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Abstract: Malaria and iron deficiency are common among children living in sub-Saharan Africa.
Several studies have linked a child’s iron status to their future risk of malaria infection; however,
few have examined whether malaria might be a cause of iron deficiency. Approximately a quarter
of African children at any one time are infected by malaria and malaria increases hepcidin and
tumor necrosis factor-oc concentrations leading to poor iron absorption and recycling. In support
of a hypothetical link between malaria and iron deficiency, studies indicate that the prevalence of
iron deficiency in children increases over a malaria season and decreases when malaria transmission
is interrupted. The link between malaria and iron deficiency can be tested through the use of
observational studies, randomized controlled trials and genetic epidemiology studies, each of
which has its own strengths and limitations. Confirming the existence of a causal link between
malaria infection and iron deficiency would readjust priorities for programs to prevent and treat iron
deficiency and would demonstrate a further benefit of malaria control.
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1. Introduction

Malaria and iron deficiency are important public health problems especially in developing
countries [1,2]. In 2016, malaria caused an estimated 216 million cases of sickness and 445,000 deaths
(91% in sub-Saharan Africa) [2]. Among African children under the age of five years, malaria caused
an estimated 292,000 deaths in 2015 [3]. The disease has remained persistent and widespread across
sub-Saharan Africa (SSA), affecting 24% of the population at any one time [4]. Similarly, iron deficiency
is common in SSA, where it affects more than half of children [5,6]. Iron deficiency is associated with
poor child growth including impaired brain development and long-term impairment of behavioral
and cognitive performance [7-9]. Furthermore, iron deficiency is the main cause of anemia and iron
deficiency anemia (IDA) is the leading cause of years lived with disability in children [1].

Iron supplements are inexpensive and widely used for the prevention and treatment of iron
deficiency in African children. However, there are long-standing concerns regarding the safety of iron
supplementation [10,11]. A large trial in Pemba, Tanzania reported an increased risk of malaria-related
events among the group supplemented with iron [12] and other trials have reported inconsistent
findings [13-16]. In 2016, a Cochrane review reported that iron supplementation was not associated
with an increased risk of clinical malaria when malaria prevention and management services were
provided [17]. Thus, the World Health Organization (WHO) updated its recommendations for iron
supplements and micronutrient powders in malaria endemic areas to include supplementation when
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the prevalence of anemia is 40% or higher in conjunction with malaria control and management
practices [18]. However, questions remain regarding how adequate malaria control and prevention
measures need to be before iron supplementation is deemed safe in resource-limited settings [3].
Moreover, prospective cohort studies have indicated that iron replete children may be at increased
risk from malaria infection [19-23]. In addition to the risk of malaria, iron supplements/fortification
may not be absorbed in children with malaria and hence would be ineffective [24] and have also been
associated with pathogenic gut microbiota and bacterial infection [25]. New strategies are therefore
needed to prevent and treat iron deficiency. In this paper we outline the hypothesis that malaria could
contribute to the burden of iron deficiency in children living in SSA.

2. The Malaria Iron Deficiency Hypothesis

We hypothesize that malaria may be causally linked to iron deficiency in African children by
increasing concentrations of the iron hormone hepcidin, as well as increasing inflammatory cytokines,
such as tumor necrosis factor-a (TNF-«). In SSA, up to 50% of children may be asymptomatically
infected with malaria and 24% have febrile malaria at any one time [4,26]. Asymptomatic individuals
carry malaria parasites but are unlikely to seek medical attention and there may be delays in the
treatment of febrile malaria and other illnesses in resource-limited settings. Many children are therefore
likely to have chronically up-regulated hepcidin, and inflammatory cytokines such as TNF-o, which in
turn block the absorption and recycling of iron. Indeed a study in Ivorian children showed that iron
absorption was halved in children with afebrile malaria and increased when malaria infection was
treated [24].

The iron hormone hepcidin may link malaria with iron deficiency. Both clinical and asymptomatic
malaria infections increase hepcidin concentrations. Clinical episodes of Plasmodium falciparum malaria
are associated with markedly increased hepcidin concentrations in African children [27-31]. Similarly,
even asymptomatic P. falciparum is associated with a doubling of hepcidin concentrations [31,32].
Treatment of malaria significantly reduces hepcidin concentrations [28,32,33]. Furthermore, the
up-regulatory effects of malaria on hepcidin concentrations appear to occur both in the presence
and absence of inflammation suggesting that malaria may further increase hepcidin independently
of inflammation [31]. The mechanisms through which malaria up-regulates hepcidin production are
not fully elucidated, but may include the bone morphogenetic protein (BMP)/sons of mothers against
decapentaplegic (SMAD) pathways [34].

Increased hepcidin concentrations due to frequent and chronic malaria parasitemia in children
with iron-poor diets may lead to iron deficiency. Hepcidin prevents iron absorption and recycling
by inhibiting the activity of ferroportin [35], the sole known iron exporter which is abundant in
macrophages [36,37], enterocytes and hepatocytes [36,38,39], as well as erythrocytes [40]. Hepcidin also
degrades and inhibits the transcription of divalent metal transporter 1 (DMT1), thus blocking iron
absorption through the duodenal enterocytes [41,42]. Furthermore, hepcidin blocks iron export from
red blood cells (RBCs) leading to accumulation of iron, oxidative stress and hemolysis [40]. This may
explain why both infected and uninfected RBCs burst during malaria infection leading to anemia (and
probably further spread of the malaria parasites). Figure 1 illustrates how malaria-induced hepcidin
might contribute to iron deficiency.

