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Abstract
Iron deficiency (ID) is a prevailing nutritional concern amongst the athletic population due to the increased iron demands of 
this group. Athletes’ ability to replenish taxed iron stores is challenging due to the low bioavailability of dietary sources, and 
the interaction between exercise and hepcidin, the primary iron-regulatory hormone. To date, copious research has explored 
the link between exercise and iron regulation, with a more recent focus on optimising iron treatment applications. Currently, 
oral iron supplementation is typically the first avenue of iron replacement therapy beyond nutritional intervention, for treat-
ment of ID athletes. However, many athletes encounter associated gastrointestinal side-effects which can deter them from 
fulfilling a full-term oral iron treatment plan, generally resulting in sub-optimal treatment efficacy. Consequently, various 
strategies (e.g. dosage, composition, timing) of oral iron supplementation have been investigated with the goal of increasing 
fractional iron absorption, reducing gastric irritation, and ultimately improving the efficacy of oral iron therapy. This review 
explores the various treatment strategies pertinent to athletes and concludes a contemporary strategy of oral iron therapy 
entailing morning supplementation, ideally within the 30 min following morning exercise, and in athletes experiencing gut 
sensitivity, consumed on alternate days or at lower doses.
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Key Points 

1. Iron intake consumed in the morning, and in close 
proximity (30 min) to exercise cessation may make 
strategic use of a potential short-term ’open window’ 
for increased iron absorption, prior to the increase in 
hepcidin levels.

2. Alternate day oral iron supplementation may be an 
effective strategy to address negative gastrointestinal 
side-effects from iron supplementation in athletes.

3. Parenteral iron supplementation might be considered 
by the sports physician when rapid improvements in iron 
stores are required, when gastrointestinal complications 
render oral iron therapy impractical, or when iron status 
is unresponsive to oral treatment and has progressed to 
impact haemoglobin function (i.e. anaemia).

1 Introduction

Iron deficiency (ID) is regarded as a spectrum that pro-
gresses as a result of negative iron balance. Earlier stages 
of ID are collectively referred to as iron deficiency non-
anaemia (IDNA), characterised by the conservation of 
healthy haemoglobin in the presence of inadequate iron 
indices (serum ferritin; sFer range < 12 to 40  μg  L−1 
[1–10]). A major issue with untreated IDNA in athletes is 
the progression of the issue into more severe states of iron 
deficiency anaemia (IDA), indicating that iron stores and 
iron transport are suitably depleted and can no longer sus-
tain the demand of haemoglobin synthesis (haemoglobin 
concentration; [Hb] range < 11.5 to 12.0 g dL−1 [1–10]). 
An adolescent (< 15 years) definition of IDA has also been 

proposed as sFer < 15 μg L−1 and [Hb] < 11.5 g dL−1 [11]. 
Iron deficiency is a particularly prevalent issue among the 
athletic population, reported to affect ~ 15–35% of female 
and ~ 3–11% of male athletes [12]. Compromised iron 
status is typically associated with classic symptoms of 
lethargy and fatigue; however, in athletes, the issue may 
manifest in reduced work capacity, diminished training 
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and performance outcomes, or a suppressed capacity to 
respond/adapt to training stress, particularly as the condi-
tion progresses in severity [13, 14]. Athletes are poten-
tially more susceptible to ID for two key reasons; (a) 
haematological adaptation to training, which imposes 
greater demand on oxygen transport mechanisms; and 
(b) exposure to iron loss avenues during exercise, such 
as sweating [15], haematuria [16], and gastrointestinal 
(GI) bleeding [17, 18], which though seemingly insignifi-
cant, may cumulatively affect iron status over time [19]. 
This is especially relevant to elite athlete populations who 
engage in multiple training sessions of extended duration 
daily. Since iron cannot be endogenously synthesised by 
the body, athletes are required to replace these increased 
iron losses through adequate iron intake and absorption, 
which is therefore, critical to maintaining a healthy iron 
balance. However, replenishing taxed iron stores through 
diet alone is a significant challenge for athletes, partly due 
to the low bioavailability of haem (15–35%) and non-haem 
(2–20%) dietary iron [20], and/or in some cases, a result of 
nutritional preferences (vegan or vegetarian), or through 
states of low energy availability, which may be intentional 
(i.e. to make weight), or unintentional (i.e. through lack 
of sufficient time or knowledge to replace energy post-
training). This predicament is further complicated by the 
stimulating effect that exercise-induced inflammation has 
on the primary iron-regulatory hormone, hepcidin, which 
when elevated, further suppresses the absorption of dietary 
iron by duodenal enterocytes and iron recycling by mac-
rophages [21, 22]. Therefore, in the case of athletes, hep-
cidin elevations also impede the normal iron conservation 
mechanisms associated with haemolysis, likely resulting 
in an incomplete recovery of these iron stores following 
exercise [23–25]. Thus, it is likely that ID athletes have 
a higher dietary iron requirement relative to the general 
population; however, a strategic approach to iron inges-
tion (i.e. the timing of iron intake) could enhance iron 
absorption in this population, which has become a topical 
research question when examining ID in athletes.

Revised strategic approaches to iron supplementation are 
important, since the interaction between exercise, hepcidin, 
and iron absorption often makes it challenging for athletes 
to replenish their iron stores through diet alone [26]. Conse-
quently, athletes often need to consider one of the numerous 
modes of iron replacement therapy available. Beyond dietary 
intervention, daily oral iron supplementation is the most 
widely used treatment for addressing ID, because oral iron 
supplements are relatively effective, inexpensive and low 
risk [27]. However, the most frequently prescribed oral iron 
supplement, ferrous sulphate, is associated with 2.6 times 
the odds of negative GI side-effects, compared to a placebo, 
with no clear dose–response effect evident [28]. This high 
rate of GI upset often discourages athletes from fulfilling a 

full-term oral iron treatment plan, generally resulting in sub-
optimal treatment efficacy. On account of this, parenteral 
iron delivery is a more contemporary method of rectifying 
more severe cases of ID, and is an increasingly more com-
mon method used for treating athletes unresponsive to or 
intolerant of oral iron treatment. Nevertheless, this approach 
is usually reserved for the more severe stages of ID due to 
the invasive nature and higher relative cost of the proce-
dure, the potential for severe side-effects (i.e., anaphylactoid 
reaction), a greater risk of iron overload, and the tainted 
perception surrounding the use of needles to treat athletes 
[11, 29]. Accordingly, more strategic approaches of oral iron 
supplementation for athletes are needed, which will be the 
focus of the ensuing review.

