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Preface

Anemia is a worldwide public health problem affecting 1.62 billion people, 
or ~25% of the global population [1]. The highest prevalence of anemia 
occurs in children aged 6–59 months (40%, or ~269 million globally) and 
importantly, the largest group of affected individuals (30%, or ~571 million 
globally) is women of reproductive age (15–49 years) [2]. Reduction of ane-
mia in women of reproductive age is a target of Goal 2 (zero hunger) of the 
17 Sustainable Development Goals (SDGs), which are an urgent call to action 
by all countries to achieve a better and more sustainable future for all. In 
contrast to women, targets for anemia reduction in infants and children have 
yet to be set.

Anemia is defined as a hemoglobin concentration below a defined thresh-
old established for a specific age, sex, or life stage. In children, anemia can 
impair cognitive development, decrease learning potential, and have long-
term implications on overall quality of life. In adults, it can impair work 
capacity and productivity and increase the risk of adverse pregnancy out-
comes (e.g., low birth weight). Causes of anemia can include micronutrient 
deficiencies (e.g., iron and folic acid), infection and disease, and genetic 
hemoglobin disorders (e.g., sickle cell disease), which are autosomal reces-
sive disorders that result in a decreased or defective hemoglobin production. 
Understanding the causes of anemia is critical to inform appropriate strate-
gies to prevent and treat anemia, particularly to reduce the risk of anemia and 
the burden of disease.

The 2007 first edition text concluded that despite a great deal of program-
matic experience, scientific data and new information on iron metabolism and 
the role of other nutrients in the etiology of nutritional anemia, there has 
unfortunately been little documented success in addressing the problem at a 
public health level. Now, 15 years later, the release of this second edition text, 
which has been comprehensively expanded to 27 chapters, further highlights 
the complexity of the topic and the phenomenal advances we have observed 
in science during this timeframe. Unfortunately, despite this, these phenom-
enal advances have not yet been translated into anemia reduction. This sec-
ond edition text addresses some of the potential reasons why these advances 
in discovery and implementation have not resulted in acceptable progress in 
anemia reduction. Anemia prevalence among women and children remains 
unacceptably high in most regions of the world, despite the global and 
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national attention and the plethora of policies, interventions, and programs 
designed to treat, prevent, and reduce anemia.

Chapter authors of this second edition text are leading global experts in 
nutrition and health. The introductory chapters provide an overview of the 
worldwide prevalence and the progress in anemia reduction, iron biology and 
homeostasis, laboratory methods for anemia and iron deficiency surveillance, 
and interpretation of biomarkers associated with nutritional anemia. 
Subsequent chapters highlight new evidence on anemia among special popu-
lations, the role of other micronutrients in the etiology of anemia, hepcidin 
homeostasis and the emerging association between hepcidin and vitamin D, 
iron and the human gut microbiota, and novel approaches to oral iron supple-
mentation. The summarizing chapters highlight program and policy 
approaches to treat, prevent, and reduce anemia in the global context, includ-
ing food-based approaches, policy considerations of food fortification, and 
designing effective programs for anemia reduction.

This landmark publication aims to inform government, NGO, and interna-
tional agencies on how to effectively measure, treat, prevent, and reduce ane-
mia globally. We hope this second edition text will be a current and 
comprehensive resource on anemia for all those involved in global health and 
nutrition policy, strategy, programming, or research, and, ultimately, helps to 
facilitate meaningful progress in anemia reduction globally.

Vancouver, BC, Canada  Crystal D. Karakochuk 
Zürich, Switzerland  Diego Moretti 
Basel, Switzerland  Klaus Kraemer 
Zürich, Switzerland  Michael B. Zimmermann 
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1Anaemia: Worldwide Prevalence 
and Progress in Reduction

Andrew Baldi and Sant-Rayn Pasricha

Keywords

Haemoglobin · Anaemia · Chronic hypoxia 
Iron deficiency · Myelodysplastic syndrome 
Haemolysis

 Introduction

Anaemia remains one of the most common health 
conditions and has a wide range of causes includ-
ing nutritional deficiencies, infections and genetic 
factors. Especially when moderate or severe, 

anaemia results in significant morbidity and 
impaired functioning, particularly among women 
of reproductive age and children in low- and 
middle- income countries. Further, anaemia is a 
risk factor for mortality from a range of health 
conditions.

This chapter will provide an overview of anae-
mia, including haemoglobin thresholds used to 
define anaemia, and key determinants of anaemia 
especially in the public health context. It will 
summarise global estimates of the prevalence of 
anaemia, explain methodologies of these esti-
mates and discuss how anaemia prevalence has 
changed over time.

 Defining Anaemia

Anaemia is defined as a reduction in the circulat-
ing red blood cell mass such that oxygen- carrying 
capacity is insufficient to meet the body’s physi-
ological needs. Typically, anaemia is identified 
when the haemoglobin concentration falls below 
a defined threshold, generally specific to the sex 
and age (and pregnancy status) of the individual 
and adjusted for residence at an elevation above 
sea level (>1000 m) [1, 2].

An individual with anaemia may experience 
symptoms related to inadequate tissue oxygen 
delivery and the physiological response to this 
state. While some individuals with anaemia may 
be asymptomatic, common signs and symptoms 
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include pallor, tiredness and fatigue, headache, 
shortness of breath (especially on exertion), an 
increase in heart rate and/or reduced exertional 
tolerance. Anaemia may cause decompensation 
of medical conditions such as ischaemic heart 
disease and congestive cardiac failure [3]. 
Anaemia is recognised as an important risk factor 
for mortality in patients with other health condi-
tions such as chronic kidney disease and chronic 
heart failure and prior to major surgery [3–5]. 
Other consequences of anaemia include effects in 
pregnancy such as increased maternal mortality, 
reduced birth weight and increased preterm birth 
[6]. Anaemia in pregnancy may result in reduced 
neonatal iron stores and therefore predispose to 
anaemia in infancy and childhood [7–9]. Anaemia 
is also responsible for reduced productivity and 
therefore adversely impacts income generation 
[10]. Iron supplementation to infants does not 
improve neurodevelopmental outcomes [11].

 Definitions of Anaemia

Anaemia is defined and categorised by the World 
Health Organization (WHO) using thresholds 
that vary depending on age, sex and pregnancy 
status (Table 1.1) [1].

Chronic hypoxia will cause reduced oxygen 
tension and elevations in haemoglobin concentra-
tion, and thus physiological haemoglobin thresh-
olds are also adjusted for residence at elevation 
above sea level (>1000 m) and smoking status [1].

Haemoglobin reference ranges and anaemia 
cut-offs published by other groups demonstrate 
differences from the WHO definitions in 
approaches to subgroup selection and/or the hae-
moglobin cut-offs themselves. The US Centers 
for Disease Control and Prevention (CDC), for 
example, recommends a higher haemoglobin cut-
off of 135 g/L for adult men and also subdivides 
children into narrower categories, each providing 
a different haemoglobin threshold [14].

The evidence base for haemoglobin thresh-
olds continues to evolve, and the applicability of 
WHO cut-offs to the global population has been 
challenged by several more recent studies of 
healthy individuals. Two recent studies have 
obtained and analysed haemoglobin data among 
healthy individuals and have both proposed hae-
moglobin thresholds lower than those in the cur-
rent WHO guidelines. For pregnant women, a 
prospective study examined maternal haemoglo-
bin with respect to gestational age [15]. A nadir 
of haemoglobin was observed between 31 and 
32 weeks’ gestation in this healthy pregnant pop-
ulation, which was similar to WHO data. Its pro-
posed definition of anaemia was a measurement 
below the third centile for gestational age, and at 
all time points, the cut-off was lower than the cor-
responding measurement in the WHO guide-
lines—however, this study did not exclude 
individuals with iron deficiency, limiting the util-
ity of these thresholds.

Similar studies have sought to refine haemo-
globin thresholds in other populations. A large 

Mild anaemia 
(g/L)

Moderate anaemia 
(g/L)

Severe anaemia 
(g/L)

Males ≥15 years 110–129 80–109 <80
Females ≥15 years 110–119 80–109 <80
Pregnant women 100–109a 70–99 <70
Children 
6–59 months

100–109 70–99 <70

Children 5–11 years 110–114 80–109 <80
Children 
12–14 years

110–119 80–109 <80

a Anaemia has been defined in some WHO guidelines in the second trimester of 
pregnancy as haemoglobin <105 g/L [13]

Table 1.1 WHO recommen-
dations for haemoglobin 
thresholds to define anaemia 
[12]

A. Baldi and S.-R. Pasricha
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study of children in India conducted between 
2016 and 2018 determined its own haemoglobin 
cut-offs and noted these were also lower than the 
WHO definitions across all age groups and would 
result in a 19.2% lower prevalence of anaemia 
[16]. However, these thresholds are derived from 
secondary analyses of population surveys in set-
tings where there is a high prevalence of unde-
tected concurrent or recent inflammation or 
infection and likely do not represent a healthy 
population. Further validation in clinically 
selected healthy populations is needed to estab-
lish if lower thresholds are appropriate. Changes 
in accepted haemoglobin thresholds for defining 
anaemia would have considerable implications 
for policymakers and resource allocation.

Differences in haemoglobin thresholds also 
exist between clinical laboratories [17] and 
between guidelines produced by different profes-
sional societies and other reference sources [18]. 
Varying thresholds for defining anaemia may 
have important implications for treatment of indi-

viduals, for estimating population prevalence and 
for devising and implementing policy to reduce 
anaemia.

 Causes of Anaemia

Broadly, anaemia is caused by one or several of 
reduced red cell production, reduced red cell sur-
vival (either due to abnormal production or 
increased destruction), blood loss, or red cell 
sequestration [19]. Table 1.2 lists specific causes 
within these categories, with important contribu-
tors to global anaemia prevalence underlined. 
Anaemia may be attributable to more than one 
cause in a given individual.

A physiologic reduction in haemoglobin con-
centration occurs during pregnancy due to hae-
modilution (increased plasma volume exceeding 
increased red blood cell production) [19].

