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Abstract: Early childhood is characterised by high physiological iron demand to support processes
including blood volume expansion, brain development and tissue growth. Iron is also required
for other essential functions including the generation of effective immune responses. Adequate
iron status is therefore a prerequisite for optimal child development, yet nutritional iron deficiency
and inflammation-related iron restriction are widespread amongst young children in low- and
middle-income countries (LMICs), meaning iron demands are frequently not met. Consequently,
therapeutic iron interventions are commonly recommended. However, iron also influences infection
pathogenesis: iron deficiency reduces the risk of malaria, while therapeutic iron may increase
susceptibility to malaria, respiratory and gastrointestinal infections, besides reshaping the intestinal
microbiome. This means caution should be employed in administering iron interventions to young
children in LMIC settings with high infection burdens. In this narrative review, we first examine
demand and supply of iron during early childhood, in relation to the molecular understanding of
systemic iron control. We then evaluate the importance of iron for distinct aspects of physiology and
development, particularly focusing on young LMIC children. We finally discuss the implications
and potential for interventions aimed at improving iron status whilst minimising infection-related
risks in such settings. Optimal iron intervention strategies will likely need to be individually or
setting-specifically adapted according to iron deficiency, inflammation status and infection risk, while
maximising iron bioavailability and considering the trade-offs between benefits and risks for different
aspects of physiology. The effectiveness of alternative approaches not centred around nutritional
iron interventions for children should also be thoroughly evaluated: these include direct targeting of
common causes of infection/inflammation, and maternal iron administration during pregnancy.

Keywords: iron; anaemia; infection; malaria; immunity; brain development; growth; microbiome;
hepcidin; ferritin; iron supplementation; infants; children; low and middle income countries

1. Introduction

Young children growing up in low- and middle-income countries (LMICs) are frequently exposed
to concurrent physiological challenges and environmental hazards that may influence both their current
health and future development. In such settings, a high infection risk often co-exists with nutritional
deficiencies, amongst which iron deficiency (ID) is of major importance. ID is best known for causing
anaemia, affecting hundreds of millions of young children, particularly in LMICs [1]. Iron deficiency
anaemia (IDA) affects over 1.2 billion people globally and was recently classified as the leading cause
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of years lived with disability (YLDs) in low/low–middle socioeconomic settings [2]. However, ID also
occurs frequently without manifesting anaemia, meaning the number of people affected globally will
be considerably higher. Importantly, the clinical and developmental impacts of iron deficiency also go
beyond anaemia [3].

In this narrative review, we discuss the biology of iron in early childhood, with a particular
focus on children living in settings with high burdens of infection, nutritional deficiency and anaemia.
We aim to identify research gaps, controversies and accepted principles from biological, nutritional and
epidemiological points of view. In the first section, we consider why iron is required during the early
years of life, how iron status is defined, and how iron handling is regulated. In the second section,
we examine the implications of iron status and therapeutic iron interventions for different physiological
and developmental processes of particular relevance in early childhood. The final section summarises
factors that should be accounted for when planning interventions aimed at adjusting iron status in
such populations.

2. Regulation of Iron Status during Early Childhood

2.1. Iron Demand in Early Childhood

Iron is widely used as a cofactor in cellular biochemistry owing to its ability to act as an electron
donor or acceptor. The numerous examples of proteins that use haem prosthetic groups or iron-sulphur
clusters as cofactors, or which directly coordinate iron for catalytic functions, demonstrate the wide
utility of iron in biology. Box 1 provides a far from exhaustive list of examples of how such proteins
are used across key cellular processes. An adequate supply of iron is thus required to support
normal physiology.

The daily requirement for iron is greater in early childhood than during adulthood [4,5]. Adulthood
requires a “steady-state” turn-over of iron to maintain tissue homeostasis while ensuring flexibility to
adapt iron handling according to changes in physiological or environmental circumstances (e.g., blood
loss, infection, pregnancy, nutritional limitations, changes in altitude) [6]. In contrast to adults, young
children must expand their blood volume, increase muscle and tissue mass, and are at a key stage in
terms of neurodevelopment and brain growth: growing tissues therefore require an absolute increase
in iron content to maintain a state of iron repletion.

Box 1. Examples of iron involvement in cellular biochemistry.

• The haem group of oxygen-transporting haemoglobins is the major and best-known destination of
absorbed iron, supporting adequate erythropoiesis, with an estimated two-thirds of body iron found within
erythrocyte haemoglobin.

• Haem moieties, in which iron is coordinated within protoporphyrin IX, also mediate oxygen-storage
by myoglobin in muscle, and are used by cytochrome P450 monooxygenases, and by cytochrome c and
cytochrome c oxidase in the mitochondrial electron transport chain for oxidative ATP production.

• The final step of haem biosynthesis is itself iron dependent, catalysed by the Fe2-S2-containing
protein ferrochelatase.

• Iron-sulphur clusters are central as cofactors in energy production, being complexed within mitochondrial
aconitase in the tricarboxylic acid (TCA) cycle, and complexes I–III in the electron transport chain. They are
used by DNA polymerases, DNA primase subunits, and DNA helicases reflecting involvement in DNA
replication and repair.

• Nucleotide biosynthesis provides the substrate for DNA replication and depends on ribonucleotide
reductase (RnR), a di-iron monooxygenase.

• Iron(II)- and 2-oxogluatarate-dependent dioxygenases include the prolyl hydroxylases PHD-1, 2 and
3 which regulate the Hypoxia-Inducible Factor (HIF)-dependent response to hypoxia, and the TET
family of methylcytosine dioxygenases which are involved in histone demethylation and consequent
epigenetic regulation.

• Iron is centrally involved in the antimicrobial oxidative burst employed during neutrophil responses to
infection, involving the haem-dependent NADPH oxidase, and iron-dependent myeloperoxidase.
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2.2. Iron Supply in Early Childhood

2.2.1. The Maternal Iron Endowment

Neonates are born with an endowment of iron from their mother, estimated as approximately
75 mg/kg (approximately 260 mg total body iron) in a healthy full-term neonate [7]. The size of
the iron endowment is strongly influenced by gestational age, birthweight and timing of cord
clamping [7]. Maternal iron status does not appear to predict neonatal iron status during maternal
iron sufficiency [8,9] or in the presence of maternal iron-restricted erythropoiesis [10]. However,
several studies report compromised infant iron status following maternal iron deficiency anaemia
(e.g., [11,12]). This suggests that unless maternal iron is severely limited, foetuses tend to acquire
maternal iron efficiently during gestation irrespective of maternal iron status. The size of the maternal
iron endowment and its consumption rate vary between infants, with declines in iron status greater in
boys than girls [13,14]. A significant proportion of maternal–foetal iron transfer occurs during the final
weeks of gestation [9]. Consequently, pre-term infants are at high risk of earlier onset ID. Similarly,
since most of the iron is contained within haemoglobin, lower birthweight infants—who have a smaller
total blood volume—carry lower absolute body iron content and are at higher risk of ID [13]. Delaying
cord clamping, which can enable blood volume increases of ~40 mL/kg birthweight, is associated with
significantly improved iron status and lower ID risk during the first year (reviewed in [7]).

The maternal iron endowment is thought to sustain the iron requirements of an exclusively
breastfed healthy term infant for up to half of the first year [7]. Since iron is utilised to support growth
and development, the initial iron stores become depleted as infancy progresses, with steeper declines
in more rapidly growing infants [13,15–17]. This means iron must be obtained from exogenous sources
including complementary foods and via food fortification or supplementation [7]. Human breastmilk
is often considered to contain highly bioavailable iron but only in small quantities that are insufficient
to sustain iron requirements as infancy progresses [18–20]. Therefore, weaning diets must contain
adequate sources of bioavailable iron.

2.2.2. Dietary Iron: Differences between High- and Low-Income Settings

Two categories of dietary iron exist: haem iron, present in animal-source foods, is highly
bioavailable (~20–50% of ingested iron is absorbed); in contrast, non-haem iron, which accounts
for a higher proportion of dietary intake, has highly variable but typically substantially lower
bioavailability [21]. Absorption of non-haem iron, unlike haem iron, is influenced by the presence
of dietary enhancers (e.g., ascorbic acid (AA) and muscle protein) and inhibitors (e.g., phytates and
polyphenols) (Reviewed in [22]). Based on overall dietary composition, iron bioavailability can be
classified as poor (average fractional absorption (FA) <5%), intermediate (FA, 5–15%) or high (FA,
>15%). Bioavailability relates to the relative balance of unrefined cereals and pulses (high in inhibitory
phytates), fresh fruits and vegetables (sources of AA), refined cereals (lower in phytates), and meat,
fish and poultry (rich in haem iron and muscle protein). Weaning foods should possess high iron
bioavailability, as the iron/energy requirement ratio is particularly elevated in infancy. These factors
likely contribute to differences in iron status between young children from higher-income settings,
where fortification of weaning diets, cereals and meat-based diets are commonplace, compared with
those from LMICs where diets often contain lower absolute iron content, combined with lower dietary
bioavailability enhancer:inhibitor ratios.

The recommended nutrient intake (RNI) of iron for 7–12-month-old infants (i.e., required
quantity of absorbed iron) has been estimated as 0.69 mg/day (97.5th percentile, 1.07 mg/day) [5,23].
If bioavailability of dietary iron is below 10%, intake of >10.7 mg/day would be required to guarantee
reaching the 97.5th RNI percentile, which may present a challenge in resource-limited settings;
accordingly, children may frequently fail to meet the RNI, and ID may ensue [23]. Risk of nutritional
ID can be classified via markers of dietary exposure relating to both iron intake and overall iron
dietary bioavailability (reviewed in detail by the Biomarkers of Nutrition for Development (BOND)
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project [24]). However, dietary intake and bioavailability assessment remains challenging, with reliable
intake estimates requiring 7–10 days of weighed food records. Nonetheless, at the individual level,
dietary counselling and advice to increase iron intakes [25] and bioavailability may concomitantly
increase the likelihood of RNI being met [26]. Programmatic evidence for a benefit of such a strategy is
lacking yet would be highly desirable.

Differences between high- and low-income settings in intake of bioavailable iron could become
further accentuated over the coming decades in relation to anthropogenic increases in atmospheric CO2

concentrations. The absolute iron content of widely consumed crops, specifically C3 grasses (wheat and
rice) and legumes (field peas and soybeans), decreases with increasing CO2 [27], and modelling suggests
this would translate to an increase in global iron deficiency prevalence, focussed particularly on LMIC
populations for whom these cereals constitute dietary staples [28]. Climate change is also predicted
to contribute significantly to a declining fish catch over the coming decades, reducing consumption
of highly bioavailable iron and increasing micronutrient deficiency in coastal communities, again
predominantly in LMIC settings [29].

As discussed below, iron uptake may also be inhibited by infection and inflammation for which
the burden is higher in LMICs compared to higher-income countries. Furthermore, young children
from LMIC populations are at higher risk of parasitic (most notably hookworm) infection, which
is associated with intestinal blood loss, and therefore additional iron depletion [30,31]. Together,
these factors illustrate the greater challenge faced by young children in LMIC settings in maintaining
adequate iron status to sustain growth and development, in comparison to children of similar age in
higher income settings.

2.3. Molecular Control of Iron Handling

In understanding the relationships between iron deficiency, iron absorption and inflammation,
and in seeking to develop safe and effective interventional strategies, it is important to appreciate the
molecular basis of iron control. While the redox properties of iron make it useful for cellular biochemistry,
unchaperoned iron can catalyse the generation of toxic free radicals. Iron transport and storage must
therefore be carefully regulated to ensure it is effectively targeted and employed in a controlled manner.
Details of cellular and systemic iron handling have been reviewed in detail recently [6]. It has been
long-established that systemic iron homeostasis is maintained through regulation of absorption, with
iron losses not specifically regulated [32]. Iron sensing mechanisms must ensure non-regulated losses
(e.g., through bleeding, intestinal cellular sloughing, or helminth infection) are replaced through
appropriate absorption. When control of iron absorption is lost, either iron loading or iron deficiency
may ensue: failures to prevent excess iron absorption, as in hereditary haemochromatosis or during
non-transfusion-dependent beta-thalassaemia, lead to gradual toxic iron accumulation in the liver
and other organs. Conversely, failure to absorb sufficient amounts of bioavailable iron eventually
leads to anaemia, as in dietary iron deficiency, during chronic inflammation, and in the rare heritable
iron-refractory iron deficiency anaemia (IRIDA) [6].

Iron balance must therefore be carefully maintained. This is achieved by coordinating cellular
and systemic iron homeostasis [33]. Posttranscriptional regulation by the IRE/IRP (iron response
element/iron regulatory protein) system is central in the control of cellular iron homeostasis. IRPs
are RNA binding proteins which, during cellular iron deficiency, either stabilise iron-related mRNAs
(e.g., TFR1, for iron acquisition) by binding 3’UTR IREs, or mediate translational repression of mRNAs
by binding 5’UTRs (e.g., FPN1, for iron export; FTH1, FTL encoding ferritin heavy and light chains
respectively for iron storage) [6]. Systemic iron homeostasis on the other hand centres on the regulation
and activity of the iron regulatory hormone hepcidin [34].

2.3.1. The Hepcidin–Ferroportin Interaction

Hepcidin coordinates both iron uptake through duodenal enterocytes and iron recycling (primarily
derived from senescent erythrocytes) by reticuloendothelial macrophages. Hepcidin binds the
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iron exporter ferroportin, which is highly expressed on these cells, triggering its internalisation
and ubiquitin-mediated degradation; this prevents the export of cellular iron into circulation [35].
Hepcidin-binding also directly occludes the ferroportin ion channel, providing an additional inhibitory
mechanism [36]. Thus, when hepcidin concentrations are high, dietary iron uptake is inhibited, iron
becomes sequestered in ferroportin-expressing macrophages, and serum iron concentrations decline.
Hepcidin acts very rapidly: serum iron falls by ~80% within an hour of hepcidin injection into
mice [37]. The erythroid compartment also contributes to systemic iron homeostasis by returning iron
to circulation: hepcidin-sensitive ferroportin is expressed by erythroblasts and is found on mature
erythrocyte membranes [38,39]; erythroid-specific ferroportin knockout mice display mild serum iron
deficiency, consistent with a proportion of circulating iron being derived from the erythron [40].

Inherited disorders of iron homeostasis reveal the centrality of the hepcidin–ferroportin interaction
in maintaining iron balance. Iron overloading in haemochromatosis can be caused by mutation in
the gene encoding hepcidin (HAMP) itself. More frequently, it links to mutations in genes encoding
components of the signalling pathways mediating hepcidin upregulation in response to iron (including
HFE, HJV, TfR2, BMP6) [41,42]. Hepcidin insufficiency characterises each of these conditions. Likewise,
patients with “gain-of-function” ferroportin mutations (rendering ferroportin hepcidin-resistant)
develop iron overload [43,44]. Patients with “loss-of-function” ferroportin disease display a distinct
disordered iron phenotype (including macrophage rather than parenchymal iron loading) [45].
Contrastingly, IRIDA results from loss-of-function mutations in TMPRSS6, which encodes the protein
matriptase-2 that normally inhibits the production of hepcidin [46].

2.3.2. Hepcidin Regulation by Iron

Details of the molecular pathways regulating hepcidin have been reviewed extensively
elsewhere [34,47]. Broadly speaking, to maintain homeostasis, hepcidin is upregulated in hepatocytes
in response to sensing increased iron via the BMP–SMAD (Bone Morphogenetic Protein—Sons of
Mothers against Decapentaplegic) pathway [47]. Liver Sinusoidal Endothelial Cell (LSEC)-derived
BMP6 and BMP2 are key in this process [48–51]. BMP6 is more responsive than BMP2 to tissue iron
loading [52], although how iron sensing leads to BMP6 upregulation is yet to be described. Hemojuvelin
(HJV) is a key accessory receptor that enhances BMP-mediated signalling [53]. Sensing of acute changes
in serum iron concentration and transferrin saturation also converges on the BMP–SMAD pathway,
involving transferrin receptor 1 (TfR1/CD71), transferrin receptor 2 (TfR2), the haemochromatosis
protein HFE and BMP receptors (although not requiring BMP6 induction) (reviewed in [47]).

2.3.3. Hepcidin Regulation during Inflammation

Hepcidin is also induced during the acute phase response to inflammatory stimuli [54,55].
Upregulation is primarily mediated via the JAK–STAT3 (Janus Kinase—Signal Transducer and Activator
of Transcription proteins 3) pathway, most notably by interleukin-6 (IL-6) [56–58], but probably
also by other cytokines including IL-22, type I interferon, and IL-1beta [55,59–61]. Cross-talk with
BMP6/SMAD signalling is also required for the normal response to inflammatory stimuli, since loss
of HJV blunts the hepcidin response in this context [62]. Activin B, which also signals via SMAD
pathways, is induced during inflammation/infection and can upregulate hepcidin in vitro, although its
role in inflammatory hepcidin induction in vivo remains uncertain [63–67]. Hepcidin activity during
infection and inflammation leads to characteristic hypoferremia [68], shown to be protective against
extracellular siderophilic bacterial infections [69,70]; hepcidin-independent mechanisms including
the transcriptional downregulation of ferroportin expression also likely contribute [71]. Prolonged
inflammatory stimulation of hepcidin and consequent hypoferremia contributes to the pathogenesis of
anaemia of inflammation (AI) by limiting iron supply to the erythron [72].
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2.3.4. Hepcidin Suppression during Erythropoietic Demand

Erythropoiesis is highly iron-demanding, especially when expanded physiologically in response
to acute blood loss or when it is ineffective as during beta-thalassaemia. Erythropoietic expansion
is stimulated by erythropoietin signalling, whose activity induces the production of the hepcidin
suppressive hormone erythroferrone in erythroblasts [73]. Erythroferrone suppresses liver hepcidin
production through binding and inhibiting BMP6 and the related BMP family members, BMP5 and
BMP7 [74] (which themselves are upregulated by iron in the absence of BMP6 [75]). Iron consumption by
enhanced erythropoiesis also reduces the hepcidin-stimulatory signal from serum iron [76,77]. Similarly,
during hypoxia, hepcidin can be suppressed through the cAMP Response Element Binding protein
(CREB/CREB-H) pathways in response to high concentrations of Platelet-Derived Growth Factor-BB
(PDGF-BB) activity [78]. Together, these mechanisms inhibit hepcidin production, liberating iron from
hepatic and macrophage stores and facilitating iron absorption to supply erythropoiesis. Moreover,
duodenal iron absorption is further promoted when hepcidin is low since ferroportin-dependent iron
flux through enterocytes leads to stabilisation of the hypoxia-inducible factor HIF-2alpha leading to
the upregulation of genes involved in iron absorption (Dcytb, Dmt1, and Slc40a1—encoding ferroportin
itself) [79].

In summary, multiple signals derived from diverse physiological systems are integrated at the
level of hepcidin regulation to ensure adequate iron supply whilst mitigating against the dangers of
iron loading and, as discussed below, acute siderophilic infection.

2.4. Regulation of Hepcidin and Iron Status in Infancy and Early Childhood

Concentrations of hepcidin, although variable, are relatively high in the first few months of life,
when iron availability is not limited; this is consistent with the regulation of hepcidin operating in
infancy in response to iron status as in adults [17,80]. Evidence has been presented however that in the
first 6 months, absorption of iron supplements does not correlate with iron status, suggesting dietary
iron absorption may bypass hepcidin-mediated regulation at this point [18,19,81]. Nonetheless, most of
the iron entering circulation is derived from iron-recycling erythrophagocytic macrophages. An acute
hypoferremia in neonates occurs during the first 48 hours of life [82,83], which is associated with raised
hepcidin (Prentice, A.M.; et al., personal communication). This is consistent with hepcidin-mediated
control of macrophage iron release being functional even in neonates, despite potential differences in
intestinal iron absorption between early and later stages of infancy.

