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Abstract

fron deficiency anemia is common in people with chronic
kidney disease (CKD) and itsimportance in supporting eryth-
ropoiesis is unquestioned especially in those patients treat-
ed with erythropoietin. Clinical symptomatology such as fa-
tigability, cold intolerance, failure to concentrate and poor
effort intolerance is often attributed to anemia or uremia.
That iron deficiency, per se, can cause these symptoms is
poorly recognized. Clinical and animal studies that support
the benefits of iron supplementation, independent of in-
creasing hemoglobin, such as those on immune function,
physical performance, thermoregulation, cognition, and
restless leg syndrome and aluminum absorption is the sub-
ject of this narrative review. Copyright © 2007 S. Karger AG, Basel

Iron deficiency anemia is common in people with
chronic kidney disease (CKD). Clinical symptomatology
such as fatigability, cold intolerance, failure to concen-
trate and poor effort intolerance is often attributed to
anemia or uremia. That iron deficiency, per se, can cause

these symptoms is poorly recognized. Clinical and ani-
mal studies that support the benefits of iron supplemen-
tation, independent of increasing hemoglobin, is the sub-
ject of this brief review.

The putative nonhematological benefits of iron sup-
plementation are outlined in table 1 and discussed be-
low.

Physical Performance

Elegant studies performed more than 30 years ago by
Finch etal. [1] in experimental iron deficiency in rats pro-
vides the best evidence of an independent role of iron on
physical performance. Rats fed an iron-deficient chow be-
came anemic and exchange transfusion was performed to
adjust hemoglobin in the iron-deficient group. In a con-
trol iron-replete group hemoglobin was dropped to 6 g/dl
by means of exchange transfusion as well. Physical perfor-

Table 1. Putative nonhematological effects of iron deficiency

Physical performance
Thermoregulation
Cognitive function
Restless leg syndrome
Immune function
Aluminum absorption
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mance of these rats was assessed by exercising on a tread-
mill and recording the time before the rats fell off the
treadmill. By exchange transfusions, the hemoglobin con-
centration was then raised in all groups at the same rate
of 1 g/dl/day. The question being posed was the impact of
repairing anemia without correcting iron deficiency on
physical performance. At baseline, most animals regard-
less of the group ran <10 min. Correction of anemia in the
iron-replete animals increased the running time to about
20 min. In contrast, correction of anemia in iron-deficient
animals did not increase the running ability at all even
after their hemoglobin levels have been raised to the non-
anemic level of 12 g/dl. Thus, iron deficiency without ane-
mia may impair physical performance.

In a separate set of experiments, the investigators
clamped the hemoglobin concentration at 10 g/dl in all
groups of rats. The control group was fed an iron-replete
diet; the experimental groups were maintained on an
iron-deficient diet for either 3 or 4 weeks. Rats that were
on an iron-deficient diet for 4 weeks could run for only
3 min. whereas the iron-replete rats could run for about
20 min. This physical impairment was somewhat less se-
vere in the rats that had been on an iron-deficient diet for
only 3 weeks.

Contrary to popular belief, myoglobin was not the
cause of physical impairment. Muscle myoglobin level re-
mained low in both the iron-deficient and iron-treated
groups of animals but was higher in the controls [1]. Since
the animals that were iron-treated had good physical per-
formance, but their myoglobin levels remain low, this
suggests that myoglobin level was not the cause for phys-
ical impairment. Similar results are found for other iron-
requiring proteins such as cytochromes a, b and c ex-
cluding them as candidates for physical impairment as
well. A mitochondrial enzyme of skeletal muscle, a-glyc-
erophosphatase, important in oxidative phosphorylation
was found to correlate with physical impairment. Its lev-
el was seen to fall in the iron-deficient animals and rise
in the iron-treated animals. Thus, iron deficiency may
impact oxidative phosphorylation which, in turn, im-
pairs physical performance. This is compelling experi-
mental evidence that iron deficiency - in rodents - per se
can impair physical performance.

