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Revisión

Summary

Iron is necessary for adequate deliver oxygen to the tissues since it is an essential component of the haemoglobin. However, 
iron deficiency remains a common problem among athletes, particularly for women experiencing the menstrual bleeding 
every month. The iron losses through menstrual blood loss during the early follicular phase (or menses) and an inadequate 
dietary intake of iron are two important factors contributing to this disease. Furthermore, the large hormonal changes that 
women experience along the menstrual cycle, especially in oestrogen and progesterone may influence on the optimization of 
iron absorption. Iron absorption is mainly mediated by hepcidin hormone, which seems to be affected by several stimulus and 
factors such as oestrogen and progesterone concentrations. Moreover, the regular practice of exercise is another important 
modulator of this hormone. Therefore, premenopausal active females are the most susceptible population to develop an iron 
deficiency or iron deficiency anemia, affecting their health and performance due to the less iron availability within the body and 
consequently a reduction of haemoglobin which compromise the oxygen transport. To date, most studies have not explored 
the acute post-exercise hepcidin response taking endogenous and exogenous sexual hormones influence into account.
This narrative review will focus on how iron homeostasis is modulated by different factors mainly influenced by exercise and 
female sexual hormones.
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Resumen

El hierro es necesario para suministrar adecuadamente el oxígeno a los tejidos, ya que es un componente esencial de la 
hemoglobina. Sin embargo, la deficiencia de hierro sigue siendo un problema común entre los atletas, particularmente 
para las mujeres que experimentan el sangrado menstrual cada mes. Las pérdidas de hierro producidas tras la el sangrado 
menstrual durante la fase folicular temprana (o menstruación), además de una ingesta dietética inadecuada de hierro son 
dos factores importantes que contribuyen a esta enfermedad. Además, los grandes cambios hormonales que experimentan 
las mujeres a lo largo del ciclo menstrual, especialmente en el estrógeno y la progesterona, pueden influir en la optimización 
de la absorción de hierro. La absorción de hierro está mediada principalmente por la hormona hepcidina, que parece verse 
afectada por varios estímulos y factores como las concentraciones de estrógeno y progesterona. Además, la práctica regular de 
ejercicio es otro importante modulador de esta hormona. Por lo tanto, las mujeres activas premenopáusicas son la población 
más susceptible de desarrollar una deficiencia de hierro o anemia ferropénica, lo que afecta a su salud y rendimiento debido 
a la menor disponibilidad de hierro en el cuerpo y en consecuencia, a la reducción de la hemoglobina que compromete el 
transporte de oxígeno. Hasta la fecha, la mayoría de los estudios no han explorado la respuesta aguda de la hepcidina después 
del ejercicio teniendo en cuenta la influencia de las hormonas sexuales endógenas y exógenas.
Esta revisión narrativa se centrará en cómo la homeostasis del hierro es modulada por diferentes factores influenciados 
principalmente por el ejercicio y las hormonas sexuales femeninas.
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Introduction

Iron deficiency (ID) is the most common nutritional deficiency 
worldwide, affecting specially to premenopausal women, around 40% 
in the developing world due to the additional iron demands of mens-
truation and pregnancy1.

Athletes present a higher prevalence of ID than common popula-
tion1, particularly those involved in endurance sports2. In women, the 
regular exercise practice combined with menstrual blood losses, and 
in occasions accompanied by inadequate iron intake may compromi-
se iron status3,4. Therefore, the prevention of ID, especially in females 
participating in endurance-type exercise are of major importance in 
order to avoid this event. 

Additionally, oral contraceptive (OC) agents have been reported 
to improve iron parameters levels5–7, since lesser quantity and shorter 
duration of menstrual blood loss is reported in OC users7. However, OC 
comes in a variety of formulations that contain several concentrations 
of synthetic ethinyl estradiol and progesterone, and the potential side 
effects in the measurement variables may be different due to the di-
fferences in dosages. 

Systemic iron homeostasis depends primarily on the hepcidin 
hormone, which is the master regulator of iron homeostasis. Hepcidin 
inhibit the cellular efflux of iron to plasma by binding to ferroportin 
and inducing its internalization and degradation, therefore this fact 
modulates duodenal iron absorption and recycling in macrophages8. 