Studies in Gambian infants reveal profound reduction in serum iron concentration during the first
months of life [17], to levels well below those typical in infants from high-income settings [84]. Ferritin
decreases through the first year, more profoundly in males, as stores are consumed for expanding
the erythron and growth and development of tissues (as discussed below) [8,14]. Related decreases
in hepcidin also occur in African infants, again more notably in boys than girls [80,85,86], with the
extent of weight gain dominantly predicting the extent of hepcidin and ferritin decline [17]. Hepcidin
concentrations in African pre-school children are associated with other biomarkers of iron status,
inflammation and erythropoietic demand, suggesting hepcidin is regulated similarly in young children
and adults [87].

In contrast to the studies in African infants, declines in hepcidin during the first year were not
observed in two studies of European infants [88,89]. This may relate to higher contents of bioavailable
iron in typical European weaning diets. A recent study in Gambian infants (6–27 months) found
that respiratory infections and fever incidence (but not diarrhoea or faecal calprotectin—a marker of
intestinal inflammation) were strongly associated with raised hepcidin; inflammation (marked by CRP),
even if very low-grade, was the dominant predictor of hepcidin [90]. Chronic, even mild, inflammation
may therefore play a key role in inhibiting dietary iron uptake, contributing to the declining iron status
of early childhood in such settings.
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2.5. Classification of Iron Deficiency

Before discussing how low iron status influences key physiological processes in young LMIC
children, it is useful to review how iron status can be classified. Haemoglobin (Hb) is a standardized and
accessible marker whose concentration is directly proportional to oxygen carrying capacity. However,
it is a poor indicator of ID with low sensitivity (ability to identify iron deficiency when present) and
specificity (ability to correctly identify subjects without deficiency). This reflects anaemia being a late
manifestation of ID and having multiple aetiologies, especially in LMIC children. Thus, iron status
must be assessed using more sensitive and specific biomarkers. Ideally, these should identify different
degrees of iron status, ranging from depletion of iron stores, to iron-deficient erythropoiesis without
anaemia, to iron-deficiency anaemia [24].

The gold standard approaches for assessing ID are bone marrow iron (Prussian blue) staining and,
in the case of anaemia, evaluation of the haematological response to therapeutic iron [91]. Bone marrow
staining reveals absence of reticuloendothelial iron storage and therefore true ID. Neither of these are
appropriate for routine clinical or epidemiological assessment and, without an individually effective
biochemical biomarker of iron balance, classification of ID is challenging, especially in LMIC children.

2.5.1. Ferritin and Iron Stores

Serum ferritin is linearly predictive of iron stores in the absence of inflammation, with 1 µg/L
corresponding to 120 µg storage iron/kg body weight [92]. It reflects intracellular iron content
of macrophages and hepatocytes. The commonly used cut-off of 12–15 µg/L is diagnostic for iron
deficiency, but it has low sensitivity. Consequently, appropriate cut-offs for use in different settings
and purposes are commonly debated; for example, higher cut-offs may be advisable for confirming
a diagnosis (avoiding false negatives) compared to those used for population screening (where it is
desirable to avoid false positives) [91]. Moreover, ferritin is an acute phase protein, induced during
inflammation, infection and liver damage. Promising approaches that adjust ferritin values according
to concurrent inflammation have recently been proposed [93], but will require further validation. The
characteristics of iron metabolism in infancy and early childhood may return different thresholds
for defining deficiency especially in settings with high infectious disease pressure, and clearly more
evidence is required [94,95].

2.5.2. Markers of Iron-Restricted Erythropoiesis

The soluble transferrin receptor (sTfR1) represents a detectable circulating truncated form of the
cellular iron uptake receptor, TfR1, increasingly expressed once tissue iron supply becomes scarce.
Other than during the first few months of life, the bone marrow is the most avid iron consumer,
and sTfR1 concentration is generally thought to reflect iron demand from erythroid precursor cells.
It is less affected than ferritin by inflammation and infection, but may be modified by conditions
affecting erythropoiesis, including thalassaemia and sickle cell anaemia [96]. The ratio between sTfR
and log-ferritin (ferritin index) offers the advantage of combining two markers covering different
aspects in iron depletion, generally improving sensitivity and specificity compared to their individual
use [24]. Of note, paper-based smartphone-app-guided point-of-care assays for ferritin and sTfR show
promise in proof-of-principle studies, suggesting field measurement of these markers in children from
resource-limited settings may become feasible [97,98]. Other markers of iron-restricted erythropoiesis
are zinc protoporphyrin (ZPP) and the ZPP/haem ratio in red blood cells; ZPP accumulates in the
last step of haemoglobin synthesis when iron is lacking [99]. Certain red cell indices may also be
useful as markers of iron deficient erythropoiesis [24], among which reticulocyte haemoglobin content
(Ret-Hb/CHr) is prominent [100,101] and included in the American Academy of Pediatrics guidelines
for the evaluation of anaemia [24]. Red cell indices are reported to be more suitable than ferritin alone
in predicting response to intravenous iron in patients with chronic kidney disease [102], but their
performance in detecting nutritional anaemia in childhood has not been evaluated systematically [24].
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2.5.3. Serum Iron and Transferrin Saturation

Serum iron and transferrin saturation (Tsat, the proportion of iron-binding sites of the iron-transport
protein transferrin occupied by iron) reflect iron availability for tissues at any given moment, and thus
potentially provide information on peripheral iron delivery. However, they are affected by circadian
rhythm and decreased by inflammation and infection, rendering their interpretation challenging in
young children [24]. Nevertheless, extremely low serum iron concentrations described in concert with
low ferritin/hepcidin in African infants, well below the typical range in infants elsewhere, does likely
reflect a severe deficiency in iron supply for iron-requiring tissues [17,84].

2.5.4. Hepcidin

Hepcidin shows promise as a further reliable marker to identify ID (during which it is suppressed),
and to distinguish IDA from inflammatory anaemia in settings with high infection pressure [103].
It had moderate performance in predicting bone marrow ID in severely anaemic children in Malawi
when compared to ferritin index [104]. As the hormone that regulates iron uptake, it also predicts
oral iron responsiveness [103,105,106]. Like ferritin, hepcidin is an acute phase protein potentially
confounded by inflammation [54,55] but, unlike ferritin, hepcidin synthesis is directly suppressed by
expanded erythropoiesis. Hepcidin also shows diurnal variation [107]. High quality hepcidin assays
are increasingly available and accessible, with efforts being made towards their harmonisation and
standardisation [108,109]. With increased understanding of hepcidin biology and further analytical
refinements, hepcidin may become more frequently used in assessing iron status [110], including in
young children.

The extent to which these serum biomarkers indicate true iron deficiency must be considered.
A recent study assessed the performance of biochemical iron status markers in predicting bone
marrow ID in 1–5-year-old anaemic children in Mozambique, a setting with a high burden of
infection/inflammation. As expected, serum ferritin displayed poor sensitivity but 100% specificity
(zero false positives) in identifying bone marrow ID. In contrast, sTfR1 showed 83% sensitivity
and 50% specificity. Combining the two markers into the ratio, resulted in improved performance,
but overall, even the best-performing markers failed to identify ~25% of children with ID correctly [111].
The standardization of assays across different suppliers and instruments is an issue for all iron status
markers, in particular for sTfR1 and hepcidin. Further research to improve interpretation, accessibility
and analytics of current and experimental markers of iron status in settings with high infection pressure
is clearly a research priority.

3. The Importance of Iron Status for Different Physiological Systems in Early Childhood

3.1. Iron and Oxygen Delivery

3.1.1. Erythropoiesis in Early Childhood

Anaemia refers to a state in which the oxygen-carrying capacity of blood, mediated by haemoglobin,
falls below the level required to support normal physiological functions. In a healthy neonate,
approximately 70% of total body iron (estimated as 234–334 mg, depending on birthweight and cord
clamping time) is contained within haemoglobin, which is more concentrated in neonates than in adults
(typically ~170g/L, calculated to contain 155 mg iron in a 3.5 kg neonate) [4]. Higher haemoglobin
concentrations at birth reflect a relatively hypoxic environment in utero. The transition to a normoxic
environment after birth leads to a marked decline in erythropoietic output. Combined with shorter
erythrocyte lifespan and dilution effects related to growth, haemoglobin concentrations fall notably in
the first 1–2 months [112]. This “physiological anaemia of infancy” is accompanied by redistribution of
iron from senescent red cells to iron stores (indicated by ferritin concentrations) [113]. From 6–8 weeks,
erythropoietin concentrations and erythropoietic output increase, typically raising haemoglobin
concentrations modestly [112]. The daily iron demand for normal erythropoietic output requires
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considerably higher quantities than are absorbed each day, bearing in mind the low iron content of
breastmilk. Thus, most iron is supplied from iron stores derived from recycling of senescent red cells
by the reticuloendothelial system.

As infancy progresses into early childhood, failure to meet the iron demand of growth-related
blood volume expansion can lead to iron-restricted erythropoiesis. This is commonly observed in
young children from LMICs. Failure in iron supply can result from either nutritional iron deficiency,
or physiological restriction of macrophage iron recycling and iron absorption (functional iron deficiency),
or commonly both. Iron restriction is a feature of the response to infection and inflammation, relating
to elevated hepcidin concentrations and suppressed ferroportin activity. Erythropoietic suppression
and increased erythrocyte turnover rate also likely contribute to anaemia pathogenesis during
inflammation [72].

3.1.2. Molecular Interplay between Iron Handling and Erythropoiesis

Erythropoiesis is sensitive to decreased iron availability [114]. With decreasing transferrin saturation,
ex vivo erythroblast differentiation is diminished relative to granulopoiesis and megakaryopoiesis,
involving aconitase-mediated regulation [115]. Transferrin receptor 2 (TfR2) contributes to hepcidin
induction in response to circulating iron in hepatocytes but is also expressed on erythroblasts.
Erythroblast TfR2 interacts with the erythropoietin receptor (EpoR) to modulate sensitivity to Epo
signalling via interactions with Scribble, a key regulator of cellular trafficking and signalling [116–119].
Together, this provides a plausible mechanism by which erythropoietic output can be adjusted during
iron deficiency (reviewed in [120]). Moreover, as stated above, erythroblasts express hepcidin-sensitive
ferroportin (from a transcript (FPN1B) that is not subject to IRP-mediated regulation) [38,39].
Erythroid-specific ferroportin knockout mice displayed mild serum iron deficiency consistent with a
contribution of erythroid iron to the circulating iron pool [40]. During iron deficiency (when hepcidin
concentrations are low), this has been proposed as a safety mechanism to ensure supply of iron to
iron-sensitive tissues at the expense of erythropoiesis, also protecting erythrocytes from oxidative
stress [40].

3.1.3. The Burden of Anaemia in LMIC Children

Anaemia is typically defined by haemoglobin concentrations falling below specific thresholds.
The World Health Organisation (WHO) recommends thresholds of 100–109 g/L, 70–99 g/L and <70 g/L to
identify mild, moderate and severe anaemia respectively in children under 5 years of age [121]. However,
it should be noted that a re-evaluation of the use and interpretation of anaemia-defining haemoglobin
thresholds is underway [122]. Anaemia was estimated to affect 273 million children globally in 2011,
disproportionately exerting its burden in low-income settings [123]. Iron deficiency is often purported
to account for about half of the anaemia burden, yet estimates of the proportion of anaemia that is
iron responsive are lower than this (42% globally, and only 32% in Africa) [1,124]. These estimates
point to the diverse aetiologies of anaemia: other causes include inflammation and infection (notably
malaria), inherited erythrocyte disorders (e.g., sickle cell anaemia, thalassaemia, Glucose-6-phosphate
dehydrogenase (G6PD) deficiency), and other micronutrient deficiencies (e.g., Vitamin A, Vitamin B12).

Chronic but mild iron-deficiency anaemia may not manifest symptomatically, and could even
provide benefit in terms of reduced malarial risk (discussed further below) [125]. However, while
anaemia in young children could lead to lethargy, it may more importantly influence longer-term
developmental outcomes [126].

3.2. Iron and Neurological Development

Iron deficiency, both with and without anaemia, is associated with impaired cognitive, behavioural
and motor function development [3,127,128]. Consequently, low iron status may have long-term effects,
for example affecting educational attainment and career potential later in life [129]. Iron requirements
in the developing brain are considered spatially and temporally sensitive [130,131]. A “scaffolding”



Pharmaceuticals 2019, 12, 59 10 of 31

process during development has been suggested, where each developmental stage depends on
completion of the previous one [132]. This underlies the concern for ensuring adequate iron status
during the critical first 3 years of life [126].

As discussed above, erythropoiesis is sensitive to iron status. Based on animal models, it has been
suggested that erythroid iron is rechannelled back to circulation during iron limitation for prioritised
use by other tissues, including brain, [39,40]. However, other studies suggest that iron limitation may
lead to brain iron deficiency prior to the development of frank anaemia, suggesting erythropoiesis may
not be compromised first [100]. After iron deprivation, decreased brain iron that preceded anaemia
was reported in phlebotomized lambs [133], in human infants born from diabetic mothers [134], and in
sheep affected by intrauterine hypoxemia [135]. During repletion, decreased brain iron levels persisted
in infant rats [136] and haemoglobin repletion preceded brain iron accrual [137].

3.2.1. Roles for Iron in Brain Development

Normal neurological development involves an array of iron- and haem-dependent proteins. Studies,
primarily using rodent models, demonstrate links between ID and multiple neurodevelopmental
impairments. These range from decreased axon myelination and impaired monoamine and
gamma-aminobutyric acid (GABA) neurotransmitter system development to reduced hippocampal
function and compromised central nervous system (CNS) energy metabolism (reviewed in [3,100,138]).
The specific brain region or process affected is likely to depend on the timing of ID, with those
undergoing most rapid growth and development concurrent with ID principally affected [138].
IDA could also indirectly affect the CNS by impairing thyroid function [139] or by increasing the risk of
lead poisoning [140,141], both of which are associated with compromised neurological development.

Tools for investigating the impact of brain region-specific iron deficiency in the absence of
anaemia are emerging. For example, a mouse model with reversible (Tet-OFF) hippocampal TfR1
deficiency enables comparison of chronic hippocampal ID with reversed early-life hippocampal
ID [142]; restoration of hippocampal TfR1 expression at postnatal day 21 (heuristically corresponding to
~2 years of age in human infants) reversed some, but not all, of the gene expression changes associated
with ID [142]. This further points to lasting impact of early-life ID on neurodevelopmental phenotype,
and calls for further investigation into optimal timings of interventions aimed at restoring iron status
in infancy [143].

3.2.2. Iron Interventions and Cognitive Outcomes

In population studies, meta-analyses of the effect of iron supplementation on cognition in young
children have yielded ambiguous results. No significant collective detectable benefit was reported in
one recent meta-analysis (mean difference 1.65 [95% Confidence Interval (CI): −0.63, 3.94], p = 0.16;
6 trials; children aged 4–23 months) [144]. This could reflect a genuine lack of effect, or alternatively
the inability of the study designs to adequately detect a true effect. Assessing cognitive performance is
challenging in young children: test methods typically designed to detect “macroscopic” neurological
deficits during early perinatal life may lack sensitivity for subtle changes in performance [145].
In contrast, several studies indicate the benefits of iron supplementation on cognitive function in
older children [145–147], in particular following longer-term supplementation. Within this discussion,
it should also be borne in mind that iron-replete Chilean infants who received high iron formulas
displayed reduced cognitive performance at 10 years of age [148].

Together, these analyses highlight the general physiological importance of correcting ID for
cognitive development, while at the same time calling for further detailed investigation during early
perinatal life. Indeed, few high quality adequately-powered placebo-controlled trials in low-income
countries aimed at assessing the impact of iron interventions on cognitive function have been
performed [146]. Such data would be highly desirable for informing global health policies regarding
universal iron intervention in young children; one such trial—BRISC (“Benefits and Risks of Iron
interventionS in Children”)—is currently ongoing in Bangladesh [149].
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3.3. Iron and Growth

While more rapid growth is associated with greater decline in iron status [13,15–17], conflicting
evidence exists on the effect of iron status and supplementation on growth. Severe iron deficiency
impairs thyroid function [139], and as discussed below, iron status may influence the likelihood of
acquiring growth-limiting infections. A limited number of studies, in particular in IDA populations,
have found positive effects of iron on growth [150,151] including a recent quasi-randomized study
in Ethiopia [152]. However, most studies find no effect [153], with several reporting detrimental
growth outcomes in iron-replete infants and children [151,154,155]. A recent meta-analysis reported no
overall effect of iron supplementation on length and length-for-age, but a detrimental effect on length
gain [144]. The physiological mechanisms underlying these observations require further research.
Iron supplementation could inhibit zinc absorption, resulting in reduced growth [19]. Unnecessary
supplementation in iron-replete children could also promote oxidative stress via non-transferrin bound
iron (NTBI) generation [156], or gut inflammation and dysbiosis (discussed further below) [157,158],
again possibly affecting growth. In summary, while growth rate clearly impacts upon iron status, iron
status and interventions are not reciprocally or straightforwardly associated with subsequent growth.
In particular, the possible relationship of iron interventions with reduced growth in initially iron-replete
infants should be investigated further and considered as a component of planning intervention
programmes [159].

3.4. Iron and Immunity

Vaccination programmes significantly contribute to reducing childhood mortality. However,
5.8 million (95% CI: 5.7, 6.0) under-5 year olds died in 2015, mostly in LMICs, with infections as
the major cause [160]. Despite the success of immunization, determinants of both immune system
development and efficacious immune responses in infants, especially those from LMICs, are not fully
understood. Immune responses to vaccines and natural antigen challenges may differ between lower
and higher income countries [161,162]. Understanding childhood immunity specifically in LMICs,
in comparison with more developed settings, is therefore of great importance. Inadequate nutritional
status, including iron deficiency, represents a plausible contributory factor to impaired immune function
in such contexts. Probing immune function in young LMIC children is challenging [163], yet for these
populations that are most susceptible to infection-related mortality, even modest enhancement of
immunity achieved through novel approaches could bring important benefits [164].

3.4.1. Iron and Immune Ontogeny

The early-life immune system is not static, or equivalent to the adult immune system, but
undergoes dynamic age-related changes during ontogeny [163]. This was recently shown with great
resolution in Swedish neonates using multidimensional mass cytometry analyses [165]. Non-heritable
environmental factors (including age, cytomegalovirus (CMV) status, cohabitation) account for a large
part of the inter-individual variation in adult immune phenotypic profiles [166,167]; environmental
factors including nutritional status very likely influence early childhood immune development [164].
Iron status and iron supplementation may therefore constitute environmental determinants of immune
variation in infants, potentially influencing phenotypic profiles later in life. Effects of iron could be
direct (e.g., through affecting lymphopoiesis, which depends on TfR1 suggesting iron requirement [168])
or indirect through modifying the intestinal microbiota [169], which can influence systemic immune
phenotypes [170].

3.4.2. Iron and Innate Immune Responses

Altered cellular iron status impacts upon several aspects of the innate immune response [171]. Key
effector functions of innate cells such as neutrophils are iron dependent; for example, Saha, et al. recently
showed that the bacterial iron-binding siderophore Enterochelin impaired neutrophil antibacterial
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functions (neutrophil extracellular trap and reactive oxygen species (ROS) generation) by chelating
iron (see Box 1) [172]. Cellular iron status also influences macrophage polarization, response to
interferon-gamma, and microbicidal effector functions, reviewed in detail elsewhere (e.g., [173,174]).
Less precisely characterized is the influence of iron on adaptive immune responses.