Malaria may also cause iron deficiency through increasing inflammatory cytokines such
as tumor necrosis factor-oc (TNF-). Uncomplicated and asymptomatic malaria significantly
raise TNF-a concentrations [43,44]. TNF-« blocks iron recycling from macrophages and inhibits
erythropoiesis [45,46]. In addition, TNF-«, independently of hepcidin, blocks intestinal iron absorption
by reducing DMT1 expression [47], increasing deposition of iron into ferritin and degrading
ferroportin [48]. In a cohort of Gambian children, the TNF_3p3 AA genotype (which is associated
with higher TNF-« transcription compared with TNF_3p3 AG and TNF_3p3 GG genotypes [49,50])
was strongly associated with increased risk of iron deficiency and IDA [51]. Interestingly, this
effect was observed at the end of a malaria season when the prevalence of clinical malaria was
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highest [51]. Furthermore, zinc protoporphyrin concentrations were significantly raised in the TNF_3(g
AA genotype indicating dyserythropoiesis [51].
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Figure 1. The malaria—iron deficiency hypothesis. (A) In healthy children without malaria (A1),
concentrations of hepcidin and TNF-« are low (A2) leading to increased absorption of iron through
enterocytes (A3), reduced hemolysis of RBCs and increased recycling of iron recovered from senescent
RBCs by macrophages (A4). More iron is thus available for the production of new RBCs (A5). (B) On
the other hand, during malaria infection, blood-stage malaria parasites (B1) elicit increased production
of hepcidin and TNF-« (B2), which, in turn, block absorption of iron through DMT1 and ferroportin
(FPN) on enterocytes (B3). Hepcidin also degrades ferroportin on both infected and uninfected RBCs
leading to accumulation of intracellular iron, oxidative stress, and consequently hemolysis. Hemolyzed
RBCs are taken up by the macrophage (B4). Hepcidin and TNF-« inhibit recycling of iron recovered
from hemolyzed RBCs back into the circulation leading to deficiency of the amount of biologically
available iron. Consequently, little iron is available to produce new RBCs by the bone marrow leading
to iron deficiency anemia (B5). Tf, transferrin.

Several studies support the hypothesis that malaria causes iron deficiency. A study in Kenyan and
Gambian children observed that the prevalence of iron deficiency and IDA was markedly higher at the
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end of a malaria season compared to the start [52]. Interruption of malaria transmission in the Kenyan
highlands with antimalarials and indoor residual spraying reduced the prevalence of iron deficiency
from 36% to 25% and more than halved the prevalence of IDA (from 27% to 12%) [53]. However, the
observational nature of these studies does not necessarily imply a causal relationship. Additionally, a
meta-analysis of intermittent preventive treatment (IPT) of malaria reported a 29% reduction of anemia
in children following treatment [54]. Moreover, in Ivorian children, treatment of asymptomatic malaria
significantly reduced hepcidin concentrations and inflammation and doubled iron absorption [24].

A key difficulty is distinguishing between uncomplicated IDA and the anemia of inflammation
(AI) among children living in sub-Saharan Africa where malaria and other infections are highly
prevalent. This challenge can be addressed by measuring a wide range of iron markers [55] including
hepcidin [56]. Hepcidin was demonstrated to be significantly lower in children with IDA compared
to those with AI [56]. Other markers of iron status that can be used to discriminate IDA and Al
include soluble transferrin receptors (sTfR) and total iron binding capacity (TIBC), which are elevated
during IDA compared to Al, or serum ferritin, which is normally decreased during IDA and increased
during Al [55]. However, the effects of inflammation or infection on iron status may obscure the true
prevalence of IDA in African children [57].

3. Testing the Hypothesis

How can the hypothesis be tested? Below, we look at potential study designs as well as their
strengths and limitations.

3.1. Observational Studies

Longitudinal cohort studies following up malaria exposed and unexposed children for iron status
would allow investigation of whether malaria causes iron deficiency. However, since individuals in
malaria endemic areas are likely to be exposed to malaria repeatedly and in varying degrees over
time [4], it would be difficult to group them as exposed or unexposed with certainty. Individuals who
are continuously exposed to malaria develop partial immunity to malaria and may be misclassified as
unexposed [58]. Moreover, it is difficult to specifically determine the degree of malaria exposure [59,60].
Another challenge is the fact that host iron status may also influence malaria risk making reverse
causality a possibility [19-21]. Pragmatic cohort studies would involve comparing iron deficiency
during the course of malaria seasons although many other factors may influence iron status during
that period [52]. For example, the nutritional status of children may improve during harvest seasons,
which may coincide with rainy seasons (or peak malaria transmission) thereby confounding a possible
effect of malaria on iron status.

Another approach would be to spatially and temporally map-out the distribution of malaria and
iron deficiency. If malaria causes iron deficiency, then areas or periods of high malaria transmission
would also be associated with higher prevalence of iron deficiency. Carefully gathered and mapped
epidemiological data of malaria in Africa, both in space and time, are available [4,61]. Likewise, a
number of iron deficiency studies have been conducted in African children over the years although
not mapped. However, this approach is limited by the fact that some markers of iron especially
ferritin and soluble transferrin receptors (which are commonly measured), are raised during malaria
infection [62-64]. Thus, malaria may obscure the true picture of iron deficiency so that children in
malaria regions may appear more iron replete. Social economic status may further confound the
geographical distribution of malaria and iron deficiency since both are more likely to occur in the
poorest communities.

3.2. Randomized Controlled Trials

Randomized controlled trials (RCTs) remain the gold standard study designs for investigating a
causal relationship. Individuals could be randomized to receive interventions known to be effective
against malaria such as antimalarials and insecticide-treated bed nets and then iron status could be
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assessed after a period of time. For example, children could be randomized to receive intermittent
preventive treatment (IPT) of malaria followed by assessment of iron status. A few previous trials
have reported a non-significant improvement in concentrations of ferritin [13,65] and a decrease in
sTfR [14] following IPT. However, both ferritin and sTfR are raised during malaria infection [62-64]
making interpretation of iron status difficult and thus they may not be the best indicators of the effect
of IPT on iron status. Transferrin saturation may be a good indicator of improved iron absorption
while reduced ZPP concentrations may indicate improved erythrocyte iron incorporation. However, it
may be difficult to justify large trials randomizing children to either malaria prevention/treatment
or none.

3.3. Mendelian Randomization Studies

Another approach is Mendelian randomization (MR) which utilizes genetic variants as proxies for
modifiable environmental exposures (or instrumental variables) to infer a causal relationship between
an exposure and an outcome [66]. This study design provides an alternative to RCTs since genetic
variants are unlikely to be confounded by environmental factors and reverse causality is eliminated
as genetic variants are allocated at conception [67]. MR also reflects a life-time of exposure, which is
important since age is a critical determinant of infectious risk. This approach has been successfully
employed in other disease processes and has helped to explain previous controversies [68-70].

