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Iron deficiency and iron deficiency anemia in women

JANE COAD & KEVIN PEDLEY

Institute of Food, Nutrition & Human Health, College of Health 1e¢ Kura Hauora Tangata, Massey University,
Palmerston North, New Zealand

Abstract

Iron deficiency is one of the most common nutritional problems in the world and disproportionately affects women and
children. Stages of iron deficiency can be characterized as mild deficiency where iron stores become depleted, marginal
deficiency where the production of many iron-dependent proteins is compromised but hemoglobin levels are normal
and iron deficiency anemia where synthesis of hemoglobin is decreased and oxygen transport to the tissues is reduced.
Iron deficiency anemia is usually assessed by measuring hemoglobin levels but this approach lacks both specificity and
sensitivity. Failure to identify and treat earlier stages of iron deficiency is concerning given the neurocognitive implications
of iron deficiency without anemia. Most of the daily iron requirement is derived from recycling of senescent erythrocytes
by macrophages; only 5-10 % comes from the diet. Iron absorption is affected by inhibitors and enhancers of iron absorp-
tion and by the physiological state. Inflammatory conditions, including obesity, can result in iron being retained in the
enterocytes and macrophages causing hypoferremia as a strategic defense mechanism to restrict iron availability to patho-
gens. Premenopausal women usually have low iron status because of iron loss in menstrual blood. Conditions which further
increase iron loss, compromise absorption or increase demand, such as frequent blood donation, gastrointestinal lesions,
athletic activity and pregnancy, can exceed the capacity of the gastrointestinal tract to upregulate iron absorption. Women
of reproductive age are at particularly high risk of iron deficiency and its consequences however there is a controversial
argument that evolutionary pressures have resulted in an iron deficient phenotype which protects against infection.
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Introduction the recommended dietary intake rises to 27 mg/d.

Despite iron being one of the most abundant ele-
ments in the earth’s crust, iron deficiency is the
most common nutritional problem worldwide and
presents significant public health challenges. Iron
deficiency (ID) and iron deficiency anemia (IDA)
disproportionately affect women and children. WHO
estimates that over 2.10° people, about a third of
the population of the world, are anemic, predomi-
nantly due to iron deficiency.

Premenopausal women are vulnerable to ID
partly because of iron lost in menstrual blood but
also because they often have a low dietary iron intake
and may follow restrictive dietary practices to lose
weight. Dietary iron recommendations are 18 mg/d
for women of reproductive age compared to 8 mg/d
for men [1]. Pregnancy increases iron requirements;

Although iron is essential, it is also toxic; there is a
delicate balance between obtaining enough iron from
the diet to sustain life, via inefficient absorption
mechanisms, and ensuring that excess iron is not
available to generate reactive oxygen species which
damage macromolecules or to support the growth
of pathogens. The acquisition and transport of iron
by the body reflects the evolutionary mechanisms
that protect the body from free iron while promoting
highly efficient mechanisms for recycling and conser-
vation of iron. Most iron in the body (Figure 1),
about 3 g in women, is present in hemoproteins
and iron-containing enzymes involved in cellular
respiration. Iron is also present in the plasma bound
to transferrin, stored in intracellular ferritin depots
and as a component of cytochromes and catalase.
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Figure 1. Iron balance in the body. Only 1-2 mg of iron is absorbed
from the iron consumed in meals. Iron is required for erythropoiesis,
the immune system, brain requirements and for transfer across the
placenta in pregnancy. Iron in excess of requirements may be
stored in the bone marrow and liver. Iron required for erythropoiesis
comes predominantly from the breakdown of red blood cells
(RBC) by macrophages; however about 5 % of iron required for
RBC formation comes from the newly absorbed iron. The variable
component of iron status is that lost in blood such as menstrual
loss, blood donation, nose bleeds and gastrointestinal bleeding.

A proportion of iron is held within macrophages, the
spleen and liver and in the bone marrow. Excess iron
is stored in ferritin in hepatocytes.

Stages of iron deficiency

Iron deficiency can be characterized as three distinct
stages (Figure 2):

e in mild deficiency, there is normal production
of iron-dependent proteins;

e in marginal iron deficiency (ID), production of
these proteins is compromised but hemoglobin
synthesis and erythropoiesis are maintained;

e in iron deficiency anaemia (IDA) the produc-
tion of hemoglobin is compromised and eryth-
rocytes are characteristically misshapen, small
(microcytic) and pale (hypochromic) with
reduced hemoglobin concentrations.