3.4.3. Iron and the Adaptive Immune Response

Effective adaptive immune responses involve rapid proliferative expansion of antigen-specific
effector T and B cells, accompanied by characteristic metabolic changes that are influenced by nutrient
availability [175]. The role of nutrients such as amino acids in supporting normal lymphocyte responses
is well-appreciated (e.g., [176]). Key aspects of cellular proliferation and metabolic activity are iron
dependent. However, definitive conclusions regarding the precise role of iron in antigen-specific
adaptive immunity have remained scarce despite many reports over the last 50 years [177]. Insight
from experimental studies has been limited to crude responses to polyclonal stimuli or bulk IgG
production, rather than antigen-specific responses, and most studies lack the depth of insight now
attainable from more up-to-date immunological methodology. Furthermore, many clinical studies of
iron involvement in immunity are inadequately powered, poorly controlled, or potentially confounded
by co-morbidities of iron deficiency in resource-limited settings [177].

Iron restriction restricts the proliferation of lymphocytic cell lines in vitro and induces expression of
TfR1 (CD71), consistent with increased cellular iron demand [178]. Correspondingly, antibody-mediated
blocking of TfR1 function inhibits lymphocyte proliferation [179]. Lymphocytes from iron-deficient
elderly individuals showed less proliferative capacity than those from iron-replete controls [180].
In other studies, ID has also been shown to influence T cell numbers, the response to mitogenic
stimulation and IL-2 production [181,182]. Conversely, iron supplementation has been associated with
restoration of T cell numbers in children [183]. In mice, ID limited T cell-mediated inflammatory liver
injury following Concanavilin-A administration [184]. Moreover, a recent study by Wang, et al. [185]
demonstrated that iron promoted proinflammatory cytokine expression in T cells by preventing the
degradation of the RNA-binding protein PCBP1, allowing stabilisation of RNAs encoding the cytokines
granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-2.

However, the most compelling evidence demonstrating the critical role of iron in adaptive
immunity comes from the recent characterization of a rare inherited combined immunodeficiency.
Jabara, et al. [186] described two families from Kuwait and Saudi Arabia in whom several affected
children presented with recurrent, in some cases fatal, infections. Haematological parameters including
lymphocyte counts were essentially normal, although several of the children displayed hypo- or
a-gammaglobulinaemia. The affected individuals shared a hypomorphic mutation in the gene encoding
TfR1 (TfrcY20H/Y20H) that caused impaired cellular iron acquisition as TfR1 internalization was abrogated.
This defect markedly inhibited T/B cell proliferation and antibody class-switching, accounting for the
immunodeficiency. Provision of non-transferrin-bound iron rescued lymphocyte proliferation ex vivo.
These data showed that adaptive immunity is highly compromised when lymphocytes are unable to
access iron [186].

This inherited combined immunodeficiency is rare; however, the low serum iron concentrations
observed during the first year of life in Gambian infants [17]—a time when several Expanded
Programme of Immunisation (EPI) vaccines are administered—may occur in millions of infants across
LMIC settings. Lack of available serum iron could analogously limit the ability of lymphocytes to acquire
iron to support clonal expansion and differentiation of adaptive responses. Whether this contributes
to impaired vaccine responses [161,162], and whether adaptive immune responses can be enhanced
through iron interventions around the time of vaccination should be investigated. More generally,
how iron status and iron interventions influence immune ontogeny during early life should also be
assessed, preferably in a variety of settings (urban, rural, malaria-endemic), ideally in combination
with long-term outcomes.
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3.5. Iron and Infection

While evidence that iron restriction may limit adaptive immune responses increases, strong
epidemiological, experimental and evolutionary evidence that iron limitation is a protective strategy
against some infections has accumulated (reviewed extensively elsewhere, e.g., [187–189]).

3.5.1. Iron Status and Malaria Risk

Nutritional ID in young children (the identification of which typically relies on the interpretation
of the acute phase protein serum ferritin) was found to be associated with reduced risk of subsequent
malaria in multiple studies from distinct malaria-endemic regions within Africa: namely Tanzania
(children aged 0–3 years; reduced parasitaemia, severe disease and mortality) [190], Malawi
(6–60 months; reduced parasitaemia and clinical malaria) [191], Uganda (1–5 years) and Kenya
(0–7 years; reduced risk of malaria episodes) [125], besides an earlier study in Kenya (8 months–8 years;
reduced clinical malaria risk) [192]. Ex vivo Plasmodium falciparum cultures show that erythrocytes from
iron-replete individuals are favoured for invasion compared to those from iron deficient individuals,
and that supplementation of individuals with ID makes their erythrocytes more permissive to invasion
in vitro [193]. This effect likely reflects the preferential invasion of reticulocytes and young erythrocytes
by Plasmodium falciparum merozoites: by definition, iron interventions that effectively correct anaemia
create such preferred targets for parasite invasion. Thus, it is plausible that a mild iron deficiency can
represent an adaptive state protecting against malaria and/or other infections.

Iron intervention trials in similar settings have found increased risk of malaria and mortality in
children administered therapeutic iron. The most prominent amongst these was a large trial in Pemba,
Tanzania, that was halted early due to increased deaths and hospital admissions, both malaria- and
non-malaria-related, among children given iron-containing supplements [194]. No such effect was
found in another supplementation trial in Nepal (an area without endemic malaria) [195], yet other
studies have also reported increased malaria risk in iron-supplemented iron deficient children [196,197].
The importance of the co-administration of malaria prophylaxis with iron interventions is revealed by
stratified analysis of a Cochrane review: although no overall effect of iron interventions on malaria
risk was found, malaria risk was increased if no control measures were available [198]. These findings
underlie the WHO recommendations that iron interventions should only be administered when
concurrent measures for diagnosis, prevention and treatment are in place (discussed in detail in [124]).

However, interactions between iron and infective agents are not restricted to malaria. Iron
administration was also associated with increased risk of respiratory infections, and of diarrhoea in
a large randomised controlled trial (RCT) in Pakistan [199]. Oral iron supplementation influences
intestinal microbiome composition, favouring the outgrowth of more pathogenic bacteria over
commensals, and driving inflammatory gut phenotypes.

3.5.2. Iron and the Microbiome

Similarly to brain and immune development, critical changes in microbiome development occur
during the first few years of life [169]. Indeed, it is becoming clear that these systems are not mutually
exclusive. For example, changes in microbiome composition can influence systemic immunity [170].
Variability in microbiome development in infancy is driven by factors including mode of delivery,
breast- versus formula-feeding, nature of weaning diets, exposure to antibiotics and geographic
setting [169].

Early studies assessing the efficacy of iron interventions tended not to include systematic
assessment of morbidity. However, an early systematic review and meta-analysis evaluating the effect
of iron supplementation and fortification on infectious diseases did identify increased diarrhoea risk
with interventions [200], corresponding to an extra 0.05 episodes/child year. Several more recent studies
have likewise reported increased diarrhoea risk with iron supplementation and provision of multiple
micronutrient powder (MNP, containing iron equivalent to 12–15 mg/day) in young children, notably
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in Bangladesh [201], Peru [202] and Ghana [203] (reviewed in [204]). The large study in Pakistan
described above similarly reported increases in diarrhoea and bloody diarrhoea prevalence in the
groups receiving iron-containing MNPs compared to control [199]. This study was blinded within the
two MNP groups (with and without zinc), but the control group was unblinded to the intervention
meaning the authors could not fully exclude reporter bias in collection of self-reported morbidity data.
Nonetheless, an increase in bloody diarrhoea incidence of ~0.08 episodes per child year was reported,
equivalent to approximately one additional bloody diarrhoea episode per year for every 12–13 children
administered MNPs containing iron [199,204]. Furthermore, a meta-analysis of studies also identified
that iron supplementation was associated with vomiting and fever [144].

Modification of the colonic microbiota ecosystem potentially underlies the iron-associated increase
in diarrhoea prevalence in LMIC settings [205]. Iron is a required nutrient for almost all microorganisms,
with a few notable exceptions (e.g., Lactobacillaceae, which utilize manganese) [206]. Bacteria that are
well-adapted for acquiring iron may experience a fitness advantage during iron supplementation,
as shown elegantly for the probiotic strain E. Coli Nissle, which effectively outcompetes Salmonella for
iron, displacing it from its ecologic niche [207]. Many conditional pathogenic bacterial species have
evolved elaborate iron acquisition mechanisms (e.g., siderophore production), enabling thriving at
low iron concentrations (e.g., 10–30 µM in blood). These mechanisms may similarly confer growth
advantages in environments richer in iron: faecal iron concentrations in adults and weaned infants
may reach 1800 µM [205]. In contrast, human milk typically contains <10 µM iron [7,204], meaning
iron concentrations in the gut in pre-weaning infants are likely considerably lower. At weaning, iron
concentrations are likely to increase, potentially affecting microbiota composition, and are associated
with barrier function and immune stimulating properties.

Within the intestinal microbiome, Bifidobacteria spp. and Lactobacilli spp. are generally associated
with increased short chain fatty acid production and improved gut barrier function (highly desirable in
infancy, particularly in resource-poor settings), while Enterobacteriaceae may include several potentially
pathogenic species. Several recent studies in African LMICs have found increases in Enterobacteriaceae
spp. with concurrent decreases in Lactobacilli spp. and Bifidobacteria spp. following provision of iron
interventions [157,158,208,209]. Zimmermann, et al. reported such effects together with increased
faecal calprotectin (marking gut inflammation) in Ivorian children receiving 20 mg Fe/day [209]. In
infants administered MNPs containing 12 mg Fe/day, Jäggi, et al. similarly observed raised faecal
calprotectin coupled with increased pathogenic E. coli abundance [157]. The effect on calprotectin
was not detected at a lower dose (2.5 mg Fe/day), or in a subsequent trial using 5 mg Fe/day [158].
However, the latter trial confirmed reduced Bifidobacterium spp. and Lactobacillus spp. abundance,
and also reported increased expression of virulence and toxin genes and fatty acid binding protein,
a marker of enterocyte damage, following iron administration [158].

The effects of iron on the microbiome may be strongly setting specific. In the Kenyan
study described above [157], baseline prevalence of potential enteropathogens (e.g., Bacillus cereus,
Streptococcus aureus, Clostridium difficile) was very high. In contrast, a study of iron interventions
to South African school children living an area with improved water supply, and generally better
hygiene and sanitation, did not observe effects on gut microbiota with high-dose therapeutic iron
(50 mg Fe/day) [210]. Similarly, the administration of iron drops to Swedish infants was associated
with decreased Bifidobacteria spp. and increased Clostridium spp. abundance, but no enhanced growth
of specific pathogenic bacterial strains, or any effect on faecal calprotectin; at the same time, provision
of high iron formula decreased Lactobacilli abundance [211].

More nuanced approaches for iron supplementation in resource-poor settings may be effective
and practicable. For example, provision of prebiotic fibres such as galacto-oligosaccharides (GOS,
reminiscent of human milk oligosaccharide (HMO) structures) may counteract iron-associated
perturbations of the gut microbiota [158]. This approach was also coupled with measures to improve iron
bioavailability such as the use of ascorbic acid, NaFeEDTA (ferric sodium ethylenediaminetetraacetate)
and an exogenous phytase enabling substantial reduction of iron dosing while maintaining efficacy [158].
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The remarkable effects of GOS on iron bioavailability [212] require further investigation; specifically,
how different structures and sources of fibers with similarities to GOS influence gut microbiota and
iron absorption in infants should be studied.

3.5.3. Iron and the Hepcidin Response to Infection/Inflammation

While baseline iron status and iron interventions may influence malaria risk and microbiome
profiles, perturbations in host iron homeostasis occur as part of the response to infection, with a central
role for hepcidin likely [114,213]. Hepcidin upregulation is observed during many important human
infections including uncomplicated malaria [67,214,215], HIV-1 [216], Mycobacterium tuberculosis [217]
and HIV-associated tuberculosis [218], and Salmonella Typhi [219] infections with accompanying
hypoferremia or anaemia. It is likely that childhood infections similarly encompass hepcidin induction.
Indeed, associations between elevated hepcidin and respiratory infection or fever, but not diarrhoea,
in young children were recently reported [90].

Various consequences of hepcidin induction during infection have been shown using mouse
models. Hepcidin-mediated iron redistribution during blood-stage parasitaemia in murine malaria
models limited susceptibility to secondary liver stage infections; modelling suggested that this effect
could explain why young children in areas of high malaria transmission tend to carry higher parasite
densities but with fewer parasite genotypes than older children [220]. Hepcidin-mediated limitation of
serum iron protects against extracellular siderophilic bacterial infections [69,70], most likely through
limiting availability of non-transferrin bound iron (NTBI) to the bacteria. In contrast, macrophage
iron retention due to hepcidin activity may favour the proliferation of intracellular macrophage-tropic
infections such as Salmonella Typhimurium, although not through limiting bacterial iron acquisition,
but by reduced generation of vacuolar antimicrobial ROS [221,222].

Another context where hepcidin upregulation may have a key protective role in the context of
infancy relates to physiological neonatal hypoferremia. Despite neonates typically being iron replete
and cord blood containing a high serum iron concentration, a significant hypoferremia is described
in the hours following birth, lasting for a couple of days, consistent with hepcidin activity [82,83].
Neonatal septicaemia is a major contributor to infant mortality, especially in resource-limited settings.
A recent study demonstrated significantly enhanced the growth of exemplar sentinel bacterial in sera
taken from adults 4 h post-iron-supplementation (2 mg/kg), compared to pre-supplementation, and
importantly that growth rate was strongly positively associated with transferrin saturation, irrespective
of supplementation status [223]. Thus, variations in the degree of hypoferremia induced immediately
after birth could influence the likelihood of septicaemic infections becoming established.

3.5.4. Infection and Inflammation, and Iron Utilisation

Recurrent or chronic infections, or other drivers of persistent inflammation, even if mild, may
also lead to raised hepcidin and relative inhibition of dietary iron absorption [90,106]. The specific
relationship between hepcidin upregulation and iron absorption may be context dependent. A recent
study found that an acute mild inflammatory response to vaccination is associated with raised hepcidin
and decreased serum iron, but no detectable difference in iron absorption in Moroccan women with
and without IDA [224]. It is conceivable that dietary iron absorption and macrophage iron release are
differentially sensitive to mildly raised hepcidin, or that during hypoferremia, enterocyte cellular iron
metabolism (IRP/IRE and/or HIF-2alpha) compensates for the inhibitory effect of hepcidin on mucosal
iron transport. Nevertheless, chronic (even mild) infection and inflammation are still likely to contribute
to the burden of iron deficiency through persistent hepcidin-mediated impairment of iron absorption.
In line with this principle, treatment of asymptomatic Plasmodium parasitaemia in Beninese women
and Ivorian school-age children reduced mild inflammation, normalised hepcidin concentrations,
with consequent increases in iron absorption [225,226]. Targeting infections, including malaria, and
limiting inflammation are therefore likely very important not only as ends in themselves, but also as
interventions for iron deficiency and adjuncts to effective oral iron-based interventions [124,227].
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4. Interventional Strategies: How and Should Iron Status Be “Improved”?

4.1. Risk-Benefit Assessments

To summarise the discussion above, iron is critical for erythrocyte function and oxygen carriage,
for brain development, in supporting immune function and, more generally, for numerous cellular
processes. Although treating or preventing iron deficiency gives clear haematological benefits, it may
concurrently increase risk of infections such as malaria, or those involving gastrointestinal and
respiratory systems. Furthermore, delivery of iron to iron-replete children may be associated with
reduced growth, and a risk of toxicity when iron is in excess. The issue of whether to administer iron at
preventive or therapeutic doses in LMIC settings with limited sanitary and health infrastructure
therefore presents a classic risk-benefit problem. Systematic risk-benefit assessments including
data-based simulations have been initiated [228], while large, rigorous randomised-controlled trials
such as BRISC (Benefits and Risks of Iron interventionS in Children) promise to provide further
insight towards guidelines for iron administration in young children [149]. Nonetheless, it may be
unlikely that a single recommendation will ever find global validity; approaches that are adapted to
the geographical settings the population and ideally at the individual level, are likely needed.

Iron supplementation, industrial food fortification with iron, and point-of-use fortification with
iron-containing multiple micronutrient powders are some of the approaches recommended to address
the anaemia burden. These interventions generally increase ferritin and haemoglobin concentrations
and reduce anaemia prevalence [229–233]. However, despite examples of efficacy of fortification
programs and MNP/iron-supplement interventions [234,235], anaemia persists as a global health
problem. The reasons are clearly multifactorial, including lack of political awareness and recognition,
programmatic limitations, uncertainty of the accuracy of population iron status assessment [236],
besides lack of efficacy in the presence of infection or inflammation, and because a large proportion of
anaemia is not iron-responsive in high-risk populations [1,124]. Moreover, caution should be employed
in administering high therapeutic iron doses in settings with high infection burden. In line with
principles for tackling anaemia of chronic disease [237], underlying infections should be treated first.
Indeed, this approach alone may increase erythropoiesis and haemoglobin levels even when iron itself
is not administered [124,225,238]. Correspondingly, raised haemoglobin and iron status was found to
correlate with a documented interruption in malarial transmission in highland Kenya [239].

4.2. Optimisation of Iron Intervention Strategies

Global recommendations for providing iron supplements have evolved from a view of
indiscriminately providing iron at high dosage (2 mg Fe/Kg body weight) to all infants and children if
anaemia prevalence at 1 year of age in a population exceeds a given threshold (e.g., 40%) [240]. Recent
recommendations stress the multifactorial nature of nutritional anaemia [241], recognising that control
programs need to include multiple components. Currently suggested supplementation regimens for
children aged 6–23 months are lower in iron dosages (10–12 mg/day, ~1.1–1.4 mg/Kg body weight [241])
than previously recommended. However, besides improving iron status, these doses have still been
associated with detrimental effects [194,199]. Approaches which integrate knowledge of local risk
factors with known biological, nutritional and epidemiological contributors to anaemia are needed,
including addressing the underlying causes of ID and anaemia.

Given that detrimental effects of iron may be dose dependent, lower or intermittent dose schemes
which have higher fractional bioavailability [105,242] may yield fewer side effects [243]. Lower dosing
has been shown to be effective in elderly patients and for maintaining iron status in regular blood
donors [244,245]. These approaches have been tested experimentally in high resource settings and
may similarly improve the safety and tolerability of therapeutic iron doses in lower-resourced settings.

Preventing ID onset through dietary approaches is highly desirable, and probably safer than
universal therapeutic supplementation because of the lower iron doses involved. Such approaches
should be promoted, recognising that diets with high iron bioavailability may not always be
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economically feasible in many LMICs. Fortification approaches with low yet bioavailable iron levels
may be a prudent and realistic approach, and some food-based examples pointing in this direction have
been recently published [246,247]. Alternative novel approaches to enhance iron bioavailability from
foods, such as the use of GOS described above, show promise, particularly when they also promote
the growth of barrier function bacteria [158,212]. Increasing consumption of ascorbic acid-rich foods
likewise improves iron status [248], suggesting that dietary approaches to improve iron status do not
necessarily need to include increased dietary iron content.

4.3. Maternal Iron-Based Interventions

Furthermore, prevention of childhood ID provides an additional rationale for investing in measures
aimed at preventing preterm births and increasing birthweight—including promotion of delayed cord
clamping and maternal iron supplementation to prevent IDA during pregnancy. As discussed, longer
gestation, higher birthweight and delayed cord clamping lead to reduced ID risk later in infancy [7].
An RCT of iron supplementation (60 mg daily) during pregnancy in a malaria-endemic setting in Kenya
found no increased risk of malaria infection when iron supplementation was given, but increased
birthweight and length of gestation; effects were more notable in women with baseline ID [249]. Similar
trends have also been reported across other trials of iron interventions during pregnancy [250]. Thus,
ensuring positive birth outcomes provides a further strategy for enhancing childhood iron status,
apparently without the same infection risks that are associated with early childhood therapeutic
iron administration.