Among causes of anaemia due to reduced red 
cell production, iron deficiency is a common 

Table 1.2 Causes of anaemia

Mechanism of anaemia Potential causes
Reduced red cell 
production

•  Iron deficiency (including from poor nutrition and poor iron absorption)—see Table 1.3
•  Vitamin B12, folate, vitamin A, zinc deficiency
•  Bone marrow failure (e.g. due to aplastic anaemia, viral infection such as parvovirus 

B19 causing pure red cell aplasia, bone marrow infiltration due to haematologic 
malignancy (e.g. acute leukaemia), bone marrow fibrosis, metastatic cancer, infection, 
irradiation, antineoplastic chemotherapy)

•  Medications (immunosuppressants, e.g. methotrexate, or idiosyncratic responses)
•  Inflammation (functional iron deficiency) including malarial infection [20]a

•  Myelodysplastic syndrome
•  Reduced erythropoietin production, e.g. kidney failure
•  Inherited conditions, e.g. Diamond-Blackfan anaemia

Reduced red cell 
survival (including 
blood loss)

•  Haemoglobinopathy, e.g. thalassaemia major or intermedia, sickle cell disease 
(ineffective erythropoiesis)

•  Haemoglobinopathy trait
•  Haemolysis: e.g. autoimmune haemolysis; inherited red cell membrane conditions, e.g. 

hereditary spherocytosis; inherited red cell enzyme disorders, e.g. G6PD deficiency; 
microangiopathic haemolysis

•  Acute blood loss/haemorrhage
•  Chronic blood loss including menstrual blood loss and helminth infections (usually 

causes anaemia via iron deficiency)

Adapted from [21]
a Malaria can result in anaemia through anaemia of inflammation, intravascular haemolysis, haemolysis of non-parasit-
ised red cells and splenic sequestration

1 Anaemia: Worldwide Prevalence and Progress in Reduction
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Table 1.3 Potential causes of absolute iron deficiency

Mechanism of iron 
deficiency Potential cause
Inadequate iron 
uptake

Inadequate nutritional iron intake
•  Inadequate dietary iron content
•  Inadequate nutritional iron absorption (including concomitant consumption of inhibitors of 

iron absorption (e.g. phytate, tannins), inadequate stomach acidification, intestinal mucosal 
dysfunction, obesity, inappropriately increased hepcidin concentrations preventing iron 
absorption (e.g. during chronic inflammation or iron-refractory iron deficiency anaemia 
caused by TMPRSS6 genetic mutations)

Increased iron 
requirements

•  Growth (e.g. during early childhood and adolescence)
•  Pregnancy
•  Physiological blood losses exceeding iron intake
•  Erythropoiesis stimulating agent therapy

Blood loss •  Gastrointestinal blood loss
•  Gynaecological bleeding
•  Menstrual
•  Urinary tract
•  Respiratory bleeding
•  Blood donation (especially whole blood donation)
•  Excess iatrogenic blood losses (e.g. excessive blood

collection for diagnostic testing and iron losses during
haemodialysis)

Exercise Multifactorial: reduced iron absorption due to exercise-related inflammation, increased 
losses in sweat, gastrointestinal bleeding and haemolysis with haemoglobinuria 
(rhabdomyolysis)

Adapted from [23]

underlying factor (Table  1.3). Iron is required 
for synthesis of the haem component of haemo-
globin, and in the setting of iron deficiency, the 
body initially produces red blood cells with a 
lower haemoglobin content. With ongoing iron 
deficiency and depleted body iron stores, red 
cell production is further impaired, resulting in 
anaemia [22].

Iron availability to the bone marrow may 
also be restricted because iron is withheld from 
the plasma (even if total body iron stores are 
not depleted)—this typically occurs during 
inflammation or infection and is termed ‘func-

tional iron deficiency’ [23]. Functional iron 
deficiency is an important driver of anaemia of 
inflammation.

Mean corpuscular volume (MCV) is a red cell 
parameter that is often useful in stratifying the 
cause of anaemia and guiding additional investi-
gations to determine the underlying cause of 
anaemia (Table 1.4). This parameter is reported 
in a full blood count when a blood sample is ana-
lysed by an automated haematology analyser 
instrument, but is not available from point-of-
care instruments that measure haemoglobin con-
centration alone [24, 25].

A. Baldi and S.-R. Pasricha
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Low MCV
(Microcytic 
anaemia)

Iron deficiency
–  Inadequate nutritional intake/malabsorption
–  Blood loss
Thalassaemia (carrier state, compound heterozygous or 
homozygous)
Lead poisoning
Sideroblastic anaemia

Normal MCV
(Normocytic 
anaemia)

Acute blood loss
Anaemia of inflammation
Haemolytic anaemia
Bone marrow infiltration (e.g. from malignancy)
Myelodysplasia
Aplastic anaemia

Increased MCV
(Macrocytic 
anaemia)

Vitamin B12 deficiency (profound increase in MCV, 
megaloblastic anaemia)
Folate deficiency (profound increase in MCV, megaloblastic 
anaemia)
Anaemia with reticulocytosis
Hypothyroidism
Myelodysplasia

Based on [19]

Table 1.4 Causes of anaemia 
divided by low, normal and 
increased mean corpuscular 
volume (MCV)

 The Global Prevalence of Anaemia

There are systematic analyses by groups includ-
ing WHO and the Global Burden of Disease to 
quantify the global prevalence of anaemia using 
models derived from national and sub-national 
prevalence data. Key data sources include 
national surveys of anaemia prevalence, often 
undertaken through the Demographic and Health 
Survey (DHS) programme, which has been mea-
suring capillary haemoglobin concentration 
using HemoCue devices in survey participants 
across many countries [26]. These data are sum-
marised in the WHO Vitamin and Mineral 
Nutrition Information System [27].

 World Health Organization

In 2008, WHO published an estimate of the 
global prevalence of anaemia using prevalence 
data measured between 1993 and 2005 [28]. This 
was among the first efforts to synthesise national 
and regional data to develop global estimates.

According to this analysis, global prevalence 
of anaemia was 24.8%, or 1.62 billion people 
(95% CI, 1.50–1.74 billion), over this period. The 
data demonstrated that anaemia disproportion-
ately affects women (especially pregnant women) 
and preschool children.

Subsequent WHO estimates have focused on 
anaemia prevalence in these high-risk popula-
tions: children 6 months to 5 years of age, preg-
nant women and non-pregnant women of 
reproductive age. The WHO estimated that anae-
mia affected 273 million preschool children, 496 
million non-pregnant women and 32 million 
pregnant women globally in 2011. Estimates of 
the prevalence of severe anaemia (defined as hae-
moglobin below 70 g/L in pregnant women and 
children 6–59 months of age and below 80 g/L 
for other population groups) were included 
(Table 1.5) [29].

The Global Health Observatory (GHO) is a 
WHO database containing information relating 
to a wide range of health indicators for the 194 
WHO member states. Data is compiled using 
methods specific to the health indicator. It is pre-

1 Anaemia: Worldwide Prevalence and Progress in Reduction



8

Table 1.5 Global prevalence of anaemia by demographic group (2011 estimate)

Demographic group

Percentage (95% CI) 
of population with 
anaemia

Number (95% CI) 
of people with 
anaemia (millions)

Percentage (95% CI) 
of population with 
severe anaemia

Number (95%CI) of 
people with severe 
anaemia (millions)

Children aged 
6–59 months

42.6
(37.7–47.4)

273.2
(241.8–303.7)

1.5
(1.0–2.2)

9.6
(6.9–14.1)

Pregnant women aged 
15–49 years

38.2
(33.5–42.6)

32.4
(28.41–36.2)

0.9
(0.6–1.3)

0.8
(0.5–1.1)

Non-pregnant women 
aged 15–49 years

29.0
(23.9–34.8

496.3
(409.3–595.1)

1.1
(0.7–1.7)

19.4
(12.7–29.4)

Adapted from [29]

Table 1.6 Anaemia prevalence by population group in each WHO region, 2004 and 2019 Global Health Observatory 
data [28, 30–32]

WHO region

Preschool-aged children
%, (95% CI)

Pregnant women
%, (95% CI)

Non-pregnant women 
(15–49 years)
%, (95% CI)

2004 2019 2004 2019 2004 2019
Africa 67.9

(65.3–70.2)
60.2
(56.6–63.7)

49.7
(47.9–51.5)

45.8
(43.1–48.4)

44.1
(40.5–47.7)

39.8
(36.0–43.9)

Americas 22.3
(19.5–25.3)

16.5
(13.4–20.1)

22.3
(18.5–26.4)

18.9
(14.1–24.8)

17.8
(15.0–20.4)

15.3
(11.8–19.5)

Southeast Asia 59.0
(52.6–64.2)

49.0
(39.2–57.9)

50.2
(46.8–53.0)

47.8
(43.1–51.3)

46.5
(41.1–51.5)

46.5
(39.3–53.2)

Europe 22.7
(18.3–27.8)

20.3
(14.5–27.4)

24.3
(19.3–29.8)

23.5
(17.5–30.4)

18.2
(14.7–22.6)

18.6
(14.3–23.9)

Eastern Mediterranean 48.6
(43.7–53.4)

42.7
(35.5–49.7)

40.9
(36.9–44.5)

36.8
(30.7–42.1)

35.8
(31.9–39.9)

34.8
(29.3–40.0)

Western Pacific 24.5
(16.7–34.0)

19.4
(10.8–31.7)

28.1
(22.5–33.7)

21.3
(14.6–30.6)

19.5
(15.1–24.5)

16.2
(11.2–23.5)

Global 45.5
(42.8–48.1)

39.8
(36.0–43.8)

39.9
(38.1–41.6)

36.5
(34.0–39.1)

29.6
(27.4–31.9)

29.6
(26.6–32.5)

sented in a manner that allows comparison 
between countries, as well as changes over time. 
It regularly releases anaemia prevalence data for 
women and children, most recently for 2019 
[30–32].

WHO and other groups also demonstrate 
regional variation in anaemia prevalence, demon-
strating the increased prevalence of anaemia in 
Africa and Southeast Asia. WHO estimates of 
anaemia prevalence by region are outlined in 
Table 1.6.

WHO defines the severity of anaemia as a 
public health problem according to the preva-
lence of anaemia among groups of interest. A 
prevalence exceeding 40% is considered a 
‘severe’ public health problem; a prevalence 
between 20 and 39.9% a moderate public health 

problem; and a prevalence from 5 to 19.9% a 
mild public health problem [33]. Using this clas-
sification approach, anaemia is considered a 
severe public health problem in preschool- aged 
children, pregnant women and non-pregnant 
women in Africa and Southeast Asia [28].

 Other Groups

In 2013 the Nutrition Impact Model Study Group 
(Anaemia) published an analysis of anaemia 
prevalence trends between 1995 and 2011 [34]. 
The analysis used data from 107 countries and 
modelled changes in anaemia prevalence in chil-
dren, pregnant women and non-pregnant women. 
Sources included summary data from the WHO 

A. Baldi and S.-R. Pasricha
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Table 1.7 Nutrition Impact Model Study Group (Anaemia) estimates of 2011 anaemia prevalence [34]

Mean haemoglobin
g/L, (95% CI)

Anaemia
%, (95% credibility 
interval)

Severe anaemia
%, (95% credibility 
interval)

Children <5 years 111 (110–113) 43 (38–47) 1.5 (1.1–2.2)
Non-pregnant women 
(15–49 years)

126 (124–128) 29 (24–35) 1.1 (0.7–1.7)

Pregnant women (15–49 years) 114 (112–116) 38 (34–43) 0.9 (0.6–1.3)

Vitamin and Mineral Nutrition Information 
System as well as national and other international 
surveys and databases. For example, to compile 
anaemia data for Malawi, the authors drew upon 
DHS data from 2004 and 2010, as well as results 
from the 2010 Malawi National Malaria Indicator 
Survey (MIS), which included national- level 
anaemia prevalence figures for children under 5 
[27, 35]. The 2011 prevalence estimate (Table 1.7) 
shows anaemia prevalence of 43% among pre-
school children, 38% among pregnant women 
and 29% among non- pregnant women of repro-
ductive age.

 Global Burden of Disease

The Global Burden of Disease (GBD) undertakes 
an ongoing systematic summary of the preva-
lence of anaemia (among many other diseases) 
across all countries. The GBD summarises dis-
ease burden through successive large- scale col-
laborative projects that have used a multitude of 
data sources to examine morbidity and mortality 
caused by conditions, injuries and other risk fac-
tors [36, 37]. The 2019 global anaemia preva-
lence was estimated by GBD at 23.67% [38]. The 
GBD will be discussed further in the next 
section.

 Global Determinants of Anaemia

Much of the global burden of anaemia is attribut-
able to iron deficiency, thalassaemias and other 
haemoglobinopathies and infections such as 
malaria [39, 40].

Causes of anaemia in low- and middle-income 
countries (LMICs) may be complex and multi-

factorial [41]. In many cases regions with high 
anaemia prevalence are also areas with relatively 
low socioeconomic status, and in these settings, 
anaemia may be a marker of disadvantage in 
domains including food security, water quality, 
sanitation and hygiene (WASH) status and may 
reflect poor access to health care (Fig.  1.1). 
These areas may also have high rates of endemic 
pathogens such as malaria and soil-transmitted 
helminths and other pathogens causing recurrent 
respiratory and gastrointestinal infections. As 
highlighted previously, anaemia in women of 
reproductive age in environments that predis-
pose to iron deficiency may have follow-on 
effects in pregnancy and on infants born to these 
women [42].