2  Dietary Iron Intake

The current recommended dietary intake of iron is 
8 mg day−1 for adolescents (9–13 years) and adult males, 
and 18 mg day−1 for pre-menopausal adult women; the 
latter accounts for the additional iron loss resulting from 
menstruation [30, 31]. Considering the body cannot endog-
enously synthesise iron, daily dietary intake and absorption 
is essential to acquire and counteract losses. There are two 
forms of dietary iron; haem iron, sourced from haemoglobin 
and myoglobin in animal-based food, and non-haem iron, 
present in both plant and animal tissue (Table 1). Haem 
iron is more bioavailable than non-haem iron (15–35% and 
2–20%, respectively [20, 32]), because it is more efficiently 
absorbed via specific, high affinity, mucosal brush-border 
haem-binding iron sites [20, 32]. Thus, while haem iron 
typically constitutes ~ 10% of total dietary iron intake, this 
mineral form may provide up to one-third of absorbed die-
tary iron, elucidating a primary reason why vegetarians are 
at increased risk of ID [32, 33].

Given non-haem iron characteristically comprises the 
majority of total dietary iron intake, its already low bioavail-
ability may be more problematic for athletes. Specifically, 
unlike haem iron, non-haem iron is profoundly influenced 
by the interaction of several iron-binding ligands commonly 
found in the diet; in some instances acting to promote iron 
absorption, though more frequently proceeding to inhibit 
iron absorption (Table 2). Both phenolic compounds, includ-
ing polyphenols and tannins contained in tea, coffee and 
other plant foods, and phytates, found in whole-grain cere-
als, legumes and nuts, bind with non-haem iron and inhibit 
its absorption in a dose-dependent manner [34–36]. Fur-
thermore, calcium inhibits both haem and non-haem iron 
absorption (more substantially), with doses between 40 and 
300 mg (the latter equivalent to 250 mL of milk) shown to 
reduce non-haem iron absorption by 39% and 74%, respec-
tively [37]. This is especially problematic for athletes given 
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that bovine milk has been identified as an ideal post-exercise 
recovery drink, enhancing post-exercise muscle protein syn-
thesis, rehydration, and post-exercise glycogen resynthesis, 
while attenuating muscle soreness [38]. Conversely, ascorbic 
acid may help overcome some of the aforementioned inhibi-
tory effects of other confounding nutrients on non-haem iron 
absorption, with ~ 50 mg ascorbic acid shown to increase 
non-haem iron absorption up to threefold [39]. Overall, the 
plethora of non-haem iron interactions pose a substantial 
challenge for athletes who are typically recommended to 
consume a variety of foods. With a host of dietary factors 
and homeostatic regulators influencing the bioavailability of 
dietary iron, it is plausible there would be daily and inter-
individual variance in the dietary iron requirements of ath-
letes, making a compelling argument that a ‘one size fits all’ 
approach would be hard to implement.

Clearly, establishing an adequate intake of dietary iron 
is remarkably complex, since the amount of iron function-
ally absorbed from the GI tract is influenced by an abun-
dance of factors. Although iron lost via exercise-induced 
avenues including sweating [15], haematuria [16] and GI 
bleeding [17, 18] may be small, they are frequently encoun-
tered by athletes, and may cumulatively impact iron status 
[19, 40]. Furthermore, the recycling of iron following exer-
cise-induced haemolysis is likely impeded by post-exercise 

hepcidin elevations, resulting in altered iron metabolism/
losses [23, 24], which may be further exacerbated by the 
inflammatory response associated with haemolysis itself 
[25]. Consequently, the athletic population is likely to have 
a greater iron demand compared to a sedentary population. 
For example, elite endurance athletes presented a 25–40% 
reduction in sFer following a 3 week intensified period of 
training, despite consuming 13–18 mg of dietary iron per 
day [26]. Such findings support the premise for more athlete-
specific dietary iron recommendations to account for their 
increased iron demands, and potentially reduce the preva-
lence of ID within the athletic population [41]. Addition-
ally, in a study investigating the dietary regimens of elite 
athletes, it was found that 33% of total participants (n = 218) 
were vegetarian or excluded red meat [42]. Potential impli-
cations include compromised iron intake due to the reduced 
bioavailability of iron from plant sources (~ 10% less than 
animal sources [20]), increasing their vulnerability to ID. 
This is exemplified in studies comparing dietary iron intake 
and iron status of vegetarian and non-vegetarian individuals, 
revealing significantly lower sFer concentrations amongst 
vegetarians despite comparable dietary iron intake to non-
vegetarians [43, 44]. To address these prospects effectively, 
it is recommended that all athletes liaise with an accred-
ited sports dietitian for nutritional analysis and counselling, 
because this may preclude the development of a negative 
iron balance [12]. Furthermore, a dietitian may also rec-
ognise and address interrelated issues pertinent within the 
athletic population, including the identification of athletes in 
a state of low energy availability (LEA), a condition result-
ing from inadequate dietary energy intake to support normal 
physiological function [45]. Low energy availability is the 
underlying premise of relative energy deficiency in sport 
(RED-S), a contemporary framework encompassing a host of 
unfavourable health outcomes ensuing from LEA, including 
menstrual dysfunction, poor bone health, suppressed meta-
bolic rate, and of interest here, poor iron status [45, 46]. It is 
plausible that an inadequate energy intake would correspond  