Similarly, MR can be utilized to study whether malaria causes iron deficiency. There are known
genetic polymorphisms that are associated with resistance to malaria. For example, sickle cell trait
which results from inheritance of one abnormal allele of the beta-globin gene is associated with 50%
protection against uncomplicated clinical malaria and 86% protection against severe malaria [71].
Alpha- and beta-thalassemias, glucose-6-phosphodehydrogenase (G6PD), ABO blood group, and
glycophorins are additional genes known to be associated with resistance to severe malaria [72].
If malaria causes iron deficiency, then polymorphisms that protect from malaria would also be
associated with reduced risk of iron deficiency. However, the polymorphisms should only influence
iron status through malaria, thus the effect of the polymorphism(s) on iron status should only be
observed in populations at risk of malaria but not in malaria-free populations (i.e., there should be
no pleiotropy or independent effect of the polymorphisms on iron status). Additionally, each of the
protective polymorphisms should influence iron deficiency in the same direction [73,74]. Figure 2
illustrates the conceptual MR causal diagram for malaria and iron deficiency.

Potential confounders
(Example, nutritional status,
- age, sex, other infections)

Instrumental variable (i) Exposure Outcome

(Genetic variant) ) (Malaria) ) (Iron deficiency)
S~ I 4

~ -~
~ -
~ -
~ -
\\ ”
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Figure 2. Conceptual MR causal inference framework. (i) Genetic variants reliably associated with
malaria are required, for example, the sickle cell trait. (ii) The genetic variant should not be associated
with any measured potential confounders. (iii) The genetic variant should influence iron deficiency
only in populations at risk of malaria. Adapted from Sheehan et al. [75].
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4. Implications of the Hypothesis

Since individuals in malaria-endemic regions are likely to have chronically up-regulated hepcidin
concentrations, the current efforts of iron supplementation in these populations may not address the
problem of iron deficiency. Raised hepcidin levels in malaria-infected individuals would not only
block iron absorption [24] but also utilization [76-78]. A systematic review of randomized controlled
trials evaluating the effect of iron supplementation on hemoglobin/anemia in children reported
limited gains in malarial hyperendemic areas [76]. Furthermore, unabsorbed iron due to malaria
infection may disturb gut microbiota leading to gastrointestinal disorders [79-81]. In the largest iron
supplementation trial in Pemba, Tanzania, increased risk of adverse events were reported among
children in the supplemented arm [12]. Thus, the effectiveness and safety of iron supplementation or
fortification in malaria-endemic regions has remained questionable.

If, indeed, malaria causes iron deficiency, then strategies aimed at malaria elimination may also
address iron deficiency. Causality in the malaria-iron deficiency relationship could be tested using
randomized trials of interventions that protect against malaria, such as IPT trials, or by Mendelian
randomization studies where randomization would be by genetic variants that protect from malaria,
such as the sickle cell trait. Advantages of Mendelian randomization are that genes confer life-long
protection against malaria and that it may be unethical to randomize children to not receive an
intervention of proven efficacy. Furthermore, our hypothetical concept could also be extended to
other causes of chronic infection, which may contribute to the burden of iron deficiency through
inflammation-induced up-regulation of hepcidin. Confirmation of a role of malaria and other infections
in causing iron deficiency could lead to a readjustment of priorities for public health programs to
prevent and treat iron deficiency in sub-Saharan Africa. Thus, we recommend further studies to test
the malaria-iron deficiency hypothesis and suggest that control of malaria and other infections could
be utilized as an additional strategy to improve the iron status of children living in Africa.

Author Contributions: Writing—original draft preparation: ].M.M. and S.H.A.; writing—review and editing:
JM.M. and S.H.A ; funding acquisition: S.H.A.

Funding: This research was funded by the Wellcome Trust grant number 110255/Z/15/Z to SHA, and also by the
DELTAS Africa Initiative [DEL-15-003]. The DELTAS Africa Initiative is an independent funding scheme of the
Alliance for Accelerating Excellence in Science in Africa (AESA) under the African Academy of Sciences (AAS)
and is supported by the New Partnership for Africa’s Development Planning and Coordinating Agency (NEPAD
Agency) with funding from the Wellcome Trust [107769/7/10/Z] and the UK government.

Acknowledgments: We thank Thomas N. Williams and Alison M. Elliott for providing insightful comments on
the manuscript. This study is published with permission from the Director of KEMRI.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1. Kyu, H.H.; Pinho, C.; Wagner, J.A.; Brown, ].C.; Bertozzi-Villa, A.; Charlson, EJ.; Coffeng, L.E.; Dandona, L.;
Erskine, H.E.; Ferrari, A J.; et al. Global and National Burden of Diseases and Injuries Among Children and
Adolescents Between 1990 and 2013. JAMA Pediatr. 2016, 170, 267. [CrossRef] [PubMed]

2. World Health Organization. World Malaria Report 2017; World Health Organization: Geneva, Switzerland,
2017; ISBN 9789241565523.

3. World Health Organization. World Malaria Report 2015; World Health Organization: Geneva, Switzerland,
2015; ISBN 978 92 4 1564403.

4. Snow, RW,; Sartorius, B.; Kyalo, D.; Maina, ].; Amratia, P.; Mundia, C.W.; Bejon, P.; Noor, A.M. The Prevalence
of Plasmodium Falciparum in Sub-Saharan Africa Since 1900. Nature 2017, 550, 515-518. [CrossRef] [PubMed]

5. Kassebaum, N.J.; Jasrasaria, R.; Naghavi, M.; Wulf, S.K,; Johns, N.; Lozano, R.; Regan, M.; Weatherall, D.;
Chou, D.P; Eisele, T.P; et al. A Systematic Analysis of Global Anemia Burden from 1990 to 2010. Blood ].
2014, 123, 615-625. [CrossRef] [PubMed]


http://dx.doi.org/10.1001/jamapediatrics.2015.4276
http://www.ncbi.nlm.nih.gov/pubmed/26810619
http://dx.doi.org/10.1038/nature24059
http://www.ncbi.nlm.nih.gov/pubmed/29019978
http://dx.doi.org/10.1182/blood-2013-06-508325
http://www.ncbi.nlm.nih.gov/pubmed/24297872