Finally, physiological states that result in 
increased iron requirements disproportionately 
affect certain demographic groups, placing them 
at increased risk of iron deficiency anaemia. 
These include preschool-aged children, pre- 
menopausal women and pregnant women. For 
children, periods of rapid growth demand higher 
amounts of iron from the diet. Similarly, preg-
nancy is a physiological state of relatively 
increased iron requirements. Menstrual losses 
that deplete iron stores in excess of dietary iron 
intake will also result in iron deficiency in pre-
menopausal women [23].

Several studies have estimated the proportion 
of anaemia attributable to different causes. The 
proportion of anaemia attributable to iron defi-
ciency appears to vary according to the region of 
the world and the demographic of the group of 
interest. For example, WHO estimated that half 
of anaemia cases globally were attributable to 
iron deficiency, though this varies by age and 
region. Globally, the proportion of anaemia cases 
amendable to iron interventions is estimated at 

1 Anaemia: Worldwide Prevalence and Progress in Reduction
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Fig. 1.1 Determinants of iron deficiency anaemia. Adapted from [42]

42% (95% CI 38–46%) for preschool children, 
49% (43–53%) for non-pregnant women of 
reproductive age and 50% (47–53%) for pregnant 
women. In some regions this figure is lower; for 
example, in the WHO African Region, these esti-
mates are 32% (30–34%), 41% (36–46%) and 
44% (42–47%), respectively [29]. Overall, the 
proportion of anaemia attributable to iron defi-
ciency is highest in cases of severe anaemia and 
in settings where other key causes such as 
endemic infections are less prevalent [34].

Subsequent meta-analyses of national popu-
lation studies suggest the contribution of iron 
deficiency to anaemia may be smaller than previ-
ously reported: 25% in preschool-aged children 
and 37% in non- pregnant women of reproduc-
tive age [43]. These figures were found to be 
even lower in countries with anaemia prevalence 
greater than 40% (14 and 16%, respectively) and 
with high burden of inflammation (20 and 25%, 
respectively) [43].

The Biomarkers Reflecting Inflammation and 
Nutritional Determinants of Anemia (BRINDA) 
Project has also estimated the proportion of 
anaemia attributable to iron deficiency in women 
of reproductive age and preschool children. 
BRINDA incorporated their model for correct-
ing for infection and inflammation when assess-
ing ferritin and sTfR concentrations and body 
iron stores. For both demographic groups, it was 
found that infection burden had an influence on 
the proportion of anaemia caused by iron defi-
ciency. Among women of reproductive age, iron 
deficiency was estimated to be present in 35% of 
women with anaemia in areas with high infec-
tion burden, but at higher levels in anaemic 
women living in areas with moderate and low 
infection burdens (65 and 71%, respectively) 
[44]. Among preschool children with anaemia, 
iron deficiency ranged from 50% in areas with 
low infection to 58% in areas with very high 
prevalence of infection [45].
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 Global Burden of Disease 
Attributable to Anaemia

In order to ascertain the burden of a particular 
disease or condition, it is necessary to quantify its 
contribution to both mortality and morbidity. The 
burden of a disease is defined through the 
Disability Adjusted Life Years (DALYs) attribut-
able to it. DALYs are the sum of the ongoing 
morbidity associated with a condition (Years 
Lived with Disability, YLDs), where the severity 
of the suffering is estimated by the ‘disability 
weight’ and the years of life lost (YLLs) from 
early mortality due to a condition. Thus, diseases 
that induce a long duration of suffering but do not 
cause death will produce DALYs via a large num-
ber of YLDs but not YLLs, whereas a short- 
lasting illness which causes premature mortality 
will produce the opposite impact. Disability 

weights assigned to anaemia in the GBD 2010 
study are shown in Table 1.8. Disability weights 
assigned (through international population sur-
veys) to mild anaemia are relatively low, whereas 
moderate and especially severe anaemia have 
been assigned much higher disability weights.

Mortality attributable to anaemia is rare. 
However, the enormous prevalence of anaemia 
and its long duration mean that anaemia contin-
ues to exert a substantial contribution to the over-
all global burden of disease. In particular, 
anaemia of moderate severity, which has a higher 
disability weight and is also prevalent in many 
countries, is an important contributor to the over-
all burden of anaemia [47]. GBD 2019 reported 
that anaemia was responsible for 50.3 million 
YLDs (33.5–73.4 million) out of a total of 861 
million (641–1107 million), representing 5.8% of 
all YLDs [38].

Disability weight (95% uncertainty interval)a

Mild anaemia 0.005 (0.002–0.011)
Moderate anaemia 0.058 (0.038–0.086)
Severe anaemia 0.164 (0.112–0.228)

a Disability weight values range from 0 to 1, where 0 signifies a fully 
healthy state and 1 is the equivalent of death

Table 1.8 Disability weights for 
anaemia GBD 2010 [46]

1 Anaemia: Worldwide Prevalence and Progress in Reduction
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 Anaemia Reduction Targets

There are international targets to reduce the 
global burden of anaemia. Table 1.9 summarises 

key global policy frameworks and targets rele-
vant to anaemia reduction efforts.

Table 1.9 International targets relevant to anaemia reduction

Policy framework
Year 
endorsed Targets(s) relevant to anaemia

WHO Global 
Nutrition Targets 
2025 [48, 49]

2012 Target 2: 50% reduction of anaemia in women of reproductive age
WHO recommendations for prevention, control and treatment of anaemia in 
women:
•  Intermittent iron and folic acid supplementation is advised in menstruating 

women living in settings where the prevalence of anaemia is 20% or higher
•  Daily oral iron and folic acid supplementation is recommended as part of 

antenatal care, to reduce the risk of low birth weight, maternal anaemia and iron 
deficiency. In addition to iron and folic acid, supplements may be formulated to 
include other vitamins and minerals, according to the United Nations 
International Multiple Micronutrient Antenatal Preparation (UNIMMAP), to 
overcome other possible maternal micronutrient deficiencies

•  In areas where the prevalence of anaemia among pregnant women is lower than 
20%, intermittent iron and folic acid supplementation in non-anaemic, pregnant 
women is advised, to prevent anaemia and to improve pregnancy outcomes

•  In the postpartum period, iron supplementation, either alone or in combination 
with folic acid, for at least 3 months, may reduce the risk of anaemia by 
improving the iron status of the mother

•  Fortification of wheat and maize flours with iron, folic acid and other 
micronutrients is advised in settings where these foods are major staples

•  In malaria-endemic areas, the provision of iron and folic acid supplements 
should be made in conjunction with public health measures to prevent, diagnose 
and treat malaria

•  In emergencies, pregnant and lactating women should be given the United 
Nations International Children’s Emergency Fund (UNICEF)/WHO 
micronutrient supplement providing one RNI (recommended nutrient intake) of 
micronutrients daily (including 27 mg iron), whether or not they receive fortified 
rations. Iron and folic acid supplements, when already provided, should be 
continueda

•  All pregnant women with active tuberculosis should receive multiple 
micronutrient supplements that contain iron and folic acid and other vitamins and 
minerals, according to the UNIMMAP, to complement their maternal 
micronutrient needs

•  Multiple micronutrient supplements offer important benefits to pregnant women 
in poor settings, particularly for pregnant women with HIV to reach 
recommended levels

•  Exclusive breastfeeding of infants for up to 6 months of age should be protected, 
promoted and supported. The beneficiaries include the infant and the mother (i.e. 
longer amenorrhoea, increased birth spacing), as well as the newborn (an 
important source of iron, which is very well absorbed in breast milk)

UN Sustainable 
Development Goals 
(SDGs) [50, 51]

2015 Goal 2: End hunger, achieve food security and improved nutrition and promote 
sustainable agriculture
   Target 2.2: By 2030, end all forms of malnutrition, including achieving, by 2025, 

the internationally agreed targets on stunting and wasting in children under 
5 years of age, and address the nutritional needs of adolescent girls, pregnant 
and lactating women and older persons

   Indicator 2.2.3: Prevalence of anaemia in women aged 15–49 years, by 
pregnancy status (percentage)

UN Decade for 
Action on Nutrition 
[52]

2016 Nutrition focus (micronutrient deficiencies)

a Joint statement by WHO, World Food Programme and UNICEF [53]
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 Progress in Anaemia Reduction

Anaemia in women and preschool children 
reduced globally over the period from 1995 to 
2011, from 33% to 29% of non-pregnant women 
of reproductive age and from 47% to 43% of pre-
school children (Table 1.10) [34, 54]. This global 
trend, however, was not uniform between geo-
graphic areas. While anaemia in women overall 
over this time period showed modest reduction in 
particular regions including Latin America, East 
Africa and East and Southeast Asia, in other 
regions there was no improvement, especially in 
central and west Africa (for non-pregnant 
women) and in South Asia (for pregnant women). 
In children, despite global improvement in mean 
haemoglobin and reduction in anaemia, anaemia 
prevalence in Southern Africa has likely increased 
over this same period (Table 1.11).

Over the period 2011–2016, annual data pub-
lished by the Global Nutrition Report shows a 
plateauing of anaemia prevalence in women of 

reproductive age, with 2016 prevalence similar to 
that from 2006 [55]. According to the 2020 
Global Nutrition Report, no country is presently 
on track to meet its anaemia target of a 50% 
reduction in anaemia in women of reproductive 
age for the year 2025 [56, 57]. Indeed, just a 
quarter of countries (49 out of 194) had made 
‘some progress’—as opposed to no progress or 
deteriorating anaemia prevalence—towards the 
target [57].

Despite this limited reduction in overall anae-
mia, the prevalence of severe anaemia has declined 
considerably in all regions, with 2011 prevalence 
under 2.5% in all regions with the exception of 
preschool children in central and west Africa 
(from 9.7% [95% credibility interval 7.4–12.1%] 
in 1995 to 4.9% [3.8–6.2%] in 2011) [34].

GBD-compiled anaemia data from 1990, 2010 
and 2019 demonstrates modest reductions in 
prevalence (as a percentage of the population) 
and YLDs over time, but again shows slowing 
progress in the last decade (Table 1.12).

Table 1.10 Global mean haemoglobin, anaemia and severe anaemia among key population groups (1995 and 2011)

1995 2011
Mean 
haemoglobin 
(g/L)

Anaemia 
(%)

Severe 
anaemia (%)

Mean 
haemoglobin 
(g/L)

Anaemia 
(%)

Severe 
anaemia (%)

Children <5 years 109 (107–111) 47 (43–51) 3.7 (2.8–4.7) 111 (110–113) 43 (38–47) 1.5 (1.1–2.2)
Non-pregnant women 
(15–49 years)

125 (123–126) 33 (29–37) 1.8 (1.3–2.3) 126 (124–128) 29 (24–35) 1.1 (0.7–1.7)

Pregnant women 
(15–49 years)

112 (111–113) 43 (39–47) 2.0 (1.5–2.6) 114 (112–116) 38 (34–43) 0.9 (0.6–1.3)

Table 1.11 Mean haemoglobin and anaemia prevalence in selected regions and population groups (1995 and 2011)

1995 2011
Mean 
haemoglobin 
(g/L)

Anaemia 
(%)

Severe 
anaemia (%)

Mean 
haemoglobin 
(g/L)

Anaemia 
(%)

Severe 
anaemia (%)

Southern Africa
Children <5 years 116 (111–119) 30 (21–42) 1.1 (0.3–2.3) 110 (105–116) 46 (31–62) 0.9 (0.3–2.4)
Central and west Africa
Non-pregnant women 
(15–49 years)

118 (114–123) 52 (39–61) 2.8 (1.8–4.1) 119 (115–123) 48 (37–58) 2.2 (1.4–4.0)

South Asia
Pregnant women 
(15–49 years)

108 (104–111) 53 (43–63) 2.9 (1.8–4.4) 108 (105–113) 52 (40–63) 1.3 (0.7–2.4)

(95% credibility intervals in parentheses.) Adapted from [34]
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1990 2010 2019
Prevalence (number) 1.44 billion 1.64 billion 1.76 billion
Prevalence (%) 27.94 24.48 23.67
YLDs (number due to anaemia) 65.5 million 68.4 million 50.3 million
YLDs (% due to anaemia) 11.2 8.8 5.82

Derived from [38]

Table 1.12 Anaemia figures 
based on GBD data

The GBD programme also provides longitudi-
nal estimates of iron deficiency burden as a nutri-
tional risk factor. According to this data, iron 
deficiency remains a significant health risk in 
terms of percentage of DALYs, with little overall 
improvement between 1990 and 2019 (annualised 
rate of change from 1990 to 2019 of −0.50% 
[−0.65 to −0.38%]) [58]. Nutritional iron defi-
ciency remains the top risk factor among people 
aged 10–24 years. There has, however, been a net 
reduction in number of DALYs attributable to iron 
deficiency in this age group over the same period 
(−0.9% change in DALYs [−11.4 to 9.5], with 
age-adjusted rate −17.6% [−26.4 to −8.8]) [58].