Table 1  Examples of haem and non-haem sources of dietary iron. 
Source: Iron. Nutrition Australia. 2014. https ://nutri tiona ustra lia.org/
fact-sheet s/iron/

Haem iron sources Non-haem iron sources

Chicken liver 100 g 11.0 mg Raw spinach 1 cup 1.2 mg
Beef 100 g 3.5 mg Almonds 30 g 1.1 mg
Kangaroo 100 g 3.2 mg Dried apricots 30 g 1.1 mg
Tinned tuna 100 g 1.1 mg Broccoli 1 cup 0.9 mg
Pork 100 g 0.8 mg Chickpeas 1 cup 2.7 mg
Chicken 100 g 0.4 mg Tofu 100 g 3.0 mg

Table 2  Examples of inhibitors and promoters of non-haem iron absorption. Adapted from: Iron deficiency anaemia: Assessment, prevention 
and control. World Health Organisation. 2001. https ://www.who.int/nutri tion/publi catio ns/en/ida_asses sment _preve ntion _contr ol.pdf

Inhibitors of non-haem iron absorption Promotors of non-haem iron absorption

Phytates
Found in whole-grain cereals, legumes, nuts and seeds

Vitamin C (ascorbic acid)
Aim 50+ mg. Found in citrus fruit (e.g. oranges, 

kiwifruit), broccoli, tomato, capsicum
Polyphenols/phenolic compounds
Found in tea (herbal and non-herbal), coffee, red wine and chocolate (cocoa)

Carotenoids
Found in pumpkin, carrots, grapefruit and apricots

Calcium
Found in dairy products (e.g. yoghurt, milk, cheese) and multivitamin supplements

Fermented foods
Fermentation reduces the presence of phytates; 

e.g. sauerkraut, kimchi and miso
Other minerals
Zinc and manganese (compete for intestinal absorption)

Cooking your food
Reduces the phytates present in food

https://nutritionaustralia.org/fact-sheets/iron/
https://nutritionaustralia.org/fact-sheets/iron/
https://www.who.int/nutrition/publications/en/ida_assessment_prevention_control.pdf
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with insufficient dietary intakes of several micronutrients, 
including iron. Noteworthy, it has also been proposed that 
LEA may instigate metabolic disturbances to increase hep-
cidin and potentially reduce iron uptake [47]. In any case, 
poor dietary practices may be a significant underlying factor 
for ID amongst athletes, and are therefore, addressable by 
trained dietetics personnel. Accordingly, increasing dietary 
iron intake (ideally in the absence of the aforementioned 
inhibitors of iron absorption) remains the initial, and most 
conservative treatment for ID, and may be optimised when 
intake aligns with periods of optimal absorption rates.

2.1  What is the Optimal Time for Athletes 
to Consume Iron?

The specific role of hepcidin is to suppress the absorp-
tion and recycling of dietary iron via its interaction with 
the body’s only known cellular iron exporter, ferroportin, 
restricting the movement of dietary iron into the circula-
tion. Consequently, a fundamental challenge encountered 
by athletes striving to replenish depleted iron stores is the 
transient rise in hepcidin that occurs between 3 and 6 h 
post-exercise, in response to elevations in the inflammatory 
cytokine, interleukin-6 (IL-6) [22, 48, 49]. This hepcidin 
response has predominantly been studied in endurance 
activities, though has also been confirmed in interval run-
ning (more reminiscent of team sports) and more recently, 
following resistance exercise [50, 51]. This research consist-
ently reveals significant increases (2–7-fold) in hepcidin 3 h 
following exercise [22, 49–52], influenced predominantly 
by the duration of exercise, the pre-exercise sFer concentra-
tions and the post-exercise expression of IL-6, as opposed 
to the specific exercise type [50, 53]. This phenomenon 
recently prompted McCormick et al. [52] to investigate the 
acute influence of exercise on iron absorption, particularly 
during the immediate post-exercise window, prior to the 
peak elevation in hepcidin levels [9]. Here, McCormick 
et al. [52] examined the effect of a 90 min run, conducted 
in the morning or afternoon, on iron absorption from both a 
breakfast and dinner meal, via traceable iron isotopes. The 
results showed that despite a post-exercise increase in hep-
cidin concentrations, more iron was absorbed at breakfast 
following morning exercise, as compared with breakfast in 
a rested state, or when compared to the absorption from an 
evening meal [43]. These outcomes demonstrate that exer-
cise may invoke a short-term open window of opportunity 
for iron absorption in the morning; whereas in the afternoon, 
greater increases in hepcidin concentrations [52], in associa-
tion with the diurnal increase of hepcidin [54], appear to 
negate this potential positive effect. This acute interaction 
between exercise and iron absorption indicates that it may 

be more strategic for athletes vulnerable to ID to consume 
the majority of their daily iron intake (from food or oral sup-
plements) within 30 min of morning exercise to maximise 
the amount of iron they absorb. Of course, the iron intake 
during this period may derive from strategically selected 
food sources, or in the form of iron supplements, which will 
be considered further below.