Human Studies on Physical Performance
Hinton et al. [2] randomized 42 iron-deficient, non-

anemic young women (1833 years of age) to either fer-
rous sulfate or placebo for 6 weeks in a double-blind man-
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ner. After 2 weeks, subjects trained on a cycle ergometer.
In the iron-supplemented group the time to complete a
15-km cycle ergometer test, respiratory exchange ratio
and work rate were decreased to a greater extent com-
pared to the placebo group. These results support the no-
tion that iron deficiency per se impairs favorable adapta-
tion to aerobic exercise.

Using an identical study design as above, Brownlie et
al. [3] randomized 41 untrained, iron-depleted, nonane-
mic women to either 100 mg ferrous sulfate or a placebo
for 6 weeks in a double-blind manner. Significant treat-
ment effects were observed for time to complete the 15-
km time trial, work rate, and percentage of maximal oxy-
gen uptake in subjects with a baseline serum transferrin
receptor concentration >8.0 mg/L. No significant treat-
ment effects were observed in subjects with a normal
baseline transferrin receptor concentration. These data
suggest that iron deficiency without anemia impairs ad-
aptation in endurance capacity after aerobic training in
previously untrained women.

In further studies from Hinton et al. [4], iron supple-
mentation in men and women with iron deficiency with-
out anemia for 6 weeks in a double-blind, randomized
trial prevented the decline in ventilatory threshold ob-
served in the placebo group from pre- to postsupplemen-
tation; this effect was greater in individuals with lower
serum ferritin before intervention. Changes in serum fer-
ritin from pre- to posttreatment were positively corre-
lated with changes in ventilatory threshold, independent
of supplementation.

Friedmann et al. {5] randomized 40 young elite ath-
letes (13-25 years of age) with low serum ferritin and nor-
mal hemoglobin to 12-week treatment with either twice
a day ferrous iron (equivalent to 2 X 100 mg elemental
iron) or with placebo using a double-blind method. Aer-
obic and anaerobic capacity was measured using an in-
tensive treadmill test. Aerobic capacity improved only in
the iron-treated group. In contrast, the anaerobic capac-
ity or maximal capillary lactate concentration remained
unchanged in both treatment groups. The authors con-
clude that in young elite athletes with low serum ferritin
and normal hemoglobin concentration iron supplemen-
tation leads to an increase in maximal aerobic perfor-
mance capacity without an augmentation of red blood
cell volume.

Other small studies have had mixed success in dem-
onstrating the salutary effects of iron on exercise perfor-
mance. For example, LaManca et al. [6] randomized 20
active women (19-35 years) to oral iron or placebo in a
double-blind manner for 8 weeks and performed a per-
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centage of maximal oxygen uptake (VO,-max) test and
an endurance test (80% VO,-max) on a cycle ergometer.
After treatment the iron group’s VO,-max was signifi-
cantly greater than the placebo group’s value; postendur-
ance blood lactate also decreased in the iron group. Al-
though the point estimate of endurance time to exhaus-
tion increased by 38% (37.28 * 5.03 to 51.4 £ 7.45 min)
following iron treatment, this change was not statistical-
ly significant. Similarly, Klingshirn et al. [7] found that 8
weeks of oral iron supplementation in 18 iron-deficient,
nonanemic women distance runners, improves iron sta-
tus, but does not enhance endurance capacity. Both
groups increased their time to exhaustion (25.5 and
22.2% for the iron and placebo groups, respectively) but
they were not significantly different (p = 0.72) from each
other. There were also no differences between the groups
with respect to lactate concentrations and physiological
measures taken during the two exercise tests. Small sam-
ples, differences in outcome measurement and study pro-
tocols may account for these negative studies. For exam-
ple, it is possible that lower-intensity endurance exercise
is tightly correlated with tissue iron deficiency, whereas a
brief intense exercise may be more tightly correlated with
severity of anemia {[8].

In a double-blind randomized placebo-controlled tri-
al, women who were not anemic but complained of unex-
plained fatigue were randomized to ferrous sulfate (80
mg/day of elemental iron) or placebo [9]. Overall, 136
(94%) women completed the study. The level of fatigue
after 1 month decreased by -1.82/6.37 points (29%) in the
iron group compared with -0.85/6.46 points (13%) in the
placebo group (difference 0.95 points, 95% CI 0.32-1.62;
p = 0.004). Subgroup analysis showed that only women
with ferritin concentrations 50 ng/ml or less improved
with iron supplementation.