In IDA, clinical symptoms become evident, includ-
ing pallor and fatigue, reflecting diminished delivery
of oxygen to tissues. Symptoms are less marked
where ID has developed over a longer time because
physiological adaption, particularly cardiovascular
and respiratory, is more effective.
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Figure 2. (1) Normal with good iron stores; (2) mild deficiency
where the mobilizable iron stores in the bone marrow become
depleted but there is normal production of iron-dependent
proteins; (3) marginal deficiency or iron deficient erythropoiesis
which affects iron-dependent protein production but hemoglobin
production and erythropoiesis are preserved; and (4) iron
deficiency anemia (IDA) where the production of hemoglobin is
compromised and red blood cell synthesis abrogated because
there is insufficient iron for incorporation into erythroid
precursors.

Absorption, utilization and storage of iron

Iron requirements are predominantly met by replen-
ishment from the reticuloendothelial macrophages
which acquire iron from erythrophagocytosis with a
small proportion of iron (about 5 % of daily require-
ment or 1-2 mg per day) absorbed from the diet,
predominantly by duodenal enterocytes, to replace
obligatory passive losses. About 5-15 % of dietary
iron is absorbed.

Dietary iron is absorbed across the gut wall
(Figure 3) as both heme and non-heme iron. Heme
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Figure 3. Dietary iron is absorbed across the gut wall as heme iron
(from animal food sources) and non-heme iron (from animal and
plant food sources). Furthermore, ferritin proteins may be
absorbed intact, contributing to the acquisition of non-heme iron.
(DMT1 - Divalent metal transporter 1; DCytB — Duodenal
cytochrome B; Hox1 — heme oxygenase-1; HCP1 — Heme carrier
protein 1).
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is highly bioavailable compared to non-heme iron; its
absorption is more efficient whereas the bioavailabil-
ity of non-heme iron is affected significantly by other
dietary components. Non-heme iron exists predom-
inantly in the environment and the diet as the insol-
uble ferric (Fe3") form of iron but is transported
across the gut wall in the ferrous (Fe?") form. Ferric
iron is reduced to ferrous iron by duodenal ferrire-
ductases such as the membrane-bound duodenal
cytochrome B (DcytB) [2]. In addition, reducing
agents in the diet such as ascorbic acid, lactic acid,
citric acid and other organic acids, or foods which
stimulate endogenous gastric acid production, also
reduce Fe?" to Fe?" and promote iron absorption.

Transport of Fe?" from the lumen of the duode-
num is via the divalent metal transporter (DMT-1)
which co-transports protons. DMT-1 is not specific
for iron so other divalent metal ions competitively
inhibit iron absorption. Within the duodenal entero-
cyte, iron from heme and non-heme sources enters
a common pool of labile iron. Absorbed iron is then
either stored intracellularly as ferritin or transported
across the basolateral membrane of the enterocyte.
Ferritin, a soluble 24-subunit protein complex, can
sequester up to 4500 atoms of iron per molecule as
ferrihydrite [3] thus restricting the availability of
intracellular free iron. Iron is stored in ferritin in all
cells but found at particularly high concentrations in
the bone marrow and hepatic reticuloendothelial
cells. This sequestration of iron in ferritin means that
the duodenal enterocytes act as a short-term store of
iron, buffering iron absorption in excess of require-
ment, during their 3-5 day migration and differen-
tiation from stem cells at the base of the intestinal
crypt until they are sloughed off from the villus tip
into the gut lumen. Small quantities of ferritin sub-
units (without iron) are present in the serum so can
indicate iron stores and iron status before hemoglo-
bin concentration falls.

Export across the basolateral membrane of the
enterocyte utilizes the iron-export protein, ferropor-
tin [4]. Ferroportin is highly expressed by other cells
that export significant amounts of iron such as the
macrophages which recycle components of senescent
erythrocytes. Fe?" transported out of the enterocyte
is immediately oxidized to Fe3" by membrane-bound
ferroxidases, such as hephaestin and ceruloplasmin,
and then bound to transferrin (Tf). Each molecule
of apo-transferrin (iron-free Tf) can bind to 2 atoms
of ferric iron which are transported in the circulation
to cells expressing transferrin receptors (TfR1). Tf
has a high binding affinity for iron and is 25-30 %
saturated under physiological conditions in healthy
humans so there is negligible non-transferrin-bound
iron in the plasma.