3  Oral Iron Supplementation

Oral iron supplementation is typically the first avenue of 
iron replacement therapy beyond nutritional intervention, 
as it is cheap, non-invasive and shows positive efficacy of 
effect over time [55]. Previous research reports that an oral 
iron supplement schedule offering ~ 100 mg ferrous sul-
phate per day may increase an athlete’s iron stores 30–50% 
over a 6–8 week period [4, 6, 7, 9, 10, 56]. In accord, daily 
doses of 60–120 mg of elemental iron, continued over two 
months, are commonly recommended to ID athletes, vary-
ing based on the severity of ID and the individual tolerance 
from a GI perspective [3, 57, 58]. It is unclear whether 
iron-related side-effects demonstrate a dose-dependent 
relationship [28, 59], though fractional iron absorption 
is greater from lower doses [60], reducing the amount of 
unabsorbed iron in the intestinal lumen that may cause any 
gut irritation [59, 61]. For example, the incidence of GI 
side-effects has been shown to be 40% lower in women 
who supplemented with 100 mg of iron compared with 
200 mg of iron [62], suggesting lower doses may be bet-
ter tolerated. Other data suggest side-effects may be less 
prevalent at oral doses < 50 mg of iron [63]; however, this 
dose-dependent relationship remains uncertain and may not 
optimise treatment outcomes in the case of ID athletes [28, 
57, 59]. Instead, growing research indicates that alternate 
daily doses are more efficient and better tolerated than the 
conventional daily dosage, and achieve a balance between 
optimal absorption and tolerability [59, 60, 62, 64, 65]. Fur-
thermore, it has also been considered worthwhile to imple-
ment intermittent/tolerable oral iron supplementation for 
IDNA athletes, as primary prevention against a regression 
towards IDA [58]. While indiscriminate pharmacologic 
interventions contradict the nutritional behaviours promoted 
to athletic populations, it could be argued that, at specific 
phases of an endurance athlete’s training, oral iron sup-
plements may be a more practical method, compared to a 
diet high in meat, when a high carbohydrate, low fat diet is 
being implemented [58]. Overall, oral iron supplementation 
is currently a pertinent treatment for ID amongst the athletic 
population; however, a consensus is yet to be established 
regarding the optimal strategy of prescription.
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3.1  What Preparations of Oral Iron Supplements are 
Available to Athletes?

There are many ‘off the shelf’ oral iron preparations avail-
able to athletes, varying widely in dosage, salt, chemical 
state (ferrous or ferric form) and galenic form (quick and 
prolonged release) [55]. Ferrous salts including ferrous 
sulphate  (FeSO4), ferrous gluconate  (C12H24FeO14) and fer-
rous fumarate  (C4H2FeO4) are the most extensively used iron 
preparation in clinical practice. The aforementioned prepara-
tions are cost-effective, have uniformly good bioavailability 
(between 10 and 15%), and are 3–4 times more bioavailable 
than ferric iron preparations (because ferric iron needs to 
be reduced into ferrous form to enter the mucosal cells) [55, 
66, 67]. Oral iron supplements are available in both tablet 
and liquid form, each with comparable bioavailability [68]. 
While iron tablets are practical and most commonly used, 
unlike liquid iron, iron tablets are associated with rare cases 
of iron-induced gastric mucosal injury, an under-recognised, 
albeit serious condition [69, 70]. Alternatively, liquid iron is 
thought to lack the concentration effect necessary to cause 
such damage [69], and may be better tolerated than iron tab-
lets [71].

To date, most studies exploring iron supplementation in 
athlete populations have used ferrous salts. Ferrous sulphate 
is considered the gold standard oral iron treatment and is 
thus the most commonly prescribed oral iron therapy [6, 9, 
28]. However, ferrous fumarate also shows positive outcomes 
on iron stores in athletes [72, 73], with absorption kinetics 
similar to ferrous sulphate [74, 75]. Of note, some oral iron 
supplements (e.g.  FerroGrad®-C) also contain vitamin C 
(typically as ascorbic acid), since this vitamin is the most 
powerful promoter of non-haem iron absorption, and accord-
ingly, acts to maximise iron bioavailability [39, 76]. How-
ever, while oral iron supplements composed of ferrous iron 
salts are currently the most common form of treatment for 
ID, their use is primarily limited by frequently reported GI 
side-effects, including symptoms such as pain, nausea, vomit-
ing, abdominal distress/fullness, constipation and diarrhoea 
[28, 57]. Since oral iron supplementation requires relatively 
long-term commitment (4–12 weeks), such side-effects can 
lead to non-compliance, potentially rendering the treatment 
less effective [57, 65]. A recent meta-analysis reported that 
daily supplementation with ferrous sulphate (20–222 mg) 
was associated with an odds ratio of 2.6 times the occur-
rence of GI side-effects, compared to placebo or IV iron [28]. 
These GI side-effects likely explain the reported 40–60% 
adherence rates to iron supplementation treatment programs 
[57]; however, despite comparable rates of GI side-effects, 
adherence rates appear to be higher (> 80%) amongst athlete 
populations [64, 72, 77–79], likely a reflection of their moti-
vation to optimise their physical performance. For example, 
in an athlete-specific study, 6 out of 14 endurance runners 

documented experiencing GI distress while supplementing 
daily with ferrous sulphate (equivalent to 105 mg of elemen-
tal iron), with one participant withdrawing prematurely as a 
result [64]. Regardless, such iron supplement-related compli-
cations would undoubtedly interrupt exercise training con-
sistency via the associated GI distress. Therefore, research 
continues to try and increase the efficacy of this form of 
treatment, identifying alternative strategies such as galenic 
formulations, and more recently, the timing and dosage of 
iron intake, which we will explore further below.

Beyond simple ferrous salts, various oral iron formula-
tions have been developed to improve gut tolerability, with-
out compromising bioavailability. Iron amino acid chelates 
are theoretically the most advantageous, because the che-
lates prevent iron from binding to dietary inhibitors within 
mixed meals [80, 81]. Iron bound to a lipophilic chelate 
yields an inorganic structure that is absorbed intact into the 
mucosal cells of the intestine, before being hydrolysed into 
its components, and is thought to protect against the nega-
tive GI side-effects [80]. The ferrous bisglycinate chelate 
 (Ferrochel®, 28 mg elemental iron) is highly stable and read-
ily bioavailable, with recent studies demonstrating reduced 
GI distress in association with a 4–5 times greater absorption 
rate as compared with ferrous sulphate in the presence of 
phytates [80, 82]. However, the use of ferrous bisglycinate as 
a treatment for ID may be limited by its relatively higher cost 
(ferrous bisglycinate is ~ 3 times more expensive compared 
to ferrous sulphate [83]), though it may be advantageous to 
ID athletes who are inclined to supplement alongside nutri-
tious mixed meals containing iron inhibitors, and/or who 
experience negative GI side-effects [84].