Haas and Brownlie [10] reported a systematic review
of animal and human studies to establish the causal rela-
tionship between iron deficiency and physical work ca-
pacity. Iron deficiency was examined along a continuum
trom severe iron-deficiency anemia to moderate iron-de-
ficiency anemia to iron deficiency without anemia. They
concluded that iron-deficiency anemia has a strong caus-
al effect on aerobic capacity in animals and humans. The
presumed mechanism for this effect is the reduced oxy-
gen transport associated with anemia; tissue iron defi-
ciency may also play a role through reduced cellular oxi-
dative capacity. Although endurance capacity was also
compromised in iron-deficiency anemia, the poor cellu-
lar oxidative capacity observed in animals has not been
demonstrated in humans. Efficient energy utilization
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was affected at all levels of iron deficiency in humans, in
the laboratory and the field. They concluded that the bio-
logical mechanisms for the effect of iron-deficiency ane-
mia on work capacity are sufficiently strong to justify in-
terventions to improve iron status as a means of enhanc-
ing health. This may also extend to the segment of the
population experiencing iron deficiency without anemia
in whom the effects on work capacity may be more subtle,
but the number of individuals thus affected may be con-
siderably more than those experiencing iron-deficiency
anemia. Indeed, in an Australian epidemiologic survey
among 14,762 young (18-23 years) and 14,072 middle-
aged (45-50 years) women, a history of iron deficiency
within the past 2 years was associated with worsening of
mental composite score (-2.1), physical composite score
(-3.2) and vitality (-4.2) on the Medical Outcome Study
short-form survey (SF-36) compared to women who had
no history, or past history, of iron deficiency [11]. These
results suggest that iron deficiency is associated with de-
creased general health and well-being and fatigue.

Thermoregulation

Iron-deficient patients with normal hemoglobin lev-
els may have an impaired ability to maintain core body
temperature in response to cold-stress. Martinez-Torres
etal. [12] submersed 3 groups of volunteers in a cold wa-
ter bath and studied them for several hours. The 3 groups
were nonanemic controls, iron-deficient anemic and
iron-deficient nonanemic subjects. Oral temperature,
norepinephrine and oxygen consumption were mea-
sured at baseline and every 15 min for 60 min. Mean se-
rum hemoglobin level was 7.5 g/dl in the iron-deficient
anemic group of subjects and within the normal range
for the other two groups. Although oral temperature
dropped in all groups in response to cold water immer-
sion, the drop in oral temperature was most marked in
the iron-deficient anemic and iron-deficient nonanemic
groups compared to the control group. Time-dependent,
plasma norepinephrine response was accelerated in both
iron-deficient groups compared to controls. Oxygen
consumption was increased in iron-deficient subjects
whether they had normal or low hemoglobin levels. The
results of this study indicate that iron-deficient individu-
als, despite an increased oxygen consumption and sym-
pathetic activity, had falling body temperature suggest-
ing heat loss with iron deficiency - not anemia per se.
The increase in oxygen consumption and plasma cate-
cholamine was similar in anemic and nonanemic indi-
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viduals with iron deficiency. The authors suggest that
this may be due to a defect in the mitochondria of these
individuals involving an uncoupling of oxidative phos-
phorylation.

Cognitive Function

An extensive literature supports an important role of
iron for neurotransmitter synthesis, uptake and degrada-
tion [13]. Tron is important for mitochondrial function
which is richly distributed in the metabolically active
brain tissue. The role of iron in the brain in normal and
diseased states is discussed elsewhere [14].