5. Concluding Remarks

In conclusion, defining iron status in settings with high infection and inflammation remains a
challenge. Similarly, the biological understanding of optimal iron status for specified ideal functional
outcomes (neurological, immunological, physical) remains limited despite the rapid and substantial
advances in the understanding of iron biology experienced in the last two decades. Translating
markers of positive functional outcomes to clinically and field-suitable definitions of iron status,
balanced against known side-effects and risks of “improving” iron status in young children in such
settings, presents a challenge to be tackled by the iron and health community in the coming years
(Box 2). Programmatically, it will be desirable for iron interventions to be adapted to the local sanitary
and dietary circumstances and to contain iron levels appropriately targeted to the prevailing iron
status. While dietary and fortification approaches appear safer due to the lower iron levels involved,
higher-dose therapeutic and supplemental approaches may be appropriate in well-defined settings
of highly prevalent deficiency with developed/controlled sanitary conditions, and when they can
be individually targeted. In areas affected by high burdens of infection/inflammation and iron
deficiency, strategies aimed at improving iron status and anaemia prevalence without the necessity of
administering interventional iron to children should be thoroughly evaluated. These include direct
targeting of the causes of infection/inflammation, the use of enhancers of iron absorption, and through
maternal iron interventions during pregnancy which appear safer and should benefit both maternal
and infant outcomes.
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Box 2. Research questions and priorities.

Defining iron status in young children

• Priority: standardisation of assays for hepcidin and sTfR.
• Can point-of-care diagnostics for ferritin, sTfR and other analytes including hepcidin be developed,

optimised and made cost-effective for use in LMIC settings?
• What is the optimal non-invasive definition of iron deficiency in infancy?
• Can the mechanistic understanding of iron homeostasis in infancy and early childhood be harnessed to

define cut-offs of deficiency (e.g., haemoglobin, ferritin, hepcidin, erythrocyte markers such as MCV) in
infancy and early childhood?

• Is hepcidin an optimal biomarker of iron absorption/utilisation in young children?
• Is it more important to classify iron deficiency, or the ability to safely and efficiently absorb iron?

Iron in key physiological processes of early childhood

• How is iron prioritised between the brain, bone marrow and other iron-demanding tissues during different
degrees of iron depletion, and at different stages of infancy/early childhood?

• Is there a hierarchy of sensitivity of different cellular processes (e.g., mitochondrial function, nucleotide
synthesis) to cellular iron deficiency?

• Are erythroferrone or other hepcidin-suppressive proteins involved in iron handling during the iron-demand
of early childhood?

• What are the main drivers of low-grade inflammation in LMIC settings, and are these associated with
raised hepcidin and impaired iron utilisation?

• Is there a beneficial effect of iron interventions on cognitive outcomes in infants in LMIC settings? Larger,
high quality trials are likely required to establish this, and the potential of supplementing iron early in
post-natal life should be considered.

• Does iron reduce child growth when given to iron-replete infants and, if so, by what mechanism?
• How does iron deficiency influence both innate and cell-mediated adaptive immune responses to infections

and vaccines?
• Do iron-associated microbiome changes associate with changes in systemic phenotypes including immunity

and brain development?
• Will higher resolution microbiome analysis of iron-associated changes yield useful information on specific

iron-related effects?

Interventions aimed at adjusting iron status

• Can iron status be improved in LMIC settings in the absence of exogenous iron interventions? E.g.,
by treating infection/inflammation; by increasing bioavailability using absorption enhancers?

• Is there an optimal combination of dietary components (e.g., phytase, ascorbic acid, organic acids, muscle
protein, GOS, other dietary fibres) that can enhance bioavailability while reducing iron dosage to facilitate
supplementation without microbiome-associated adverse effects?

• Could strategies for delivering haem-iron therapeutically be broadly implemented?
• Is there a role for intravenous iron in addressing disturbed iron status in LMIC settings?
• Are antenatal iron interventions and perinatal interventions (e.g., delayed cord clamping) effective in

improving neonatal outcomes, including iron status later in infancy, across varied LMIC settings?
• Can setting-specific recommendations be made for the likely relative risks and benefits of giving iron, and

the likely optimal mode of delivering iron?
• Is there benefit from programmatically promoting dietary counselling relating to iron intake and

bioavailability enhancement?

Author Contributions: Conceptualization, A.E.A.; Writing—original draft, A.E.A. and D.M.; Writing—review
and editing, A.E.A. and D.M.

Funding: A.E.A. is funded through the core MRC grant to the MRC Human Immunology Unit, MRC Weatherall
Institute of Molecular Medicine, University of Oxford (MC_UU_12010/3), and receives research funding from
the IMPRINT network (Immunising Pregnant Women and Infants Network, part of GCRF Networks in
Vaccines Research and Development co-funded by the MRC and BBSRC). D.M. receives funding from the
Laboratory of Human Nutrition, ETH Zürich, Switzerland and from the Distance University of Applied Sciences,
Regensdorf, Switzerland.



Pharmaceuticals 2019, 12, 59 19 of 31

Acknowledgments: The authors would like to thank the following people for helpful comments and discussion:
Hal Drakesmith, Joe Frost, Alexandra Preston (MRC HIU, MRC WIMM, University of Oxford, Oxford, UK);
Andrew Prentice (MRC Gambia Unit at the London School of Hygiene and Tropical Medicine, London, UK); and
Gary Brittenham (Columbia University Medical Center, New York, NY, USA).

Conflicts of Interest: The authors declare no conflict of interest in relation to this manuscript.

References

1. WHO. The Global Prevalence of Anaemia in 2011; WHO: Geneva, Switzerland, 2015.
2. GBD-2016-Disease-and-Injury-Incidence-and-Prevalence-Collaborators. Global, regional, and national

incidence, prevalence, and years lived with disability for 328 diseases and injuries for 195 countries,
1990–2016: A systematic analysis for the global burden of disease study 2016. Lancet 2017, 390, 1211–1259.
[CrossRef]

3. Georgieff, M.K. Long-term brain and behavioral consequences of early iron deficiency. Nutr. Rev. 2011, 69
(Suppl. 1), S43–S48. [CrossRef]

4. Domellof, M.; Braegger, C.; Campoy, C.; Colomb, V.; Decsi, T.; Fewtrell, M.; Hojsak, I.; Mihatsch, W.;
Molgaard, C.; Shamir, R.; et al. Iron requirements of infants and toddlers. J. Pediatr. Gastroenterol. Nutr. 2014,
58, 119–129. [CrossRef] [PubMed]

5. Institute-of-Medicine. Dietary Reference Intakes: Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper,
Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc; Food and Nutrition Board, National
Academy Press: Washington, DC, USA, 2001.

6. Muckenthaler, M.U.; Rivella, S.; Hentze, M.W.; Galy, B. A red carpet for iron metabolism. Cell 2017, 168,
344–361. [CrossRef]

7. Dewey, K.G.; Chaparro, C.M. Session 4: Mineral metabolism and body composition iron status of breast-fed
infants. Proc. Nutr. Soc. 2007, 66, 412–422. [CrossRef]

8. Ziegler, E.E.; Nelson, S.E.; Jeter, J.M. Iron stores of breastfed infants during the first year of life. Nutrients
2014, 6, 2023–2034. [CrossRef] [PubMed]

9. Siimes, A.S.; Siimes, M.A. Changes in the concentration of ferritin in the serum during fetal life in singletons
and twins. Early Hum. Dev. 1986, 13, 47–52. [CrossRef]

10. Harthoorn-Lasthuizen, E.J.; Lindemans, J.; Langenhuijsen, M.M. Does iron-deficient erythropoiesis in
pregnancy influence fetal iron supply? Acta Obstet. Gynecol. Scand. 2001, 80, 392–396. [CrossRef]

11. Kilbride, J.; Baker, T.G.; Parapia, L.A.; Khoury, S.A.; Shuqaidef, S.W.; Jerwood, D. Anaemia during pregnancy
as a risk factor for iron-deficiency anaemia in infancy: A case-control study in Jordan. Int. J. Epidemiol. 1999,
28, 461–468. [CrossRef] [PubMed]

12. Colomer, J.; Colomer, C.; Gutierrez, D.; Jubert, A.; Nolasco, A.; Donat, J.; Fernandez-Delgado, R.; Donat, F.;
Alvarez-Dardet, C. Anaemia during pregnancy as a risk factor for infant iron deficiency: Report from the
valencia infant anaemia cohort (viac) study. Paediatr. Perinat. Epidemiol. 1990, 4, 196–204. [CrossRef]
[PubMed]

13. Yang, Z.; Lonnerdal, B.; Adu-Afarwuah, S.; Brown, K.H.; Chaparro, C.M.; Cohen, R.J.; Domellof, M.;
Hernell, O.; Lartey, A.; Dewey, K.G. Prevalence and predictors of iron deficiency in fully breastfed infants at
6 mo of age: Comparison of data from 6 studies. Am. J. Clin. Nutr. 2009, 89, 1433–1440. [CrossRef] [PubMed]

14. Domellof, M.; Lonnerdal, B.; Dewey, K.G.; Cohen, R.J.; Rivera, L.L.; Hernell, O. Sex differences in iron status
during infancy. Pediatrics 2002, 110, 545–552. [CrossRef] [PubMed]

15. Michaelsen, K.F.; Milman, N.; Samuelson, G. A longitudinal study of iron status in healthy danish infants:
Effects of early iron status, growth velocity and dietary factors. Acta Paediatr. 1995, 84, 1035–1044. [CrossRef]
[PubMed]

16. Thorsdottir, I.; Gunnarsson, B.S.; Atladottir, H.; Michaelsen, K.F.; Palsson, G. Iron status at 12 months of
age—Effects of body size, growth and diet in a population with high birth weight. Eur. J. Clin. Nutr. 2003, 57,
505–513. [CrossRef]

17. Armitage, A.E.; Agbla, S.C.; Betts, M.; Sise, E.A.; Jallow, M.W.; Sambou, E.; Darboe, B.; Worwui, A.;
Weinstock, G.M.; Antonio, M.; et al. Rapid growth is a dominant predictor of hepcidin suppression and
declining ferritin in gambian infants. Haematologica 2019. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(17)32154-2
http://dx.doi.org/10.1111/j.1753-4887.2011.00432.x
http://dx.doi.org/10.1097/MPG.0000000000000206
http://www.ncbi.nlm.nih.gov/pubmed/24135983
http://dx.doi.org/10.1016/j.cell.2016.12.034
http://dx.doi.org/10.1017/S002966510700568X
http://dx.doi.org/10.3390/nu6052023
http://www.ncbi.nlm.nih.gov/pubmed/24853888
http://dx.doi.org/10.1016/0378-3782(86)90097-6
http://dx.doi.org/10.1034/j.1600-0412.2001.080005392.x
http://dx.doi.org/10.1093/ije/28.3.461
http://www.ncbi.nlm.nih.gov/pubmed/10405849
http://dx.doi.org/10.1111/j.1365-3016.1990.tb00638.x
http://www.ncbi.nlm.nih.gov/pubmed/2362876
http://dx.doi.org/10.3945/ajcn.2008.26964
http://www.ncbi.nlm.nih.gov/pubmed/19297460
http://dx.doi.org/10.1542/peds.110.3.545
http://www.ncbi.nlm.nih.gov/pubmed/12205258
http://dx.doi.org/10.1111/j.1651-2227.1995.tb138212.x
http://www.ncbi.nlm.nih.gov/pubmed/8652956
http://dx.doi.org/10.1038/sj.ejcn.1601594
http://dx.doi.org/10.3324/haematol.2018.210146
http://www.ncbi.nlm.nih.gov/pubmed/30733275


Pharmaceuticals 2019, 12, 59 20 of 31

18. Helman, S.L.; Anderson, G.J.; Frazer, D.M. Dietary iron absorption during early postnatal life. Biometals 2019.
[CrossRef] [PubMed]

19. Lonnerdal, B. Development of iron homeostasis in infants and young children. Am. J. Clin. Nutr. 2017, 106,
1575S–1580S. [CrossRef]

20. Friel, J.K. There is no iron in human milk. J. Pediatr. Gastroenterol. Nutr. 2017, 64, 339–340. [CrossRef]
21. Hallberg, L.; Hulten, L.; Gramatkovski, E. Iron absorption from the whole diet in men: How effective is the

regulation of iron absorption? Am. J. Clin. Nutr. 1997, 66, 347–356. [CrossRef] [PubMed]
22. Hurrell, R.; Egli, I. Iron bioavailability and dietary reference values. Am. J.Clin. Nutr. 2010, 91, 1461S–1467S.

[CrossRef]
23. Zlotkin, S.H.; Davidsson, L.; Lozoff, B. Balancing the benefits and risks of iron fortification in

resource-constrained settings. J. Pediatr. 2015, 167, S26–S30. [CrossRef]
24. Lynch, S.; Pfeiffer, C.M.; Georgieff, M.K.; Brittenham, G.; Fairweather-Tait, S.; Hurrell, R.F.; McArdle, H.J.;

Raiten, D.J. Biomarkers of nutrition for development (bond)-iron review. J. Nutr. 2018, 148, 1001S–1067S.
[CrossRef]

25. Harvey, L.J.; Berti, C.; Casgrain, A.; Cetin, I.; Collings, R.; Gurinovic, M.; Hermoso, M.; Hooper, L.; Hurst, R.;
Koletzko, B.; et al. Eurreca-estimating iron requirements for deriving dietary reference values. Crit. Rev.
Food Sci. Nutr. 2013, 53, 1064–1076. [CrossRef]

26. Shet, A.S.; Zwarenstein, M.; Mascarenhas, M.; Risbud, A.; Atkins, S.; Klar, N.; Galanti, M.R. The karnataka
anemia project 2—Design and evaluation of a community-based parental intervention to improve childhood
anemia cure rates: Study protocol for a cluster randomized controlled trial. Trials 2015, 16, 599. [CrossRef]

27. Myers, S.S.; Zanobetti, A.; Kloog, I.; Huybers, P.; Leakey, A.D.; Bloom, A.J.; Carlisle, E.; Dietterich, L.H.;
Fitzgerald, G.; Hasegawa, T.; et al. Increasing CO2 threatens human nutrition. Nature 2014, 510, 139–142.
[CrossRef]

28. Smith, M.R.; Myers, S.S. Impact of anthropogenic CO2 emissions on global human nutrition. Nat. Clim. Chang.
2018, 8, 834–839. [CrossRef]

29. Golden, C.D.; Allison, E.H.; Cheung, W.W.; Dey, M.M.; Halpern, B.S.; McCauley, D.J.; Smith, M.; Vaitla, B.;
Zeller, D.; Myers, S.S. Nutrition: Fall in fish catch threatens human health. Nature 2016, 534, 317–320.
[CrossRef]

30. Loukas, A.; Hotez, P.J.; Diemert, D.; Yazdanbakhsh, M.; McCarthy, J.S.; Correa-Oliveira, R.; Croese, J.;
Bethony, J.M. Hookworm infection. Nat. Rev. Dis. Primers 2016, 2, 16088. [CrossRef]

31. Stoltzfus, R.J.; Albonico, M.; Chwaya, H.M.; Savioli, L.; Tielsch, J.; Schulze, K.; Yip, R. Hemoquant
determination of hookworm-related blood loss and its role in iron deficiency in African children. Am. J. Trop.
Med. Hyg. 1996, 55, 399–404. [CrossRef]

32. McCance, R.A.; Widdowson, E.M. Absorption and excretion of iron. Lancet 1937, 230, 680–684. [CrossRef]
33. Hentze, M.W.; Muckenthaler, M.U.; Galy, B.; Camaschella, C. Two to tango: Regulation of mammalian iron

metabolism. Cell 2010, 142, 24–38. [CrossRef]
34. Ganz, T. Systemic iron homeostasis. Physiol. Rev. 2013, 93, 1721–1741. [CrossRef]
35. Nemeth, E.; Tuttle, M.S.; Powelson, J.; Vaughn, M.B.; Donovan, A.; Ward, D.M.; Ganz, T.; Kaplan, J. Hepcidin

regulates cellular iron efflux by binding to ferroportin and inducing its internalization. Science 2004, 306,
2090–2093. [CrossRef]

36. Aschemeyer, S.; Qiao, B.; Stefanova, D.; Valore, E.V.; Sek, A.C.; Ruwe, T.A.; Vieth, K.R.; Jung, G.; Casu, C.;
Rivella, S.; et al. Structure-function analysis of ferroportin defines the binding site and an alternative
mechanism of action of hepcidin. Blood 2018, 131, 899–910. [CrossRef]

37. Rivera, S.; Nemeth, E.; Gabayan, V.; Lopez, M.A.; Farshidi, D.; Ganz, T. Synthetic hepcidin causes rapid
dose-dependent hypoferremia and is concentrated in ferroportin-containing organs. Blood 2005, 106,
2196–2199. [CrossRef]

38. Zhang, D.L.; Hughes, R.M.; Ollivierre-Wilson, H.; Ghosh, M.C.; Rouault, T.A. A ferroportin transcript that
lacks an iron-responsive element enables duodenal and erythroid precursor cells to evade translational
repression. Cell Metab. 2009, 9, 461–473. [CrossRef]

39. Zhang, D.L.; Senecal, T.; Ghosh, M.C.; Ollivierre-Wilson, H.; Tu, T.; Rouault, T.A. Hepcidin regulates
ferroportin expression and intracellular iron homeostasis of erythroblasts. Blood 2011, 118, 2868–2877.
[CrossRef]

http://dx.doi.org/10.1007/s10534-019-00181-9
http://www.ncbi.nlm.nih.gov/pubmed/30798502
http://dx.doi.org/10.3945/ajcn.117.155820
http://dx.doi.org/10.1097/MPG.0000000000001364
http://dx.doi.org/10.1093/ajcn/66.2.347
http://www.ncbi.nlm.nih.gov/pubmed/9250114
http://dx.doi.org/10.3945/ajcn.2010.28674F
http://dx.doi.org/10.1016/j.jpeds.2015.07.017
http://dx.doi.org/10.1093/jn/nxx036
http://dx.doi.org/10.1080/10408398.2012.742860
http://dx.doi.org/10.1186/s13063-015-1135-x
http://dx.doi.org/10.1038/nature13179
http://dx.doi.org/10.1038/s41558-018-0253-3
http://dx.doi.org/10.1038/534317a
http://dx.doi.org/10.1038/nrdp.2016.88
http://dx.doi.org/10.4269/ajtmh.1996.55.399
http://dx.doi.org/10.1016/S0140-6736(00)56469-1
http://dx.doi.org/10.1016/j.cell.2010.06.028
http://dx.doi.org/10.1152/physrev.00008.2013
http://dx.doi.org/10.1126/science.1104742
http://dx.doi.org/10.1182/blood-2017-05-786590
http://dx.doi.org/10.1182/blood-2005-04-1766
http://dx.doi.org/10.1016/j.cmet.2009.03.006
http://dx.doi.org/10.1182/blood-2011-01-330241


Pharmaceuticals 2019, 12, 59 21 of 31

40. Zhang, D.L.; Ghosh, M.C.; Ollivierre, H.; Li, Y.; Rouault, T.A. Ferroportin deficiency in erythroid cells causes
serum iron deficiency and promotes hemolysis due to oxidative stress. Blood 2018, 132, 2078–2087. [CrossRef]

41. Pantopoulos, K. Inherited disorders of iron overload. Front Nutr 2018, 5, 103. [CrossRef]
42. Brissot, P.; Pietrangelo, A.; Adams, P.C.; de Graaff, B.; McLaren, C.E.; Loreal, O. Haemochromatosis. Nat. Rev.