Controlled release iron preparations, such as carbonyl 
iron and polysaccharide-iron complexes (IPC), have also 
been developed to improve the tolerability of oral iron 
therapy. These prolonged-release formulations entail a 
polymeric complex that surrounds the  Fe2+ ions to form a 
matrix that controls their iron availability to specific sections 
of the GI tract [85]. Kaltwasser et al. [86] induced ID in 18 
otherwise healthy, sedentary, males to compare a prolonged-
release ferrous sulphate supplement  (Tardyferon®, 80 mg 
elemental iron), with a quick release formulation  (Eryfer®, 
50 mg elemental iron). These authors reported compara-
ble iron utilisation (measured via stable iron isotopes) 
and increases in haemoglobin between the two treatment 
groups [86]. The most recent formulation of controlled-
release supplement is the IPC, which combines ferric iron 
and polysaccharide to create a stable structure that closely 
resembles endogenous carriers of iron, to minimise GI upset 
by delaying iron release in the intestine [85]. While IPC 
formulations  (Maltofer®, 100 mg elemental iron) consist-
ently indicate better tolerability than ferrous sulphate [87, 
88], the therapeutic efficacy of IPC formulations has been 
debated, with some reports of non-responders and inferior 
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bioavailability compared to ferrous salts [89, 90]. However, 
a meta-analysis conducted in adults with ID, comparing 
equivalent doses of IPC and ferrous sulphate, revealed both 
compounds attained comparable improvements in haemo-
globin, with fewer adverse reactions reported in the IPC tri-
als [88]. Interestingly, while both forms of iron are equally 
bioavailable for haemoglobin synthesis, it was shown that 
12 weeks of ferrous sulphate supplementation was superior 
to ferric polymaltose at reconstituting sFer concentrations 
in ID, but otherwise healthy blood donors [91]. Similarly, 
Tuomainen et al. [92] conducted a 6 month controlled trial in 
48 ID men, and found sFer increased 2.2-fold in the ferrous 
sulphate group (180 mg of iron daily) compared with a 1.3-
fold change in the IPC group. Nevertheless, these authors 
reported that erythrocytic ferritin, considered a better marker 
of iron stores, increased equally in both treatment groups 
[92]. Overall, this body of research would indicate a similar 
level of efficacy between IPC and ferrous sulphate, because 
the uptake and storage of iron in erythrocytes, and the pro-
duction of haemoglobin, appear similar between supplement 
types [93]. Currently, there are no studies specifically inves-
tigating the efficacy of prolonged-release or IPC formula-
tions in an ID athlete population, nor is there any research 
examining the influence prolonged-release iron may have on 
hepcidin activity. Consequently, at present, ferrous sulphate 
preparations remain the established and standard oral iron 
treatment for addressing ID in athletes; however, in cases 
of poor tolerance, IPC formulations may be beneficial [11].

3.2  What is the Optimal Oral Iron Treatment 
Protocol for Athletes?

Iron absorption, and thus, the efficacy of oral iron supple-
mentation, is inherently governed by hepcidin and its presid-
ing regulators. It has previously been established that iron 
absorption is suppressed for up to 24 h following the con-
sumption of a dose of iron > 40 mg, likely to be a result of 
both the mucosal block mechanism [94, 95], and the influ-
ence of homeostatic elevations in hepcidin [96]. As such, a 
substantial proportion of the iron ingested during this 24 h 
period following a prior dose of iron, or during periods of 
elevated hepcidin, may remain unabsorbed, thus represent-
ing a lost resource. Furthermore, the lack of absorption in 
the gut might underlie the negative GI side-effects associ-
ated with iron supplementation, given that the frequency of 
these adverse symptoms correlates with the concentration 
of ionised iron within the intestinal lumen [59, 61, 97]. In 
addition to the aforementioned pharmaceutical formulations, 
contemporary research is currently investigating the optimal 
dosage and timing strategies of oral iron supplementation, 
with the goal of increasing fractional iron absorption, reduc-
ing gastric irritation, and ultimately improving the efficacy 
of oral iron therapy.

The relative effectiveness of various supplementation 
regimes, specifically, daily, alternate day and split-daily 
supplementation, have recently been investigated. Moretti 
et al. [60] originally utilised stable iron isotopes to quantify 
the magnitude, and duration, of the acute iron-induced rise 
in hepcidin following increasing doses of iron, measuring 
the effect this had on consecutive-day iron absorption. Here, 
hepcidin was 2.2 times greater than baseline, 24 h following 
a 60 mg dose of iron. This resulted in a 35–45% reduction in 
fractional absorption of a secondary dose at this time point. 
Interestingly, absolute absorption remained higher with 
larger iron doses. For example, a six-fold increase in dose 
(40–240 mg) only resulted in a three-fold increase in iron 
absorption (6.7–18.1 mg). Furthermore, total iron absorbed 
from a morning, evening and following morning dose of iron 
(to replicate a split-dose strategy) was not greater than two 
morning doses (replicating daily dosage), signifying that a 
split-daily dose strategy is likely inefficient [60].