Pharmaceuticals 2018, 11, 96 7 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Mwangi, M.N.; Phiri, K.S.; Abkari, A.; Gban, M.; Bourdet-sicard, R.; Braesco, A.; Zimmermann, M.B.;
Prentice, A.M. Iron for Africa—Report of an Expert Workshop. Nutrients 2017, 9, 576. [CrossRef] [PubMed]
Doom, J.R.; Georgieff, M. K. Striking While the Iron is Hot: Understanding the Biological and
Neurodevelopmental Effects of Iron Deficiency to Optimize Intervention in Early Childhood.
Curr. Pediatr. Rep. 2014, 2, 291-298. [CrossRef] [PubMed]

Lozoff, B. Early Iron Deficiency Has Brain and Behavior Effects Consistent with Dopaminergic Dysfunction.
J. Nutr. 2011, 141, 740-746. [CrossRef] [PubMed]

Beard, J. Recent Evidence from Human and Animal Studies Regarding Iron Status and Infant Development.
J. Nutr. 2007, 137, 5245-530S. [CrossRef] [PubMed]

Suchdev, P; Leeds, I.; McFarland, D.; Flores, R. Is It Time to Change Guidelines for Iron Supplementation in
Malarial Areas? J. Nutr. 2010, 140, 875-876. [CrossRef] [PubMed]

Brittenham, G.M. Safety of Iron Fortification and Supplementation in Malaria-Endemic Areas. Nestle Nutr.
Inst. Work. Ser. 2012, 70, 117-127. [CrossRef]

Sazawal, S.; Black, R.; Ramsan, M.; Chwaya, H.; Stoltzfus, R.; Dutta, A.; Dhingra, U.; Kabole, I.; Deb, S.;
Othman, M.; et al. Effect 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]

Verhoef, H.; West, C.E.; Nzyuko, S.M.; de Vogel, S.; van der Valk, R.; Wanga, M.A ; Kuijsten, A.; Veenemans, J.;
Kok, FJ. Intermittent Administration of Iron and Sulfadoxine-Pyrimethamine to Control Anaemia in Kenyan
Children: A Randomised Controlled Trial. Lancet 2002, 360, 908-914. [CrossRef]

Desai, M.R.; Mei, ].V,; Kariuki, S.K.; Wannemuehler, K.A.; Phillips-Howard, P.A.; Nahlen, B.L.; Kager, P.A.;
Vulule, ].M.; ter Kuile, FO. Randomized, Controlled Trial of Daily Iron Supplementation and Intermittent
Sulfadoxine-Pyrimethamine for the Treatment of Mild Childhood Anemia in Western Kenya. J. Infect. Dis.
2003, 187, 658-666. [CrossRef] [PubMed]

Ouédraogo, H.Z.; Dramaix-Wilmet, M.; Zeba, A.N.; Hennart, P.; Donnen, P. Effect of Iron or Multiple
Micronutrient Supplements on the Prevalence of Anaemia Among Anaemic Young Children of a
Malaria-Endemic Area: A Randomized Double-Blind Trial. Trop. Med. Int. Health 2008, 13, 1257-1266.
[CrossRef] [PubMed]

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] [PubMed]

Neuberger, A.; Okebe, J.; Yahav, D.; Paul, M. Oral Iron Supplements for Children in Malaria-Endemic Areas.
Cochrane Database Syst. Rev. 2016. [CrossRef] [PubMed]

World Health Organization. Guideline: Daily Iron Supplementation in Infants and Children; World Health
Organization: Geneva, Switzerland, 2016.

Nyakeriga, A.M.; Troye-blomberg, 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] [PubMed]
Gwamaka, M.; Kurtis, ].D.; Sorensen, B.E.; Holte, S.; Morrison, R.; Mutabingwa, T.K.; Fried, M.; Duffy, PE.
Iron Deficiency Protects Against Severe Plasmodium Falciparum Malaria and Death in Young Children.
Clin. Infect. Dis. 2012, 54, 1137-1144. [CrossRef] [PubMed]

Jonker, EA.M.; Calis, J.C.].; van Hensbroek, M.B.; Phiri, K.; Geskus, R.B.; Brabin, B.].; Leenstra, T. Iron Status
Predicts Malaria Risk in Malawian Preschool Children. PLoS ONE 2012, 7, 1-8. [CrossRef] [PubMed]
Moya-Alvarez, V.; Cottrell, G.; Ouedraogo, S.; Accrombessi, M.; Massougbodgi, A.; Cot, M. High Iron Levels
Are Associated with Increased Malaria Risk in Infants during the First Year of Life in Benin. Am. J. Trop.
Med. Hyg. 2017, 97, 497-503. [CrossRef] [PubMed]

Muriuki, ].M.; Mentzer, A J.; Kimita, W.; Ndungu, EM.; 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] [PubMed]

Glinz, D.; Hurrell, R E; Righetti, A.A.; Zeder, C.; Adiossan, L.G.; Tjalsma, H.; Utzinger, J.; Zimmermann, M.B.;
N’Goran, E.K.; Wegmiiller, 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. |. Clin. Nutr. 2015, 101, 462—-470. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/nu9060576
http://www.ncbi.nlm.nih.gov/pubmed/28587263
http://dx.doi.org/10.1007/s40124-014-0058-4
http://www.ncbi.nlm.nih.gov/pubmed/25512881
http://dx.doi.org/10.3945/jn.110.131169
http://www.ncbi.nlm.nih.gov/pubmed/21346104
http://dx.doi.org/10.1093/jn/137.2.524S
http://www.ncbi.nlm.nih.gov/pubmed/17237340
http://dx.doi.org/10.3945/jn.109.118638
http://www.ncbi.nlm.nih.gov/pubmed/20147465
http://dx.doi.org/10.1159/000337674
http://dx.doi.org/10.1016/S0140-6736(06)67962-2
http://dx.doi.org/10.1016/S0140-6736(02)11027-0
http://dx.doi.org/10.1086/367986
http://www.ncbi.nlm.nih.gov/pubmed/12599083
http://dx.doi.org/10.1111/j.1365-3156.2008.02138.x
http://www.ncbi.nlm.nih.gov/pubmed/18764815
http://dx.doi.org/10.1001/jama.2013.277129
http://www.ncbi.nlm.nih.gov/pubmed/24002280
http://dx.doi.org/10.1002/14651858.CD006589.pub4
http://www.ncbi.nlm.nih.gov/pubmed/26921618
http://dx.doi.org/10.1086/422331
http://www.ncbi.nlm.nih.gov/pubmed/15243915
http://dx.doi.org/10.1093/cid/cis010
http://www.ncbi.nlm.nih.gov/pubmed/22354919
http://dx.doi.org/10.1371/journal.pone.0042670
http://www.ncbi.nlm.nih.gov/pubmed/22916146
http://dx.doi.org/10.4269/ajtmh.16-0001
http://www.ncbi.nlm.nih.gov/pubmed/28722565
http://dx.doi.org/10.1093/cid/ciy791
http://www.ncbi.nlm.nih.gov/pubmed/30219845
http://dx.doi.org/10.3945/ajcn.114.090175
http://www.ncbi.nlm.nih.gov/pubmed/25733630