Cells which have high iron requirements, such as
the immature erythroid cells in the bone marrow, or
those that are rapidly dividing, such as the cells in
the intestinal crypts, express very high levels of TfR1.

Holo-Tf (transferrin with iron) docks to the TfR1 on
the membrane of target cells. The receptor-ligand
complex is endocytosed and a proton pump causes
acidification of the endocytotic vesicle; the lower pH
reduces the affinity of T for iron so iron dissociates
and is released into the cytosol. Tf and TfR1 are
recycled to the membrane of the cell. Fragments are
cleaved from TfR so the serum concentration of sol-
uble TfR (sTfR) reflects the demand for iron.

Iron homeostasis at the cellular level is main-
tained by the regulation of uptake and efflux of iron
across the plasma membrane and by its storage
within the cell. Key proteins involved in these pro-
cesses contain Iron Response Elements (IREs) within
the non-translated regions of their mRNA. Iron Reg-
ulatory Proteins (IRPs) bind to IREs to regulate the
translation of mRNA into proteins and thereby main-
tain cellular iron homeostasis. When intracellular
iron is low, IRPs bind to the IREs in TfR1 mRNA
and DMT-1 mRNA and stabilize these mRNAs to
increase iron uptake and maintain adequate levels.
Conversely, excess intracellular iron prevents the
binding of IRPs to IREs, increasing the translation
of ferritin and ferroportin from mRNA reducing the
threat of iron toxicity.

There is no route of excretion of excess iron; iron
balance is regulated solely by iron absorption. Hep-
cidin, a ubiquitous cysteine-rich antimicrobial pep-
tide produced by the liver, is the primary regulator
[5]. Hepatocytes produce more hepcidin as part of
the innate immune response and when iron status is
adequate. Hepcidin binds to ferroportin on the
enterocytes, macrophages and hepatocytes causing
its internalization into endosomes and subsequent
degradation thus resulting in increased intracellular
sequestration of iron and inhibition of iron release
into the circulation (Figure 4). The accumulation of
intracellular iron inhibits the expression of DcytB
and DMT-1 on the luminal surface of the enterocytes
so absorption of dietary iron is decreased.

Like their human hosts, almost all human patho-
gens have an absolute requirement for iron. A key
component of innate immune protection is to restrict
availability of iron to invading pathogens; this pro-
cess is termed ‘nutritional immunity’ [6]. Availabil-
ity of iron for microbes is already low since most
iron in humans is intracellular and the small amount
of extracellular iron is bound with high affinity to
transferrin.

Inflammatory markers such as cytokines are
prominent inducers of hepcidin synthesis [7] from
the liver and macrophages and neutrophils. Iron
sequestration in intracellular ferritin leads to hypo-
ferremia and decreased availability of iron for patho-
gens. It is this pathway that is responsible for anemia
in conditions such as infection and inflammatory
conditions; this anemia is refractory to oral iron ther-
apy because the raised hepcidin levels result in iron
being trapped in the enterocyte and not being
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Figure 4. The principal regulator of iron status is hepcidin.
Infection and inflammatory conditions increase hepatic hepcidin
production via proinflammatory cytokines. Hepcidin binds to
ferroportin on enterocytes, macrophages and hepatocytes resulting
in its internalization and sequestration of iron in intracellular
stores. This decreases iron availability for pathogens but also
compromises iron availability for erythropoiesis which can cause
functional anemia which is refractory to oral iron therapy.