A prolonged split-dose strategy was investigated by 
Stoffel et al. [98] who confirmed split-dosing is no more 
effective than supplementing with iron once-daily. In this 
investigation, both the total and fractional amount of iron 
absorbed following 14 days of single (120 mg) and split 
(2 × 60 mg) iron doses in ID women did not differ. However, 
twice-daily divided doses resulted in higher serum hepci-
din concentration than once-daily, potentially inhibiting the 
absorption of additional sources of dietary iron to a greater 
extent [98]. Irrespective, the split-dose strategy of iron sup-
plementation was recently translated into an athletic popula-
tion, with the aim of optimising haematological adaptations 
during a prolonged altitude exposure. Here, Hall et al. [72] 
established a greater haemoglobin mass  (Hbmass) response in 
athletes following single nightly doses of oral iron (200 mg 
elemental iron) when compared to a split-daily dose of iron 
(2 × 100 mg elemental delivered morning and evening) pro-
vided over 21 days (although it should be considered that 
both groups improved  Hbmass over the duration of the train-
ing camp). Interestingly, the negative GI symptoms initially 
appeared less pronounced in the split dose group, support-
ing the idea that a lower total acute supplement dose could 
potentially improve GI tolerance. However, these side-effects 
were reported to subside by the third week of the interven-
tion in the single-dose group [72], and may indicate that a 
phased approach into daily iron supplementation may help 
to evade the initial negative GI consequences. Regardless, 
the iron absorption outcomes of this body of research reveal 
a conceivable ‘multiple daily dose’ redundancy, and current 
research has therefore, shifted towards an alternate day iron 
supplementation approach.

There is an emerging body of research attesting to the 
efficacy of an alternate day oral iron supplementation pro-
tocol, revealing that this approach can effectively replete 
iron stores, increase fractional absorption, reduce gastric 
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irritation and increase haemoglobin levels comparably to 
daily oral iron supplementation [62, 98, 99]. The primary 
rationale for alternate day iron supplementation is to circum-
vent the marked local suppression of intestinal iron uptake 
by the epithelial cells 24 h following the consumption of 
a dose of iron > 40 mg [60, 62, 94, 98]. Second, there are 
concerns that soluble oral iron may be destructive to colonic 
microbiota and that luminal iron may be a risk-factor for 
inflammatory signalling; accordingly, less frequent exposure 
may prevent these undesirable side-effects [61]. Recently, 
Stoffel et al. [98] were the first to use iron isotopes to com-
pare the iron absorption from oral iron supplements given on 
consecutive versus alternate days. Remarkably, these authors 
found ~ 34% greater fractional and cumulative absorption 
of iron in women who supplemented with 60 mg of iron on 
alternate days for 28 days compared with women who sup-
plemented with 60 mg of iron daily for 14 days. They also 
reported that the incidence of GI side-effects was higher 
with consecutive daily dosing.

The encouraging outcomes reported by Stoffel and col-
leagues [98] prompted McCormick et al. [64] to translate 
an alternate day iron supplementation protocol into an ath-
letic population to assess its effectiveness. Their findings 
suggest that the sFer response of endurance athletes to an 
alternate day oral iron supplementation protocol is com-
parable to daily iron supplementation, despite 50% lower 
total dosage of elemental iron over 8 weeks (2914 mg vs. 
5824 mg, respectively) [64]. Such findings may again be 
explained by the suppression of intestinal iron uptake fol-
lowing a high dose of iron [60, 94, 98], which likely reduces 
the bioavailability and fractional absorption of a secondary 
iron supplement 24 h later [60]. Thus, despite ingesting half 
the total amount of iron, an alternate day regime likely pro-
cures similar increases in sFer to daily supplementation as 
a result of greater fractional absorption during treatment. 
Importantly, this work also highlighted that the alternate 
day protocol was associated with less GI distress [64], typi-
cally a major barrier to oral iron therapy in both athlete and 
non-athlete populations. Furthermore, it is likely that this 
approach is more cost effective in practice. Thus, while this 
body of research challenges the current practice of daily oral 
iron supplementation, it corroborates that alternate day iron 
supplementation is a sound strategy that addresses the GI 
side-effects associated with iron supplementation.

4  Parenteral Iron Supplementation

Beyond oral iron treatment, parenteral iron therapy, via 
intramuscular or intravenous (IV) administration, is an effec-
tive method of iron delivery because it bypasses the gut, 
circumventing the side-effects and absorption issues of the 
more orthodox approach. While both parenteral approaches 

effectively improve an athlete’s iron status [4, 56], IV iron 
administration has largely surpassed intramuscular injec-
tions because of the soreness and site staining commonly 
associated with this approach, as well as the advancements 
in IV iron preparations increasing the safety, efficacy, and 
accessibility of this method [12, 29, 100]. Previous work 
has shown parenteral iron therapy to be significantly more 
effective (both in time and degree of increase) than oral 
iron tablets for improving sFer concentrations in ID athletes 
(defined as sFer < 40 μg L−1) than oral iron tablets [56]. 
Nevertheless, oral iron supplementation is suitable when 
time afforded for treatment is 4–12 weeks or when iron sta-
tus is marginally compromised (e.g. IDNA). Alternatively, 
IV supplementation is capable of providing a rapid source 
of iron to improve iron stores significantly within 7–15 days 
[4, 56, 101], and in more severe cases of IDA, where both 
sFer and  Hbmass are compromised, may facilitate physiologi-
cal benefits (including  Hbmass and  VO2max) within 6 weeks 
[102]. Intravenous iron therapy was shown to increase ath-
letes’ iron stores (sFer) 200–400% from baseline following 
the administration of 300–550 mg of IV iron, delivered in 
2–5 doses across a 10–42 day period [4, 56, 101]. A further 
advantage of IV iron administration is that modern IV iron 
preparations enable large doses of iron to be delivered in a 
single bout [100], such that Burden et al. [103] found com-
parable increases in sFer to Garvican et al. [4] following 
a single, rather than split, IV delivery of iron (500 mg) in 
an elite group of IDNA endurance runners. Nonetheless, it 
is characteristic of parenteral therapy to initially result in 
supranormal sFer levels (~ 500% increase) within days of 
treatment, before reducing to more stable levels ~ 8+ weeks 
following treatment [4, 56, 103]. A recent investigation con-
ducted by McKay et al. [104] sought to model the decay of 
sFer concentrations in athletes following an iron infusion 
(1000 mg of iron as ferric carboxymaltose). These authors 
established that inter-individual responses were highly var-
iable, emphasising a 564 day variation (212 vs 776 days) 
between athletes for sFer to fall to 50 μg L−1 [104]. However, 
while athletes responded differently to IV iron, a similar 
within-athlete response was observed [104], thus advocating 
for an individualised approach to monitoring and treating 
athletes with compromised iron stores.

