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Although it generally does not improve performance, iron is often used by elite athletes. The physiologic
changes induced by exercise can mimic iron deficiency and decrease hemoglobin and ferritin concentra-
tions. Determination of serum transferrin receptor concentrations may identify true iron deficiency, which
occurs particularly in young athletes. In contrast, increased iron stores in the body are a frequent finding
in elite athletes who have used long-term iron supplementation. Elite runners have increased intestinal
blood loss, but this usually can be compensated by enhanced absorption of dietary iron. The combination
of exercise-induced hemolysis with enhanced intestinal blood loss in various endurance sports leads to
severe abnormalities of routine tests, and extreme physical activity may be responsible for positive fecal
occult blood determinations. Indiscriminate iron supplementation carries the risk of inducing hemochro-
matosis in individuals homozygous for the widespread C282Y allele of the HFE gene. This polymorphism
is common and can be found in about 1% of individuals of Northern European descent; moreover, iron
supplementation can modify the presentation of important underlying diseases such as celiac disease or colon
carcinoma. In conclusion, iron supplements should be prescribed for athletes with iron-deficiency anemia and
carefully monitored if given for prophylaxis; unless a therapeutic response occurs, investigations to establish

the cause of iron deficiency should be initiated. -Nutrition 2004:20:615-619, ©FElsevier Inc. 2004
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INTRODUCTION

Iron as an emblem of strength and power originated in Greek
mythology, where Hephestos was the god of fire and iron. Thus,
over the centuries, iron therapy was tested in a variety of medical
conditions and, at least in chlorosis (an archaic term for some
causes of iron-deficiency anemia), it improved strength, power,
and other manifestations of anemia.! We address the questions of
whether iron is beneficial in athletes and whether there is a ratio-
nale for supplementation of diets with iron during training and for
competitive events.

Improvement and maintenance. of physical and mental fitness
and maximal performance are the principal dietary requirements
demanded by athletes. Supplementation of proteins, carbohy-
drates,? lipids,? vitamins,* and trace elements have been studied
and reviewed for their effect on athletic performance in power and
endurance sports.>~7 The focus of this article is to summarize
current knowledge of the adaptive changes in iron metabolism of
athletes during training and to review available evidence for the
effect of dietary iron supplementation on physical performance.

ADAPTIVE CHANGES IN BLOOD INDUCED BY EXERCISE

A need for iron supplementation was proposed on the basis of
observed changes in blood count and serum iron parameters during
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periods of intense training. A transient decrease in blood hemo-
globin concentrations occurs particularly at the start of training.
This phenomenon has been described as sports anemia® and is
most prominent in endurance athletes (“runner’s anemia” or
“swimmer’s anemia”). However, the anemia is only temporary and
long-term studies have shown that most athletes have normal
hemoglobin concentrations at the completion of training or the
competition season.-!9 Furthermore, several studies have shown
that low hemoglobin concentrations (<14 g/dL in men and <12
g/dL in women) occur in fewer than 8% of conditioned and elite
athletes.!-13 The adaptive changes responsible for the decreased
hemoglobin concentration are complex. Training increases plasma
volume and stimulates erythropoiesis, adaptive changes that are
regulated by different mechanisms that show different temporal
responses to the onset of physical activity.!#1> The increase in
plasma volume occurs more rapidly and to a greater extent than
expansion of red cell mass and is mediated by osmotic and hor-
monal responses. The hormonal response depends on training
intensity and conditioning. One study found that novice joggers
will expand their plasma volume by 300 mL, whereas elite dis-
tance runners will expand their plasma volume by almost 1 L
(~20%).1* In contrast, the enhancement of red cell mass is less,
increasing by 10% to 18%'6-18; this effect is attributed principally
to enhanced secretion of erythropoietin.

The combination of a rapid plasma expansion and a slow
expansion of the red blood cell mass explains the transitory de-
crease in hematocrit, especially in the early stages of training; such
changes are typical of those that occur after the midtrimester of
pregnancy.!® Plasma expansion decreases blood viscosity and thus
improves blood flow in large vessels, whereas capillary blood flow
is primarily determined by red blood cell deformability, which is
greater in newly formed erythrocytes.

