcidin response and that acute and long-term
carbohydrate restriction had different effects on the hepcidin response and iron status [93]. They also
concluded that while acute effects may influence the hepcidin response, the long-term approach is
highly dependent on the athlete’s initial iron intake and not on their long-term carbohydrate intake.
Although the results of this study may be considered a recent finding, it has been reported that the
carbohydrate intake is also important for muscle protein synthesis [98]. To the best of our knowledge,
it was reported as early as 1986 by Henderson et al., who reported increased utilization of glucose as
an energy source in iron-deficient rats [99]. However, more research is required on this topic [100].

In recent years, in addition to iron deficiency anemia, relative energy deficit in sport (RED-S) has
become a concern [101]. RED-S occurs in both males and females, resulting in decreased endurance,
increased risk of injury, and decreased glycogen stores. Indeed, LEA is commonly observed during
daily training in endurance athletes [102] and may increase the risk of iron deficiency [103]. It has
also been suggested that severe energy deprivation may worsen hepcidin levels, even in the absence
of inflammation [104]. Therefore, it can be said that nutritional deficiencies may indirectly affect iron
status via increased hepcidin activity.

Low energy availability (LEA) caused by a decreased energy intake (EI) and/or increased
exercise energy expenditure (EEE) has been reported to cause undesirable conditions such as
decreased resting energy expenditure and disruption of various hormonal, metabolic, and functional
properties [105]. However, the effects of LEA on iron metabolism, particularly hepcidin levels, during
endurance exercise remain unknown.

A number of studies have examined the total energy intake in athletes and associated LEA with
an increased hepcidin response [106]. Hennigar et al. found that athletes experiencing energy
deprivation had an increased hepcidin response after exercise relative to athletes with a normal
energy intake and found that iron absorption was reduced [106]. In addition, Barney et al. observed
that in runners with low iron stores, prolonged running increased hepcidin levels and decreased
dietary iron absorption compared with resting [107]. This suggests that maintaining an adequate
energy balance may prevent exercise-induced increase in hepcidin response and reduce dietary iron
absorption [108].

These results suggest that when appropriate for iron-deficient athletes, providing adequate
energy and carbohydrates to meet training demands may be an important factor in optimizing an
athlete’s iron status through diet [108].

[Influence of Exercise and Diet Timing on Iron Status in the Body]
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The authors investigated the effect of meal timing on the effect of resistance exercise in
improving iron nutritional status in iron-deficient rats [109]. Rats were subjected to resistance exercise
and maintained for 3 weeks in two groups: one group received a meal immediately after exercise,
and the other group received a meal 4 h after exercise. The results showed that plasma iron increased
immediately after exercise in our study, and no increase in plasma iron due to the food intake was
observed. However, both plasma iron levels and bone marrow ALAD activity increase after exercise.
It has been reported that when anemic rats are subjected to resistance exercise, hemoglobin
concentration increases significantly in comparison to resting rats [110]. It has also been reported that
plasma iron is used for hemoglobin synthesis [111]. This suggests that the simultaneous increase in
bone marrow ALAD activity and plasma iron levels indicates that resistance exercise promotes
hemoglobin synthesis and increases hemoglobin concentration [77].

McCormick et al. found that despite the increase in hepcidin concentrations after exercise, more
iron is absorbed when a meal is eaten after morning exercise than when fasting at rest or from an
evening meal [109]. Although the physiological mechanisms that promote iron absorption after
exercise remain to be elucidated, the present study suggests that, in addition to transient
physiological changes after exercise, overall iron absorption is influenced by cumulative responses
to inflammation and hepcidin. Therefore, they advocate that exercisers should be advised to take or
supplement iron immediately after morning exercise to enhance iron absorption. This focuses on the
fact that the increase in hepcidin occurs 3 h after exercise, regardless of whether exercise is performed
in the morning or afternoon [110].

[ Treatment and Iron])

In recent years, the use of iron supplements has become common as a preventive measure
against anemia, not only for athletes, but also for people who do not exercise. Many types of
supplements and other products to improve iron balance are available in the market. Brigham et al.
reported that a supplement containing ferrous sulfate (39 mg/day of iron) prevented a decrease in
serum ferritin in female swimmers [112]. Hinton et al. also reported that the administration of ferrous
sulfate (36.8 mg/day iron) to late iron-deficient women significantly increased serum ferritin levels
and improved endurance exercise capacity [112]. In addition, Kang et al. reported that
supplementation of young female soccer players with iron (40 mg/day) significantly increased serum
ferritin levels and prevented hemoglobin decline [113]. The doses of iron used in these studies were
all low, suggesting that iron supplements and preparations can improve iron stores even at low doses.
However, supplements can lead to overdosing because a certain amount is consumed regardless of
the individual’s iron status. However, the side effects of oral iron supplementation may include
gastrointestinal disturbances such as nausea, abdominal pain, and constipation [114]. These side
effects may interfere with the daily performance and require careful consideration [115].

It is also recommended that athletes monitor their iron status regularly and treat deficiencies as
soon as they occur [116-118], Clarke et al. recommend hematological testing every 6 months for
women and annually for men unless there are other clinical indications [116]. However, no specific
ferritin level is recommended for athletes to determine improvements in iron deficiency [119]. Clearer
guidelines for iron supplementation and the associated hepcidin response to improve exercise
performance are needed [120]. It has been reported that intravenous iron supplementation has no
particular advantage over oral supplementation with respect to iron status in athletes [121-123]. It is
well known that

[ Our Latest Developments]

Hepcidin plays a central role in the pathophysiology of ACD by regulating the systemic iron
homeostasis [124-126]. Hepcidin binds to ferroportin, promotes its internalization and degradation,
and reduces cellular iron efflux [127]. In ACD, persistent inflammation increases hepcidin
production, which in turn reduces the iron available for erythropoiesis and may lead to the
development of anemia [128].
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The regulation of the hepcidin expression is complex and involves multiple signaling pathways,
including the BMP/SMAD, IL-6/STAT3, and HFE-TFR2 pathways [125]. Hemojuvelin (H]JV), also
known as repulsion-inducing molecule C (RGMc) or hemochromatosis type 2 protein (HFE2), plays
an important role in regulating these pathways and, ultimately the expression of hepcidin [129,130].
HJV is a co-receptor for BMP and acts as a co-receptor for BMPs, enhancing BMP signaling and
promoting hepcidin transcription [129-131].

H]JV in hepcidin regulation is not a new area, but is often overlooked in sports nutrition. In fact,
much of the research has focused on the association of hepcidin with IL-6 and nutrients, and we
believe that new methods of preventing anemia around HJV would be beneficial not only to athletes
but to non-athletes.

Therefore, we conducted a comprehensive study on the involvement of the RGM family in
hepcidin regulation in ACD.
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Figure 4. The relationship between the daily iron intake and hemoglobin concentration in females. O
: sprinting, e: throwing, x: jumping, +: middle and long distance running, ¢:judo, I: gymnastics. The
black transverse line indicates the cutoff value for the hemoglobin concentration. The black vertical
line indicates the recommended dietary allowance (RDA) for females.
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