Dis. Primers 2018, 4, 18016. [CrossRef]
43. Drakesmith, H.; Schimanski, L.M.; Ormerod, E.; Merryweather-Clarke, A.T.; Viprakasit, V.; Edwards, J.P.;

Sweetland, E.; Bastin, J.M.; Cowley, D.; Chinthammitr, Y.; et al. Resistance to hepcidin is conferred by
hemochromatosis-associated mutations of ferroportin. Blood 2005, 106, 1092–1097. [CrossRef]

44. Fernandes, A.; Preza, G.C.; Phung, Y.; De Domenico, I.; Kaplan, J.; Ganz, T.; Nemeth, E. The molecular basis
of hepcidin-resistant hereditary hemochromatosis. Blood 2009, 114, 437–443. [CrossRef]

45. Pietrangelo, A. Ferroportin disease: Pathogenesis, diagnosis and treatment. Haematologica 2017, 102, 1972–1984.
[CrossRef]

46. Finberg, K.E.; Heeney, M.M.; Campagna, D.R.; Aydinok, Y.; Pearson, H.A.; Hartman, K.R.; Mayo, M.M.;
Samuel, S.M.; Strouse, J.J.; Markianos, K.; et al. Mutations in tmprss6 cause iron-refractory iron deficiency
anemia (irida). Nat. Genet. 2008, 40, 569–571. [CrossRef]

47. Wang, C.Y.; Babitt, J.L. Liver iron sensing and body iron homeostasis. Blood 2018. [CrossRef]
48. Canali, S.; Zumbrennen-Bullough, K.B.; Core, A.B.; Wang, C.Y.; Nairz, M.; Bouley, R.; Swirski, F.K.; Babitt, J.L.

Endothelial cells produce bone morphogenetic protein 6 required for iron homeostasis in mice. Blood 2017,
129, 405–414. [CrossRef]

49. Koch, P.S.; Olsavszky, V.; Ulbrich, F.; Sticht, C.; Demory, A.; Leibing, T.; Henzler, T.; Meyer, M.; Zierow, J.;
Schneider, S.; et al. Angiocrine bmp2 signaling in murine liver controls normal iron homeostasis. Blood 2017,
129, 415–419. [CrossRef]

50. Andriopoulos, B., Jr.; Corradini, E.; Xia, Y.; Faasse, S.A.; Chen, S.; Grgurevic, L.; Knutson, M.D.; Pietrangelo, A.;
Vukicevic, S.; Lin, H.Y.; et al. Bmp6 is a key endogenous regulator of hepcidin expression and iron metabolism.
Nat. Genet. 2009, 41, 482–487. [CrossRef]

51. Meynard, D.; Kautz, L.; Darnaud, V.; Canonne-Hergaux, F.; Coppin, H.; Roth, M.P. Lack of the bone
morphogenetic protein bmp6 induces massive iron overload. Nat. Genet. 2009, 41, 478–481. [CrossRef]

52. Canali, S.; Wang, C.Y.; Zumbrennen-Bullough, K.B.; Bayer, A.; Babitt, J.L. Bone morphogenetic protein 2
controls iron homeostasis in mice independent of bmp6. Am. J. Hematol. 2017, 92, 1204–1213. [CrossRef]

53. Babitt, J.L.; Huang, F.W.; Wrighting, D.M.; Xia, Y.; Sidis, Y.; Samad, T.A.; Campagna, J.A.; Chung, R.T.;
Schneyer, A.L.; Woolf, C.J.; et al. Bone morphogenetic protein signaling by hemojuvelin regulates hepcidin
expression. Nat. Genet. 2006, 38, 531–539. [CrossRef]

54. Nemeth, E.; Valore, E.V.; Territo, M.; Schiller, G.; Lichtenstein, A.; Ganz, T. Hepcidin, a putative mediator of
anemia of inflammation, is a type ii acute-phase protein. Blood 2003, 101, 2461–2463. [CrossRef]

55. Armitage, A.E.; Eddowes, L.A.; Gileadi, U.; Cole, S.; Spottiswoode, N.; Selvakumar, T.A.; Ho, L.P.;
Townsend, A.R.; Drakesmith, H. Hepcidin regulation by innate immune and infectious stimuli. Blood
2011, 118, 4129–4139. [CrossRef]

56. Verga Falzacappa, M.V.; Vujic Spasic, M.; Kessler, R.; Stolte, J.; Hentze, M.W.; Muckenthaler, M.U. Stat3
mediates hepatic hepcidin expression and its inflammatory stimulation. Blood 2007, 109, 353–358. [CrossRef]

57. Wrighting, D.M.; Andrews, N.C. Interleukin-6 induces hepcidin expression through stat3. Blood 2006, 108,
3204–3209. [CrossRef]

58. Nemeth, E.; Rivera, S.; Gabayan, V.; Keller, C.; Taudorf, S.; Pedersen, B.K.; Ganz, T. Il-6 mediates hypoferremia
of inflammation by inducing the synthesis of the iron regulatory hormone hepcidin. J. Clin. Investig. 2004,
113, 1271–1276. [CrossRef]

59. Smith, C.L.; Arvedson, T.L.; Cooke, K.S.; Dickmann, L.J.; Forte, C.; Li, H.; Merriam, K.L.; Perry, V.K.; Tran, L.;
Rottman, J.B.; et al. Il-22 regulates iron availability in vivo through the induction of hepcidin. J. Immunol.
2013, 191, 1845–1855. [CrossRef]

60. Kanamori, Y.; Murakami, M.; Matsui, T.; Funaba, M. Jnk facilitates il-1beta-induced hepcidin transcription
via junb activation. Cytokine 2018, 111, 295–302. [CrossRef]

61. Ryan, J.D.; Altamura, S.; Devitt, E.; Mullins, S.; Lawless, M.W.; Muckenthaler, M.U.; Crowe, J. Pegylated
interferon-alpha induced hypoferremia is associated with the immediate response to treatment in hepatitis c.
Hepatology 2012, 56, 492–500. [CrossRef]

http://dx.doi.org/10.1182/blood-2018-04-842997
http://dx.doi.org/10.3389/fnut.2018.00103
http://dx.doi.org/10.1038/nrdp.2018.16
http://dx.doi.org/10.1182/blood-2005-02-0561
http://dx.doi.org/10.1182/blood-2008-03-146134
http://dx.doi.org/10.3324/haematol.2017.170720
http://dx.doi.org/10.1038/ng.130
http://dx.doi.org/10.1182/blood-2018-06-815894
http://dx.doi.org/10.1182/blood-2016-06-721571
http://dx.doi.org/10.1182/blood-2016-07-729822
http://dx.doi.org/10.1038/ng.335
http://dx.doi.org/10.1038/ng.320
http://dx.doi.org/10.1002/ajh.24888
http://dx.doi.org/10.1038/ng1777
http://dx.doi.org/10.1182/blood-2002-10-3235
http://dx.doi.org/10.1182/blood-2011-04-351957
http://dx.doi.org/10.1182/blood-2006-07-033969
http://dx.doi.org/10.1182/blood-2006-06-027631
http://dx.doi.org/10.1172/JCI200420945
http://dx.doi.org/10.4049/jimmunol.1202716
http://dx.doi.org/10.1016/j.cyto.2018.09.014
http://dx.doi.org/10.1002/hep.25666


Pharmaceuticals 2019, 12, 59 22 of 31

62. Fillebeen, C.; Wilkinson, N.; Charlebois, E.; Katsarou, A.; Wagner, J.; Pantopoulos, K. Hepcidin-mediated
hypoferremic response to acute inflammation requires a threshold of bmp6/hjv/smad signaling. Blood 2018,
132, 1829–1841. [CrossRef]

63. Besson-Fournier, C.; Gineste, A.; Latour, C.; Gourbeyre, O.; Meynard, D.; Martin, P.; Oswald, E.; Coppin, H.;
Roth, M.P. Hepcidin upregulation by inflammation is independent of smad1/5/8 signaling by activin b. Blood
2017, 129, 533–536. [CrossRef]

64. Besson-Fournier, C.; Latour, C.; Kautz, L.; Bertrand, J.; Ganz, T.; Roth, M.P.; Coppin, H. Induction of activin b
by inflammatory stimuli up-regulates expression of the iron-regulatory peptide hepcidin through smad1/5/8
signaling. Blood 2012, 120, 431–439. [CrossRef]

65. Canali, S.; Core, A.B.; Zumbrennen-Bullough, K.B.; Merkulova, M.; Wang, C.Y.; Schneyer, A.L.; Pietrangelo, A.;
Babitt, J.L. Activin b induces noncanonical smad1/5/8 signaling via bmp type i receptors in hepatocytes:
Evidence for a role in hepcidin induction by inflammation in male mice. Endocrinology 2016, 157, 1146–1162.
[CrossRef]

66. Kanamori, Y.; Sugiyama, M.; Hashimoto, O.; Murakami, M.; Matsui, T.; Funaba, M. Regulation of hepcidin
expression by inflammation-induced activin b. Sci. Rep. 2016, 6, 38702. [CrossRef] [PubMed]

67. Spottiswoode, N.; Armitage, A.E.; Williams, A.R.; Fyfe, A.J.; Biswas, S.; Hodgson, S.H.; Llewellyn, D.;
Choudhary, P.; Draper, S.J.; Duffy, P.E.; et al. Role of activins in hepcidin regulation during malaria.
Infect. Immun. 2017, 85, e00191-17. [CrossRef] [PubMed]

68. Armitage, A.E.; Lim, P.J.; Frost, J.N.; Pasricha, S.R.; Soilleux, E.J.; Evans, E.; Morovat, A.; Santos, A.; Diaz, R.;
Biggs, D.; et al. Induced disruption of the iron-regulatory hormone hepcidin inhibits acute inflammatory
hypoferraemia. J. Innate Immun. 2016, 8, 517–528. [CrossRef] [PubMed]

69. Arezes, J.; Jung, G.; Gabayan, V.; Valore, E.; Ruchala, P.; Gulig, P.A.; Ganz, T.; Nemeth, E.; Bulut, Y.
Hepcidin-induced hypoferremia is a critical host defense mechanism against the siderophilic bacterium
vibrio vulnificus. Cell Host Microbe 2015, 17, 47–57. [CrossRef] [PubMed]

70. Stefanova, D.; Raychev, A.; Arezes, J.; Ruchala, P.; Gabayan, V.; Skurnik, M.; Dillon, B.J.; Horwitz, M.A.;
Ganz, T.; Bulut, Y.; et al. Endogenous hepcidin and its agonist mediate resistance to selected infections by
clearing non-transferrin-bound iron. Blood 2017, 130, 245–257. [CrossRef]

71. Guida, C.; Altamura, S.; Klein, F.A.; Galy, B.; Boutros, M.; Ulmer, A.J.; Hentze, M.W.; Muckenthaler, M.U.
A novel inflammatory pathway mediating rapid hepcidin-independent hypoferremia. Blood 2015, 125,
2265–2275. [CrossRef]

72. Weiss, G.; Ganz, T.; Goodnough, L.T. Anemia of inflammation. Blood 2019, 133, 40–50. [CrossRef] [PubMed]
73. Kautz, L.; Jung, G.; Valore, E.V.; Rivella, S.; Nemeth, E.; Ganz, T. Identification of erythroferrone as an

erythroid regulator of iron metabolism. Nat. Genet. 2014, 46, 678–684. [CrossRef]
74. Arezes, J.; Foy, N.; McHugh, K.; Sawant, A.; Quinkert, D.; Terraube, V.; Brinth, A.; Tam, M.; LaVallie, E.R.;

Taylor, S.; et al. Erythroferrone inhibits the induction of hepcidin by bmp6. Blood 2018, 132, 1473–1477.
[CrossRef] [PubMed]

75. Pauk, M.; Grgurevic, L.; Brkljacic, J.; Kufner, V.; Bordukalo-Niksic, T.; Grabusic, K.; Razdorov, G.; Rogic, D.;
Zuvic, M.; Oppermann, H.; et al. Exogenous bmp7 corrects plasma iron overload and bone loss in bmp6-/-
mice. Int. Orthop. 2015, 39, 161–172. [CrossRef] [PubMed]

76. Mirciov, C.S.G.; Wilkins, S.J.; Hung, G.C.C.; Helman, S.L.; Anderson, G.J.; Frazer, D.M. Circulating iron levels
influence the regulation of hepcidin following stimulated erythropoiesis. Haematologica 2018, 103, 1616–1626.
[CrossRef] [PubMed]

77. Artuso, I.; Pettinato, M.; Nai, A.; Pagani, A.; Sardo, U.; Billore, B.; Lidonnici, M.R.; Bennett, C.; Mandelli, G.;
Pasricha, S.R.; et al. Transient decrease of serum iron after acute erythropoietin treatment contributes to
hepcidin inhibition by erfe in mice. Haematologica 2019, 104, e87–e90. [CrossRef]

78. Sonnweber, T.; Nachbaur, D.; Schroll, A.; Nairz, M.; Seifert, M.; Demetz, E.; Haschka, D.; Mitterstiller, A.M.;
Kleinsasser, A.; Burtscher, M.; et al. Hypoxia induced downregulation of hepcidin is mediated by platelet
derived growth factor bb. Gut 2014, 63, 1951–1959. [CrossRef]

79. Schwartz, A.J.; Das, N.K.; Ramakrishnan, S.K.; Jain, C.; Jurkovic, M.T.; Wu, J.; Nemeth, E.; Lakhal-Littleton, S.;
Colacino, J.A.; Shah, Y.M. Hepatic hepcidin/intestinal hif-2alpha axis maintains iron absorption during iron
deficiency and overload. J. Clin. Investig. 2019, 129, 336–348. [CrossRef]

http://dx.doi.org/10.1182/blood-2018-03-841197
http://dx.doi.org/10.1182/blood-2016-10-748541
http://dx.doi.org/10.1182/blood-2012-02-411470
http://dx.doi.org/10.1210/en.2015-1747
http://dx.doi.org/10.1038/srep38702
http://www.ncbi.nlm.nih.gov/pubmed/27922109
http://dx.doi.org/10.1128/IAI.00191-17
http://www.ncbi.nlm.nih.gov/pubmed/28893916
http://dx.doi.org/10.1159/000447713
http://www.ncbi.nlm.nih.gov/pubmed/27423740
http://dx.doi.org/10.1016/j.chom.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25590758
http://dx.doi.org/10.1182/blood-2017-03-772715
http://dx.doi.org/10.1182/blood-2014-08-595256
http://dx.doi.org/10.1182/blood-2018-06-856500
http://www.ncbi.nlm.nih.gov/pubmed/30401705
http://dx.doi.org/10.1038/ng.2996
http://dx.doi.org/10.1182/blood-2018-06-857995
http://www.ncbi.nlm.nih.gov/pubmed/30097509
http://dx.doi.org/10.1007/s00264-014-2550-4
http://www.ncbi.nlm.nih.gov/pubmed/25300398
http://dx.doi.org/10.3324/haematol.2017.187245
http://www.ncbi.nlm.nih.gov/pubmed/29903760
http://dx.doi.org/10.3324/haematol.2018.199810
http://dx.doi.org/10.1136/gutjnl-2013-305317
http://dx.doi.org/10.1172/JCI122359


Pharmaceuticals 2019, 12, 59 23 of 31

80. Atkinson, S.H.; Uyoga, S.M.; Armitage, A.E.; Khandwala, S.; Mugyenyi, C.K.; Bejon, P.; Marsh, K.; Beeson, J.G.;
Prentice, A.M.; Drakesmith, H.; et al. Malaria and age variably but critically control hepcidin throughout
childhood in Kenya. EBioMedicine 2015, 2, 1478–1486. [CrossRef]

81. Domellof, M.; Lonnerdal, B.; Abrams, S.A.; Hernell, O. Iron absorption in breast-fed infants: Effects of age,
iron status, iron supplements, and complementary foods. Am. J. Clin. Nutr. 2002, 76, 198–204. [CrossRef]

82. Sturgeon, P. Studies of iron requirements in infante and children. I. Normal values for serum iron, copper
and free erythrocyte protoporphyrin. Pediatrics 1954, 13, 107–125.

83. Szabo, M.; Vasarhelyi, B.; Balla, G.; Szabo, T.; Machay, T.; Tulassay, T. Acute postnatal increase of extracellular
antioxidant defence of neonates: The role of iron metabolism. Acta Paediatr. 2001, 90, 1167–1170. [CrossRef]

84. Ritchie, R.F.; Palomaki, G.E.; Neveux, L.M.; Navolotskaia, O.; Ledue, T.B.; Craig, W.Y. Reference distributions
for serum iron and transferrin saturation: A comparison of a large cohort to the world’s literature. J. Clin.
Lab. Anal. 2002, 16, 246–252. [CrossRef]

85. Mupfudze, T.G.; Stoltzfus, R.J.; Rukobo, S.; Moulton, L.H.; Humphrey, J.H.; Prendergast, A.J.; Team, S.P.
Hepcidin decreases over the first year of life in healthy African infants. Br. J. Haematol. 2014, 164, 150–153.
[CrossRef]

86. Jaeggi, T.; Moretti, D.; Kvalsvig, J.; Holding, P.A.; Tjalsma, H.; Kortman, G.A.; Joosten, I.; Mwangi, A.;
Zimmermann, M.B. Iron status and systemic inflammation, but not gut inflammation, strongly predict
gender-specific concentrations of serum hepcidin in infants in rural Kenya. PLoS ONE 2013, 8, e57513.
[CrossRef]

87. Atkinson, S.H.; Armitage, A.E.; Khandwala, S.; Mwangi, T.W.; Uyoga, S.; Bejon, P.A.; Williams, T.N.;
Prentice, A.M.; Drakesmith, H. Combinatorial effects of malaria season, iron deficiency, and inflammation
determine plasma hepcidin concentration in African children. Blood 2014, 123, 3221–3229. [CrossRef]

88. Berglund, S.; Lonnerdal, B.; Westrup, B.; Domellof, M. Effects of iron supplementation on serum hepcidin
and serum erythropoietin in low-birth-weight infants. Am. J. Clin. Nutr. 2011, 94, 1553–1561. [CrossRef]

89. Aranda, N.; Bedmar, C.; Arija, V.; Jardi, C.; Jimenez-Feijoo, R.; Ferre, N.; Tous, M. Defensas Study Investigators.
Serum hepcidin levels, iron status, and hfe gene alterations during the first year of life in healthy Spanish
infants. Ann. Hematol. 2018, 97, 1071–1080. [CrossRef]

90. Prentice, A.M.; Bah, A.; Jallow, M.W.; Jallow, A.T.; Sanyang, S.; Sise, E.A.; Ceesay, K.; Danso, E.; Armitage, A.E.;
Pasricha, S.R.; et al. Respiratory infections drive hepcidin-mediated blockade of iron absorption leading to
iron deficiency anemia in African children. Sci. Adv. 2019, 5, eaav9020. [CrossRef]

91. Daru, J.; Colman, K.; Stanworth, S.J.; De La Salle, B.; Wood, E.M.; Pasricha, S.R. Serum ferritin as an indicator
of iron status: What do we need to know? Am. J. Clin. Nutr. 2017, 106, 1634S–1639S. [CrossRef]

92. Cook, J.D. Diagnosis and management of iron-deficiency anaemia. Best Pract. Res. Clin. Haematol. 2005, 18,
319–332. [CrossRef]

93. Namaste, S.M.; Aaron, G.J.; Varadhan, R.; Peerson, J.M.; Suchdev, P.S.; Group, B.W. Methodologic approach
for the biomarkers reflecting inflammation and nutritional determinants of anemia (brinda) project. Am. J.
Clin. Nutr. 2017, 106, 333S–347S.