The changes observed in hematologic parameters induced by
exercise are complex and cannot be attributed exclusively to
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hemodilution; in endurance athletes, alterations of erythrocyte
morphology occur and may be recorded as macrocytic red indices.
“Runner’s macrocytosis” is a well-known hematologic phenome-
non attributed to reactive reticulocytosis in response to hemolysis.
Release of free hemoglobin into the circulation leads to hypohap-
toglobinemia as a result of hepatic uptake of intact hemoglobin-
haptoglobin complexes. The mechanisms responsible for such
hemolysis in various athletes differ. The observed exercise-
induced hypohaptoglobinemia in swimmers, oarsmen,?*?! and
weight lifters!® cannot be entirely explained by “foot-strike hemo-
lysis” as in runners, in whom peripheral trauma has been identified
as the main cause for red cell fragmentation and hemolysis.??
Investigation of red cell lifespan, by chromium-labeling studies,
shows that erythrocyte turnover is accelerated in male but not in
female runners. Chromium half-lives were 25.4 = 3.6 d compared
with 33.1 & 4.5 d (mean * standard deviation; P < 0.01) in male
runners and sedentary control males, respectively. In females, the
biological half-life of labeled red cells was calculated at 28.3 =
4.6 d in athletes compared with 32.3 = 2.6 d in sedentary women,
a difference that was not statistically significant.21-23

Increased red cell production is also associated with an expan-
sion of red bone marrow. Magnetic resonance imaging studies in
athletes have shown that red marrow is expanded in marathon
runners as indicated by increased T1 relaxation time. In sedentary
adults, red marrow was found only in the axial skeleton; in 60% of
marathon runners studied, it had expanded into the spine and was
found in the distal femur following an axial-to-appendicular ex-
pansion pattern. However, T1 relaxation time did not correlate
with red blood cell count, serum iron parameters, or maximum
oxygen uptake (VO,,,, ). 2425

In summary, the hematologic changes induced by endurance
:xercise can be regarded as part of a series of adaptive processes
hat include hemodilution and stimulation of erythropoiesis. Other
:hanges include reticulocytosis caused by hemolysis, which may
be responsible for macrocytosis, associated with other changes in
red cell morphology. If hemoglobin concentrations are artificially
increased by induced polycythemia, i.e., transfusion of blood or
administration of recombinant human erythropoietin, and im-
proved performance has been demonstrated in endurance ath-
letes.?6-27 These observations thus prompt the following questions:
(1) Is iron availability the limiting factor for hemoglobin produc-
tion during physical exercise? (2) Can iron supplementation im-
prove athletic performance?

ADAPTIVE CHANGES OF IRON METABOLISM DURING
EXERCISE

The decline in hemoglobin concentrations reported during early
stages of endurance training is accomplished by decreased con-
centrations of the serum iron parameter ferritin. Serum concentra-
tions of ferritin serve as a surrogate marker for body iron stores,
but ferritin expression and its appearance in serum are influenced
by other factors. Ferritin is an acute-phase reactant and its serum
concentration can be increased by liver disease, infections, and
other inflammatory conditions, malignant diseases (especially
Hodgkin’s disease), renal failure, cardiovascular diseases, high
alcohol consumption, and advancing age. Thus, serum ferritin
concentrations can not invariably be equated to iron stores28
Serum ferritin concentrations decrease during training, and it has
been concluded that this reflects an induction of iron deficiency
after physical activity. However, iron stores in the body can more
reliably be determined by measuring the amount of iron removed
during repeated phlebotomies until anemia develops and then
subtracting the amount of dietary iron absorbed during phlebot-
omy. This method is unsuitable for the repeated determination of
iron stores in athletes before and after training. Alternatively,
corporeal iron stores or red blood cell progenitor demand for iron
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can be evaluated by measuring certain surrogate markers other
than serumn ferritin, namely serum transferrin receptor (sTfR), red
blood cell protoporphyrin, or stainable iron in bone marrow (bone
marrow hemosiderin).?®

The sTfR more accurately reflects the demands of bone marrow
for iron, i.e., high sTfR concentrations indicate iron-deficient
erythropoiesis. Further, day-to-day variability is greater for ferritin
(13% to 75%) than for sTfR (4% to 16%).3° The sTfR and
especially the sTfR/log(ferritin) index is less variable and may
more precisely reflect the iron status of the athlete.3! However, the
influence of physical activity on sTfR expression has been subject
to limited investigation. In accordance with previous studies,
Schumacher et al. found that ferritin concentrations declined after
exercise tests in 39 individuals; in contrast, sTfR was unaffected
by a 45-min constant-speed running test at 70% VO, and
decreased only during incremental exercise challenges to the point
of exhaustion. Taking the different extracellular fluid shifts into
account (hemoconcentration during the exhaustive test and he-
modilution during the aerobic test), the investigators concluded
that sTfR more reliably reflects exercise-induced changes in iron
metabolism than does serum ferritin, which is also influenced by
factors other than iron stores.32