Pharmaceuticals 2018, 11, 96 8of 11

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Paganini, D.; Zimmermann, M.B. Effects of Iron Fortification and Supplementation on the Gut Microbiome
and Diarrhea in Infants and Children: A Review. Am. ]. Clin. Nutr. 2017, 106, 16885-1693S. [CrossRef]
[PubMed]

Baliraine, EN.; Afrane, Y.A.; Amenya, D.A.; Bonizzoni, M.; Menge, D.M.; Zhou, G.; Zhong, D.;
Vardo-Zalik, A.M.; Githeko, A.K,; Yan, G. High Prevalence of Asymptomatic Plasmodium Falciparum
Infections in a Highland Area of Western Kenya: A Cohort Study. J. Infect. Dis. 2009, 200, 66-74. [CrossRef]
[PubMed]

Howard, C.T.; McKakpo, U.S.; Quakyi, L.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. . Trop. Med. Hyg. 2007, 77, 623—-626. [CrossRef] [PubMed]
De Mast, Q.; Nadjm, B.; Reyburn, H.; Kemna, E.H.].M.; Amos, B.; Laarakkers, C.M.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] [PubMed]

Casals-Pascual, C.; Huang, H.; Lakhal-Littleton, S.; Thezenas, M.L.; Kai, O.; Newton, C.RJ.C.; Roberts, D.].
Hepcidin Demonstrates a Biphasic Association with Anemia in Acute Plasmodium Falciparum Malaria.
Huaematologica 2012, 97, 1695-1698. [CrossRef] [PubMed]

Ayoya, M.A; Stoltzfus, R.J.; Nemeth, E.; Traoré, A K.; Ganz, T. Hepcidin and Plasmodium Falciparum
Malaria in Anemic School Children in Mali. Bull. Soc. Pathol. Exot. 2009, 120, 219-220.

Atkinson, S.H.; Uyoga, S.M.; Armitage, A.E.; Khandwala, S.; Mugyenyi, C.K.; Bejon, P; Marsh, K,;
Beeson, ].G.; Prentice, A.M.; Drakesmith, H.; et al. Malaria and Age Variably but Critically Control Hepcidin
Throughout Childhood in Kenya. EBIOM 2015, 2, 1478-1486. [CrossRef] [PubMed]

de Mast, Q.; Syafruddin, D.; Keijmel, S.; Riekerink, T.O.; Deky, O.; Asih, P.B.; Swinkels, D.W.; van der Ven, A.].
Increased Serum Hepcidin and Alterations in Blood Iron Parameters Associated with Asymptomatic P.
Falciparum and P. Vivax Malaria. Haematologica 2010, 95, 1068-1074. [CrossRef] [PubMed]

Cercamondi, C.I; Egli, LM.; 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] [PubMed]

Spottiswoode, N.; Armitage, A.E.; Williams, A.R.; Fyfe, AJ.; Biswas, S.; Hodgson, S.H.; Llewellyn, D.;
Choudhary, P; Draper, S.J.; Duffy, PE.; et al. Role of Activins in Hepcidin Regulation During Malaria.
Infect. Immun. 2017, 85, 1-17. [CrossRef] [PubMed]

Nemeth, E.; Tuttle, M.S.; Powelson, ].; 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] [PubMed]

Abboud, S.; Haile, D.J. A Novel Mammalian Iron-Regulated Protein Involved in Intracellular Iron
Metabolism. J. Biol. Chem. 2000, 275, 19906-19912. [CrossRef] [PubMed]

Yang, F.; Liu, X.B.; Quinones, M.; Melby, P.C.; Ghio, A.; Haile, D.]J. Regulation of Reticuloendothelial Iron
Transporter MTP1 (Slc11a3) by Inflammation. J. Biol. Chem. 2002, 277, 39786-39791. [CrossRef] [PubMed]
Donovan, A.; Brownlie, A.; Zhou, Y.; Shepard, ].; Pratt, S.].; Moynihan, J.; Paw, B.H.; Drejer, A.; Barut, B.;
Zapata, A.; et al. Positional Cloning of Zebrafish Ferroportinl Identifies a Conserved Vertebrate Iron Exporter.
Nature 2000, 403, 776-781. [CrossRef] [PubMed]

McKie, A.T.; Marciani, P,; Rolfs, A.; Brennan, K.; Wehr, K.; Barrow, D.; Miret, S.; Bomford, A.; Peters, T.].;
Farzaneh, F; et al. A Novel Duodenal Iron-Regulated Transporter, IREG1, Implicated in the Basolateral
Transfer of Iron to the Circulation. Mol. Cell 2000, 5, 299-309. [CrossRef]

Zhang, D.L.; Wu, J.; Shah, B.N.; Greutélaers, K.C.; Ghosh, M.C.; Ollivierre, H.; Su, X.Z.; Thuma, PE;
Bedu-Addo, G.; Mockenhaupt, EP; et al. Erythrocytic Ferroportin Reduces Intracellular Iron Accumulation,
Hemolysis, and Malaria Risk. Science 2018, 359, 1520-1523. [CrossRef] [PubMed]

Mena, N.P; Esparza, A.; Tapia, V.; Valdés, P; Nufiez, M.T. Hepcidin Inhibits Apical Iron Uptake in Intestinal
Cells. Am. J. Physiol. Gastrointest. Liver Physiol. 2008, 294, G192-G198. [CrossRef] [PubMed]