Regardless, while studies widely demonstrate vast 
improvements in athlete iron stores following IV iron sup-
plementation, the overwhelming majority of athlete stud-
ies report no significant changes in associated measures of 
endurance capacity or performance [1, 101, 103, 105]. This 
likely relates to the research cohorts being primarily IDNA 
(rather than IDA), suggesting that their partial compromised 
iron stores do not limit erythropoiesis or aerobic capacity, 
as observed in cases of IDA [102]. Such outcomes have 
led to some reservations about IV iron treatment for IDNA 
athletes. Garvican et al. [4] is one of very few studies to 
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report an accompanying mean 2.7 g increase in  Hbmass and 
mean 3.3% improvement in  VO2max in IDNA athletes ([Hb] 
> 12 g L−1) following IV iron, though these effects were 
more apparent in participants with relatively lower baseline 
iron parameters (sFer < 35 μg L−1, transferrin saturation 
< 20%). Additionally, athlete training was not controlled 
for throughout this 8-week intervention, potentially affect-
ing performance measures [4]. Furthermore, Woods et al. 
[101] reported improvements in perceived fatigue and mood 
in a group of healthy (sFer > 30 μg L−1) distance runners 
after receiving 300 mg of IV iron over 4 weeks, despite no 
concurrent improvements in haemoglobin or performance. 
Typically however, IDNA athletes treated with IV iron pre-
sent an initial increase in sFer that is sustained for only a 
number of weeks, after which, iron stores begin to return 
to pre-treatment concentrations [91], with a lack of effect 
on haematological or performance indices reported [1, 101, 
103, 105]. Specifically, Pedlar et al. [106] showed that the 
improvements in an IDNA athlete’s sFer concentrations are 
transient and regress within weeks of parenteral iron treat-
ment. Similar cases of rapid deterioration in iron status were 
also reported in some athletes by McKay et al. [104], reit-
erating there are significant inter-individual differences in 
parenteral treatment responses to account for. Such relapses 
may be related to the governing interaction between iron 
status and hepcidin [107]. Burden and colleagues [103] 
reported that following a 500 mg dose of IV iron, IDNA 
endurance athletes exhibited an increase in sFer and an 
upregulation of hepcidin pre- and post-exercise, 24 h and 
4 weeks post-treatment, independent of inflammation, sug-
gesting that iron stores supersede inflammation in the regu-
lation of hepcidin [103, 107, 108]. It appears the substan-
tial increase in iron following IV administration increased 
iron availability, reminiscent of iron overload, stimulating 
a homeostatic increase in hepcidin to prevent further iron 
absorption [103]. This phenomenon may inadvertently result 
in a reduction of dietary iron absorption during this period, 
explaining the rapid decline in sFer within weeks of IV iron 
administration. Such events may prove counterproductive to 
the initial intent, thereby sabotaging the prospect of improv-
ing an athlete’s iron stores in the long term.

Nevertheless, parenteral iron supplementation has an 
important role in a sporting context when rapid improve-
ments in iron stores are required, when GI complications 
render oral iron therapy impractical, or when iron status 
has been rendered severe and haemoglobin is compromised 
(i.e. IDA) [109]. In the case of a female, middle-distance, 
IDA athlete (sFer: 9.9 μg L−1, [Hb]: 8.8 g L−1), both ath-
letic performance and oxygen transport capacity (measured 
via haemoglobin) were shown to be readily responsive to 
iron supplementation in the form of an intramuscular iron 
injection and continued oral iron supplementation [102]. 
Likewise, clinical settings consistently reveal that IV iron 

prompts rapid sFer and haemoglobin responses and cor-
rects anaemia more reliably than oral iron supplements [29, 
110, 111]. Therefore, considering the lack of effect on hae-
matological or performance indices in IDNA [1, 101, 103, 
105], parenteral iron therapy is normally reserved for cases 
of IDA, or when dietary and oral iron strategies have been 
exhausted [109]. This principle is reinforced in light of the 
negative connotations associated with treating athletes with 
needles. Additionally, parenteral iron delivery is relatively 
more expensive and has related side-effects, which may 
manifest in symptoms ranging from a mild rash through to 
iron overload or anaphylactoid reactions (in very rare cases) 
[112]. Therefore, parenteral iron supplementation may be 
less attractive to some sporting organisations and sports phy-
sicians. Nevertheless, parenteral iron therapy highlights the 
significant benefits to iron uptake that emerge from bypass-
ing the gut.

5  Other Contemporary Strategies of Iron 
Replacement for Athletes

Given the high efficacy of parenteral iron supplementation, 
contemporary research is pursuing novel strategies of iron 
supplementation that bypass the gut, without the invasive 
procedure of IV administration. Transdermal iron supple-
mentation has been identified as one such potential strategy, 
suggested to be capable of delivering iron across the skin, 
circumventing the side-effects of oral iron supplementa-
tion, making it a potential favourable prospect for ID ath-
letes. However, the primary challenge associated with the 
transdermal delivery of drugs is the barrier property of the 
skin, and therefore, to successfully develop a transdermal 
therapeutic system of iron delivery,  necessitates a safe, low 
molecular weight iron compound [113]. Furthermore, mono-
meric iron salts, such as those in oral iron supplements, are 
not suitable for parenteral administration, because should 
they permeate through the skin, they would liberate large 
amounts of free iron into the blood which can lead to oxida-
tive stress and plasma protein denaturation [114]. Recently, 
there has been an abundance of design patents for transder-
mal inventions to therapeutically deliver iron despite limited 
empirical evidence attesting to their efficacy. Hence, trans-
dermal inventions should be avoided until more conclusive 
evidence surrounding their efficacy is demonstrated.