exported into the blood. In addition the iron-binding
glycoprotein lactoferrin, present in mucosal secre-
tions, also restricts the availability of iron to potential
pathogens. When bacterial pathogens enter the host
they experience iron deprivation which acts as a
stimulus to trigger the gene expression in the patho-
gen that will result in iron acquisition [6]. Bacteria
have evolved a number of strategies to circumvent
iron restriction by the host. These mechanisms vary
in different species and include the use of non-heme
or heme/hemoprotein transporters which allow
uptake of non-heme or heme iron from host body
fluids and many pathogens secrete siderophores
which bind ferric iron with extremely high affinity
and transport iron into the cell. Pathogenic bacteria
that adopt an intracellular lifestyle often target host
macrophages, the sites of erythrocyte degradation,
which are therefore rich in iron. Many bacterial spe-
cies have evolved the ability to evade phagocytic
degradation, providing the ideal intracellular envi-
ronment for obligate iron requiring microbes such as
Mycobacterium tuberculosis. Restriction of iron avail-
ability to pathogens is clearly an important aspect of
host defense. The importance of this is evident in
iron overload syndromes, where in addition to
increased cellular damage from reactive oxygen spe-
cies, there is also an increased risk of infection.
Erythropoiesis is stimulated by the hormone
erythropoietin produced by the kidney. It takes about
7 days for erythropoiesis to culminate in the release
of reticulocytes from the bone marrow. These imma-
ture red blood cells mature in the circulation for
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about 24 hours during which time they acquire mor-
phological characteristics of red blood cells, becom-
ing smaller and losing the remnants of their nuclei.
Reticulocytes usually make up about 1 % of the red
blood cell mass but ID results in the increased pro-
duction of larger paler reticulocytes so the propor-
tion, color and size of reticulocytes is an indicator of
ID. In the formation of hemoglobin, ferrous proto-
porphyrin (heme) combines with globin. In ID, zinc
is substituted for iron in the final stages of erythro-
poiesis [8] so levels of zinc protoporphyrin in eryth-
rocytes can also be used diagnostically.

Roles of iron

As a transition metal, iron oscillates between two
stable oxidation states, the divalent ferrous (Fe?™)
and trivalent ferric (Fe3") species; it can donate and
accept electrons readily and so participates in com-
plex biological redox reactions. Iron is required for
the functioning of hemoproteins, such as hemoglo-
bin, involved in oxygen transport and binding, cyto-
chromes, the mitochondrial electron transport chain
and cellular metabolism, and with catalases and
peroxidases, which are involved in redox reactions.
Metalloproteins containing iron are essential for
DNA synthesis, gene regulation, cell proliferation
and differentiation, drug metabolism, synthesis of
steroid hormones and the neutrophil respiratory
burst of phagocytosis.

There is a hierarchy of iron use in the body;
erythropoiesis is protected when there is not enough
iron available for all biological functions. So in ID,
other iron-dependent functions, such as those
involved in the central nervous system and immune
function, are deleteriously affected before erythro-
poiesis is compromised and IDA becomes apparent.
The prevalence of ID is significantly higher than
IDA, particularly in women. ID is associated with a
range of clinical outcomes including depression,
reduced endurance and work performance, and com-
promised intellectual and cognitive functions.

In the brain, iron is predominantly located in
the oligodendrocytes, microglia and astrocytes. The
distribution of iron in the brain changes during
the lifecycle; iron deprivation at different stages of
development may result in irreversible changes [9],
an important aspect when considering iron status of
women of reproductive age.

Although brain iron normally accumulates
throughout life, uptake of iron by the brain is tightly
regulated. The blood brain barrier expresses TfR1
and iron is transferred from the endosomes to astro-
cytes. Neurons have a very high demand for energy
so the brain is particularly susceptible to fluctua-
tions in iron availability [10]. Although ID does not
seem to result in increased expression of TfR1, the
cycling rate of endosomes trafficking the Tf-TfR1
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complex across the blood brain barrier is increased
indicating that the rate of iron uptake into the brain
is increased. Brain iron is important for establishing
brain morphology in early life and is involved in
several other roles such as myelination of nerves,
synthesis of neurotransmitters such as dopamine,
noradrenaline, serotonin and GABA, neurotrans-
mitter metabolism and brain metabolism through-
out life.

There is a clear relationship between iron levels
and cognitive functioning (spatial ability, attention,
memory, learning, reasoning ability and executive
functioning) [11]. ID in women is associated with
psychological effects and decreased dopamine pro-
duction, affecting perception, motivation, memory,
addiction and motor control. Iron supplementation
in intervention studies frequently results in improved
cognitive function and iron supplementation in preg-
nancy has been demonstrated to have effects on the
offspring’s cognition. In adult ID, iron therapy
restores brain function [12] whereas ID in children
may have irreversible detrimental consequences for
the developing brain.