The regulation of hepcidin hormone occurs via many different 
stimuli including iron status, increments of interleukin-6 (IL-6), inflam-
mation or hypoxia, among others, causing a future increase or decrease 
in iron absorption8. Furthermore, female sex hormones have been 
reported to exert a potential effect on hepcidin expression, specially 
oestrogen and progesterone9,10, which may consequently influence 
on iron absorption. 

This narrative review aims to address the different stimuli and 
mechanisms regulating hepcidin hormone, considering exercise and 
female sex hormones influence and their corresponding consequences 
on iron homeostasis.

Hepcidin-ferroportin system

Hepcidin is synthesized and released mainly by the liver and it 
acts controlling the membrane expression of ferroportin11. Hepcidin 
binds to ferroportin and degrades it, so the hepcidin-ferroportin in-
teraction controls the flux of iron into the plasma and consequently 
the iron used by tissues11. The liver becomes a sensor and an effector 
regarding the control of iron metabolism, recognizing different sti-
muli: intra and extracellular iron concentrations (hepatic and plasma 
iron), the erythropoietic needs and the increase in concentrations of 
inflammatory markers12. 

Increased hepcidin expression in hepatocytes occurs when iron 
levels are abundant in the body, which reduce its absorption and release 
from stores (mainly ferritin within hepatocytes and macrophages). When 
iron is deficient, hepatocytes decrease hepcidin synthesis, inhibiting 
ferroportin degradation and allowing iron entrance into plasma13. 

Aforementioned stimulus can be activated or supressed by diffe-
rent mechanisms. One of them is exercise, which has influence over 
several pathways regulating hepcidin production14–16. Nevertheless, this 
influence need more research to provide evidence, especially in female 
athletes, where exercising is combined with sex hormones variations 
along the menstrual cycle.

Mechanisms regulating hepcidin-
ferroportin system

Several mechanisms regulate hepcidin-ferroportin axis in order 
to maintain iron homeostasis. These mechanisms are not isolated, as 
they interact and cooperate between them in order to adjust iron 
levels in vivo.

Intra and extracellular iron homeostasis

Basically, iron-dependent mechanisms in the body, mainly erythro-
poiesis, are addressed by a tight coordination between iron absorption 
from the diet by enterocytes, iron recycling by macrophages following 
degradation of senescent erythrocytes, and iron release to plasma from 
ferritin reserves17. Most of the iron in the body is found as part of the 
haemoglobin contained in erythrocytes11. Erythropoiesis occurs in 
the bone marrow to compensate the daily destruction of senescent 
erythrocytes (lifespan of ∼90 days). From the aforementioned iron 
supply processes, erythrocytes recycling by macrophages account 
approximately for 90% of the iron requirements18. The other 10%-20% 
depends on the iron absorption from the small intestine according 
to the body´s needs. 

Furthermore, the excess of iron in relation to the requirements is 
stored in liver, spleen, bone marrow, duodenum, skeletal muscle and 
other anatomical zones by means of two extraordinary proteins: ferritin 
and hemosiderin17. Within normal limits, the transformation of ferritin to 
hemosiderin could be the best evolutionary step to reduce iron toxicity, 
due to the low iron elimination capacity of the human body19. 

Hepatocytes have the largest capacity for iron storage and when 
iron absorption and recycling do not meet the body iron demands, 
these iron stores supply the necessary iron to plasma, addressing the 
needs19. To export iron from cells (duodenal enterocytes, iron-storing 
hepatocytes and iron-recycling macrophages) into plasma, ferroportin 
is required20. 

The aforementioned mechanisms cooperate together over the 
control of plasma iron concentration. Once in the plasma, iron is oxidized 
to join transferrin protein (the main iron transporter in plasma) which is 
mainly destined to supply iron to the bone marrow20. 

When all of the above results in an increase in plasma iron, there 
is a decrease in iron absorption mediated by increments in hepcidin 
levels and subsequent ferroportin degradation21.

Interleukin-6

IL-6 as Myokine: IL-6 is produced locally in working skeletal muscle 
and can account for the increase in plasma IL-6 during exercise22. The 
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intensity and duration of the exercise are determinants in the IL-6 pro-
duction23 as well as the low muscle glycogen contents. In addition, IL-6 
levels depend on the amount of muscle mass involved during exercise24.