94. Abdullah, K.; Birken, C.S.; Maguire, J.L.; Fehlings, D.; Hanley, A.J.; Thorpe, K.E.; Parkin, P.C. Re-evaluation
of serum ferritin cut-off values for the diagnosis of iron deficiency in children aged 12–36 months. J. Pediatr.
2017, 188, 287–290. [CrossRef]

95. Powers, J.M.; Buchanan, G.R. Potential for improved screening, diagnosis, and treatment for iron deficiency
and iron deficiency anemia in young children. J. Pediatr. 2017, 188, 8–10. [CrossRef]

96. Pfeiffer, C.M.; Looker, A.C. Laboratory methodologies for indicators of iron status: Strengths, limitations,
and analytical challenges. Am. J. Clin. Nutr. 2017, 106, 1606S–1614S. [CrossRef]

97. Srinivasan, B.; Finkelstein, J.L.; O’Dell, D.; Erickson, D.; Mehta, S. Rapid diagnostics for point-of-care
quantification of soluble transferrin receptor. EBioMedicine 2019. [CrossRef]

98. Srinivasan, B.; O’Dell, D.; Finkelstein, J.L.; Lee, S.; Erickson, D.; Mehta, S. Ironphone: Mobile device-coupled
point-of-care diagnostics for assessment of iron status by quantification of serum ferritin. Biosens. Bioelectron.
2018, 99, 115–121. [CrossRef]

99. Mei, Z.; Flores-Ayala, R.C.; Grummer-Strawn, L.M.; Brittenham, G.M. Is erythrocyte protoporphyrin a better
single screening test for iron deficiency compared to hemoglobin or mean cell volume in children and
women? Nutrients 2017, 9, 557. [CrossRef]

http://dx.doi.org/10.1016/j.ebiom.2015.08.016
http://dx.doi.org/10.1093/ajcn/76.1.198
http://dx.doi.org/10.1111/j.1651-2227.2001.tb03248.x
http://dx.doi.org/10.1002/jcla.10047
http://dx.doi.org/10.1111/bjh.12567
http://dx.doi.org/10.1371/journal.pone.0057513
http://dx.doi.org/10.1182/blood-2013-10-533000
http://dx.doi.org/10.3945/ajcn.111.013938
http://dx.doi.org/10.1007/s00277-018-3256-2
http://dx.doi.org/10.1126/sciadv.aav9020
http://dx.doi.org/10.3945/ajcn.117.155960
http://dx.doi.org/10.1016/j.beha.2004.08.022
http://dx.doi.org/10.1016/j.jpeds.2017.03.028
http://dx.doi.org/10.1016/j.jpeds.2017.04.069
http://dx.doi.org/10.3945/ajcn.117.155887
http://dx.doi.org/10.1016/j.ebiom.2019.03.017
http://dx.doi.org/10.1016/j.bios.2017.07.038
http://dx.doi.org/10.3390/nu9060557


Pharmaceuticals 2019, 12, 59 24 of 31

100. Cusick, S.E.; Georgieff, M.K.; Rao, R. Approaches for reducing the risk of early-life iron deficiency-induced
brain dysfunction in children. Nutrients 2018, 10, 227. [CrossRef]

101. Brugnara, C.; Zurakowski, D.; DiCanzio, J.; Boyd, T.; Platt, O. Reticulocyte hemoglobin content to diagnose
iron deficiency in children. JAMA 1999, 281, 2225–2230. [CrossRef]

102. Ratcliffe, L.E.; Thomas, W.; Glen, J.; Padhi, S.; Pordes, B.A.; Wonderling, D.; Connell, R.; Stephens, S.;
Mikhail, A.I.; Fogarty, D.G.; et al. Diagnosis and management of iron deficiency in ckd: A summary of the
nice guideline recommendations and their rationale. Am. J. Kidney Dis. 2016, 67, 548–558. [CrossRef]

103. Pasricha, S.R.; Atkinson, S.H.; Armitage, A.E.; Khandwala, S.; Veenemans, J.; Cox, S.E.; Eddowes, L.A.;
Hayes, T.; Doherty, C.P.; Demir, A.Y.; et al. Expression of the iron hormone hepcidin distinguishes different
types of anemia in African children. Sci. Transl. Med. 2014, 6, 235re3. [CrossRef]

104. Jonker, F.A.; Boele van Hensbroek, M.; Leenstra, T.; Vet, R.J.; Brabin, B.J.; Maseko, N.; Gushu, M.B.; Emana, M.;
Kraaijenhagen, R.; Tjalsma, H.; et al. Conventional and novel peripheral blood iron markers compared
against bone marrow in Malawian children. J. Clin. Pathol. 2014, 67, 717–723. [CrossRef]

105. Moretti, D.; Goede, J.S.; Zeder, C.; Jiskra, M.; Chatzinakou, V.; Tjalsma, H.; Melse-Boonstra, A.; Brittenham, G.;
Swinkels, D.W.; Zimmermann, M.B. Oral iron supplements increase hepcidin and decrease iron absorption
from daily or twice-daily doses in iron-depleted young women. Blood 2015, 126, 1981–1989. [CrossRef]

106. Prentice, A.M.; Doherty, C.P.; Abrams, S.A.; Cox, S.E.; Atkinson, S.H.; Verhoef, H.; Armitage, A.E.;
Drakesmith, H. Hepcidin is the major predictor of erythrocyte iron incorporation in anemic African children.
Blood 2012, 119, 1922–1928. [CrossRef]

107. Schaap, C.C.; Hendriks, J.C.; Kortman, G.A.; Klaver, S.M.; Kroot, J.J.; Laarakkers, C.M.; Wiegerinck, E.T.;
Tjalsma, H.; Janssen, M.C.; Swinkels, D.W. Diurnal rhythm rather than dietary iron mediates daily hepcidin
variations. Clin. Chem. 2013, 59, 527–535. [CrossRef]

108. van der Vorm, L.N.; Hendriks, J.C.; Laarakkers, C.M.; Klaver, S.; Armitage, A.E.; Bamberg, A.; Geurts-Moespot, A.J.;
Girelli, D.; Herkert, M.; Itkonen, O.; et al. Toward worldwide hepcidin assay harmonization: Identification of
a commutable secondary reference material. Clin. Chem. 2016, 62, 993–1001. [CrossRef]

109. Diepeveen, L.E.; Laarakkers, C.M.M.; Martos, G.; Pawlak, M.E.; Uguz, F.F.; Verberne, K.; van Swelm, R.P.L.;
Klaver, S.; de Haan, A.F.J.; Pitts, K.R.; et al. Provisional standardization of hepcidin assays: Creating
a traceability chain with a primary reference material, candidate reference method and a commutable
secondary reference material. Clin. Chem. Lab. Med. 2018. [CrossRef]

110. Girelli, D.; Nemeth, E.; Swinkels, D.W. Hepcidin in the diagnosis of iron disorders. Blood 2016, 127, 2809–2813.
[CrossRef]

111. Aguilar, R.; Moraleda, C.; Quinto, L.; Renom, M.; Mussacate, L.; Macete, E.; Aguilar, J.L.; Alonso, P.L.;
Menendez, C. Challenges in the diagnosis of iron deficiency in children exposed to high prevalence of
infections. PLoS ONE 2012, 7, e50584. [CrossRef] [PubMed]

112. Kling, P.J.; Schmidt, R.L.; Roberts, R.A.; Widness, J.A. Serum erythropoietin levels during infancy: Associations
with erythropoiesis. J. Pediatr. 1996, 128, 791–796. [CrossRef]

113. Siimes, M.A.; Addiego, J.E., Jr.; Dallman, P.R. Ferritin in serum: Diagnosis of iron deficiency and iron
overload in infants and children. Blood 1974, 43, 581–590.

114. Ganz, T.; Nemeth, E. Iron homeostasis in host defence and inflammation. Nat. Rev. Immunol. 2015, 15,
500–510. [CrossRef]

115. Bullock, G.C.; Delehanty, L.L.; Talbot, A.L.; Gonias, S.L.; Tong, W.H.; Rouault, T.A.; Dewar, B.; Macdonald, J.M.;
Chruma, J.J.; Goldfarb, A.N. Iron control of erythroid development by a novel aconitase-associated regulatory
pathway. Blood 2010, 116, 97–108. [CrossRef]

116. Rishi, G.; Secondes, E.S.; Wallace, D.F.; Subramaniam, V.N. Hematopoietic deletion of transferrin receptor 2
in mice leads to a block in erythroid differentiation during iron-deficient anemia. Am. J. Hematol. 2016, 91,
812–818. [CrossRef]

117. Forejtnikova, H.; Vieillevoye, M.; Zermati, Y.; Lambert, M.; Pellegrino, R.M.; Guihard, S.; Gaudry, M.;
Camaschella, C.; Lacombe, C.; Roetto, A.; et al. Transferrin receptor 2 is a component of the erythropoietin
receptor complex and is required for efficient erythropoiesis. Blood 2010, 116, 5357–5367. [CrossRef]

118. Khalil, S.; Delehanty, L.; Grado, S.; Holy, M.; White, Z., 3rd; Freeman, K.; Kurita, R.; Nakamura, Y.;
Bullock, G.; Goldfarb, A. Iron modulation of erythropoiesis is associated with scribble-mediated control of
the erythropoietin receptor. J. Exp. Med. 2018, 215, 661–679. [CrossRef]

http://dx.doi.org/10.3390/nu10020227
http://dx.doi.org/10.1001/jama.281.23.2225
http://dx.doi.org/10.1053/j.ajkd.2015.11.012
http://dx.doi.org/10.1126/scitranslmed.3008249
http://dx.doi.org/10.1136/jclinpath-2014-202291
http://dx.doi.org/10.1182/blood-2015-05-642223
http://dx.doi.org/10.1182/blood-2011-11-391219
http://dx.doi.org/10.1373/clinchem.2012.194977
http://dx.doi.org/10.1373/clinchem.2016.256768
http://dx.doi.org/10.1515/cclm-2018-0783
http://dx.doi.org/10.1182/blood-2015-12-639112
http://dx.doi.org/10.1371/journal.pone.0050584
http://www.ncbi.nlm.nih.gov/pubmed/23209786
http://dx.doi.org/10.1016/S0022-3476(96)70331-1
http://dx.doi.org/10.1038/nri3863
http://dx.doi.org/10.1182/blood-2009-10-251496
http://dx.doi.org/10.1002/ajh.24417
http://dx.doi.org/10.1182/blood-2010-04-281360
http://dx.doi.org/10.1084/jem.20170396


Pharmaceuticals 2019, 12, 59 25 of 31

119. Nai, A.; Lidonnici, M.R.; Rausa, M.; Mandelli, G.; Pagani, A.; Silvestri, L.; Ferrari, G.; Camaschella, C.
The second transferrin receptor regulates red blood cell production in mice. Blood 2015, 125, 1170–1179.
[CrossRef]

120. Papanikolaou, G.; Pantopoulos, K. Systemic iron homeostasis and erythropoiesis. IUBMB Life 2017, 69,
399–413. [CrossRef]

121. WHO. Haemoglobin Concentrations for the Diagnosis of Anaemia and Assessment of Severity; WHO: Geneva,
Switzerland, 2011.

122. Pasricha, S.R.; Colman, K.; Centeno-Tablante, E.; Garcia-Casal, M.N.; Pena-Rosas, J.P. Revisiting who
haemoglobin thresholds to define anaemia in clinical medicine and public health. Lancet Haematol. 2018, 5,
e60–e62. [CrossRef]

123. Stevens, G.A.; Finucane, M.M.; De-Regil, L.M.; Paciorek, C.J.; Flaxman, S.R.; Branca, F.; Pena-Rosas, J.P.;
Bhutta, Z.A.; Ezzati, M.; Nutrition Impact Model Study Group. Global, regional, and national trends
in haemoglobin concentration and prevalence of total and severe anaemia in children and pregnant and
non-pregnant women for 1995–2011: A systematic analysis of population-representative data. Lancet Glob.
Health 2013, 1, e16–e25.

124. Pasricha, S.R.; Armitage, A.E.; Prentice, A.M.; Drakesmith, H. Reducing anaemia in low income countries:
Control of infection is essential. BMJ 2018, 362, k3165. [CrossRef]

125. Muriuki, J.M.; Mentzer, A.J.; Kimita, W.; Ndungu, F.M.; Macharia, A.W.; Webb, E.L.; Lule, S.A.; Morovat, A.;
Hill, A.V.S.; Bejon, P.; et al. Iron status and associated malaria risk among African children. Clin. Infect. Dis.
2018. [CrossRef]

126. Cusick, S.E.; Georgieff, M.K. The role of nutrition in brain development: The golden opportunity of the “first
1000 days”. J. Pediatr. 2016, 175, 16–21. [CrossRef]

127. Grantham-McGregor, S.; Ani, C. A review of studies on the effect of iron deficiency on cognitive development
in children. J. Nutr. 2001, 131, 649S–668S. [CrossRef]

128. Lozoff, B. Iron deficiency and child development. Food Nutr. Bull. 2007, 28, S560–S571. [CrossRef]
129. Horton, S.; Ross, J. The economics of iron deficiency. Food Policy 2003, 28, 51–75. [CrossRef]
130. Fretham, S.J.; Carlson, E.S.; Wobken, J.; Tran, P.V.; Petryk, A.; Georgieff, M.K. Temporal manipulation

of transferrin-receptor-1-dependent iron uptake identifies a sensitive period in mouse hippocampal
neurodevelopment. Hippocampus 2012, 22, 1691–1702. [CrossRef]

131. Siddappa, A.J.; Rao, R.B.; Wobken, J.D.; Leibold, E.A.; Connor, J.R.; Georgieff, M.K. Developmental changes
in the expression of iron regulatory proteins and iron transport proteins in the perinatal rat brain. J. Neurosci.
Res. 2002, 68, 761–775. [CrossRef]

132. Georgieff, M.K.; Brunette, K.E.; Tran, P.V. Early life nutrition and neural plasticity. Dev. Psychopathol. 2015,
27, 411–423. [CrossRef]

133. Guiang, S.F., 3rd; Georgieff, M.K.; Lambert, D.J.; Schmidt, R.L.; Widness, J.A. Intravenous iron
supplementation effect on tissue iron and hemoproteins in chronically phlebotomized lambs. Am. J. Physiol.
1997, 273, R2124–R2131. [CrossRef]

134. Petry, C.D.; Eaton, M.A.; Wobken, J.D.; Mills, M.M.; Johnson, D.E.; Georgieff, M.K. Iron deficiency of liver,
heart, and brain in newborn infants of diabetic mothers. J. Pediatr. 1992, 121, 109–114. [CrossRef]

135. Georgieff, M.K.; Schmidt, R.L.; Mills, M.M.; Radmer, W.J.; Widness, J.A. Fetal iron and cytochrome c status
after intrauterine hypoxemia and erythropoietin administration. Am. J. Physiol. 1992, 262, R485–R491.
[CrossRef]

136. Dallman, P.R.; Siimes, M.A.; Manies, E.C. Brain iron: Persistent deficiency following short-term iron
deprivation in the young rat. Br. J. Haematol. 1975, 31, 209–215. [CrossRef]

137. Rao, R.; Tkac, I.; Townsend, E.L.; Gruetter, R.; Georgieff, M.K. Perinatal iron deficiency alters the neurochemical
profile of the developing rat hippocampus. J. Nutr. 2003, 133, 3215–3221. [CrossRef]

138. Lozoff, B.; Georgieff, M.K. Iron deficiency and brain development. Semin. Pediatr. Neurol. 2006, 13, 158–165.
[CrossRef]

139. Zimmermann, M.B. The influence of iron status on iodine utilization and thyroid function. Annu. Rev. Nutr.
2006, 26, 367–389. [CrossRef]

http://dx.doi.org/10.1182/blood-2014-08-596254
http://dx.doi.org/10.1002/iub.1629
http://dx.doi.org/10.1016/S2352-3026(18)30004-8
http://dx.doi.org/10.1136/bmj.k3165
http://dx.doi.org/10.1093/cid/ciy791
http://dx.doi.org/10.1016/j.jpeds.2016.05.013
http://dx.doi.org/10.1093/jn/131.2.649S
http://dx.doi.org/10.1177/15648265070284S409
http://dx.doi.org/10.1016/S0306-9192(02)00070-2
http://dx.doi.org/10.1002/hipo.22004
http://dx.doi.org/10.1002/jnr.10246
http://dx.doi.org/10.1017/S0954579415000061
http://dx.doi.org/10.1152/ajpregu.1997.273.6.R2124
http://dx.doi.org/10.1016/S0022-3476(05)82554-5
http://dx.doi.org/10.1152/ajpregu.1992.262.3.R485
http://dx.doi.org/10.1111/j.1365-2141.1975.tb00851.x
http://dx.doi.org/10.1093/jn/133.10.3215
http://dx.doi.org/10.1016/j.spen.2006.08.004
http://dx.doi.org/10.1146/annurev.nutr.26.061505.111236


Pharmaceuticals 2019, 12, 59 26 of 31

140. Bouhouch, R.R.; El-Fadeli, S.; Andersson, M.; Aboussad, A.; Chabaa, L.; Zeder, C.; Kippler, M.; Baumgartner, J.;
Sedki, A.; Zimmermann, M.B. Effects of wheat-flour biscuits fortified with iron and edta, alone and in
combination, on blood lead concentration, iron status, and cognition in children: A double-blind randomized
controlled trial. Am. J. Clin. Nutr. 2016, 104, 1318–1326. [CrossRef]

141. Zimmermann, M.B.; Muthayya, S.; Moretti, D.; Kurpad, A.; Hurrell, R.F. Iron fortification reduces blood lead
levels in children in bangalore, india. Pediatrics 2006, 117, 2014–2021. [CrossRef]

142. Barks, A.; Fretham, S.J.B.; Georgieff, M.K.; Tran, P.V. Early-life neuronal-specific iron deficiency alters the
adult mouse hippocampal transcriptome. J. Nutr. 2018, 148, 1521–1528. [CrossRef]

143. Murray-Kolb, L.E. Examining consequence of brain iron deficiency in the absence of anemia. J. Nutr. 2018,
148, 1511–1512. [CrossRef]

144. Pasricha, S.R.; Hayes, E.; Kalumba, K.; Biggs, B.A. Effect of daily iron supplementation on health in children
aged 4-23 months: A systematic review and meta-analysis of randomised controlled trials. Lancet Glob.
Health 2013, 1, e77–e86. [CrossRef]

145. Bryan, J.; Osendarp, S.; Hughes, D.; Calvaresi, E.; Baghurst, K.; van Klinken, J.W. Nutrients for cognitive
development in school-aged children. Nutr. Rev. 2004, 62, 295–306. [CrossRef]

146. Larson, L.M.; Phiri, K.S.; Pasricha, S.R. Iron and cognitive development: What is the evidence? Ann. Nutr.
Metab. 2017, 71 (Suppl. 3), 25–38. [CrossRef]

147. Stoltzfus, R.J.; Kvalsvig, J.D.; Chwaya, H.M.; Montresor, A.; Albonico, M.; Tielsch, J.M.; Savioli, L.; Pollitt, E.
Effects of iron supplementation and anthelmintic treatment on motor and language development of preschool
children in zanzibar: Double blind, placebo controlled study. BMJ 2001, 323, 1389–1393. [CrossRef]

148. Lozoff, B.; Castillo, M.; Clark, K.M.; Smith, J.B. Iron-fortified vs. low-iron infant formula: Developmental
outcome at 10 years. Arch. Pediatr. Adolesc. Med. 2012, 166, 208–215. [CrossRef]

149. Hasan, M.I.; Hossain, S.J.; Braat, S.; Dibley, M.J.; Fisher, J.; Grantham-McGregor, S.; Tofail, F.; Simpson, J.A.;
Arifeen, S.E.; Hamadani, J.; et al. Benefits and risks of iron interventions in children (brisc): Protocol for
a three-arm parallel-group randomised controlled field trial in bangladesh. BMJ Open 2017, 7, e018325.
[CrossRef]

150. Angeles, I.T.; Schultink, W.J.; Matulessi, P.; Gross, R.; Sastroamidjojo, S. Decreased rate of stunting among
anemic indonesian preschool children through iron supplementation. Am. J. Clin. Nutr. 1993, 58, 339–342.
[CrossRef]