 Progress in 2020 and Beyond

Given the modest rate of progress in anaemia 
reduction, additional strategies are clearly 
required to reach the nutrition targets set in the 
last decade and to ensure that anaemia inter-
ventions adequately address the needs of peo-
ple at highest risk of anaemia. The causes of 
anaemia are complex and differ according to 
region and population group. Regional factors 
including local nutritional data and infection 
burden must be considered so that interven-
tions can be tailored appropriately. Increased 
recognition of non-iron deficiency causes of 
anaemia, including the contribution to the 
prevalence of anaemia from carrier states or 
milder forms of haemoglobinopathies and thal-
assaemia, will become increasingly important 
in developing more nuanced anaemia control 
policies.

 COVID-19 Pandemic

The COVID-19 pandemic has had wide-ranging 
effects on global health, and anaemia reduction 
efforts have not been spared from this impact. 
Further progress in combating anaemia continues 
to be threatened by the pandemic through its 
effects on exacerbating poverty and food insecu-
rity [59]. The 2020 SDG report highlights the 
devastating disruption to all SDGs caused by the 
pandemic [50]. The virus and the actions taken to 
limit transmission have resulted in the first 
increase in global poverty since 1998 [50]. The 
pandemic has been strongly linked to worsening 
food insecurity through poverty-related changes 
in food consumption and through disruptions to 
the food supply chain [50, 60].

According to the UN, the number of people 
undernourished in 2019 was 60 million more 
than it was in 2014, and it projects an additional 
132 million people may be affected in 2020 [50]. 
COVID-19 and related disruptions have been 
estimated to result in 2.1 million additional cases 
of maternal anaemia by 2022 [61]. While these 
impacts disproportionately affect already-vulner-
able groups in LMICs, COVID-19 responses 
including stay-at-home orders have exacerbated 
risks of food insecurity even in previously rela-
tively food secure populations [62, 63]. Finally, 
progress in malaria reduction had already stalled 
in the latter part of the 2010s, and COVID-19- 
related impacts on malaria control measures may 
impair further progress. Indeed, modelling has 
predicted significant increases in cases and up to 
a doubling of mortality, with follow-on effects 
beyond 2020 [50, 64].
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 Introduction

This is an overview of systemic iron regulation 
focused predominantly on human physiology and 
its disorders and laboratory rodent models that 
are informative about human pathophysiology. A 
complementary discussion of these topics is 
available in other recent reviews [1, 2].

 Biological Roles of Iron

Iron is an essential trace element for nearly every 
living organism. Because it readily accepts or 
donates electrons, iron is a versatile catalyst of 
biochemical reactions but is also potentially 
toxic. In biological organisms, its chemical reac-
tivity is controlled by its association with pros-
thetic groups (iron-sulfur clusters or heme) or 
with protein amino acid side chains. Iron- 

containing proteins carry or store oxygen (e.g., 
hemoglobin or myoglobin); catalyze metabolic, 
signaling-related, and antimicrobial redox reac-
tions (e.g., cytochromes, ribonucleotide reduc-
tase, nitric oxide synthase, NADPH oxidase, 
myeloperoxidase); and transport or store iron 
(e.g., transferrin, lactoferrin, or ferritin). Iron- 
containing proteins are essential for energy 
metabolism and intermediary metabolism includ-
ing nucleotide synthesis and play a role in signal-
ing pathways as well as host defense.

 The Iron Economy

Despite the abundance of iron on the Earth, most 
organisms commonly experience iron scarcity, a 
paradox attributable to the low solubility of oxi-
dized forms of iron. For humans, iron is ineffi-
ciently absorbable from plant-based foods, and 
this is reflected in the high prevalence of iron 
deficiency in human populations that consume 
meat-poor or vegetarian diets. Heme iron from 
animal flesh is more efficiently absorbed, but 
these foods are scarce in many areas of the world. 
In this environment, humans and other animals 
evolved ways of efficiently conserving and recy-
cling iron. At the other extreme, most consumers 
of high-iron diets in prosperous countries physi-
ologically limit dietary absorption of iron and 
avoid the toxicity of excessive iron 
accumulation.
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The iron economy of the adult human is sum-
marized in Fig.  2.1. The average adult human 
contains about 3–4  g of iron, about 2–3  g of 
which is in erythrocyte hemoglobin. Other iron- 
rich tissues include the liver and the spleen, the 
major reserve organs for iron, where iron is stored 
in macrophages and hepatocytes in a specialized 
cytoplasmic iron storage protein, ferritin. Muscle 
contains iron predominantly in myoglobin, an 
oxygen storage protein. All cells contain smaller 
concentrations of iron-containing proteins essen-

tial for energy production, synthetic metabolism, 
and other important functions. Iron is distributed 
to tissues through blood plasma, which contains 
only 2–4 mg of iron, bound by the iron transport 
protein transferrin, whose iron-binding sites are 
normally only 20–45% filled. Plasma iron turns 
over every few hours, as about 20–25 mg of iron 
a day move through this compartment. Of all 
cells, erythrocytes have the highest concentration 
of iron, about 1 mg/mL packed volume. Although 
smaller amounts of iron from other cell types are 

Fig. 2.1 Major iron flows and their regulation by hepci-
din and ferroportin. Iron in transferrin is indicated in solid 
blue, iron in erythrocytes in dashed red. Hepcidin (green 
dashes) produced by hepatocytes controls the flow iron 
into plasma by blocking iron export through ferroportin 
(Fpn) in the duodenal enterocytes, hepatocytes, and 
splenic and hepatic macrophages. Aged erythrocytes 
(~120 days in humans) undergo erythrophagocytosis by 

macrophages in the spleen (and the liver), and their iron 
content is recycled through the small plasma iron pool and 
used mainly by the marrow for the production of new 
erythrocytes. Normally, iron absorption in the duodenum 
is sufficient to replace small losses of iron through minor 
bleeding and loss of epithelial cells from body surfaces. 
The liver functions as the main storage organ for iron
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also recovered by macrophages, most plasma 
iron is derived from aged erythrocytes that are 
recycled by macrophages in the spleen and other 
organs. As the lifespan of human erythrocytes is 
about 120 days, about 0.8% (or about 15–25 mg) 
of all erythrocyte iron must be recycled every 
day. In turn, iron is extracted from the plasma 
compartment mostly for hemoglobin synthesis 
by erythrocyte precursors. Despite rapid turnover 
and changes in iron utilization, plasma iron con-
centrations are generally stable, indicating that 
the delivery of iron from recycling macrophages 
into plasma is homeostatically controlled.

Iron losses from the body are only 1–2 mg/day 
mainly from desquamation of epithelial surfaces. 
Under normal circumstances the losses are bal-
anced by dietary iron absorption, primarily in the 
proximal duodenum. Because losses of iron from 
the body are not significantly modulated by sys-
temic iron deficiency or excess, regulation of the 
iron content of the body is completely dependent 
on close control of dietary iron absorption.

 Iron Homeostasis: Tissues 
and Cellular Transporters

 Tissues, Cells, and Fluxes

The three key cell types involved in postnatal iron 
homeostasis are duodenal enterocytes which 
absorb dietary iron, macrophages which recycle 
iron from erythrocytes and other cells, and hepato-
cytes which store iron and can release it when 
needed. During fetal development, the placental 
syncytiotrophoblast transfers iron from the mother 
to the fetus. The main regulated step in all iron-
transporting tissues is the transfer of iron from 
these cells to plasma. The iron-regulatory hormone 
hepcidin is produced by hepatocytes (including 
fetal hepatocytes) and controls the transfer of iron 
to plasma from enterocytes, macrophages, hepato-
cytes, and syncytiotrophoblast. Iron not trans-
ferred to plasma is retained in macrophages and 

hepatocytes, where it functions as a cellular stor-
age compartment (Fig.  2.1). Iron retained in 
enterocytes is rapidly lost from the body because 
these cells turn over every 2–5 days in humans and 
are sloughed into the fecal stream along with any 
iron that had not been transferred to plasma. 
Accordingly, the partitioning of iron between duo-
denal enterocytes (the mucosa) and the plasma 
effectively determines the body iron content.

The predominant forms of iron in the human 
diet are ferric iron, heme, and ferritin all com-
plexed with other macromolecules. The acidic 
environment of the stomach and exposure to 
digestive enzymes cause a partial release of these 
iron forms from the digestate. The transport of 
inorganic iron is well understood, but little is 
known about the transport and metabolism of 
heme and ferritin in the enterocyte. It appears that 
iron from ferritin or heme exits the enterocyte by 
the same route and in the same form as inorganic 
dietary iron (Fig. 2.2).

Most of the iron flux in the body is generated 
by macrophages recycling senescent erythro-
cytes. The phagolysosome digests the erythro-
cyte and its hemoglobin, releasing heme, which 
is then degraded by the inducible heme oxygen-
ase- 1 (HO-1), freeing iron for cytoplasmic stor-
age or export to blood plasma. The presence of a 
heme transporter (heme responsive gene-1, 
HRG-1) in the phagolysosomal membrane and 
the consequences of its ablation favor a model in 
which heme is transported across the phagosomal 
membrane and then degraded within the cell out-
side the phagolysosome [3, 4] (Fig.  2.2). This 
model was recently challenged by evidence that 
senescent erythrocytes may lyse in the spleen just 
prior to erythrophagocytosis, in which case 
haptoglobin- hemoglobin complexes would be 
the main species recycled by macrophages into 
iron [5]. Although normally most iron is exported 
to plasma across the macrophage cell membrane, 
during hemolytic stress heme may be exported 
intact by heme transporters and then bound to 
hemopexin, a plasma heme carrier.
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Fig. 2.2 Transport of iron by enterocytes and macro-
phages. Iron uptake takes place at the apical brush border 
of enterocytes, mainly by DMT1 and an unknown heme 
transporter. Ferric reductase dCytB at the apical surface 
facilitates the conversion from the predominant dietary 
form, Fe3+ to Fe2+, which is then transported by DMT1 
into the cytoplasm. The heme transporter must be coupled 
to a cytoplasmic heme oxygenase (HO) which extracts 
iron from heme. Cytoplasmic iron transport to ferritin and 
ferroportin is mediated by chaperones PCBP1 and PCBP2. 
Intracellular iron is stored in ferritin. Basolateral iron 
(Fe2+) export is solely mediated by ferroportin, but before 
it can be loaded onto the iron carrier transferrin (Tf), it is 
converted to Fe3+ by the oxygen-dependent ferroxidase 

hephaestin. Iron-transporting macrophages take up iron 
predominantly in the form of senescent erythrocytes 
which undergo proteolysis in the phagolysosome, fol-
lowed by heme and iron transport into the cytoplasm. 
Macrophages can also take up iron through the conven-
tional transferrin/TfR1-mediated uptake mechanism. 
During hemolytic episodes, macrophages can process 
hemoglobin/haptoglobin and heme/hemopexin complexes 
endocytosed by CD163 and CD91 receptors, respectively. 
Macrophage export of iron to plasma transferrin is depen-
dent on ferroportin and ceruloplasmin. Hepcidin controls 
iron export by both enterocytes and macrophages. 
Macrophages and hepatocytes are the predominant cells 
secreting ferritin into plasma

 Cellular Iron Homeostasis

Each cell regulates its own iron content and sub-
cellular distribution by sensing internal iron con-
centrations and regulating its iron uptake, storage, 
utilization, and export. The best characterized 
sensing systems involve the iron-regulatory pro-
teins IRP1 and IRP2 which during cellular iron 
deficiency bind to many mRNAs that encode pro-
teins involved in cellular iron metabolism. When 
IRPs bind to mRNAs with iron-regulatory 
 elements (IREs) in the 5′ end, they inhibit their 
translation. When bound to mRNAs with IREs in 
the 3′ end, they stabilize them against degrada-
tion so these mRNAs become more abundant. 
During cellular iron deficiency, as the IRP con-
centration increases, the production of the iron- 
importing transferrin receptor TfR1 also increases 

because its mRNA has 3’ IREs, but the synthesis 
of the iron storage protein ferritin is blocked 
because its mRNA has a 5’ IRE. The rich biology 
of this system is summarized elsewhere [6].