The hypothesis that iron availability is not limiting for red
blood cell production despite reduced concentrations of serum
ferritin during exercise is further supported by the observation that
free erythrocyte protoporphyrin concentrations remain unchanged
during intensive training.33 The final step of heme biosynthesis is
the insertion of ferrous iron into protoporphyrin and depends
critically on the availability of iron as a substrate; the first step of
heme biosynthesis, the formation of 5-aminolaevulinate, is also
subject to regulation by iron. Thus, no operational limitation of
heme biosynthesis by the availability of iron in the erythrocyte can
be demonstrated in such athletes. Experiments conducted in vitro
have suggested that expression and activity of erythroid aminole-
vulinate synthetase, which catalyzes the first rate-limiting step of
heme biosynthesis, can be induced by iron.3435 However, this
stimulatory effect of iron cannot be observed in vivo, which is
surprising because quantification of bone marrow iron stores by
cytological observation has shown that bone marrow hemosiderin
is less than expected in middle- and long-distance runners, even
though quantitative determination did not meet diagnostic require-
ments for iron deficiency.36

Although serum ferritin concentrations in elite athletes are
usually low, frank iron deficiency is unusual; nevertheless, oblig-
atory daily iron losses are often increased, but this is usually
compensated by enhanced absorption of dietary iron. Gastrointes-
tinal bleeding occurs predominantly in long-distance runners and
overt melena or even hematemesis has been reported.3” Studies
conducted in clinically asymptomatic runners showed that fecal
occult bleeding occurred in up to 83% after a competition.38
Quantification of intestinal iron losses using radiolabeled red cells
showed that blood loss increased from the normal baseline of less
than 1.5 mL/d to 4.9-6.6 mL/d during intensive training periods.?
The mechanisms for occult or overt intestinal bleeding include
intestinal trauma and reduced splanchnic perfusion during exer-
cise,*® which cannot be prevented by dietary supplementation of
L-arginine.*! Gastrointestinal bleeding is more severe in runners
who have taken non-steroidal anti-inflammatory drugs.#? Excess
bleeding cannot be prevented by the administration of the H,
blocker cimetidine, which suggests that acid does not mediate
gastrointestinal injury during running.#? Iron losses via the urinary
tract are negligible in most endurance athletes but may result form
bladder trauma; renal losses after exercise are uncommon even
after traumatic intravascular hemolysis,* which is more frequent
in contact sports.*>6 Iron is also lost in sweat, but its quantifica-
tion is difficult, and studies in which contamination of sweat by
exfoliated epithelia was minimized have shown that sweat losses

of ilron are very small even in hot environments (0.08 mg - m™2 -
h™H.47
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Non-invasive estimation of hepatic iron stores using radioac-
tive iron isotopes showed significantly lower but normal liver iron
concentrations in runners.?® It was also postulated that a negative
iron balance could result from increased losses and decreased
intestinal absorption of non-hemoglobin iron during endurance
training. In one study, mean absorption of a standard test dose of
ferrous sulfate was 16.4% in eight long-distance runners as com-
pared with 30% in eight male blood donors.*® However, in 23 male
runners, intestinal iron absorption was increased compared with a
control population.3® Such an increased absorption of iron by the
intestine is plausible considering the decreased calculated body
iron half-life to 1000 d in runners compared with 2100 d in control
sedentary men and 1300 d in women.*® The difference reached
statistical significance in males only.

In summary, endurance sports cause hyperferritinemia, which
primarily reflects changes in plasma volume and is only partly
caused by enhanced demands for iron in response to increased iron
losses. There is no evidence of iron-deficient erythropoiesis or
heme biosynthesis, and more specific indicators of iron-deficient
erythropoiesis are largely unaltered in endurance athletes.