Brasselagnel, C.; Karim, Z.; Letteron, P; Bekri, S.; Bado, A.; Beaumont, C. Intestinal DMT1 Cotransporter is
Down-Regulated by Hepcidin via Proteasome Internalization and Degradation. Gastroenterology 2011, 140,
1261-1271. [CrossRef] [PubMed]


http://dx.doi.org/10.3945/ajcn.117.156067
http://www.ncbi.nlm.nih.gov/pubmed/29070552
http://dx.doi.org/10.1086/599317
http://www.ncbi.nlm.nih.gov/pubmed/19476434
http://dx.doi.org/10.4269/ajtmh.2007.77.623
http://www.ncbi.nlm.nih.gov/pubmed/17978060
http://dx.doi.org/10.1086/595790
http://www.ncbi.nlm.nih.gov/pubmed/19032104
http://dx.doi.org/10.3324/haematol.2012.065854
http://www.ncbi.nlm.nih.gov/pubmed/22689680
http://dx.doi.org/10.1016/j.ebiom.2015.08.016
http://www.ncbi.nlm.nih.gov/pubmed/26629542
http://dx.doi.org/10.3324/haematol.2009.019331
http://www.ncbi.nlm.nih.gov/pubmed/20133896
http://dx.doi.org/10.3945/ajcn.2010.30051
http://www.ncbi.nlm.nih.gov/pubmed/20926522
http://dx.doi.org/10.1128/IAI.00191-17
http://www.ncbi.nlm.nih.gov/pubmed/28893916
http://dx.doi.org/10.1126/science.1104742
http://www.ncbi.nlm.nih.gov/pubmed/15514116
http://dx.doi.org/10.1074/jbc.M000713200
http://www.ncbi.nlm.nih.gov/pubmed/10747949
http://dx.doi.org/10.1074/jbc.M201485200
http://www.ncbi.nlm.nih.gov/pubmed/12161425
http://dx.doi.org/10.1038/35001596
http://www.ncbi.nlm.nih.gov/pubmed/10693807
http://dx.doi.org/10.1016/S1097-2765(00)80425-6
http://dx.doi.org/10.1126/science.aal2022
http://www.ncbi.nlm.nih.gov/pubmed/29599243
http://dx.doi.org/10.1152/ajpgi.00122.2007
http://www.ncbi.nlm.nih.gov/pubmed/17962361
http://dx.doi.org/10.1053/j.gastro.2010.12.037
http://www.ncbi.nlm.nih.gov/pubmed/21199652

Pharmaceuticals 2018, 11, 96 9of 11

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kwiatkowski, D.; Sambou, I.; Twumasi, P.; Greenwood, B.M.; Hill, A.V.S.; Manogue, K.R.; Cerami, A.;
Castracane, J.; Brewster, D.R. TNF Concentration in Fatal Cerebral, Non-Fatal Cerebral, AND Uncomplicated
Plasmodium Falciparum Malaria. Lancet 1990, 336, 1201-1204. [CrossRef]

Kurtzhals, J.A.L.; Addae, M.M.; Akanmori, B.D.; Dunyo, S.; Koram, K.A.; Appawu, M.A.; Nkrumah, EK;
Hyviid, L. Anaemia Caused by Asymptomatic Plasmodium Falciparum Infection in Semi-Immune African
Schoolchildren. Trans. R. Soc. Trop. Med. Hyg. 1999, 93, 623-627. [CrossRef]

Alvarez-Hernandez, X.; Licéaga, J.; McKay, 1.C.; Brock, ]. H. Induction of Hypoferremia and Modulation of
Macrophage Iron Metabolism by Tumor Necrosis Factor. Lab. Investig. 1989, 61, 319-322. [PubMed]
Roodman, G.; Bird, A.; Hutzler, D.; Montgomery, W. Tumor Necrosis Factor-Alpha and Hematopoietic
Progenitors: Effects of Tumor Necrosis Factor on the Growth of Erythroid Progenitors CFU-E and BFU-E
and the Hematopoietic Cell Lines K562, HL60, and HEL Cells. Exp. Hematol. 1987, 15, 928-935. [PubMed]
Johnson, D.; Bayele, H.; Johnston, K.; Tennant, J.; Srai, S.K.; Sharp, P. Tumour Necrosis Factor Alpha Regulates
Iron Transport and Transporter Expression in Human Intestinal Epithelial Cells. FEBS Lett. 2004, 573, 195-201.
[CrossRef] [PubMed]

Laftah, A.H.; Sharma, N.; Brookes, M.].; McKie, A.T.; Simpson, R.J.; Igbal, T.H.; Tselepis, C. Tumour Necrosis
Factor Alpha Causes Hypoferraemia and Reduced Intestinal Iron Absorption in Mice. Biochem. ]. 2006, 397,
61-67. [CrossRef] [PubMed]

Kroeger, K.M.; Carville, K.S.; Abraham, L.J. The —308 Tumor Necrosis Factor-a Promotor Polymorphism
Effects Transcription. Mol. Immunol. 1997, 34, 391-399. [CrossRef]

Wilson, A.G.; Symons, J.A.; McDowell, T.L.; McDevitt, H.O.; Duff, G.W. Effects of a Polymorphism in the
Human Tumor Necrosis Factor Alpha Promoter on Transcriptional Activation. Proc. Natl. Acad. Sci. USA
1997, 94, 3195-3199. [CrossRef] [PubMed]

Atkinson, S.H.; Rockett, K.A.; Morgan, G.; Bejon, PA.; Sirugo, G.; O’Connell, M.A.; Hanchard, N.;
Kwiatkowski, D.P.; Prentice, A.M. Tumor Necrosis Factor SNP Haplotypes are Associated with Iron
Deficiency Anemia in West African Children. Blood 2008, 112, 4276. [CrossRef] [PubMed]

Atkinson, S.H.; Armitage, A.E.; Khandwala, S.; Mwangi, TW.; Uyoga, S.; Bejon, PA.; 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]
[PubMed]

Frosch, A.E.P.; Ondigo, B.N.; Ayodo, G.A.; Vulule, ].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] [PubMed]

Meremikwu, M.; Donegan, S.; Sinclair, D.; Esu, E.; Oringanje, C. Intermittent Preventive Treatment for
Malaria in Children Living in Areas with Seasonal Transmission (Review). Cochrane Database Syst. Rev. 2012.
[CrossRef] [PubMed]