Despite a limited number of studies investigating the 
efficacy of transdermal iron delivery mechanisms, ferric 
pyrophosphate (FPP) has been identified as an iron source 
suitable for transdermal administration, because it does not 
liberate free iron, it directly transfers iron to transferrin, 
and is capable of triggering iron transfer between transfer-
rin molecules and between transferrin and ferritin [114]. 
Unfortunately however, its high molecular weight (745 Da) 
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and hydrophilicity have resulted in poor passive permeation 
across the skin [115]. Nevertheless, transdermal delivery 
of FPP was found to be enhanced by the electrically medi-
ated technique, iontophoresis [115], and microporation via 
a soluble microneedle system [116]. In the context of an 
exercise setting, the most encouraging study to date was con-
ducted in rats by Modepalli et al. [116], who developed a 
soluble microneedle array to administer FPP, and confirmed 
the safety and feasibility of this approach using human der-
mal fibroblast cell lines to perform cell viability studies and 
reactive oxygen species assays. The microneedles dissolved 
in the skin fluid within 3 h and the dermal kinetics of FFP 
concentrations increased over 3–4 h (as the microneedles 
dissolved), followed by a slow decline until measurement 
ceased some 10 h later. This mechanism is yet to be con-
firmed in humans, although it clearly presents a conceivably 
convenient, minimally invasive and practical mode of iron 

supplementation, that would avoid any GI side-effects and 
could be applicable to an athletic setting.

Accordingly, McCormick et al. [117] sought to inves-
tigate the prospect of transdermal iron supplementation 
in an athletic population. Here, the authors investigated 
the effectiveness of daily oral iron supplementation, com-
pared with daily transdermal iron supplementation, using 
a commercially available transdermal iron patch (Iron 
Plus supplement patch; PatchMD, Las Vegas, USA), for 
8 weeks. Results demonstrated that daily use of a com-
mercial iron patch for this duration (as per manufacturer’s 
recommendation) did not significantly increase iron stores 
in the 14 endurance runners supplemented with the iron 
patch (34 ± 11 μg L−1 and 42 ± 7 μg L−1 pre- and post-
intervention) [117]. Furthermore, by 6 weeks, the oral 
iron supplemented group had a sFer ~ 15 μg L−1 greater 
compared to the iron patch group. Consequently, it is clear 

Fig. 1  Framework to guide practitioners towards optimal treatment 
protocols for ID athletes, diagnosed via haematological indices [12, 
118]. Importantly, diagnosis of iron deficient anaemia (IDA) neces-
sitates a medical consult with a sports doctor who will prescribe 
treatment based on the individual case. An athlete diagnosed with 
iron deficiency non-anaemia (IDNA) should initially liaise with an 
accredited sports dietitian to identify/address any underlying dietary 
deficiencies. This may also result in a referral to the medical doctor. 
Subsequently, the athlete should commence tolerable oral iron sup-
plementation. Initial prescription should aim to maximise absolute 

iron absorption, supplementing everyday with 100 mg in the morn-
ing [52, 60, 64]. If the athlete experiences gastrointestinal (GI) sen-
sitivity, an alternate-morning approach should be adopted to improve 
fractional iron absorption and reduce GI side-effects [60, 64, 98]. If 
GI side-effects persist, consideration should be given to a lower dose 
(~ 60 mg) [60, 63] or controlled-release iron supplement on alternate 
mornings [88]. In the case of an athlete who does not respond, or is 
intolerant of oral iron treatment, further consult with a trained sports 
physician is warranted. sFer serum ferritin, [Hb] haemoglobin con-
centration, IV intravenous
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that more research is needed into the administration and 
methods associated with transdermal iron supplementa-
tion. Accordingly, human trials with a focus on athlete 
populations are beginning to be conducted.

6  Conclusion

The interaction between exercise, hepcidin, and iron absorp-
tion is a unique, but fundamental challenge encountered 
by athletes, which likely influences their ability to replen-
ish taxed iron stores via diet or oral iron supplementation. 
Accordingly, recent research has investigated various strate-
gies of oral iron supplementation, with the goal of increas-
ing fractional iron absorption, reducing gastric irritation, 
and ultimately improving the efficacy of oral iron therapy in 
athletes. Specifically, following a high dose oral iron sup-
plement, hepcidin remains significantly elevated 24 h fol-
lowing its ingestion, resulting in a considerable reduction 
in fractional iron absorption [60]. Such findings have prem-
ised a shift toward alternate day iron supplementation which 
was recently investigated in athletes [64]. Interestingly, the 
sFer response of endurance athletes to an alternate day oral 
iron supplementation protocol is comparable to that of daily 
iron supplementation, despite a 50% lower total dosage of 
elemental iron over 8 weeks, and less GI distress amongst 
the alternate day group [64].

Collectively, this review proposes some refined oral 
iron supplementation approaches for athletes, which lend 
themselves to an improved efficacy of approach. This body 
of research perpetuates oral iron therapy to treat ID in ath-
letes (unless severe cases require parenteral iron delivery), 
since further advancements in alternative non-invasive 
treatments are still required before the prospect of trans-
dermal delivery of iron is a viable strategy for recommen-
dation. Overall, we conclude that a contemporary strategy 
of oral iron therapy to benefit athletes entails morning sup-
plementation, ideally within the 30 min following morning 
exercise [52], and in athletes with gut sensitivity, con-
sumed on alternate days or at lower doses (Fig. 1).
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