Apart from its important function as a constituent of hemoglo-
bin, iron is a component of many other enzymes, e.g., mitochon-
drial complex III of the respiratory electron transport chain, which
undergoes adaptive changes during exercise in animals.#® Thus, it
was postulated that iron deficiency could affect performance by
mechanisms other than those that impair hemoglobin production
and oxygen delivery to the tissues. Evidence indicating that tissue
iron deficiency could affect performance was published by Finch
et al. who showed that iron-deficient rats had markedly impaired
treadmill running times, although their anemia had been corrected
by transfusion.5® However, these short-term experiments represent
a series of non-physiologic interventions, and similar results could
not be reproduced in humans. In one such study, iron deficiency
was induced in healthy animals by repeated phlebotomies over 9
weeks. After correcting the anemia by retransfusion, the mean
endurance running time in the iron-deficient group was 51.9 min
compared with 49.1 min in the control group, suggesting no effect
of tissue iron deficiency on physical performance, at least in the
short term.5! In contrast, long-term iron deficiency can result in
decreased work performance even in non-anemic subjects. Studies
conducted in developing countries have associated long-term iron
deficiency with longer treadmill times. Although iron supplements
ameliorate performance in most long-term iron-deficient popula-
tions, they are also associated with a higher incidence of malaria
infections.”?

RISK FACTORS FOR TRUE IRON DEFICIENCY IN
ATHLETES

Endurance athletes are particularly prone to iron deficiency. In the
general population, young subjects, adolescents, and women are at
risk.53 The prevalence of iron deficiency in elite athletes is lower
than in young individuals involved in intensive physical training
programs.>* This difference is likely biased by the current wide-
spread and uncontrolled use of iron supplementation in such ath-
letes.5 Other risk factors for iron-deficiency anemia in young
athletes are Helicobacter pylori infection,’¢ vegetarian diet, and
multiple pregnancies.5” The prevalence of anemia in prepubertal
boys undergoing training for a national swimming competition in
Poland was as high as 9%, and 15% of those children who had
completed training had indications of latent iron deficiency.>* In
another study, 3 of 23 (13%) female adolescent volleyball players
had iron-deficiency anemia.5® The overall prevalence of iron de-
ficiency in young athletes is difficult to assess because interpreta-
tion of many studies is hampered by variable definitions of iron
deficiency and many reports include ferritin levels, which, as
discussed above, are poor indicators of iron status in athletes. Even
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values of serum ferritin used to define iron deficiency have varied
between 12 and 40 p g/L.5°

IRON SUPPLEMENTATION

In light of the multifactorial effects of athletic activity on iron
metabolism and its surrogate markers and the diversity of athletes
as a population group for study, it is very difficult to define those
athletes who will benefit from iron supplementation. In most
reported studies, iron supplementation shows no beneficial effect
on athletic performance. Further, low serum iron parameters im-
mediately after competition do mnot correlate  with
performance.89-62 In controlled trials in which a beneficial effect
of iron supplementation was shown, only athletes with iron-
deficiency anemia or untrained individuals with low serum ferritin
were studied. When administered to iron-replete athletes or ath-
letes with low serum ferritin, iron was repeatedly shown to have no
objective effect on performances!-65; however, in one controlled
study, it improved the subjective assessment of performance in
female athletes.5* In another study, 40 male elite athletes with Jow
serum ferritin levels and normal hemoglobin concentrations
showed an increase in V0,,,,, after iron supplementation, but red
blood cell volume and lactate threshold remained unchanged in the
iron-treated and placebo-treated groups.56 These results were con-
firmed in a study of 41 iron-deficient females who were not anemic
(ferritin < 16 p g/L, hemoglobin > 12 g/dL) and in whom
performance and maximal oxygen uptake increased only in the
group in which iron was supplemented but not in the placebo
group.%” In contrast, the effect of iron supplementation in 18
female iron-depleted runners without anemia was studied in a
controlled trial; although serum iron parameters improved, no
positive effect of iron on V0, could be found.6* Together,
the published evidence restricts the indication for oral or even
parenteral iron supplementations® to athletes with established
iron-deficiency anemia. In conclusion, in light of the available
(and limited) information, iron deficiency without anemia in
athletes remains a questionable indication for therapeutic iron
supplementation.