A randomized trial evaluated the independent role of
iron deficiency in adolescent girls in four Baltimore high
schools on verbal learning [15]. These girls had iron defi-
ciency without anemia, with hemoglobin of 13 g/dl and
serum ferritin concentration of 9 ng/ml. The investiga-
tors randomly assigned these 81 girls to either ferrous sul-
fate by mouth or placebo, and they measured cognitive
function by standard instruments at baseline and at eight
weeks. In the iron-treated girls the hemoglobin increased
by about 0.4 g/dl, and in control girls it fell somewhat. The
girls treated with iron recalled more words at baseline,
and at subsequent trials compared to untreated controls.
There was improvement in verbal learning in nonanemic
adolescent girls with only minimal improvement in he-
moglobin. This suggests an independent role of iron de-
ficiency in cognitive performance.

In a more recent randomized controlled trial in wom-
en with iron deficiency with or without anemia, it was
found that serum ferritin concentration increase was as-
sociated with improvements in performance on atten-
tion, memory, and learning tasks, but that the time to
complete the task was unaffected [16]. This relation of
changes in ferritin concentrations and in cognitive per-
formance is a highly important relation because it shows
that persons do not have to be anemic to have alterations
in attention, memory, and learning. In contrast, anemia
was significantly related to speed of processing in the
cross-sectional analysis, and a change in hemoglobin was
significantly related to improvement in the speed of pro-
cessing for the attention and memory tasks in the longi-
tudinal analysis. This study demonstrates a relation be-
tween iron status and information processing in adult
women of reproductive age. This study challenges the
traditionally held viewpoint that iron deficiency does not
have functional consequences until it has reached the
level of anemia.
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McCann and Ames {17] reviewed evidence of a causal
relationship between dietary iron deficiency with or
without anemia during development and deficits in sub-
sequent cognitive or behavioral performance. Based on
their review, they concluded that although most of the 5
conditions of causality (association, plausible bioclogical
mechanisms, dose response, ability to manipulate the ef-
fect, and specificity of cause and effect) are partially satis-
fied in humans, animals, or both, a causal connection has
not been clearly established. In children >2 years of age
and in adolescents with iron deficiency without anemia,
evidence suggests cognitive or behavioral deficits. Given
the small number of studies conducted in either humans
or animals, a firm conclusion is not possible.

Restless Leg Syndrome

In an intriguing study, Earley et al. [18] found no dif-
ferences in serum iron, serum ferritin levels and transfer-
rin saturation between people who have restless leg syn-
drome versus controls. However, evidence for iron defi-
ciency was found in the cerebrospinal fluid. Patients with
restlessleg syndrome actually have reduced iron stores in
the substantia nigra compared to normal controls on spe-
cialized magnetic resonance imaging studies [19]. This
suggests a state of regional iron deficiency. In fact, if only
serum measurements of iron markers are used to define
iron deficiency, no relationship between iron deficiency
and restless leg syndrome is found [20].

Sloand et al. {21] treated 11 hemodialysis patients with
restless leg syndrome with i.v. iron. The RLS symptoms
score in 14 controls that get placebo shows no change
from baseline to 4 weeks. The iron-treated group showed
improvement. This study suggests that iron deficiency
may actually be mediating some of the movement disor-
ders that we see in patients on hemodialysis.

Immune Function

Many bacteria and other pathogens, such as the ma-
larial parasite, require iron for growth and have devel-
oped sophisticated strategies to acquire iron from the
host; iron is also required to mount an effective immune
response.

Mackler et al. [22] reported the effects of iron defi-
ciency in the rat on neutrophil activation and on levels of
neutrophil myeloperoxidase and cytochrome b. The pe-
riod of time required for neutrophil activation was not
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significantly affected by iron deficiency, but the maxi-
mum rates of respiration attained after activation were
markedly lower (60% decrease) in iron-deficient neutro-
phils than in control cells. The myeloperoxidase activity
of neutrophils from iron-deficient rats was also mark-
edly decreased (approximately 75%) compared with the
activity of control cells; however, the concentration of cy-
tochrome b in the neutrophils was unaffected by iron de-
ficiency.

Beard [8] summarized the abnormalities in immune
function with iron deficiency to consist of reduced bac-
tericidal activity of macrophages, reduced myeloperoxi-
dase activity of neutrophils, decreased T lymphocyte
number, blastogenesis, mitogenesis and migration ab-
normalities. In addition, activated lymphocytes produce
less interleukin-2. Humoral immunity appears to be less
affected.