 Iron Import

In the enterocyte (Fig.  2.2), the apical uptake 
transporter of inorganic iron is the divalent metal 
transporter DMT1 which imports ferrous iron 
(reviewed in [7]). DMT1 is found on the brush 
border membrane of duodenal enterocytes and 
also abundant in erythrocyte precursors where it 
colocalizes with transferrin in recycling endo-
somes. In erythrocyte precursors and other cell 
types dependent on transferrin for their iron sup-
ply, DMT1 transports iron released from transfer-
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rin in acidified endosomes to the cytoplasm. 
DMT1 and a related molecule, natural resistance- 
associated macrophage protein-1 (Nramp1), are 
also involved in iron transport in macrophages, 
but their specific function in these cells remains 
uncertain. Intestine-specific DMT1 knockout 
mice develop postnatal anemia and systemic iron 
deficiency but can be rescued by parenteral iron 
administration bypassing the intestinal tract, 
demonstrating the essential role of DMT1  in 
intestinal iron transport. DMT1 is dispensable for 
absorption of other divalent metals.

DMT1 is a proton-coupled Fe2+ transporter 
[8], found in at least four isoforms with differing 
transcription initiation sites and exon splicing. 
The mRNAs for some of the isoforms contain a 
3′ iron-responsive element (3’IRE) that binds 
iron-regulatory proteins 1 and 2 to stabilize the 
mRNA and increase DMT1 synthesis when cel-
lular iron concentrations are low. The 3’IRE+ 
forms are predominantly expressed in epithelial 
cells, while DMT1 mRNAs in erythroid cells 
lack the 3’IRE [7].

Effective iron transport by DMT1 depends on 
the concentration of ferrous iron and on the 
cotransport of protons. Duodenal cytochrome B 
(dcytB) contributes to the reduction of luminal 
ferric iron but is not required for DMT1 function, 
perhaps because other ferric reductase activities 
contribute as well. The intestinal Na+/H+ exchang-
ers NHE3, and to a lesser extent NHE2, appear to 
be responsible for generating the proton concen-
trations necessary for DMT1 to function, a role 
previously ascribed to acid secretions generated 
in the stomach.

 Heme Import

Iron can also be transported as heme, a form 
appearing either as a synthetic intermediate or 
generated by degradation of heme-containing 
proteins. The best documented mammalian heme 
uptake transporter, heme responsive gene-1, was 
cloned by homology to heme transporters identi-
fied in the heme auxotroph C. elegans. It local-
izes to the phagolysosomes of macrophages [9] 
and is required for the transport of heme recov-

ered from senescent erythrocytes [3] and its recy-
cling for iron (Fig. 2.2).

 Ferritin and Cytoplasmic Storage

Ferritin is a spherical protein composed of 24 
subunits of heavy (H) or light (L) type, with the 
capacity to store large amounts of iron in its inte-
rior. The H-ferritin subunits function as ferroxi-
dases to facilitate the conversion of cytoplasmic 
Fe2+ to an oxidized mineral form for storage. 
Targeted deletion of the H-subunit in the intestine 
caused systemic iron dysregulation with 
increased intestinal iron absorption and mild sys-
temic iron overload manifested by increased 
plasma and hepatic iron concentrations. The abil-
ity of the ferritin compartment to store iron in 
enterocytes may be required for controlled deliv-
ery of iron to the basolateral iron exporters.

Ferrous iron is delivered to ferritin by cyto-
plasmic chaperones, chiefly poly (rC)-binding 
protein 1 (PCBP1) [10]. Exit of iron from ferri-
tin may occur through gated pores but mainly by 
the autophagy and lysosomal degradation of fer-
ritin. The ferritin cargo receptor NCOA4 deliv-
ers ferritin to the autophagic system [11]. The 
transit of iron from ferritin to iron exporters 
may be mediated by PCBP2 [12], a protein 
closely related to and functionally interacting 
with PCBP1.

A soluble, relatively iron-poor form of ferritin 
is found in blood plasma. This form is a 24- subunit 
polymer containing mostly L-ferritin and is 
derived primarily from macrophages and hepato-
cytes. Recent studies indicate that ferritin may be 
released from cells by an unusual secretory path-
way as a mixture of variably iron-loaded ferritin 
molecules, with subsequent receptor-mediated 
selective reuptake of iron-rich ferritin by neigh-
boring cells, so that only iron-poor ferritin 
remains in circulation [13]. As the iron stores in 
macrophages generally reflect the total iron 
stored in hepatocytes and macrophages, serum 
concentrations of ferritin correlate with total iron 
stores [14], with exceptions reflecting pathologi-
cal situations in which the macrophages are much 
less or much more iron-loaded than hepatocytes 
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or situations where ferritin synthesis is primarily 
driven by inflammation.

 Iron Exporters

The sole known mammalian cellular iron exporter 
is ferroportin (also called Slc40a1). It is expressed 
at all sites involved in iron transfer to plasma 
(Fig. 2.1), i.e., the basolateral membranes of duo-
denal enterocytes [15], the membranes of 
 macrophages, the sinusoidal surfaces of hepato-
cytes, and the basal surface of the placental syn-
cytiotrophoblast facing the fetal circulation [15]. 
Like DMT1, ferroportin is a 12-transmembrane 
domain protein with both termini in the cyto-
plasm. Structural analyses of ferroportin are con-
verging on a model in which an N-terminal 
bundle of six helical segments connects by a 
loose cytoplasmic domain to the C-terminal bun-
dle of six helices, effectively forming a cup that 
can alternate between “open in” and “open out” 
conformations. Ferrous iron, possibly complexed 
with a small organic molecule, binds to one or 
both small cavities, respectively, located in the 
C-terminal and N-terminal lobes of “open in” 
ferroportin, triggering a conformational change 
to an “open out” configuration which releases the 
iron to the extracellular space [16, 17]. The cyto-
plasmic domain connecting the two halves of the 
structure is thought to have a regulatory function 
controlled by ubiquitination [18]. Ferroportin is 
encoded by two tissue-specific differentially 
spliced transcripts, FPN1A and FPN1B, that 
encode the same protein but differ in the presence 
(FPN1A) or absence (FPN1B) of a 5’IRE that 
functions to translationally repress ferroportin 
synthesis when cellular iron is scarce. FPN1B is 
highly expressed in the duodenum and in ery-
throid precursors, allowing perhaps for altruistic 
export of iron by these cells even when they sense 
iron deficiency.

Cellular iron export is dependent on members 
of a family of copper-containing ferroxidases, 
including ceruloplasmin, hephaestin, and per-
haps also zyklopen [19, 20], that use molecular 
oxygen to oxidize ferrous to ferric iron (Fig. 2.2). 
Hephaestin-deficient mice (sex-linked anemia or 

sla) manifest iron deficiency anemia with accu-
mulation of iron in enterocytes [19], indicating 
that the basolateral transfer of iron to plasma is 
defective. Ceruloplasmin deficiency impedes 
both intestinal iron absorption and the release of 
iron from macrophages and causes accumulation 
of iron in the brain and in hepatocytes. Although 
detailed characterization of the respective tissue- 
specific roles of these ferroxidases remains to be 
done, it is likely that they facilitate ferroportin- 
mediated Fe2+ efflux by oxidizing iron to its ferric 
form Fe3+, allowing its uptake by apotransferrin 
and thereby maintaining a low concentration of 
Fe2+ at the cell surface and Fe2+ gradient to the 
extracellular face of ferroportin that can drive 
iron transport. It remains to be established how 
the four known ferroxidase forms cooperate to 
provide ferroxidase function for enterocytes, 
macrophages, hepatocytes, and the placenta.

 Heme Exporters

Feline leukemia virus, type C, receptor 1 
(FLVCR1) is the sole known heme exporter. Its 
ablation in mice causes a severe fetal anemia 
lethal in mid-gestation [21]. Recent studies reveal 
that there are two functional isoforms of FLVCR1. 
FLVCR1b contains only the C-terminal half of 
FLVCR, is expressed in mitochondria, and may 
mediate heme export from mitochondria to the 
cytoplasm of erythrocyte precursors and other 
cells with active heme synthesis [22]. FLVCR1b 
is required for erythroid development and differ-
entiation, presumably because without it heme 
does not reach the cytoplasm and is not incorpo-
rated into hemoglobin, but does not appear to be 
involved in systemic iron homeostasis. The full- 
length form of FLVCR1a is found in the plasma 
membrane and is not required for erythroid 
development.

 Extracellular Iron Carriers

Ferric iron exported from cells becomes bound to 
the plasma iron carrier, transferrin, a protein that 
can carry up to two ferric ions and deliver them to 
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target tissues for uptake by the transferrin recep-
tor- 1 (TfR1). The essential role of transferrin in 
delivering iron for erythropoiesis is revealed by 
the severe anemia in genetic hypotransferrin-
emia, or atransferrinemia, in humans and in mice. 
Paradoxically, the disorder results in systemic 
iron overload, showing that other tissues can take 
up non-transferrin-bound iron (NTBI). In atrans-
ferrinemia, or if iron enters plasma in excess of 
the carrying capacity of transferrin, iron becomes 
complexed to citrate, other organic acids, and 
albumin. These NTBI forms are taken up by 
hepatocytes via the manganese transporter Zip14, 
with alternative, less well-characterized mecha-
nisms that import NTBI in other tissues suscep-
tible to iron overload [23]. Plasma ferritin may 
also deliver iron to some tissues [13], but the rela-
tive physiologic contribution of this process is 
not understood. In addition to carriers that bind 
inorganic iron, hemopexin and haptoglobin are 
plasma proteins that bind free heme and free 
hemoglobin, respectively, limiting their toxic 
effects and scavenging them for recycling into 
iron [24, 25]. Hemopexin and haptoglobin have 
an important homeostatic role during hemolytic 
stress and diseases. These systems are over-
whelmed during rapid hemolysis, such as a 
hemolytic transfusion reaction, where unchaper-
oned heme and hemoglobin can cause systemic 
and pulmonary hypertension, renal injury, 
abdominal pain, activation of the clotting system, 
and systemic inflammation [26].