RISKS OF UNCONTROLLED IRON SUPPLEMENTATION

The current practice of iron supplementation in elite athletes
appears to be largely uncontrolled. Deugnier et al.>> found that
one-third of French elite road cyclists had hyperferritinemia.
Twenty-seven probands of 198 athletes with elevated serum fer-
ritin underwent magnetic resonance imaging or liver biopsy for
quantification of hepatic iron. The correlation of serum ferritin to
hepatic iron concentration was statistically significant. Eighty-
eight percent of the studied athletes had been supplemented with
iron, and the median cumulative dose was 25.5 g (range 1.4-336
g). Subsequent studies confirmed that elite athletes frequently have
iron intakes above the recommended daily allowance.’>686% In-
creased body iron stores have been discussed as an independent
risk factor for liver malignoma7! and have been associated with
impaired immune effector functions.” Increased dietary iron in-
take is also a risk factor for developing hemochromatosis in
subjects homozygous for the C282Y allele of the HFE gene. About
10% of the population of Northern European ancestry is heterozy-
gous for this polymorphism. However, the prevalence of heredi-
tary hemochromatosis has been estimated at 1:400, which is lower
than the calculated and observed frequency of C282Y homozy-
gosity.”> HFE gene polymorphisms have incomplete penetrance,
and the factors that cause hemochromatosis in genetically predis-
posed C282Y homozygotes include alcohol’™ and dietary iron
intake,”s although liver iron concentration in a cohort of 27 elite
cyclists did not differ significantly among HFE wild-type cyclists.
Athletes heterozygous for one of the HFE polymorphisms showed
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a trend toward higher liver iron concentration. Further, mutations
in at least one other gene appeared to determine the severity of iron
overload.5s The complex genetics of hemochromatosis and its
clinical variants limit simple testing and identification of athletes at
risk of iron overload. The high prevalence of C282Y homozygotes
(1:100) in the general population has to be taken into account when
iron supplementation in athletes is considered. Further, increased
iron stores are a risk factor for the development of diabetes.”

However, iron deficiency is often a valuable sign of an under-
lying disease, and uncontrolled supplementation of iron could
obscure or delay clinical presentation. Diagnosis of latent celiac
disease, uterine abnormalities, or occult gastrointestinal bleeding
might be overlooked when iron is supplemented without prior
investigation for an underlying disorder.””7® Menstrual blood
losses in women are very difficult to quantify, and iron-deficiency
anemia is all too often attributed to vague estimates of perceived
losses without thorough quantitative evaluation. Hallberg et al.
estimated that (given an average daily iron intake =10 mg for most
women), if blood losses exceed 40 to 60 mL each period, a
negative iron balance will result.”

RECOMMENDATIONS

There is no evidence that iron supplementation increases athletic
performance, except in individuals in whom iron deficiency is
established. In athletes with low serum ferritin concentrations
without anemia, iron supplementation might be useful; moreover,
determination of sTfR or red cell-free protoporphyrin concentra-
tions may identify those in whom iron administration is likely to be
beneficial. Serum ferritin concentrations should be monitored in
conditioned athletes, and physiologic decreases in serum ferritin
during the early stages of training should be taken into account
when individuals are examined and before any decision to give
iron is made. Exercise-induced hyperferritinemia is most promi-
nent in endurance athletes, especially runners. Unlike in other
sports, runners experience increased loss of blood from the gas-
trointestinal tract; this loss may amount to several milliliters and
cause a negative iron balance. In the young and adolescent popu-
lations, the prevalence of iron deficiency is higher; in addition,
vegetarian diet, female sex, and H. pylori infection are important
risk factors for iron deficiency. The prevalence of iron-deficiency
anemia in prepubertal athletes is up to 13%, and screening for
anemia in this group of individuals is recommended. Because most
studies have shown no beneficial effect of iron supplementation on
performance, the uncontrolled use of iron should be avoided. It has
been proposed that some athletes take iron supplements to opti-
mize the effect of recombinant human erythropoietin, a practice
that remains unethical and dangerous. Anecdotal reports that iron
supplementation reduces or prevents leg cramps in cyclists cannot
be taken as the basis for iron supplementation,5s

Because athletes are more likely to take medications and sup-
plements even if the benefit is only minor or even unproven, we
submit that, despite the challenging demands for performance-
enhancing agents in relation to iron treatment, medical advice
should remain based on the best available evidence. In the case of
iron supplementation, we believe that the current evidence sup-
ports the prescription of jron administration only to individuals
with unequivocal iron deficiency. Hyperferritinemia is an unusual
finding in elite athletes, and we recommend that the current wide-
spread and indiscriminate use of iron supplementation should be
restricted to the accepted clinical indication of iron deficiency.
Underlying causes of iron deficiency should be excluded before
iron deficiency can be safely attributed to the consequences of
physical activity.
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