151. Majumdar, I.; Paul, P.; Talib, V.H.; Ranga, S. The effect of iron therapy on the growth of iron-replete and
iron-deplete children. J. Trop. Pediatr. 2003, 49, 84–88. [CrossRef]

152. Samuel, A.; Brouwer, I.D.; Feskens, E.J.M.; Adish, A.; Kebede, A.; De-Regil, L.M.; Osendarp, S.J.M.
Effectiveness of a program intervention with reduced-iron multiple micronutrient powders on iron status,
morbidity and growth in young children in Ethiopia. Nutrients 2018, 10, 1508. [CrossRef]

153. Iannotti, L.L.; Tielsch, J.M.; Black, M.M.; Black, R.E. Iron supplementation in early childhood: Health benefits
and risks. Am. J. Clin. Nutr. 2006, 84, 1261–1276. [CrossRef]

154. Dewey, K.G.; Domellof, M.; Cohen, R.J.; Landa Rivera, L.; Hernell, O.; Lonnerdal, B. Iron supplementation
affects growth and morbidity of breast-fed infants: Results of a randomized trial in sweden and honduras.
J. Nutr. 2002, 132, 3249–3255. [CrossRef]

155. Idjradinata, P.; Watkins, W.E.; Pollitt, E. Adverse effect of iron supplementation on weight gain of iron-replete
young children. Lancet 1994, 343, 1252–1254. [CrossRef]

156. Brittenham, G.M.; Andersson, M.; Egli, I.; Foman, J.T.; Zeder, C.; Westerman, M.E.; Hurrell, R.F. Circulating
non-transferrin-bound iron after oral administration of supplemental and fortification doses of iron to healthy
women: A randomized study. Am. J. Clin. Nutr. 2014, 100, 813–820. [CrossRef]

157. Jaeggi, T.; Kortman, G.A.; Moretti, D.; Chassard, C.; Holding, P.; Dostal, A.; Boekhorst, J.; Timmerman, H.M.;
Swinkels, D.W.; Tjalsma, H.; et al. Iron fortification adversely affects the gut microbiome, increases pathogen
abundance and induces intestinal inflammation in Kenyan infants. Gut 2015, 64, 731–742. [CrossRef]

158. Paganini, D.; Uyoga, M.A.; Kortman, G.A.M.; Cercamondi, C.I.; Moretti, D.; Barth-Jaeggi, T.; Schwab, C.;
Boekhorst, J.; Timmerman, H.M.; Lacroix, C.; et al. Prebiotic galacto-oligosaccharides mitigate the adverse
effects of iron fortification on the gut microbiome: A randomised controlled study in Kenyan infants. Gut
2017, 66, 1956–1967. [CrossRef]

159. Lonnerdal, B. Excess iron intake as a factor in growth, infections, and development of infants and young
children. Am. J. Clin. Nutr. 2017, 106, 1681S–1687S. [CrossRef]

http://dx.doi.org/10.3945/ajcn.115.129346
http://dx.doi.org/10.1542/peds.2005-2440
http://dx.doi.org/10.1093/jn/nxy125
http://dx.doi.org/10.1093/jn/nxy186
http://dx.doi.org/10.1016/S2214-109X(13)70046-9
http://dx.doi.org/10.1111/j.1753-4887.2004.tb00055.x
http://dx.doi.org/10.1159/000480742
http://dx.doi.org/10.1136/bmj.323.7326.1389
http://dx.doi.org/10.1001/archpediatrics.2011.197
http://dx.doi.org/10.1136/bmjopen-2017-018325
http://dx.doi.org/10.1093/ajcn/58.3.339
http://dx.doi.org/10.1093/tropej/49.2.84
http://dx.doi.org/10.3390/nu10101508
http://dx.doi.org/10.1093/ajcn/84.6.1261
http://dx.doi.org/10.1093/jn/132.11.3249
http://dx.doi.org/10.1016/S0140-6736(94)92151-2
http://dx.doi.org/10.3945/ajcn.113.081505
http://dx.doi.org/10.1136/gutjnl-2014-307720
http://dx.doi.org/10.1136/gutjnl-2017-314418
http://dx.doi.org/10.3945/ajcn.117.156042


Pharmaceuticals 2019, 12, 59 27 of 31

160. GBD-Collaborators. Global, regional, national, and selected subnational levels of stillbirths, neonatal, infant,
and under-5 mortality, 1980–2015: A systematic analysis for the global burden of disease study 2015. Lancet
2016, 388, 1725–1774. [CrossRef]

161. Grassly, N.C.; Kang, G.; Kampmann, B. Biological challenges to effective vaccines in the developing world.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 2015, 370, 20140138. [CrossRef]

162. Kollmann, T.R. Variation between populations in the innate immune response to vaccine adjuvants.
Front. Immunol. 2013, 4, 81. [CrossRef]

163. Dowling, D.J.; Levy, O. Ontogeny of early life immunity. Trends Immunol. 2014, 35, 299–310. [CrossRef]
164. Kollmann, T.R.; Kampmann, B.; Mazmanian, S.K.; Marchant, A.; Levy, O. Protecting the newborn and young

infant from infectious diseases: Lessons from immune ontogeny. Immunity 2017, 46, 350–363. [CrossRef]
165. Olin, A.; Henckel, E.; Chen, Y.; Lakshmikanth, T.; Pou, C.; Mikes, J.; Gustafsson, A.; Bernhardsson, A.K.;

Zhang, C.; Bohlin, K.; et al. Stereotypic immune system development in newborn children. Cell 2018, 174,
1277–1292.e1214. [CrossRef]

166. Brodin, P.; Jojic, V.; Gao, T.; Bhattacharya, S.; Angel, C.J.; Furman, D.; Shen-Orr, S.; Dekker, C.L.; Swan, G.E.;
Butte, A.J.; et al. Variation in the human immune system is largely driven by non-heritable influences. Cell
2015, 160, 37–47. [CrossRef]

167. Carr, E.J.; Dooley, J.; Garcia-Perez, J.E.; Lagou, V.; Lee, J.C.; Wouters, C.; Meyts, I.; Goris, A.; Boeckxstaens, G.;
Linterman, M.A.; et al. The cellular composition of the human immune system is shaped by age and
cohabitation. Nat. Immunol. 2016, 17, 461–468. [CrossRef]

168. Ned, R.M.; Swat, W.; Andrews, N.C. Transferrin receptor 1 is differentially required in lymphocyte
development. Blood 2003, 102, 3711–3718. [CrossRef]

169. Arrieta, M.C.; Stiemsma, L.T.; Amenyogbe, N.; Brown, E.M.; Finlay, B. The intestinal microbiome in early life:
Health and disease. Front. Immunol. 2014, 5, 427. [CrossRef]

170. Belkaid, Y.; Harrison, O.J. Homeostatic immunity and the microbiota. Immunity 2017, 46, 562–576. [CrossRef]
171. Martins, A.C.; Almeida, J.I.; Lima, I.S.; Kapitao, A.S.; Gozzelino, R. Iron metabolism and the inflammatory

response. IUBMB Life 2017, 69, 442–450. [CrossRef]
172. Saha, P.; Yeoh, B.S.; Olvera, R.A.; Xiao, X.; Singh, V.; Awasthi, D.; Subramanian, B.C.; Chen, Q.; Dikshit, M.;

Wang, Y.; et al. Bacterial siderophores hijack neutrophil functions. J. Immunol. 2017, 198, 4293–4303.
[CrossRef]

173. Soares, M.P.; Weiss, G. The iron age of host-microbe interactions. EMBO Rep. 2015, 16, 1482–1500. [CrossRef]
174. Nairz, M.; Haschka, D.; Demetz, E.; Weiss, G. Iron at the interface of immunity and infection. Front. Pharmacol.

2014, 5, 152. [CrossRef]
175. Pearce, E.L.; Poffenberger, M.C.; Chang, C.H.; Jones, R.G. Fueling immunity: Insights into metabolism and

lymphocyte function. Science 2013, 342, 1242454. [CrossRef]
176. Sinclair, L.V.; Rolf, J.; Emslie, E.; Shi, Y.B.; Taylor, P.M.; Cantrell, D.A. Control of amino-acid transport by

antigen receptors coordinates the metabolic reprogramming essential for t cell differentiation. Nat. Immunol.
2013, 14, 500–508. [CrossRef]

177. Savy, M.; Edmond, K.; Fine, P.E.; Hall, A.; Hennig, B.J.; Moore, S.E.; Mulholland, K.; Schaible, U.; Prentice, A.M.
Landscape analysis of interactions between nutrition and vaccine responses in children. J. Nutr. 2009, 139,
2154S–2218S. [CrossRef]

178. Seligman, P.A.; Kovar, J.; Gelfand, E.W. Lymphocyte proliferation is controlled by both iron availability and
regulation of iron uptake pathways. Pathobiology 1992, 60, 19–26. [CrossRef]

179. Neckers, L.M.; Cossman, J. Transferrin receptor induction in mitogen-stimulated human t lymphocytes is
required for DNA synthesis and cell division and is regulated by interleukin 2. Proc. Natl. Acad. Sci. USA
1983, 80, 3494–3498. [CrossRef]

180. Ahluwalia, N.; Sun, J.; Krause, D.; Mastro, A.; Handte, G. Immune function is impaired in iron-deficient,
homebound, older women. Am. J. Clin. Nutr. 2004, 79, 516–521. [CrossRef]

181. Thibault, H.; Galan, P.; Selz, F.; Preziosi, P.; Olivier, C.; Badoual, J.; Hercberg, S. The immune response in
iron-deficient young children: Effect of iron supplementation on cell-mediated immunity. Eur. J. Pediatr.
1993, 152, 120–124. [CrossRef]

182. Galan, P.; Thibault, H.; Preziosi, P.; Hercberg, S. Interleukin 2 production in iron-deficient children. Biol. Trace
Elem. Res. 1992, 32, 421–426. [CrossRef]

http://dx.doi.org/10.1016/S0140-6736(16)31575-6
http://dx.doi.org/10.1098/rstb.2014.0138
http://dx.doi.org/10.3389/fimmu.2013.00081
http://dx.doi.org/10.1016/j.it.2014.04.007
http://dx.doi.org/10.1016/j.immuni.2017.03.009
http://dx.doi.org/10.1016/j.cell.2018.06.045
http://dx.doi.org/10.1016/j.cell.2014.12.020
http://dx.doi.org/10.1038/ni.3371
http://dx.doi.org/10.1182/blood-2003-04-1086
http://dx.doi.org/10.3389/fimmu.2014.00427
http://dx.doi.org/10.1016/j.immuni.2017.04.008
http://dx.doi.org/10.1002/iub.1635
http://dx.doi.org/10.4049/jimmunol.1700261
http://dx.doi.org/10.15252/embr.201540558
http://dx.doi.org/10.3389/fphar.2014.00152
http://dx.doi.org/10.1126/science.1242454
http://dx.doi.org/10.1038/ni.2556
http://dx.doi.org/10.3945/jn.109.105312
http://dx.doi.org/10.1159/000163692
http://dx.doi.org/10.1073/pnas.80.11.3494
http://dx.doi.org/10.1093/ajcn/79.3.516
http://dx.doi.org/10.1007/BF02072487
http://dx.doi.org/10.1007/BF02784628


Pharmaceuticals 2019, 12, 59 28 of 31

183. Berger, J.; Dyck, J.L.; Galan, P.; Aplogan, A.; Schneider, D.; Traissac, P.; Hercberg, S. Effect of daily iron
supplementation on iron status, cell-mediated immunity, and incidence of infections in 6–36 month old
togolese children. Eur. J. Clin. Nutr. 2000, 54, 29–35. [CrossRef]

184. Bonaccorsi-Riani, E.; Danger, R.; Lozano, J.J.; Martinez-Picola, M.; Kodela, E.; Mas-Malavila, R.; Bruguera, M.;
Collins, H.L.; Hider, R.C.; Martinez-Llordella, M.; et al. Iron deficiency impairs intra-hepatic lymphocyte
mediated immune response. PLoS ONE 2015, 10, e0136106. [CrossRef]

185. Wang, Z.; Yin, W.; Zhu, L.; Li, J.; Yao, Y.; Chen, F.; Sun, M.; Zhang, J.; Shen, N.; Song, Y.; et al. Iron drives
t helper cell pathogenicity by promoting rna-binding protein pcbp1-mediated proinflammatory cytokine
production. Immunity 2018, 49, 80–92.e7. [CrossRef]

186. Jabara, H.H.; Boyden, S.E.; Chou, J.; Ramesh, N.; Massaad, M.J.; Benson, H.; Bainter, W.; Fraulino, D.;
Rahimov, F.; Sieff, C.; et al. A missense mutation in tfrc, encoding transferrin receptor 1, causes combined
immunodeficiency. Nat. Genet. 2016, 48, 74–78. [CrossRef]

187. Ganz, T. Iron in innate immunity: Starve the invaders. Curr. Opin. Immunol. 2009, 21, 63–67. [CrossRef]
188. Nunez, G.; Sakamoto, K.; Soares, M.P. Innate nutritional immunity. J. Immunol. 2018, 201, 11–18. [CrossRef]
189. Cassat, J.E.; Skaar, E.P. Iron in infection and immunity. Cell Host Microbe 2013, 13, 509–519. [CrossRef]
190. Gwamaka, M.; Kurtis, J.D.; Sorensen, B.E.; Holte, S.; Morrison, R.; Mutabingwa, T.K.; Fried, M.; Duffy, P.E. Iron

deficiency protects against severe plasmodium falciparum malaria and death in young children. Clin. Infect.
Dis. 2012, 54, 1137–1144. [CrossRef]

191. Jonker, F.A.; Calis, J.C.; van Hensbroek, M.B.; Phiri, K.; Geskus, R.B.; Brabin, B.J.; Leenstra, T. Iron status
predicts malaria risk in Malawian preschool children. PLoS ONE 2012, 7, e42670. [CrossRef]

192. Nyakeriga, A.M.; Troye-Blomberg, M.; Dorfman, J.R.; Alexander, N.D.; Back, R.; Kortok, M.; Chemtai, A.K.;
Marsh, K.; Williams, T.N. Iron deficiency and malaria among children living on the coast of Kenya. J. Infect.
Dis. 2004, 190, 439–447. [CrossRef]

193. Clark, M.A.; Goheen, M.M.; Fulford, A.; Prentice, A.M.; Elnagheeb, M.A.; Patel, J.; Fisher, N.; Taylor, S.M.;
Kasthuri, R.S.; Cerami, C. Host iron status and iron supplementation mediate susceptibility to erythrocytic
stage plasmodium falciparum. Nat. Commun. 2014, 5, 4446. [CrossRef]

194. Sazawal, S.; Black, R.E.; Ramsan, M.; Chwaya, H.M.; Stoltzfus, R.J.; Dutta, A.; Dhingra, U.; Kabole, I.; Deb, S.;
Othman, M.K.; et al. Effects of routine prophylactic supplementation with iron and folic acid on admission
to hospital and mortality in preschool children in a high malaria transmission setting: Community-based,
randomised, placebo-controlled trial. Lancet 2006, 367, 133–143. [CrossRef]

195. Tielsch, J.M.; Khatry, S.K.; Stoltzfus, R.J.; Katz, J.; LeClerq, S.C.; Adhikari, R.; Mullany, L.C.; Shresta, S.;
Black, R.E. Effect of routine prophylactic supplementation with iron and folic acid on preschool child
mortality in southern nepal: Community-based, cluster-randomised, placebo-controlled trial. Lancet 2006,
367, 144–152. [CrossRef]

196. Esan, M.O.; van Hensbroek, M.B.; Nkhoma, E.; Musicha, C.; White, S.A.; Ter Kuile, F.O.; Phiri, K.S. Iron
supplementation in hiv-infected Malawian children with anemia: A double-blind, randomized, controlled
trial. Clin. Infect. Dis. 2013, 57, 1626–1634. [CrossRef]

197. Veenemans, J.; Milligan, P.; Prentice, A.M.; Schouten, L.R.; Inja, N.; van der Heijden, A.C.; de Boer, L.C.;
Jansen, E.J.; Koopmans, A.E.; Enthoven, W.T.; et al. Effect of supplementation with zinc and other micronutrients
on malaria in Tanzanian children: A randomised trial. PLoS Med. 2011, 8, e1001125. [CrossRef]

198. Neuberger, A.; Okebe, J.; Yahav, D.; Paul, M. Oral iron supplements for children in malaria-endemic areas.
Cochrane Database Syst. Rev. 2016, 2, CD006589. [CrossRef]

199. Soofi, S.; Cousens, S.; Iqbal, S.P.; Akhund, T.; Khan, J.; Ahmed, I.; Zaidi, A.K.; Bhutta, Z.A. Effect of provision
of daily zinc and iron with several micronutrients on growth and morbidity among young children in
pakistan: A cluster-randomised trial. Lancet 2013, 382, 29–40. [CrossRef]

200. Gera, T.; Sachdev, H.P. Effect of iron supplementation on incidence of infectious illness in children: Systematic
review. BMJ 2002, 325, 1142. [CrossRef]

201. Chang, S.; El Arifeen, S.; Bari, S.; Wahed, M.A.; Rahman, K.M.; Rahman, M.T.; Mahmud, A.B.; Begum, N.;
Zaman, K.; Baqui, A.H.; et al. Supplementing iron and zinc: Double blind, randomized evaluation of
separate or combined delivery. Eur. J. Clin. Nutr. 2010, 64, 153–160. [CrossRef]

202. Richard, S.A.; Zavaleta, N.; Caulfield, L.E.; Black, R.E.; Witzig, R.S.; Shankar, A.H. Zinc and iron
supplementation and malaria, diarrhea, and respiratory infections in children in the peruvian amazon. Am. J.
Trop. Med. Hyg. 2006, 75, 126–132. [CrossRef]

http://dx.doi.org/10.1038/sj.ejcn.1600888
http://dx.doi.org/10.1371/journal.pone.0136106
http://dx.doi.org/10.1016/j.immuni.2018.05.008
http://dx.doi.org/10.1038/ng.3465
http://dx.doi.org/10.1016/j.coi.2009.01.011
http://dx.doi.org/10.4049/jimmunol.1800325
http://dx.doi.org/10.1016/j.chom.2013.04.010
http://dx.doi.org/10.1093/cid/cis010
http://dx.doi.org/10.1371/journal.pone.0042670
http://dx.doi.org/10.1086/422331
http://dx.doi.org/10.1038/ncomms5446
http://dx.doi.org/10.1016/S0140-6736(06)67962-2
http://dx.doi.org/10.1016/S0140-6736(06)67963-4
http://dx.doi.org/10.1093/cid/cit528
http://dx.doi.org/10.1371/journal.pmed.1001125
http://dx.doi.org/10.1002/14651858.CD006589.pub4
http://dx.doi.org/10.1016/S0140-6736(13)60437-7
http://dx.doi.org/10.1136/bmj.325.7373.1142
http://dx.doi.org/10.1038/ejcn.2009.127
http://dx.doi.org/10.4269/ajtmh.2006.75.1.0750126


Pharmaceuticals 2019, 12, 59 29 of 31

203. Zlotkin, S.; Newton, S.; Aimone, A.M.; Azindow, I.; Amenga-Etego, S.; Tchum, K.; Mahama, E.; Thorpe, K.E.;
Owusu-Agyei, S. Effect of iron fortification on malaria incidence in infants and young children in Ghana:
A randomized trial. JAMA 2013, 310, 938–947. [CrossRef]

204. Paganini, D.; Zimmermann, M.B. The effects of iron fortification and supplementation on the gut microbiome
and diarrhea in infants and children: A review. Am. J. Clin. Nutr. 2017, 106, 1688S–1693S. [CrossRef]