 Hormonal Control of Iron 
Homeostasis by Hepcidin and Its 
Receptor Ferroportin

 Hepcidin

Despite fluctuations in the iron content of human 
diets and occasional blood loss, most adult 
humans maintain plasma iron concentrations of 
10–30  μM and iron reserves of about 0.2–1  g 
[14]. Iron absorption is increased in mice or 
humans during periods of iron deficiency, and 
absorption is decreased by parenteral iron over-
load. These observations have led to the expecta-

tion that a systemically acting hormone regulates 
the major flows of iron (history reviewed in [27]).

The iron-regulatory hormone hepcidin is a 
small (25-amino acid) peptide synthesized and 
secreted by hepatocytes. Hepcidin circulates in 
blood plasma mostly free, and is filtered by the 
kidneys. The nine-amino acid N-terminal hepci-
din segment is highly conserved and essential for 
the iron-regulatory function of hepcidin and its 
interaction with its receptor ferroportin [28]. In 
addition to the 25-amino acid form of hepcidin, 
less bioactive N-terminally truncated shorter 
forms (22 and 20 amino acids) are also found in 
human urine and the 20-amino acid form in 
human plasma, generally at much lower 
concentrations.

 Mechanism of Action of Hepcidin

Hepcidin acts by posttranslationally controlling 
the membrane concentration of the cellular iron 
exporter ferroportin [29]. Hepcidin can also 
directly occlude the transport of iron by ferropor-
tin, but this mechanism may require higher con-
centrations of hepcidin [16]. A recent structural 
analysis of the ferroportin-hepcidin complex 
reveals a potential modulatory role of iron 
wherein the interaction of ferroportin and hepci-
din is stabilized by an iron atom [30]. The 
hepcidin- ferroportin interaction effectively con-
trols the flux of iron into plasma and the iron sup-
ply available to all the iron-consuming tissues. 
Injection of 1–2 μg/g of synthetic hepcidin into 
mice elicits a profound decrease in serum iron 
concentrations within 1 h, and the hypoferremic 
effect persists for many hours. Similar effects 
have been reported in early human trials of thera-
peutic formulations of hepcidin or hepcidin ago-
nists. Chronic overproduction of hepcidin causes 
iron deficiency anemia in mouse models and 
humans, both by inhibiting iron absorption and 
restricting the release of stored iron. Transgenic 
hepcidin overexpression during fetal life can 
impair iron transfer to the fetus, causing severe 
iron deficiency anemia at birth, with most mice 
dying perinatally. However, this model is not 
reflective of the role of hepcidin in fetal iron reg-
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ulation because fetal hepcidin concentrations are 
normally extremely low [31]. Hepcidin defi-
ciency in mice or humans causes hyperabsorp-
tion of iron and iron overload in parenchymal 
organs including the liver, pancreas, and the 
heart, coupled with the paradoxical loss of mac-
rophage iron stores [32, 33]. These effects of hep-
cidin excess or deficiency are evidence of the 
fundamental role of hepcidin in the control of 
iron absorption and the release of recycled iron 
from macrophages. Importantly, the phenotype 
of hepcidin deficiency is mimicked by heterozy-
gous human ferroportin mutations that interfere 
with hepcidin binding [34], confirming the criti-
cal role of the hepcidin-ferroportin interaction in 
iron homeostasis and suggesting that ferroportin 
may be the sole target of hepcidin.

The identification of the binding interface 
between hepcidin and ferroportin was achieved 
by studying the effects of natural and experimen-
tal mutations in both partners [16, 28]. The 
N-terminus of hepcidin (~9 amino acids) is suf-
ficient for ferroportin binding and internalization 
[35]. Recent advances in the structural character-
ization of ferroportin [17] helped identify a likely 
hepcidin-binding site in the cavity formed in the 
open-out conformation of ferroportin [16, 30]. 
The binding of hepcidin to ferroportin is fol-
lowed within minutes by the ubiquitination of 
lysines in a cytoplasmic loop of ferroportin [18] 
which appears to be required for the subsequent 
endocytosis of ferroportin.

 Hepcidin-Independent Homeostatic 
Mechanisms

Although ferroportin is evolutionarily ancient 
with conserved sequences in plants, worms, and 
other multicellular animals, its ligand hepcidin is 
found only in vertebrates, with the possible 
exception of birds. The absence of hepcidin in 
invertebrates suggests that alternative mecha-
nisms for systemic regulation of ferroportin may 
exist in invertebrates and persist in vertebrates, 
although they may not be sufficiently effective to 
compensate for pathological situations in which 
hepcidin is deficient or excessive. In the mouse, 

duodenal ferroportin mRNA is increased by 
hypoxia and iron deficiency, and hypoxia and 
anemia increase ferroportin mRNA in macro-
phages but not hepatocytes. These tissue-specific 
effects may be mediated by hypoxia-inducible 
factors, especially HIF-2α [36], regulating the 
transcription of ferroportin. The degradation of 
HIFs by prolyl hydroxylases is dependent on 
both iron and oxygen, so HIF-2α concentrations 
could be increased by cellular iron deficiency or 
hypoxia alone. It should be noted that a potential 
counterregulatory mechanism could decrease fer-
roportin during cellular iron deficiency. One iso-
form of ferroportin mRNA contains a 5’IRE and 
could undergo translational repression during 
iron deficiency, but the alternative splice form of 
ferroportin abundant in the duodenum and lack-
ing the 5’IRE would evade this effect. Iron defi-
ciency may also repress HIF-2α translation 
through the interaction of iron-regulatory pro-
teins (IRP1 and 2) with the iron-regulatory ele-
ment (IRE) in the 5′ region of the HIF-2α 
mRNA. Other components of the iron transport 
machinery in the duodenum, including DMT1 
and dcytB, are also targets of HIF-2α, and their 
mRNAs are increased during hypoxia and iron 
deficiency. In the duodenum, these cell- 
autonomous mechanisms may function to coordi-
nate apical iron absorption by DMT1 with 
basolateral iron export by ferroportin.

 Regulation of Hepcidin by Iron

 Dual Regulation of Hepcidin by 
Extracellular Iron and Iron Stores

The relative stability of plasma iron concentra-
tions despite rapid turnover of iron suggests feed-
back regulation of hepcidin by plasma iron 
(Fig. 2.3). Experimentally, regulation of hepcidin 
by plasma iron concentrations was detected in 
human volunteers [37] given small doses of iron 
sufficient to raise plasma iron concentrations 
transiently but too small to contribute signifi-
cantly to iron stores. Serum hepcidin levels were 
observed to rise dramatically in response to tran-
sient increases in plasma iron with a delay of 

T. Ganz



27

Fig. 2.3 Molecular pathways regulating hepcidin tran-
scription. Iron stores and plasma iron (diferric transferrin) 
concentrations regulate hepcidin transcription through the 
BMPR-SMAD pathway. The BMPR ligands BMP2/6 are 
secreted by the hepatic sinusoidal endothelial cells into 
the space of Disse, a narrow gap separating these cells 
from hepatocytes. BMP2/6 production is proportional to 
hepatic iron stores. The activity of the BMPR-SMAD 
pathway is modulated by adaptors specific to its iron- 
regulatory function: hemojuvelin, matriptase-2, and neo-
genin. Hepcidin transcription in response to plasma iron is 

stimulated by the putative plasma iron-sensing complex of 
TfR1, HFE, and TfR2 through enhanced BMP signaling. 
The main activator of the inflammatory pathway is inter-
leukin- 6 acting through its receptor and the JAK-STAT 
pathway. During active erythropoiesis, hepcidin transcrip-
tion is suppressed by erythropoietin-stimulated erythro-
blasts that inhibit BMP signaling by secreting 
erythroferrone. Erythroferrone acts by trapping BMP2/6 
heterodimers and preventing them from activating the 
BMP receptor

about 8  h [37]. The relatively narrow distribu-
tions of estimated body iron stores in men and 
women on varied diets suggest that body stores 
could regulate hepcidin independently of the 
short-term effects of plasma iron concentrations 
[14]. In humans, observations that support hepci-
din regulation by iron stores include the correla-
tion between hepcidin mRNA and iron stores in 
human liver biopsies [38] and the strong correla-
tion between serum ferritin, a recognized marker 
of iron stores, and serum hepcidin [37]. In mouse 
models, convincing evidence has been developed 
that plasma iron and hepatic iron stores regulate 
hepcidin independently. Hepcidin regulation by 
plasma iron and by tissue iron stores appears to 
operate on different time scales (hours vs. days), 

and this could allow the two regulators to func-
tion in parallel.

 Tissues Involved in Hepcidin 
Regulation

Hepatocytes are the predominant producers of 
hepcidin, and this source of hepcidin is both nec-
essary and sufficient for systemic iron homeosta-
sis [39]. However, recent studies indicate that 
another hepatic cell type, sinusoidal endothelial 
cells, is also essential for the regulation of hepci-
din production [40, 41]. Cardiac myocytes, mac-
rophages, and adipocytes contain much lower 
concentrations of hepcidin mRNA than hepato-
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cytes. In murine models, autocrine effects of hep-
cidin have been documented in cardiac myocytes 
[42] and may serve to preserve cardiac mitochon-
drial iron during systemic iron deficiency.

 Sensors and Pathways that Regulate 
Hepcidin

In the liver, the only known mode of hepatocyte 
hepcidin regulation is transcriptional. The 
 molecular mechanisms that mediate hepcidin 
regulation by iron appear to be surprisingly com-
plicated [2]. The BMP receptor and its canonical 
SMAD pathway are at the core of the hepcidin-
regulating complex as indicated by the strong 
induction of hepcidin by multiple BMPs [43, 44], 
the presence of several functional BMP response 
elements in the hepcidin promoter, and the pro-
found effect of liver-specific SMAD4 ablation on 
hepcidin expression. The specific form of the 
BMP receptor used for iron-related hepcidin reg-
ulation in hepatocytes includes Alk2 or Alk3 as 
type I subunits and predominantly ActRIIA and 
BMPR2 as the type II subunit. Another hepatic 
cell type, the sinusoidal endothelial cell, provides 
essential input into iron and hepcidin regulation 
by secreting the two required hepcidin-regulating 
ligands of the BMP receptor, BMP6 and BMP2 
[40, 41], that must cross the narrow perisinusoi-
dal space to interact with BMP receptors on 
hepatocytes. Of the two distinct modes of hepci-
din regulation, by extracellular iron concentra-
tion and intracellular liver iron stores, only the 
accumulation of iron in the liver regulates the 
expression of BMP6 and BMP2. Liver iron load-
ing increases BMP6 about fourfold [45, 46] but 
affects BMP2 much less [47]. BMP2 and BMP6 
may act physiologically as a heterodimeric ligand 
of the iron-relevant BMP receptor.

The GPI-linked protein hemojuvelin is an 
essential co-receptor for activation of the BMP 
receptor for iron-related signaling. Its ablation 
leads to severe hepcidin deficiency and severe 
iron overload in humans (early-onset, juvenile 
form of hereditary hemochromatosis) and in 
mice [48–50]. The hepatic form of hemojuvelin 

appears to be essential for hepcidin regulation, 
while the muscle form is dispensable.