According to some authors, cytokines and other peptides that are 
produced and released by muscle fibres and exert effects on metabolism 
(paracrine or endocrine) should be classified as “myokines”22. Muscle-
derived IL-6 is released into the circulation during exercise participating 
in the maintenance of the glucose homeostasis and exercise-induce 
lipolysis due to the effect exerted on the liver and adipose tissue, res-
pectively25. 

Several authors have demonstrated a clear disassociation between 
IL-6 and tumor necrosis factor alpha (TNF-α)26. These authors showed 
that although intramuscular IL-6 gene expression and protein release 
was remarkable during continuous contractile activity, no response for 
TNF-α was evident, indicating that IL-6 is not always related or released 
after an inflammation process. 

IL-6 as Cytokine: Infection or tissue injury are related to the produc-
tion of cytokines that are released at the site of inflammation. The local 
inflammatory response is accompanied by a systemic response known 
as the acute phase response, in which several hepatocyte derived acute 
phase proteins are produced (C-reactive protein, transferrin, alpha-2 
macroglobulin)27. 

Strenuous exercise has been reported in several occasions to deve-
lop inflammation in the body due to elevations in plasma of TNF-α and 
IL-6, but only as a result of marathon running28,29. Concurrently, exercise 
seems to have strong anti-inflammatory effects26,30. During exercise, IL-6 
is the first cytokine present in the circulation. High circulating levels of 
IL-6 are followed by an increase of the anti-inflammatory cytokines IL-1ra 
and IL-10 and inhibit the production of the proinflammatory cytokine 
TNF-α as shown in vitro31 and animal studies32,33. 

Furthermore, according to some authors34, IL-6 stimulates the 
production of C-reactive protein, which has an important function in 
the induction of anti-inflammatory cytokines in circulating monocytes 
and in the suppression of the synthesis of proinflammatory cytokines 
in tissue macrophages.

According to Pedersen and Hoffman-Goetz27, IL-6 should be classi-
fied as an “inflammation-responsive” cytokine, since IL-6 does not directly 
induce inflammation. Therefore, to confirm an inflammatory state, IL-6 
should not be considered in isolation, but together with the expression 
of other pro-inflammatory cytokines such as TNF-α.

Exercise influence on mechanisms 
regulating hepcidin

The aforementioned mechanisims are affected acutely or chro-
nically by exercise. The following sections describe the interaction of 
exercise with each of them. 

Exercise and iron status 

Body iron status has been reported to influence the previously des-
cribed response of hepcidin to exercise. Healthy individuals have shown 
a positive association between ferritin and hepcidin concentrations, 
being higher the hepcidin levels in those subjects with higher ferritin 

reserves35. Two studies have described that the higher the ferritin reser-
ves before exercise, the higher the hepcidin levels 3 hours post-exercise 
in response to IL-6 increase just post-exercise36,37. Curiously, when ferritin 
reserves are insufficient (below 30 micrograms/ml), hepcidin does not 
seem to experiment a significant increase after exercise, instead of the 
IL-6 peak produced at 0h post-exercise36. This fact points out that the 
body iron stores could act as a defensive mechanism against the hepci-
din increase induced by exercise. This mechanism would be focused on 
allowing the body to restore the iron reserves and supply enough iron to 
plasma in order to meet the requirements for iron-dependent processes. 

In addition, exercise produces iron losses that could affect body 
iron stores by several mechanisms, such as haemolysis, gastrointestinal 
bleeding, haematuria and/or sweating38. Exercise produces haemoly-
sis during exercise, consisting on the destruction of red blood cells. 
Curiously, running exercise shows the most severe haemolysis, since 
the foot strikes repeatedly occurring in this discipline produce the 
destruction of erythrocytes39. As a result of haemolysis, haemoglobin 
and iron are released into the plasma.

Gastrointestinal bleeding and iron losses via the urinary tract and 
sweating are less usual or not powerfull enough to produce significant 
iron losses. However, considered as a whole, they can substantially 
contribute to the daily iron losses and reduce the athlete´s iron status. 