205. Kortman, G.A.; Raffatellu, M.; Swinkels, D.W.; Tjalsma, H. Nutritional iron turned inside out: Intestinal
stress from a gut microbial perspective. FEMS Microbiol. Rev. 2014, 38, 1202–1234. [CrossRef]

206. Wooldridge, K.G.; Williams, P.H. Iron uptake mechanisms of pathogenic bacteria. FEMS Microbiol. Rev. 1993,
12, 325–348. [CrossRef]

207. Deriu, E.; Liu, J.Z.; Pezeshki, M.; Edwards, R.A.; Ochoa, R.J.; Contreras, H.; Libby, S.J.; Fang, F.C.; Raffatellu, M.
Probiotic bacteria reduce salmonella typhimurium intestinal colonization by competing for iron. Cell Host
Microbe 2013, 14, 26–37. [CrossRef]

208. Tang, M.; Frank, D.N.; Hendricks, A.E.; Ir, D.; Esamai, F.; Liechty, E.; Hambidge, K.M.; Krebs, N.F. Iron in
micronutrient powder promotes an unfavorable gut microbiota in Kenyan infants. Nutrients 2017, 9, 776.
[CrossRef]

209. Zimmermann, M.B.; Chassard, C.; Rohner, F.; N’Goran, E.K.; Nindjin, C.; Dostal, A.; Utzinger, J.; Ghattas, H.;
Lacroix, C.; Hurrell, R.F. The effects of iron fortification on the gut microbiota in African children:
A randomized controlled trial in cote d’ivoire. Am. J. Clin. Nutr. 2010, 92, 1406–1415. [CrossRef]

210. Dostal, A.; Baumgartner, J.; Riesen, N.; Chassard, C.; Smuts, C.M.; Zimmermann, M.B.; Lacroix, C. Effects
of iron supplementation on dominant bacterial groups in the gut, faecal scfa and gut inflammation:
A randomised, placebo-controlled intervention trial in south African children. Br. J. Nutr. 2014, 112, 547–556.
[CrossRef]

211. Simonyte Sjodin, K.; Domellof, M.; Lagerqvist, C.; Hernell, O.; Lonnerdal, B.; Szymlek-Gay, E.A.; Sjodin, A.;
West, C.E.; Lind, T. Administration of ferrous sulfate drops has significant effects on the gut microbiota of
iron-sufficient infants: A randomised controlled study. Gut 2018. [CrossRef]

212. Paganini, D.; Uyoga, M.A.; Cercamondi, C.I.; Moretti, D.; Mwasi, E.; Schwab, C.; Bechtler, S.; Mutuku, F.M.;
Galetti, V.; Lacroix, C.; et al. Consumption of galacto-oligosaccharides increases iron absorption from a
micronutrient powder containing ferrous fumarate and sodium iron edta: A stable-isotope study in Kenyan
infants. Am. J. Clin. Nutr. 2017, 106, 1020–1031. [CrossRef]

213. Drakesmith, H.; Prentice, A.M. Hepcidin and the iron-infection axis. Science 2012, 338, 768–772. [CrossRef]
214. de Mast, Q.; Nadjm, B.; Reyburn, H.; Kemna, E.H.; Amos, B.; Laarakkers, C.M.; Silalye, S.; Verhoef, H.;

Sauerwein, R.W.; Swinkels, D.W.; et al. Assessment of urinary concentrations of hepcidin provides novel
insight into disturbances in iron homeostasis during malarial infection. J. Infect. Dis. 2009, 199, 253–262.
[CrossRef]

215. Howard, C.T.; McKakpo, U.S.; Quakyi, I.A.; Bosompem, K.M.; Addison, E.A.; Sun, K.; Sullivan, D.; Semba, R.D.
Relationship of hepcidin with parasitemia and anemia among patients with uncomplicated plasmodium
falciparum malaria in Ghana. Am. J. Trop. Med. Hyg. 2007, 77, 623–626. [CrossRef]

216. Armitage, A.E.; Stacey, A.R.; Giannoulatou, E.; Marshall, E.; Sturges, P.; Chatha, K.; Smith, N.M.; Huang, X.;
Xu, X.; Pasricha, S.R.; et al. Distinct patterns of hepcidin and iron regulation during hiv-1, hbv, and hcv
infections. Proc. Natl. Acad. Sci. USA 2014, 111, 12187–12192. [CrossRef]

217. Minchella, P.A.; Donkor, S.; Owolabi, O.; Sutherland, J.S.; McDermid, J.M. Complex anemia in tuberculosis:
The need to consider causes and timing when designing interventions. Clin. Infect. Dis. 2015, 60, 764–772.
[CrossRef]

218. Kerkhoff, A.D.; Meintjes, G.; Burton, R.; Vogt, M.; Wood, R.; Lawn, S.D. Relationship between blood
concentrations of hepcidin and anemia severity, mycobacterial burden, and mortality among patients with
hiv-associated tuberculosis. J. Infect. Dis. 2016, 213, 61–70. [CrossRef]

219. Darton, T.C.; Blohmke, C.J.; Giannoulatou, E.; Waddington, C.S.; Jones, C.; Sturges, P.; Webster, C.;
Drakesmith, H.; Pollard, A.J.; Armitage, A.E. Rapidly escalating hepcidin and associated serum iron
starvation are features of the acute response to typhoid infection in humans. PLoS Negl. Trop. Dis. 2015, 9,
e0004029. [CrossRef]

220. Portugal, S.; Carret, C.; Recker, M.; Armitage, A.E.; Goncalves, L.A.; Epiphanio, S.; Sullivan, D.; Roy, C.;
Newbold, C.I.; Drakesmith, H.; et al. Host-mediated regulation of superinfection in malaria. Nat. Med. 2011,
17, 732–737. [CrossRef]

http://dx.doi.org/10.1001/jama.2013.277129
http://dx.doi.org/10.3945/ajcn.117.156067
http://dx.doi.org/10.1111/1574-6976.12086
http://dx.doi.org/10.1111/j.1574-6976.1993.tb00026.x
http://dx.doi.org/10.1016/j.chom.2013.06.007
http://dx.doi.org/10.3390/nu9070776
http://dx.doi.org/10.3945/ajcn.110.004564
http://dx.doi.org/10.1017/S0007114514001160
http://dx.doi.org/10.1136/gutjnl-2018-316988
http://dx.doi.org/10.3945/ajcn.116.145060
http://dx.doi.org/10.1126/science.1224577
http://dx.doi.org/10.1086/595790
http://dx.doi.org/10.4269/ajtmh.2007.77.623
http://dx.doi.org/10.1073/pnas.1402351111
http://dx.doi.org/10.1093/cid/ciu945
http://dx.doi.org/10.1093/infdis/jiv364
http://dx.doi.org/10.1371/journal.pntd.0004029
http://dx.doi.org/10.1038/nm.2368


Pharmaceuticals 2019, 12, 59 30 of 31

221. Kim, D.K.; Jeong, J.H.; Lee, J.M.; Kim, K.S.; Park, S.H.; Kim, Y.D.; Koh, M.; Shin, M.; Jung, Y.S.; Kim, H.S.;
et al. Inverse agonist of estrogen-related receptor gamma controls salmonella typhimurium infection by
modulating host iron homeostasis. Nat. Med. 2014, 20, 419–424. [CrossRef]

222. Lim, D.; Kim, K.S.; Jeong, J.H.; Marques, O.; Kim, H.J.; Song, M.; Lee, T.H.; Kim, J.I.; Choi, H.S.; Min, J.J.; et al.
The hepcidin-ferroportin axis controls the iron content of salmonella-containing vacuoles in macrophages.
Nat. Commun. 2018, 9, 2091. [CrossRef]

223. Cross, J.H.; Bradbury, R.S.; Fulford, A.J.; Jallow, A.T.; Wegmuller, R.; Prentice, A.M.; Cerami, C. Oral iron
acutely elevates bacterial growth in human serum. Sci. Rep. 2015, 5, 16670. [CrossRef]

224. Stoffel, N.U.; Lazrak, M.; Bellitir, S.; El Mir, N.; El Hamdouchi, A.; Barkat, A.; Zeder, C.; Moretti, D.;
Aguenaou, H.; Zimmermann, M.B. The opposing effects of acute inflammation and iron deficiency anemia
on serum hepcidin and iron absorption in young women. Haematologica 2019. [CrossRef]

225. Cercamondi, C.I.; Egli, I.M.; Ahouandjinou, E.; Dossa, R.; Zeder, C.; Salami, L.; Tjalsma, H.; Wiegerinck, E.;
Tanno, T.; Hurrell, R.F.; et al. Afebrile plasmodium falciparum parasitemia decreases absorption of fortification
iron but does not affect systemic iron utilization: A double stable-isotope study in young beninese women.
Am. J. Clin. Nutr. 2010, 92, 1385–1392. [CrossRef]

226. Glinz, D.; Hurrell, R.F.; Righetti, A.A.; Zeder, C.; Adiossan, L.G.; Tjalsma, H.; Utzinger, J.; Zimmermann, M.B.;
N’Goran, E.K.; Wegmuller, R. In ivorian school-age children, infection with hookworm does not reduce
dietary iron absorption or systemic iron utilization, whereas afebrile plasmodium falciparum infection
reduces iron absorption by half. Am. J. Clin. Nutr. 2015, 101, 462–470. [CrossRef]

227. Muriuki, J.M.; Atkinson, S.H. How eliminating malaria may also prevent iron deficiency in African children.
Pharmaceuticals 2018, 11, 96. [CrossRef]

228. Pasricha, S.R.; Gheorghe, A.; Ashour, F.; Arcot, A.; Murray-Kolb, L.E.; Suchdev, P.; Bode, M. Risk-benefit and
cost-effectiveness of universal iron interventions for public health control of anemia in young children in 78
countries: A microsimulation study. Blood 2018, 132, 2276.

229. Pasricha, S.R.; Drakesmith, H.; Black, J.; Hipgrave, D.; Biggs, B.A. Control of iron deficiency anemia in low-
and middle-income countries. Blood 2013, 121, 2607–2617. [CrossRef]

230. Teshome, E.M.; Andang’o, P.E.A.; Osoti, V.; Terwel, S.R.; Otieno, W.; Demir, A.Y.; Prentice, A.M.; Verhoef, H.
Daily home fortification with iron as ferrous fumarate versus nafeedta: A randomised, placebo-controlled,
non-inferiority trial in Kenyan children. BMC Med. 2017, 15, 89. [CrossRef]

231. Verhoef, H.; Teshome, E.; Prentice, A.M. Micronutrient powders to combat anaemia in young children:
Do they work? BMC Med. 2018, 16, 7. [CrossRef]

232. Gera, T.; Sachdev, H.S.; Boy, E. Effect of iron-fortified foods on hematologic and biological outcomes:
Systematic review of randomized controlled trials. Am. J. Clin. Nutr. 2012, 96, 309–324. [CrossRef]

233. Garcia-Casal, M.N.; Pena-Rosas, J.P.; De-Regil, L.M.; Gwirtz, J.A.; Pasricha, S.R. Fortification of maize flour
with iron for controlling anaemia and iron deficiency in populations. Cochrane Database Syst. Rev. 2018, 12,
CD010187. [CrossRef]

234. Engle-Stone, R.; Nankap, M.; Ndjebayi, A.O.; Allen, L.H.; Shahab-Ferdows, S.; Hampel, D.; Killilea, D.W.;
Gimou, M.M.; Houghton, L.A.; Friedman, A.; et al. Iron, zinc, folate, and vitamin b-12 status increased
among women and children in yaounde and douala, cameroon, 1 year after introducing fortified wheat flour.
J. Nutr. 2017, 147, 1426–1436. [CrossRef]

235. Suchdev, P.S.; Ruth, L.J.; Woodruff, B.A.; Mbakaya, C.; Mandava, U.; Flores-Ayala, R.; Jefferds, M.E.; Quick, R.
Selling sprinkles micronutrient powder reduces anemia, iron deficiency, and vitamin a deficiency in young
children in Western Kenya: A cluster-randomized controlled trial. Am. J. Clin. Nutr. 2012, 95, 1223–1230.
[CrossRef]

236. Lynch, S.R. Why nutritional iron deficiency persists as a worldwide problem. J. Nutr. 2011, 141, 763S–768S.
[CrossRef]

237. Nielsen, O.H.; Coskun, M.; Weiss, G. Iron replacement therapy: Do we need new guidelines? Curr. Opin.
Gastroenterol. 2016, 32, 128–135. [CrossRef]

238. Glinz, D.; Kamiyango, M.; Phiri, K.S.; Munthali, F.; Zeder, C.; Zimmermann, M.B.; Hurrell, R.F.; Wegmuller, R.
The effect of timing of iron supplementation on iron absorption and haemoglobin in post-malaria anaemia:
A longitudinal stable isotope study in Malawian toddlers. Malar. J. 2014, 13, 397. [CrossRef]

http://dx.doi.org/10.1038/nm.3483
http://dx.doi.org/10.1038/s41467-018-04446-8
http://dx.doi.org/10.1038/srep16670
http://dx.doi.org/10.3324/haematol.2018.208645
http://dx.doi.org/10.3945/ajcn.2010.30051
http://dx.doi.org/10.3945/ajcn.114.090175
http://dx.doi.org/10.3390/ph11040096
http://dx.doi.org/10.1182/blood-2012-09-453522
http://dx.doi.org/10.1186/s12916-017-0839-z
http://dx.doi.org/10.1186/s12916-017-0998-y
http://dx.doi.org/10.3945/ajcn.111.031500
http://dx.doi.org/10.1002/14651858.CD010187.pub2
http://dx.doi.org/10.3945/jn.116.245076
http://dx.doi.org/10.3945/ajcn.111.030072
http://dx.doi.org/10.3945/jn.110.130609
http://dx.doi.org/10.1097/MOG.0000000000000247
http://dx.doi.org/10.1186/1475-2875-13-397


Pharmaceuticals 2019, 12, 59 31 of 31

239. Frosch, A.E.; Ondigo, B.N.; Ayodo, G.A.; Vulule, J.M.; John, C.C.; Cusick, S.E. Decline in childhood iron
deficiency after interruption of malaria transmission in Highland Kenya. Am. J. Clin. Nutr. 2014, 100,
968–973. [CrossRef]

240. WHO. Iron Deficiency Anaemia: Assessment, Prevention, and Control. A Guide for Programme Managers; World
Health Organisation: Geneva, Switzerland, 2001.

241. WHO. Nutritional Anaemias: Tools for Effective Prevention and Control; World Health Organisation: Geneva,
Switzerland, 2017.

242. Stoffel, N.U.; Cercamondi, C.I.; Brittenham, G.; Zeder, C.; Geurts-Moespot, A.J.; Swinkels, D.W.; Moretti, D.;
Zimmermann, M.B. Iron absorption from oral iron supplements given on consecutive versus alternate days
and as single morning doses versus twice-daily split dosing in iron-depleted women: Two open-label,
randomised controlled trials. Lancet Haematol. 2017, 4, e524–e533. [CrossRef]

243. Camaschella, C. Iron deficiency. Blood 2019, 133, 30–39. [CrossRef]
244. Cable, R.G.; Brambilla, D.; Glynn, S.A.; Kleinman, S.; Mast, A.E.; Spencer, B.R.; Stone, M.; Kiss, J.E.; National

Heart, L.; Blood Institute Recipient, E.; et al. Effect of iron supplementation on iron stores and total body iron
after whole blood donation. Transfusion 2016, 56, 2005–2012. [CrossRef]

245. Rimon, E.; Kagansky, N.; Kagansky, M.; Mechnick, L.; Mashiah, T.; Namir, M.; Levy, S. Are we giving too
much iron? Low-dose iron therapy is effective in octogenarians. Am. J. Med. 2005, 118, 1142–1147. [CrossRef]

246. Troesch, B.; Egli, I.; Zeder, C.; Hurrell, R.F.; de Pee, S.; Zimmermann, M.B. Optimization of a
phytase-containing micronutrient powder with low amounts of highly bioavailable iron for in-home
fortification of complementary foods. Am. J. Clin. Nutr. 2009, 89, 539–544. [CrossRef]

247. Hackl, L.S.; Abizari, A.D.; Speich, C.; Zungbey-Garti, H.; Cercamondi, C.I.; Zeder, C.; Zimmermann, M.B.;
Moretti, D. Micronutrient-fortified rice can be a significant source of dietary bioavailable iron in schoolchildren
from rural Ghana. Sci. Adv. 2019, 5, eaau0790. [CrossRef]

248. Wijaya-Erhardt, M.; Muslimatun, S.; Erhardt, J.G. Fermented soyabean and vitamin c-rich fruit: A possibility
to circumvent the further decrease of iron status among iron-deficient pregnant women in Indonesia.
Public Health Nutr. 2011, 14, 2185–2196. [CrossRef]

249. Mwangi, M.N.; Roth, J.M.; Smit, M.R.; Trijsburg, L.; Mwangi, A.M.; Demir, A.Y.; Wielders, J.P.; Mens, P.F.;
Verweij, J.J.; Cox, S.E.; et al. Effect of daily antenatal iron supplementation on plasmodium infection in
Kenyan women: A randomized clinical trial. JAMA 2015, 314, 1009–1020. [CrossRef]

250. Pena-Rosas, J.P.; De-Regil, L.M.; Garcia-Casal, M.N.; Dowswell, T. Daily oral iron supplementation during
pregnancy. Cochrane Database Syst. Rev. 2015, CD004736. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3945/ajcn.114.087114
http://dx.doi.org/10.1016/S2352-3026(17)30182-5
http://dx.doi.org/10.1182/blood-2018-05-815944
http://dx.doi.org/10.1111/trf.13659
http://dx.doi.org/10.1016/j.amjmed.2005.01.065
http://dx.doi.org/10.3945/ajcn.2008.27026
http://dx.doi.org/10.1126/sciadv.aau0790
http://dx.doi.org/10.1017/S1368980011000954
http://dx.doi.org/10.1001/jama.2015.9496
http://dx.doi.org/10.1002/14651858.CD004736.pub5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Regulation of Iron Status during Early Childhood 
	Iron Demand in Early Childhood 
	Iron Supply in Early Childhood 
	The Maternal Iron Endowment 
	Dietary Iron: Differences between High- and Low-Income Settings 

	Molecular Control of Iron Handling 
	The Hepcidin–Ferroportin Interaction 
	Hepcidin Regulation by Iron 
	Hepcidin Regulation during Inflammation 
	Hepcidin Suppression during Erythropoietic Demand 

	Regulation of Hepcidin and Iron Status in Infancy and Early Childhood 
	Classification of Iron Deficiency 
	Ferritin and Iron Stores 
	Markers of Iron-Restricted Erythropoiesis 
	Serum Iron and Transferrin Saturation 
	Hepcidin 


	The Importance of Iron Status for Different Physiological Systems in Early Childhood 
	Iron and Oxygen Delivery 
	Erythropoiesis in Early Childhood 
	Molecular Interplay between Iron Handling and Erythropoiesis 
	The Burden of Anaemia in LMIC Children 

	Iron and Neurological Development 
	Roles for Iron in Brain Development 
	Iron Interventions and Cognitive Outcomes 

	Iron and Growth 
	Iron and Immunity 
	Iron and Immune Ontogeny 
	Iron and Innate Immune Responses 
	Iron and the Adaptive Immune Response 

	Iron and Infection 
	Iron Status and Malaria Risk 
	Iron and the Microbiome 
	Iron and the Hepcidin Response to Infection/Inflammation 
	Infection and Inflammation, and Iron Utilisation 


	Interventional Strategies: How and Should Iron Status Be “Improved”? 
	Risk-Benefit Assessments 
	Optimisation of Iron Intervention Strategies 
	Maternal Iron-Based Interventions 

	Concluding Remarks 
	References