Regulation of hepcidin by extracellular iron 
concentrations involves the same BMP pathway 
through modulation of signaling at the level of 
the BMP receptor. Transferrin receptor 2 is a 
likely sensor of extracellular holotransferrin con-
centration. TfR2 is stabilized by holotransferrin, 
and the disruption of TfR2  in mice or humans 
impairs extracellular iron sensing [51]. The 
hemochromatosis-related membrane protein 
HFE and holotransferrin compete for binding to 
TfR1 [52], and so the TfR1/HFE complex could 
be another sensor for holotransferrin, perhaps 
independent of TfR2 [53, 54] or interacting with 
it and with hemojuvelin. In support of the inde-
pendent roles of HFE and TfR2, overexpression 
of HFE stimulates hepcidin production whether 
or not Tfr2 is present. Neogenin promotes iron- 
related signaling as evidenced by decreased hep-
cidin despite severe iron overload in mice with 
neogenin-attenuating retrotransposon insertion, 
but the mechanism of this effect is uncertain. 
Finally, a membrane serine protease matriptase-2 
(also called TMPRSS6) functions as a negative 
regulator of hepcidin-related BMP signaling, act-
ing by cleaving and inactivating the BMP agonist 
hemojuvelin [55–58]. Genetic loss of matriptase-
 2 (transmembrane serine protease 6, TMPRSS6) 
activity in mice or humans causes iron-refractory 
iron deficiency anemia by stimulating excessive 
hepcidin synthesis that leads to sequestration of 
iron in macrophages and decreased dietary iron 
absorption.

 Regulation of Hepcidin by 
Erythropoiesis

Intestinal iron absorption is greatly increased in 
response to hemorrhage or erythropoietin leading 
to the hypothesis that an “erythroid regulator” 
modulates intestinal iron absorption [59], assur-
ing adequate supply of iron when needed for 
accelerated erythropoiesis (Fig.  2.3). Patients 
with ineffective erythropoiesis (e.g., in 
β-thalassemia), whose erythroid precursor popu-
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lations are greatly expanded but fail to mature 
into functional erythrocytes, also have increased 
intestinal iron absorption despite often severe 
systemic iron overload [60]. Although required 
blood transfusions (e.g., in β-thalassemia major) 
contribute to the lethal iron overload in ineffec-
tive erythropoiesis, many patients (exemplified 
by β-thalassemia intermedia) who receive few or 
no transfusions can still become severely 
iron-overloaded.

After the discovery of hepcidin, the erythroid 
regulator concept was modified from that of a 
direct regulator of iron absorption to a regulator 
of hepcidin. The preponderance of data now sup-
ports a model in which the bone marrow pro-
duces a hepcidin suppressor, in response to 
erythropoietin. A similar suppressive substance 
has been postulated in anemias with ineffective 
erythropoiesis where hepcidin is decreased 
despite iron overload, even in the absence of 
transfusions [61]. GDF-15, a BMP family mem-
ber whose serum concentrations are greatly 
increased in iron-loading anemias, has been pro-
posed as a hepcidin suppressor in β-thalassemia 
and in congenital dyserythropoietic anemias, but 
its contribution to hepcidin suppression and iron 
overload in these conditions remains uncertain. 
Based on studies in blood donors, GDF-15 is 
unlikely to function as the physiologic suppres-
sor of hepcidin after blood loss [62].

A systematic search for mRNAs in murine 
bone marrow that were induced within hours 
after hemorrhage and encoded secreted proteins 
led to a glycoprotein member of the TNFα-C1q 
superfamily with the systematic name Fam132b, 
which was renamed erythroferrone. 
Erythroferrone has all the attributes postulated 
for the erythroid regulator: erythroferrone mRNA 
and protein secretion is induced by erythropoie-
tin or blood loss within hours and before hepcidin 
is suppressed [63, 64]; recombinant murine and 
human erythroferrone suppresses hepcidin 
mRNA and protein concentrations produced by 
hepatocytes in vitro and in mouse models [63]; 
erythroferrone is secreted by erythropoietin- 
stimulated erythroblasts [63]; and ablation of 
erythroferrone in a mouse model nearly com-
pletely blunts the acute suppression of hepcidin 

by hemorrhage or erythropoietin administration 
[63]. After multiple unsuccessful searches for a 
hepatic erythroferrone receptor, evidence has 
been accumulating that erythroferrone acts by 
interfering with the access of BMP2/6 to the 
hepatocyte BMP receptor [65, 66].

Serum erythroferrone concentrations are 
pathologically increased in the mouse model of 
β-thalassemia intermedia with hepcidin suppres-
sion and iron overload [67], and the ablation of 
erythroferrone in this model corrects their hepci-
din deficiency and partly alleviates their iron 
overload. In patients with β-thalassemia, serum 
erythroferrone concentrations inversely correlate 
with serum hepcidin [64]. In patients receiving 
transfusions, erythroferrone levels are high 
before transfusion and decrease after transfusion, 
as would be expected from the effect of transfu-
sion on the production of erythropoietin, a direct 
regulator of erythroferrone [64]. Erythroferrone 
concentrations are also increased in patients with 
other anemias with ineffective erythropoiesis, 
including MDS with SF3B1 mutations and in 
congenital dyserythropoietic anemia type II.  In 
these settings, high erythroferrone concentrations 
in plasma are secreted by erythropoietin- 
stimulated and greatly expanded but dead-end 
erythroblast populations.

 Hepcidin in Inflammation, Liver 
Injury, and Host Defense

 Hepcidin Is Induced by Infections 
and Inflammation

Initial studies of hepcidin revealed its intrinsic 
antimicrobial activity. Subsequently, microbial 
molecules, the plant-derived inflammatory agent 
turpentine, and cytokines were shown to be 
potent inducers of hepcidin synthesis. 
Interleukin-6 (IL-6) is the main hepcidin- 
inducing cytokine in  vivo [68], but other cyto-
kines may also contribute. In multiple myeloma, 
a plasma cell malignancy which almost invari-
ably causes anemia, serum hepcidin is greatly 
increased and both BMP4 and IL-6 were impli-
cated as its pathogenic inducers [69]. The stimu-
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latory effects of inflammation are mediated by 
the dual and in some cases synergistic [69] regu-
lation of hepcidin transcription by SMAD and 
STAT3 transcription factors.

 The Role of Hepcidin in Host Defense

Specific evidence for the role of hepcidin in host 
defense has only recently been provided. 
Remarkably, mice that lack hepcidin are exqui-
sitely susceptible to rapid death after infection 
with certain gram-negative bacteria, including 
Vibrio vulnificus, Yersinia enterocolitica, 
Klebsiella pneumoniae, and Escherichia coli [70, 
71], infections to which wild-type mice are 
highly resistant. Death appears to be caused by 
the extremely rapid proliferation of bacteria. The 
hepcidin-ablated mice can be partially or com-
pletely rescued by iron depletion or by adminis-
tration of hepcidin analogs. In vitro studies 
indicate that it may not be hypoferremia per se 
that protects the host but hepcidin-mediated sup-
pression of non-transferrin-bound iron (NTBI) 
generation, as gram-negative bacteria utilize 
NTBI for rapid growth [72]. Patients with heredi-
tary hemochromatosis, nearly all of whom have 
absolute or relative hepcidin deficiency, are 
known to be more susceptible to such infections, 
e.g., Vibrio vulnificus, Yersinia enterocolitica, 
and Listeria monocytogenes. The involvement of 
hepcidin and iron in resistance to other microbial 
infections is less obvious and remains an active 
area of investigation. There is evidence that 
induction of hepcidin during erythrocyte infec-
tion with malaria interferes with superinfection 
with another strain by redistributing iron from 
hepatocytes to macrophages, thus inhibiting the 
early hepatic phase of superinfecting malaria. 
However, such protective effects of hepcidin may 
not be applicable to all infections. Under some 
conditions, hepcidin-induced iron redistribution 
from extracellular spaces and hepatocytes to 
macrophage cytoplasm could even favor the 
growth of certain intracellular microbes, depend-
ing on the specific subcellular compartment they 

utilize and the effect of hepcidin on its local iron 
concentrations.

 Genetic Disorders of the Hepcidin- 
Ferroportin System

Mutations in the genes encoding hepcidin, its 
various regulators, or its molecular target ferro-
portin may manifest as disorders of iron regula-
tion [1, 73]. Hepcidin deficiency or ferroportin 
resistance to the effect of hepcidin results in 
hereditary hemochromatosis, a group of diseases 
characterized by systemic iron overload due to 
hyperabsorption of dietary iron, with subsequent 
injury to iron-overloaded tissues [74]. Although 
the pathogenesis of iron-mediated toxicity is not 
well understood, in part because current rodent 
models are resistant to iron-induced injury, the 
ability of iron to catalyze the production of reac-
tive oxygen species is the main suspect in this 
process. The destructive process may affect the 
liver, causing cirrhosis and liver cancer; the heart, 
leading to heart failure; and endocrine glands 
where the effects are wide-ranging, including 
delayed growth and sexual development in the 
juvenile forms of the disease and diabetes melli-
tus in the juvenile and adult forms. The age of 
onset and the rate of disease progression corre-
late roughly with the severity of the hepcidin 
deficiency but are likely to be modulated by 
genes not yet identified as part of the iron- 
regulatory system, as well as alcohol use and 
abuse, dietary factors, and blood loss through 
menstruation. The epidemiology, diagnosis, and 
treatment of hereditary hemochromatosis are 
well covered in other reviews [74].

At the opposite end of the spectrum of genetic 
iron disorders are conditions in which the pro-
duction and blood concentrations of hepcidin are 
inappropriately high or the membrane concen-
tration or iron-transporting capacity of ferropor-
tin is decreased. Genetic lesions in the negative 
hepcidin regulator matriptase-2 (TMPRSS6), 
affecting both of its alleles, cause hepcidin over-
production resulting in iron deficiency anemia 
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due to decreased iron absorption and sequestra-
tion of iron in macrophages [75]. Treatment with 
parenteral iron can bypass the block of iron 
absorption but does not fully overcome the iron-
restrictive effect of the block to macrophage iron 
export.

Heterozygous loss-of-function mutations in 
the ferroportin gene result in decreased mem-
brane concentrations of ferroportin or its dimin-
ished ability to transport iron. The disorder, 
named “ferroportin disease” [76], is manifested 
by trapping of iron in macrophages, high serum 
ferritin levels, and a tendency to anemia when 
therapeutic iron removal by venesection is 
attempted. If iron loading is limited to macro-
phages, the disorder rarely causes clinically sig-
nificant disease. “Ferroportin disease” is distinct 
from the manifestations of ferroportin 
 gain-of- function mutations that cause parenchy-
mal iron loading, attributable to partial or com-
plete resistance to hepcidin binding or defective 
subsequent internalization of ferroportin [16, 34, 
77, 78]. Certain ferroportin mutations may induce 
a combined resistance to hepcidin and a loss of 
transport function resulting in mixed or complex 
phenotypes. A puzzling feature of all forms of 
ferroportin disease is that it invariably involves 
heterozygous missense mutations acting in a 
dominant manner, so it cannot be attributed to 
simple haploinsufficiency. Although mistraffick-
ing of ferroportin multimers containing both 
wild-type and mutant forms of ferroportin could 
explain the dominant negative effect, the exis-
tence and importance of ferroportin multimeriza-
tion have been contested.

 Conclusion

Iron is an essential trace element whose stores in 
the body and concentrations in tissues are closely 
regulated by the hepatic hormone hepcidin and 
its receptor ferroportin. Genetic and acquired dis-
orders of this system are common, with manifes-
tations ranging from anemia caused by inadequate 
iron supply to tissue injury and carcinogenesis 
from excess iron.
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 Introduction

Anemia, iron deficiency, and iron excess all result 
in poor health outcomes, which in turn lead to 
negative economic consequences [1]. Assessing 
anemia and iron status at the individual and popu-
lation level can inform policies, programs, and 
interventions within food and health systems. The 
information on anemia and iron status is used to 
develop cost-effective strategies that target the 
most at-risk populations, improve preventive and 
treatment-based healthcare, evaluate the impact 
of interventions, and track prevalence trends.