Exercise and interleukin-6 

Most studies have identified IL-6 as an important upstream mediator 
of hepcidin induction by post-exercise inflammation14,37,38,40, however 
this does not necessarily imply an inflammatory state, since IL-6 is pro-
duced during exercise in absence of inflammation. 

Some studies have reported that hepcidin levels seem to peak 
between 3-6 h subsequent to the peak in IL-6 elevation after an exercise 
bout41,42. 

Since endurance exercise is able to significantly increase IL-6 levels, 
several studies have already investigated this time-course after exercise. 
A research study43 investigated in women the effects of two treadmill 
runs (60 and 120 min) at 65% of VO2max, finding that both runs resulted 
in significant increases in hepcidin 3 hours after exercise and preceded 
by significant increases in IL-6 immediately post-exercise. Furthermore, 
the 120 min treadmill run produced a higher increase of IL-6 levels 
that the 60 min treadmill run and consequently a noticeably higher 
hepcidin production, indicating a concentration dependent response 
of hepcidin to IL-6.

Consequently, a significant decrease in serum iron was produced 9 
hours post-exercise. Several studies have reported similar results42,44–46.

Only a few studies examined IL-6 and hepcidin response after 
exercise in female athletes, but none of these studies analysed these 
variables under the influence of sexual hormones16,43,47 (Figure 1).

Special considerations for physically active 
women

Iron deficiency, with and without anaemia, has been mainly de-
monstrated in premenopausal females at a greater prevalence than 
men, because of the additional Fe demands of menstruation and preg-
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nancy48,49. Not only inadequate iron intake and losses of iron through 
menstruation could affect this population, but also regular exercise 
performance.

Menstrual blood loss may alter iron related parameters, as lower 
ferritin, haemoglobin or serum iron levels during menses50, and therefore 
to reduce physical performance. Consequently, the iron homeostasis in 
female athletes tends to be unbalanced due to menstrual losses, which 
are difficult to quantify.

These variations have been found in both women, eumenorrheic 
and those taking OC, although fluctuations are much smaller in women 
under OC effects51. 

Moreover, sex hormones like estradiol and progesterone have 
been related with iron metabolism parameters in the literature. These 
hormones may have an important role over IL-6 and hepcidin, regulating 
iron absorption52–54.

Endogenous hormones influence on iron metabolism

Oestrogen and progesterone may have an important effect over 
iron metabolism, modifying hepcidin and IL-6 activity. Despite one study 
reported that oestrogen was found to increase hepcidin gene expres-
sion55, most studies have shown an inhibition of hepcidin expression 
by 17-β estradiol or oestrogen treatment55–58. 

Some authors reported a downregulated hepcidin expression by 
estradiol in fish56. Hepcidin regulation in this study could have been 
mediated by IL-6, which has also been reported to be inhibited by 
oestrogen or 17-β estradiol. However, IL-6 levels were not measured in 
these studies56. Shortly thereafter, a similar response in mice53,58, and in 
human liver cells was reported58. Similarly, a mouse model of oestrogen 
deficiency by ovariectomy was established, demonstrating that oestro-
gen is implicated in modulating iron homeostasis by governing hepatic 
hepcidin expression53. In the ovariectomized mice group, hepcidin 

Figure 1. Iron importance on oxygen metabolism and the different stimulus affecting hepcidin regulation under sexual hormones influen-
ce. Inadequate iron status may reduce haemoglobin, red blood cell production (erythropoiesis) and subsequent endurance performance. 
Endurance exercise is known to produce haemolysis and increase inflammatory markers as IL-6, as well as modify extra and intra cellular 
iron concentration. Both signals are positive regulators of hepcidin expression and may explain exercise-induced iron deficiency or anae-
mia in athletes. The menstrual bleeding experienced by women may have a significant impact on haemoglobin and consequently affect 
endurance performance. The oestrogen and progesterone variations found during a regular menstrual cycle and with OC may influence 
on hepcidin levels, and subsequently on iron absorption. Hepcidin regulates plasma iron concentrations by controlling ferroportin (fpn) 
concentrations on iron-exporting cells including duodenal enterocytes, recycling macrophages of the spleen and liver, and hepatocytes. 
The iron concentrations in plasma are mainly destined to the bone marrow in order to develop the erythropoiesis. 
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expression was more elevated under oestrogen deficiency compared 
to the control group, following of a decrease in serum iron. 