Iron overload and toxicity

As well as being essential for vital biological
processes, iron can be damaging to the body. In the
Fenton reaction, free iron in the presence of H,O,
and O, forms highly reactive and destructive hydroxyl
radicals. These are important in the oxidative burst
in neutrophils but can cause oxidative damage to
essential macromolecules such as DNA, lipids, pro-
teins and antioxidants. Iron overload leads to genetic
instability and altered risk of infection and disease;
excess iron is associated with diabetes, cardiomyopa-
thy, liver damage, neurodegenerative diseases and
various types of cancer.

Factors influencing iron status

Dietary quality affects absorption of non-heme iron
from the gastrointestinal tract. Various dietary factors
affect the availability of iron for transport; the net
effect of the inhibitors and enhancers of iron absorp-
tion can be used to describe the dietary quality in
terms of high or low bioavailability.

Ascorbic acid is the best dietary enhancer of iron
absorption. The mechanisms involved include reduc-
ing ferric to ferrous iron in the lumen of the gastro-
intestinal tract, facilitating the release of iron from
the food matrix during the gastric phase of digestion,
increasing iron solubility in the small intestine, com-
peting with phytates and polyphenols for iron bind-
ing and/or affecting intestinal barrier function. It
should be noted that ascorbic acid is a particularly
labile vitamin which is degraded by light, high tem-
perature and oxygen.

An as yet unknown factor present in extracts of
animal tissue such as meat, poultry and fish (‘meat-
fish-poultry factor’) also enhances non-heme iron
absorption [13]. The active factor may be particular
amino acids or peptides and dietary fatty acids have
also been demonstrated to affect iron absorption.

Dietary phytate (hexakisphosphate) and the
closely related pentakisphosphate, which are found
in cereals and legumes, have a significant impact on
iron status because they bind iron tightly so the frac-
tion of iron absorbed from the meal is markedly
decreased. Whereas processing methods such as de-
hulling can reduce the amount of phytate in cereal
grains, phytate is more evenly localized in legumes,
seeds and nuts [14]. Non-ruminant species such as
humans do not produce endogenous gastric phytase
but foods can be treated with phytase to degrade
dietary phytate and increase iron absorption.

Polyphenols, present in tea, cereals, fruits and
vegetables, also inhibit the absorption of non-heme
iron (and other metals) in a dose-dependent manner
[15] and can be considered to be antinutrients. Some
polyphenols can also bind to digestive enzymes and
other proteins affecting their activity. Processing
cereals reduces the concentration of polyphenols
and enhances mineral bioavailability and the use of
oxidizing agents is also partially effective.

Divalent ions such as zinc and manganese com-
petitively inhibit iron absorption by DMT-1, how-
ever, the effect of calcium inhibiting iron absorption
may be via an independent mechanism possibly by
affecting the proton gradient which drives DMT-1.
These effects are probably most significant when
the sources of the minerals are supplements rather
than foods.

The most effective way of promoting iron absorp-
tion is to consume iron with ascorbic acid-rich
sources and avoid the consumption of polyphenols
and other inhibitors in a meal which provides a sig-
nificant source of iron. The use of dietary patterns
rather than identifying single or limited combina-
tions of nutrients or foods is a newly emerging
method to investigate dietary intake and iron status.
This novel approach, which uses factor analysis and
logistic regression, has demonstrated that dietary
patterns characterized by either a low intake of meat
and vegetables or a high intake of milk and yoghurt
were associated with an increased risk of suboptimal
iron status [16].

The physiological state of the individual signifi-
cantly affects iron absorption and iron status pre-
dominantly by altering hepcidin concentration
(Figure 5).When iron status is low, gut iron transport
is up-regulated by increased expression DMT-1 and
hepatic production of hepcidin is reduced so more
absorbed iron is exported from enterocytes and
released from macrophages into the circulation. Iron
absorption increases during periods of growth and
increased demand, such as pregnancy. However, in
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Figure 5. Regulation of iron absorption and uptake: (a) Iron is
transported into the enterocytes by the divalent metal transporter
(DMT1) and either stored in intracellular ferritin stores or
exported out of the enterocyte by ferroportin. (b) When iron status
is low, there is upregulation of gut iron transport primarily by an
increased expression of DMT1. Also, under these conditions,
release of hepcidin from the liver is reduced and more absorbed
iron exported from the enterocytes and released from macrophages
into the circulation. (c) In iron sufficiency, increased hepcidin
production results in the internalization and degradation of
ferroportin reducing export of iron from the enterocyte. The
increase in intracellular iron results in internalization of DMT1
reducing the absorption of iron.