Nairz, M.; Theurl, I; Wolf, D.; Weiss, G. Iron Deficiency or Anemia of Inflammation? Wien. Med. Wochenschr.
2016, 166, 411-423. [CrossRef] [PubMed]

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. [CrossRef] [PubMed]

Suchdev, PS.; Williams, A.M.; Mei, Z.; Flores-ayala, R.; Pasricha, S.; Rogers, L.M. Assessment of Iron Status
in Settings of Inflammation: Challenges and Potential Approaches. Am. J. Clin. Nutr. 2017, 106, 1626-1633.
[CrossRef] [PubMed]

Bejon, P.; Warimwe, G.; Mackintosh, C.L.; Mackinnon, M.].; Kinyanjui, S.M.; Musyoki, J.N.; Bull, P.C.;
Marsh, K. Analysis of Inmunity to Febrile Malaria in Children that Distinguishes Immunity from Lack of
Exposure. Infect. Immun. 2009, 77, 1917-1923. [CrossRef] [PubMed]

Langhorne, J.; Ndungu, EM.; Sponaas, A.-M.; Marsh, K. Immunity to Malaria: More Questions Than
Answers. Nat. Immunol. 2008, 9, 725-732. [CrossRef] [PubMed]

Olotu, A.; Fegan, G.; Wambua, J.; Nyangweso, G.; Ogada, E.; Drakeley, C.; Marsh, K.; Bejon, P. Estimating
Individual Exposure to Malaria Using Local Prevalence of Malaria Infection in the Field. PLoS ONE 2012, 7.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/0140-6736(90)92827-5
http://dx.doi.org/10.1016/S0035-9203(99)90073-1
http://www.ncbi.nlm.nih.gov/pubmed/2788773
http://www.ncbi.nlm.nih.gov/pubmed/2820776
http://dx.doi.org/10.1016/j.febslet.2004.07.081
http://www.ncbi.nlm.nih.gov/pubmed/15327997
http://dx.doi.org/10.1042/BJ20060215
http://www.ncbi.nlm.nih.gov/pubmed/16566752
http://dx.doi.org/10.1016/S0161-5890(97)00052-7
http://dx.doi.org/10.1073/pnas.94.7.3195
http://www.ncbi.nlm.nih.gov/pubmed/9096369
http://dx.doi.org/10.1182/blood-2008-06-162008
http://www.ncbi.nlm.nih.gov/pubmed/18716131
http://dx.doi.org/10.1182/blood-2013-10-533000
http://www.ncbi.nlm.nih.gov/pubmed/24596418
http://dx.doi.org/10.3945/ajcn.114.087114
http://www.ncbi.nlm.nih.gov/pubmed/25080460
http://dx.doi.org/10.1002/14651858.CD003756.pub4
http://www.ncbi.nlm.nih.gov/pubmed/22336792
http://dx.doi.org/10.1007/s10354-016-0505-7
http://www.ncbi.nlm.nih.gov/pubmed/27557596
http://dx.doi.org/10.1126/scitranslmed.3008249
http://www.ncbi.nlm.nih.gov/pubmed/24807559
http://dx.doi.org/10.3945/ajcn.117.155937
http://www.ncbi.nlm.nih.gov/pubmed/29070567
http://dx.doi.org/10.1128/IAI.01358-08
http://www.ncbi.nlm.nih.gov/pubmed/19223480
http://dx.doi.org/10.1038/ni.f.205
http://www.ncbi.nlm.nih.gov/pubmed/18563083
http://dx.doi.org/10.1371/journal.pone.0032929
http://www.ncbi.nlm.nih.gov/pubmed/22479349

Pharmaceuticals 2018, 11, 96 10 of 11

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Noor, A.M.; Kinyoki, D.K.; Mundia, C.W.; Kabaria, C.W.; Mutua, ].W.; Alegana, V.A ; Fall, I.S.; Snow, RW.
The Changing Risk of Plasmodium Falciparum Malaria Infection in Africa: 2000-10: A Spatial And Temporal
Analysis of Transmission Intensity. Lancet 2014, 383, 1739-1747. [CrossRef]

Das, B.S.; Thurnham, D.I; Das, D.B. Influence of Malaria on Markers of Iron Status in Children: Implications
for Interpreting Iron Status in Malaria-Endemic Communities. Br. |. Nutr. 1997, 78, 751-760. [CrossRef]
[PubMed]

Phiri, K.S.; Calis, J.C.J.; Siyasiya, A.; Bates, L.; Brabin, B.; van Hensbroek, M.B. New Cut-Off Values for Ferritin
and Soluble Transferrin Receptor for the Assessment of Iron Deficiency in Children in a High Infection
Pressure Area. J. Clin. Pathol. 2009, 62, 1103-1106. [CrossRef] [PubMed]

Aguilar, R.; Moraleda, C.; Quinto6, L.; Renom, M.; Mussacate, L.; Macete, E.; Aguilar, J.L.; Alonso, PL.;
Menéndez, C. Challenges in the Diagnosis of Iron Deficiency in Children Exposed to High Prevalence of
Infections. PLoS ONE 2012, 7, 3-9. [CrossRef] [PubMed]

Glinz, D.; Hurrell, R.E; Ouattara, M.; Zimmermann, M.B.; Brittenham, G.M.; Adiossan, L.G.; Righetti, A.A;
Seifert, B.; Diakité, V.G.; Utzinger, J.; et al. The Effect of Iron—Fortified Complementary Food and Intermittent
Preventive Treatment of Malaria on Anaemia in 12- to 36-Month-Old Children: A Cluster-Randomised
Controlled Trial. Malar. J. 2015, 1-12. [CrossRef] [PubMed]

Smith, G.D.; Ebrahim, S. “Mendelian randomization”: Can Genetic Epidemiology Contribute to
Understanding Environmental Determinants of Disease? Int. ]. Epidemiol. 2003, 32, 1-22. [CrossRef]
[PubMed]

Evans, D.M.; Davey Smith, G. Mendelian Randomization: New Applications in the Coming Age of
Hypothesis-Free Causality. Annu. Rev. Genom. Hum. Genet. 2015, 16, 327-350. [CrossRef] [PubMed]