Other authors found that transcription of hepcidin was suppressed 
by estradiol treatment in human liver cells and that estradiol reduced 
hepcidin mRNA in wild-type mice58. These authors suggested that 
hepcidin inhibition by estradiol may increase iron uptake in order to 
compensate iron loss during menstruation, helping as well to increase 
iron stores in OC users. 

A recent study of in vitro fertilization reported a reduction of serum 
hepcidin-25 by almost 40% when oestrogen stimulation occurred 
compared to the castration state57.

The results of these studies agree with an older study59, which 
demonstrated that serum hepcidin is higher in postmenopausal than 
premenopausal women. This novel mechanism by which estradiol could 
inhibit hepcidin levels, may help to increase iron absorption, iron release 
and recycling from storage cells58.

Furthermote, progesterone may up-regulate serum hepcidin in 
mice and humans. Progesterone concentrations were reported to increa-
se hepcidin gene expression in zebrafish60. The same study investigated 
20 women who were given progesterone as part of a standard in vitro 
fertilization protocol, reporting an increase in serum hepcidin levels after 
day 20 of a treatment with daily 50 mg of intramuscular progesterone 
supplementation. 

The suggested regulation of estradiol and progesterone over hep-
cidin may also occur via IL-6 as an intermediate step. Some authors, re-
ported in premenopausal women higher IL-6 levels during the follicular 
phase when progesterone levels were low, and a significant reduction 
in IL-6 after ovulation when progesterone levels increased54. Contrary, 
other authors reported that IL-6 concentration were significantly higher 
in the luteal phase61. 

Despite more scientific evidence is needed, as a result of these fin-
dings, it seems that sexual hormones may have potential effects on hep-
cidin and IL-6 regulation and consequently to impact iron homeostasis.

Exogenous hormones influence on iron metabolism

One of the most notable effect of OC would be the lesser quantity 
and shorter duration of menstrual blood loss7. This event may affect 
considerably to haemoglobin concentration and iron parameters. 
A previous study examined that menstrual blood loss decreased by 
approximately 50% in OC users6. In addition, these findings could be 
related to the improve of iron parameters in the OC group, since ferritin 
levels were significantly enhanced in 10%, regarding those women who 
did not use OC6. Previously to these findings, other studies reported in 
OC users significantly higher serum ferritin5,7, iron and total iron binding 
capacity7 in relation to nonusers.

Therefore, OC may improve iron stores by the reduction of mens-
trual blood loss or through the suppression of hepcidin via estradiol, 
and consequently optimizing exercise performance. 

The steady loads of estradiol and progestin during the OC cycle 
have led a few authors to investigate the possible associations between 
exogenous sexual hormones and iron metabolism through hepcidin 
and IL-6 response. However, most of the studies reported that plasma 
IL-6 concentrations did not change between OC phases62,63.

Similarly, the first study investigating the post-exercise IL-6 and 
hepcidin response, reported similar results for serum IL-6 and hepcidin 
for both hormone-deplete and hormone-replete phases of a monopha-
sic OC cycle64. These results indicated that exercise performed during 
the different phases of a monophasic OC cycle does not alter exercise 
induced IL-6 or hepcidin production and it may be linked to the lower 
dosage of estradiol delivered from the OC65.

Conclusion

Most studies presenting changes have been carried out in animals 
where estradiol or progesterone concentrations were infused with 
greater hormonal doses than those obtained from a normal menstrual 
cycle or with OC. Therefore, these findings cannot be applicable when 
premenopausal women are studied. Although literature is very reduced, 
for those females taking monophasic OC pills, hepcidin levels seem to 
be unaffected by exogenous hormones concentrations and therefore it 
seems it is not necessary to adjust the trainning session to the OC cycle. 
Regarding eumenorrheic women, more research studies are needed 
considering the effects of endogenous hormones concentrations on 
hepcidin production, since progesterone may have an opposite effect 
to oestrogen or even inhibiting oestrogens activity. 

Hence, figure it out hepcidin behavior along menstrual cycle may 
provide information about when iron absorption could be more effi-
cient. This might benefit those females suffering ID due to their deman-
ding trainings and/or menstrual blood loss, resulting in a performance 
detriment or health impaired.
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