conditions in which inflammatory cytokines are
increased, such as infection and inflammation, these
mechanisms are overridden resulting in functional
anemia. Functional anemia is characterized by iron
loading in the tissues, because hepcidin levels are
high, concurrently with paradoxical systemic anemia
because iron export from cells and supply to the
erythroid progenitor cells are curtailed.

In many parts of the world, deficiency of dietary
iron is exacerbated by infectious diseases such
as malaria, parasite infections, HIV/AIDs and
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tuberculosis. Malabsorption conditions such as coe-
liac disease and inflammatory bowel disease can
affect the integrity of the cells lining the gastrointes-
tinal tract and their ability to absorb nutrients as well
as being associated with inflammation and increased
hepcidin production.

The ability of the gut to up-regulate iron trans-
porters is limited so high losses of iron can exceed
the increased absorption. It is recommended that
there should be an in-depth investigation of the gas-
trointestinal tract in individuals with unexplained
anemia because gut lesions are the main reason for
iron deficiency in men and postmenopausal women.
These result in blood loss and are predominantly
due to colon or gastric cancer and coeliac disease
[17]. Use of non-steroidal anti-inflammatory drugs
can also cause gastric bleeding and have significant
impact on iron status. Infection with Helicobacter
pylori is associated with ID and IDA because it both
impairs iron uptake and increases iron loss; charac-
teristically, the anemia is refractory to treatment with
iron therapy but improves after eradication of the
pathogen. In premenopausal women, high menstrual
blood loss is one of the most common causes of IDA.
Blood donation, particularly if it is frequent, is also
likely to present a challenge particularly to smaller
women consuming poorer diets whose iron status
before donation is likely to be lower. Current prac-
tices by blood transfusion services identify potential
donors with IDA but are usually not adequate to
detect ID in donors who have normal hemoglobin
concentrations.

Assessment of iron status

The standard assessment of IDA is to measure hemo-
globin status which identifies late stage iron deficiency
affecting erythropoiesis. However because produc-
tion of red blood cells requires several other nutrients
in addition to iron, hemoglobin concentration lacks
specificity as a marker of ID. Measurement of hemo-
globin concentration also has low sensitivity since
hemoglobin synthesis is preserved at the expense of
other iron-requirements. Likewise, other markers of
impaired production of red blood cells such as mean
cell hemoglobin concentration (MCHC), mean cell
volume (MCYV), red cell distribution width (RDW)
and erythrocyte/zinc protoporphyrin also indicate
late stage ID when there is not adequate iron for
normal erythropoiesis. Increased RDW indicates
coexisting deficiencies of folate and vitamin B12.

Identifying ID before IDA occurs is important
in assessing individuals at risk or offering timely
treatment. ID can be detected by assessing markers
of iron in transport and indicators of increased
demand by cells such as a fall in transferrin satura-
tion and/or an increase in sTfR because cells express
more TfR.
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Classically mild iron deficiency (stage 1) is diag-
nosed by a fall in serum ferritin which reflects iron
storage. However conditions, such as inflammation,
which increase hepcidin production cause iron to be
sequestered in cells so serum ferritin concentrations
increase independently of iron status and could sug-
gest iron stores are sufficient when there is actually
a deficiency of iron. It is therefore essential to mea-
sure an inflammatory marker such as C-reactive pro-
tein concurrently. The growing prevalence of obesity
may also limit the usefulness of serum ferritin as a
biomarker because it is associated with increased
cytokine and hepcidin secretion. Serum ferritin lev-
els are also affected by malignancy, liver disease and
alcohol consumption.

Serum sTfR is a useful marker of ID [18]; it is
not an acute phase reactant like ferritin so it is
not affected by inflammation and it increases with
ID before IDA becomes manifest. Combinations of
biomarkers such as the sTfR-ferritin index are also
valuable in identifying ID before IDA, particularly
where inflammation may coexist.