Chandra studied children with moderate iron defi-
ciency and severe iron deficiency, and a matched group
of normal controls with no anemia or iron deficiency
[23]. Patients had measurement of in vitro neutrophil
function by examining the ability of neutrophils to kill
bacteria. Neutrophils were exposed to Staphylococcus au-
reus, and then the number of remaining S. aureus colo-
nies at 20 min were compared to baseline. This was used
as a measure of intracellular bacterial killing. The nitro-
blue tetrazolium test was used to study the ability of neu-
trophils to mounting an oxidative response. Bacterial
killing was impaired in children with moderate iron de-
ficiency and those with severe iron deficiency. They had
a large number of bacterial colonies remaining at 20 min,
compared to the control group of children. After treat-
ment with iv. iron for 4-7 days, there was a significant
reduction in the number of S. aureus colonies remaining
in the moderate and severe iron deficiency groups at 20
min. Nitroblue tetrazolium test was impaired at baseline
in the moderate and severe deficiency groups compared
to the controls, but after treatment with iron, oxidative
burst achieved a level similar to that in controls.

The relationship between iron and infection is
complex as demonstrated in a randomized, placebo-con-
trolled trial of oral iron and folic acid with or without zinc
in 24,076 preschool children in Zanzibar, a country with
a high malaria transfer setting [24]. Those treated with
active drug were 12% more likely to die or need treatment
in a hospital for an adverse event and 11% more likely to
be admitted to the hospital than the placebo group. Infec-
tion or malaria-related causes were the most likely rea-
sons for admission to the hospital. Notably, those who
were iron deficient and anemic had half the event rate
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when treated with active drug when compared to place-
bo. Thus, the evidence of harm was mainly seen in those
children who were iron replete but received iron.

Aluminum Absorption

Cannata et al. [25] have reported the effect of iron sta-
tus on aluminum absorption in vivo using an animal
model and in vitro using an intestinal mucosal cell line.
Rats were iron overloaded by intraperitoneal injection of
iron dextran or iron deficient by phlebotomy. These rats,
and normal controls, were then dosed with aluminum
hydroxide (40 mg/day) for 30 days. Urinary excretion of
aluminum was significantly greater in the iron-deficient
group than in the other two groups throughout the study
period, and brain aluminum at the end of the experiment
was significantly increased in the iron-depleted group
(1.93 pg/g) and decreased in the iron-overloaded group
(0.73 ng/g) compared with controls (1.42 pg/g). In fact,
the brain aluminum levels in iron-overloaded rats were
not higher than those in normal rats that had not been
dosed with aluminum hydroxide (0.61 pg/g). In the in
vitro experiments cultures of a rat intestinal cell line were
iron overloaded or iron depleted prior to pulsing with
aluminum transferrin (0.5 mg/ml) for 24 h. Uptake of
aluminum was significantly greater in the iron-depleted
cells (2.3 ng/ug cell DNA) than in iron-overloaded (0.81
ng) or untreated (0.83 ug) cells. These studies show that
iron depletion markedly increases absorption and cellu-
lar uptake and suggest that susceptible individuals, such
as renal failure patients, run an increased risk of toxicity
if they are iron deficient.

Conclusions

Infact, health-related quality of life as measured by the
Kidney Disease Quality of Life (KDQoL) instrument has
been reported in anemic patients with nondialysis CKD
who were randomized to either oral iron or intravenous
iron gluconate [26]. No patient was receiving erythropoi-
etin. There was 0.4 g/dl increase in hemoglobin in the
iron group and 0.2 g/dl increase in the placebo group.
There was no significant difference in the increments in
hemoglobin.In comparison to oral iron, intravenous iron
achieved greater improvements in ferritin (232.0 * 160.8
vs. 55.9 * 236.2 ng/ml, p<0.001) and transferrin satura-
tion (8.3 £ 7.5vs. 2.9 & 8.8%, p = 0.007). Despite no sig-
nificant difference in hemoglobin between the two
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