Afzal, S.; Brendum-Jacobsen, P.; Bojesen, S.E.; Nordestgaard, B.G. Genetically Low Vitamin D Concentrations
and Increased Mortality: Mendelian Randomisation Analysis in Three Large Cohorts. BM] 2014, 349, g6330.
[CrossRef] [PubMed]

Voight, B.E; Peloso, G.M.; Orho-Melander, M.; Frikke-Schmidt, R.; Barbalic, M.; Jensen, M.K.; Hindy, G.;
Hoélm, H.; Ding, E.L.; Johnson, T.; et al. Plasma HDL Cholesterol and Risk of Myocardial Infarction:
A Mendelian Randomisation Study. Lancet 2012, 380, 572-580. [CrossRef]

Elliott, P.; Chambers, J.C.; Zhang, W.; Clarke, R.; Hopewell, ].C.; Peden, J.E; Erdmann, J.; Braund, P.;
Engert, ].C.; Bennett, D.; et al. Genetic Loci Associated with C-Reactive Protein Levels and Risk of Coronary
Heart Disease. J. Am. Med. Assoc. 2009, 302, 37-48. [CrossRef] [PubMed]

Williams, T.N.; Mwangi, T.W.; Wambua, S.; Alexander, N.D.; Kortok, M.; Snow, R.W.; Marsh, K. Sickle Cell
Trait and the Risk of Plasmodium falciparum Malaria and Other Childhood Diseases. J. Infect. Dis. 2005, 192,
178-186. [CrossRef] [PubMed]

Malaria Genomic Epidemiology Network. Reappraisal of Known Malaria Resistance Loci in a Large
Multicenter Study. Nat. Genet. 2014, 46, 1197-1204. [CrossRef] [PubMed]

Bowden, J.; Smith, G.D.; Burgess, S. Mendelian Randomization with Invalid Instruments: Effect Estimation
and Bias Detection Through Egger Regression. Int. J. Epidemiol. 2015, 44, 512-525. [CrossRef] [PubMed]
Burgess, S.; Butterworth, A.; Thompson, S.G. Mendelian Randomization Analysis with Multiple Genetic
Variants Using Summarized Data. Genet. Epidemiol. 2013, 37, 658—-665. [CrossRef] [PubMed]

Sheehan, N.A.; Didelez, V.; Burton, P.R.; Tobin, M.D. Mendelian Randomisation and Causal Inference in
Observational Epidemiology. PLoS Med. 2008, 5, 1205-1210. [CrossRef] [PubMed]

Gera, T.; Sachdev, H.; Nestel, P; Sachdev, S.S. Effect of Iron Supplementation on Haemoglobin Response
in Children: Systematic Review of Randomised Controlled Trials. J. Pediatr. Gastroenterol. Nutr. 2007, 44,
468-486. [CrossRef] [PubMed]

Doherty, C.P; Cox, S.E.; Fulford, A.J.; Austin, S.; Hilmers, D.C.; Abrams, S.A.; Prentice, A.M. Iron
Incorporation and Post-Malaria Anaemia. PLoS ONE 2008, 3. [CrossRef] [PubMed]

Prentice, AM.; 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] [PubMed]

Zimmermann, M.B.; Chassard, C.; Rohner, E; Goran, K.N.E.; 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. ]. Clin. Nutr. 2010, 92, 1406-1415. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/S0140-6736(13)62566-0
http://dx.doi.org/10.1079/BJN19970192
http://www.ncbi.nlm.nih.gov/pubmed/9389898
http://dx.doi.org/10.1136/jcp.2009.066498
http://www.ncbi.nlm.nih.gov/pubmed/19946096
http://dx.doi.org/10.1371/journal.pone.0050584
http://www.ncbi.nlm.nih.gov/pubmed/23209786
http://dx.doi.org/10.1186/s12936-015-0872-3
http://www.ncbi.nlm.nih.gov/pubmed/26377199
http://dx.doi.org/10.1093/ije/dyg070
http://www.ncbi.nlm.nih.gov/pubmed/12689998
http://dx.doi.org/10.1146/annurev-genom-090314-050016
http://www.ncbi.nlm.nih.gov/pubmed/25939054
http://dx.doi.org/10.1136/bmj.g6330
http://www.ncbi.nlm.nih.gov/pubmed/25406188
http://dx.doi.org/10.1016/S0140-6736(12)60312-2
http://dx.doi.org/10.1001/jama.2009.954
http://www.ncbi.nlm.nih.gov/pubmed/19567438
http://dx.doi.org/10.1086/430744
http://www.ncbi.nlm.nih.gov/pubmed/15942909
http://dx.doi.org/10.1038/ng.3107
http://www.ncbi.nlm.nih.gov/pubmed/25261933
http://dx.doi.org/10.1093/ije/dyv080
http://www.ncbi.nlm.nih.gov/pubmed/26050253
http://dx.doi.org/10.1002/gepi.21758
http://www.ncbi.nlm.nih.gov/pubmed/24114802
http://dx.doi.org/10.1371/journal.pmed.0050177
http://www.ncbi.nlm.nih.gov/pubmed/18752343
http://dx.doi.org/10.1097/01.mpg.0000243440.85452.38
http://www.ncbi.nlm.nih.gov/pubmed/17414146
http://dx.doi.org/10.1371/journal.pone.0002133
http://www.ncbi.nlm.nih.gov/pubmed/18461143
http://dx.doi.org/10.1182/blood-2011-11-391219
http://www.ncbi.nlm.nih.gov/pubmed/22228627
http://dx.doi.org/10.3945/ajcn.110.004564
http://www.ncbi.nlm.nih.gov/pubmed/20962160

Pharmaceuticals 2018, 11, 96 11 of 11

80. Jaeggi, T; Kortman, G.AM., 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] [PubMed]

81. 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] [PubMed]

@ © 2018 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/10.1136/gutjnl-2014-307720
http://www.ncbi.nlm.nih.gov/pubmed/25143342
http://dx.doi.org/10.3390/nu9070776
http://www.ncbi.nlm.nih.gov/pubmed/28753958
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Malaria Iron Deficiency Hypothesis 
	Testing the Hypothesis 
	Observational Studies 
	Randomized Controlled Trials 
	Mendelian Randomization Studies 

	Implications of the Hypothesis 
	References