Consequences of iron deficiency

ID is associated with a range of clinical outcomes
including depression, reduced endurance and work
performance, and compromised intellectual and cog-
nitive functions [19]. Poor iron status has been associ-
ated with symptoms such as apathy, irritability,
depression, fatigue and problems with concentration.
ID is not associated with a decrease in the oxygen
carrying capacity of the blood but there is a fall in
the iron-dependent dehydrogenases involved in sub-
strate oxidation and in cytochromes which are
involved in the electron transfer chain. This means
that whereas ID affects endurance, energetic effi-
ciency, aerobic adaptation, metabolic responses and
muscle fatigue, IDA also affects aerobic capacity. IDA
results in reduced maximal oxygen consumption
(VO2 max) so aerobic physical fitness and endurance
capacity are compromised, affecting physical perfor-
mance and work tolerance. Both ID and IDA affect
work productivity, voluntary activity (observed as an
increase in sedentary behavior), fatigue and athletic
performance. When iron supplements are given to
individuals who have ID (reduced iron stores) but
normal hemoglobin concentrations, an improvement
in fatigue is reported because the synthesis of the
iron-dependent enzymes involved in substrate metab-
olism and the electron transfer chain is increased.

Causes of iron deficiency

Iron deficiency (Figure 6) can be caused by a pri-
mary lack of dietary iron or poor iron bioavailability
from a diet which has a high level of inhibitors. Diets
which have low bioavailability are more likely to be
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Figure 6. Contributors to iron deficiency and anemia. Blood loss
can exceed the ability of the gut to upregulate iron absorption. In
women of reproductive age, high menstrual blood loss is the most
significant contributor to iron deficiency. In men and older women,
blood loss from the gastrointestinal tract is the most common
cause of iron deficiency. Diets of low iron bioavailability can
reduce iron absorption. Factors, including obesity, that cause
raised hepcidin concentrations compromise iron export and limit
iron available for erythropoiesis.

those which are high in cereals and legumes and low
in meat and fruit. Conditions which result in raised
hepcidin limit availability of iron to pathogens but
also to host cells and tissues for biological functions.
This is advantageous for acute infections but chronic
conditions can lead to severe and sustained iron
deficiency. The escalating prevalence of obesity, a
chronic inflammatory condition, also has the poten-
tial to compromise iron status. Although DMT-1 can
be up-regulated to enable an increased absorption of
dietary iron, the extent of possible compensation is
relatively small. It is not possible for continual and
sustained iron losses to be matched by increased iron
absorption.

Conclusion

Women are particularly at risk of iron deficiency
because the up-regulation of iron absorption is
limited and may not be enough to compensate for
iron lost during menstruation. Any additive factor
affecting iron balance such as impaired iron absorp-
tion, inflammatory conditions, increased blood loss
or increased demands such as closely spaced preg-
nancies can result in a loss of iron that cannot be
compensated for by increased absorption. However
excess iron may result in oxidative damage or favor the
growth of pathogens; indeed it has been suggested [20]
that evolutionary pressures have resulted in the devel-
opment of an iron deficiency human phenotype which
protects against infectious diseases; this might offer an
explanation for the ubiquitous persistence of ID world-
wide despite improved nutrition and medicine.

The concern is that consequences of ID may be
overlooked if an inappropriate biomarker such as



hemoglobin is used as the sole indicator of iron sta-
tus. The negative impact of ID on various functions
of the brain is becoming increasingly apparent.
Emerging research indicates that the role of iron in
various neuronal functions including signal trans-
duction, myelination, dendritic arborization, synap-
togenesis and plasticity results in ID affecting
cognitive function, particularly memory and learn-
ing. Some of the neurological consequences of ID
appear to persist even after the iron status is restored.
Women have a greater risk of ID and IDA and thus
are more prone to the deleterious impact these con-
ditions could have on the function of the central ner-
vous system.

Questions and answers

O (Gronowski): May iron deficiency perhaps prevent
infectious diseases?

A (Coad): It probably doesn’t prevent infectious
diseases but survival may be better. It is likely that
historical procedures, such as blood-letting, worked
by reducing the infectious load.

Q: Are specific nutritional recommendations
given to blood donors who donate every 6 months?

A (Coad): It is a lost opportunity in many coun-
tries that advice is not given.
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