Accurate, yet simple and inexpensive methods 
to assess anemia and iron status are critical. This 
is especially pertinent in low- and middle-income 

countries (LMIC), where these conditions are 
highly prevalent and there are greater cost and 
infrastructure constraints. This chapter focuses 
on measurement methods for biomarkers to 
assess anemia and iron status that are suitable for 
use in clinical laboratories and field settings in 
low-resource environments (Boxes 3.1 and 3.2).
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Box 3.1 Selection of Seminal Reviews and 
WHO Documents on Methods to Assess 
Anemia and Iron Status
Biomarkers of Nutrition for Development 
(BOND)—Iron Review [2].

Measurement and interpretation of 
hemoglobin concentration in clinical and 
field settings: A narrative review [3].

WHO Guideline on Use of Ferritin 
Concentrations to Assess Iron Status in 
Individual Populations [4].

WHO Haemoglobin concentrations for 
the diagnosis of anaemia and assessment 
of severity [5].

WHO Serum transferrin receptor levels 
for the assessment of iron status and iron 
deficiency in populations [6].
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 Anemia Assessment

Anemia is a condition where the physiological 
demand for oxygen in the body is not met which 
results from impaired production, turnover, loss, 
or destruction of red blood cells (RBCs). Anemia 
is often accompanied by a decreased concentra-
tion of hemoglobin (Hb), a protein contained in 
red blood cells that delivers oxygen to the tissues, 
and changes in RBC morphology.

The following section describes methods for 
assessing anemia. Hb is the most common hema-
tologic measure used to define anemia. Thus, the 
greatest attention is given to the point-of-care 
(POC) hemoglobinometer device which is used 
to measure Hb concentrations in the blood. While 
performed less frequently than Hb alone, other 
RBC parameters are measured to diagnose the 
type of anemia in a clinical setting. This is typi-
cally done on an automated hematology analyzer 
as part of a complete blood cell count (CBC) 

along with a peripheral blood smear for morphol-
ogy. Less sophisticated methods used in clinical 
practice covered in this section include the WHO 
Haemoglobin Colour Scale and clinical pallor.

 Hemoglobinometers

POC devices for Hb measurement, or hemoglobi-
nometers, are well suited for use in the field and 
in primary healthcare clinics. They are portable, 
relatively inexpensive, and easy to use and can be 
powered by batteries. Use of POC devices in the 
field setting allows for the immediate return of 
results to survey participants and the ability to 
refer participants to a health clinic. In a health-
care setting, the POC devices provide an opportu-
nity to diagnose and make clinical decisions 
while the patient is still present, which is espe-
cially important in LMIC where distance and 
time can be barriers to accessing care.

Instrumentation and Methodology. The 
HemoCue® (HemoCue AB, Angelholm, Sweden) 
model of hemoglobinometers is the most widely 
used hemoglobinometer. The HemoCue® models 
currently on the market include the Hb-201+ 
introduced in 1990, followed by the release of 
modified versions, the Hb-301 and the Hb-801. 
The testing principle of the Hb-201+ analyzer 
differs from the Hb-301 and Hb-801 analyzers.

The measurement of Hb by the Hb-201+ ana-
lyzer is based on the hemiglobincyanide (HiCN) 
method, where potassium cyanide is replaced 
with sodium azide. Whole blood is mixed with 
sodium deoxycholate which lyses the RBCs, 
releasing heme. Heme, in the presence of sodium 
nitrite, is oxidized to the ferric state to form met-
hemoglobin. Methemoglobin reacts sodium 
azide to form the stable colored complex, azide 
methemoglobin which has an absorbance maxi-
mum at 570 nm. The azide method is attractive to 
many users because it obviates the use of cya-
nide, a highly toxic chemical. Further, the azide 
methemoglobin complex is stable, and its absor-
bance maximum is similar to that of hemiglobin-
cyanide. The photometer uses a measuring 
wavelength of 570  nm and a reference wave-
length of 880 nm to compensate for turbidity in 

Box 3.2 Source of Anemia and Iron Status 
Surveillance Data at the Population Level
The DHS Program serves as the largest 
global source of hemoglobin data. As of 
2022, the protocol for Hb assessment has 
remained relatively consistent since testing 
was first introduced into The DHS Program 
in 1996 to maintain comparability [7]. The 
protocol consists of testing a single drop of 
capillary blood in the Hb-201+ device. In 
rare cases, the Hb-301 device has been 
used.

While anemia testing has been carried 
out on a large scale in several surveys, 
facilitated by field friendly point-of-care 
Hb testing, iron status surveillance remains 
less common.

Iron status data is typically collected in 
a stand-alone micronutrient survey but has 
also been collected as part of multi-topic, 
agriculture, nutrition, and other surveys. 
Better harmonized data collection, process-
ing, and analysis procedures would 
improve comparability across surveys.
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the sample. The azide method adheres to the 
Beer-Lambert Law.

Unlike the Hb-201+ analyzer, the Hb- 301+ 
analyzer uses filter photometry to measure Hb in 
whole blood. The principle of the Hb-301+ 
method is based on scattering measurement of 
whole blood at the isosbestic point of HHb/
HbO2. The concentration of Hb in whole blood at 
its isosbestic point is independent of oxygen sat-
uration. The analyzer uses a measuring wave-
length of 506 nm and a reference wavelength of 
880 nm which compensates for turbidity in the 
sample.

The HemoCue® analyzers are factory cali-
brated against the HiCN method of the 
International Council for Standardization in 
Hematology [8]. The devices need to be sent 
back to the manufacturer when problems are 
detected for recalibration. Internal quality control 
is possible using liquid quality control solutions, 
although not required according to the manufac-
turer [9].

Collection Procedures. The hemoglobinom-
eters require approximately 10 μL of peripheral 
whole blood. If the Hb measurement will be per-
formed elsewhere, or if a larger volume of blood 
is required to perform additional tests, the blood 
should be collected into a tube containing an anti-
coagulant. Collection tubes containing potassium 
ethylenediaminetetraacetic acid (K2 or K3EDTA) 
or lithium heparin in solid form should be used. 
Blood samples should not be collected in tubes 
containing sodium fluoride as an anticoagulant 
(HemoCue AB, Angelholm, Sweden). Sodium 
fluoride is used commonly to inhibit glycolysis in 
blood samples for glucose measurement but is 
also known to promote hemolysis [10].

The blood can be loaded into a microcuvette 
directly from the finger/heel (or tube) or placed 
on an intermediate surface and then loaded into 
the microcuvette. The microcuvette must be filled 
completely in one continuous process and void of 
air bubbles (Fig. 3.1). The outside of the microcu-
vette is wiped clean of excess blood and inserted 
into the photometer. Results are generated within 
60 s (or less depending on the model).

Factors Affecting Hb Measurements. The 
HemoCue® device is generally considered to pro-

vide accurate and precise measurements of Hb 
concentration when used properly. There are, 
however, several pre-analytical, analytical, and 
post-analytical aspects to consider (Table 3.1).

The blood source and quality of the blood 
sample are two notable pre-analytical factors 
that can impact the Hb concentration. Venous 
blood is considered the reference sample for 
hematological measurements. While there are 
indications that testing Hb concentrations using 
venous blood gives lower Hb values compared 
to capillary blood, mean differences have been 
within acceptable levels (threshold of ±7%) in a 
more controlled environment [11]. However, 
poor blood collection technique can lead to a 
compromised capillary sample (Table 3.1), and 
inherent variation in Hb concentration between 
capillary blood drops on the same individual has 
been observed [12]. In a survey context, sub-
stantially lower Hb values and consequently 
higher anemia estimates have been shown in 
surveys using capillary blood compared to sur-
veys using venous blood matched by country 
and time [13].

Fig. 3.1 Hb-201+ microcuvettes. Far right is a correctly 
filled cuvette. Far left is a cuvette with the dry reagent (in 
yellow) prior to filling the cuvette with the blood speci-
men. Exposure of the cuvette to heat or moisture results in 
deterioration of the chemicals in the microcuvette and 
results in false increases in Hb concentrations. The 
cuvettes in the middle are examples of incorrect filling of 
the cavity. Air bubbles lower the concentration of red 
blood cells in the cuvette resulting in false decreases in Hb 
concentrations, and incomplete filling does not allow the 
chemicals in microcuvette to mix properly with the 
reagents resulting in false decreases in Hb concentrations. 
© Ellie Brindle
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Table 3.1 Factors influencing point-of-care and laboratory- based assessment of hemoglobin and anemia at different 
stages of testing

Methods Sample collection and processing Measurement and assessment
Hemoglobin ometers •  Venous preferable to capillary blood

•   Capillary sampling technique should avoid 
“milking” or squeezing the finger

•  Microcuvette must be filled correctly
•   Outside of microcuvette should be cleaned 

before placement in device

•  HemoCue® model type
•   Proper storage and use of microcuvettes 

required to maintain integrity, humidity, 
and temperature

•   Maintenance of cuvette holder and 
optical lens required

•  Manufacturer calibrated
Clinical auto analyzer •   Whole blood needs to be refrigerated and 

tested within 6–8 h
•  Automated process
•  High sample throughput
•   Regular maintenance and technical 

service required
WHO Haemoglobin 
Colour Scale

•   Sufficient blood spot (neither deficient or 
excessive blood volume)

•  Quality ambient lighting
•  Follow appropriate readout times

•  Readings are subjective
•   Limited to semi-quantitative results in 

intervals of 1 g/dL

Clinical pallor •  Some sites influenced by dark skin color
•  Affected by presence of cyanosis or jaundice
•  Avoid fluorescent lighting

•  Highly subjective

Analytical considerations associated with the 
testing method include the performance of the 
HemoCue® device, model type, and environmen-
tal factors (Table  3.1). Comparisons of the 
HemoCue® device to an automated hematology 
analyzer (reference method) have generally 
found an allowable degree of variation (threshold 
of ±7%) even though the Hb-301 and 201+ 
devices tend to give higher Hb values [11]. In 
addition, the Hb-201+ device tends to read 
slightly lower than the Hb-301 device [3]. Use of 
the same model in all surveys is preferable, espe-
cially between surveys in the same country, 
although the extent to which these differences 
will impact anemia trends is likely minimal.

The performance of the HemoCue® hemoglo-
binometers is influenced by temperature and 
humidity and the integrity of the microcuvettes 
used for blood sampling. For optimal perfor-
mance, the recommended storage and operating 
temperature of the Hb-201+ hemoglobinometer 
is 15–35  °C and for the Hb-301 and Hb-801, 
10–40  °C.  The active reagents in the Hb-201+ 
microcuvettes are sensitive to high temperature 
and high humidity, making them prone to degra-
dation once a canister of microcuvettes is opened. 
Using degraded microcuvettes (reagents) can 
lead to higher Hb concentrations. The impact of 

the environment on the Hb-201+ microcuvette 
function can potentially be mitigated by limiting 
exposure of the device and microcuvettes to tem-
peratures that fall outside the operating range and 
high humidity [14]. The Hb-301 and Hb-801 
models use reagent-free cuvettes, offering greater 
stability in extreme weather conditions, but have 
been shown to result in artificial increases in Hb 
concentrations if the Hb readings are not per-
formed within 20–30 s [11, 14].

At the postanalytical phase, transcription of 
results is usually recorded by the technician, 
although there is the potential to digitally trans-
mit the results from the measurement device 
over a Bluetooth bridge. To define anemia, 
WHO recommended cutoffs are applied to Hb 
concentrations that are dependent on age, sex, 
and pregnancy status [5]. Prior to applying cut-
offs, hypoxic conditions are accounted for by 
adjusting for altitude in populations living at 
high altitudes and for smoking status. There is 
also some evidence that Hb concentrations vary 
by ethnicity, but adjustments for this have not 
been universally adopted [15]. Additional infor-
mation on the definition of anemia is provided 
in Chap. 4.
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 Automated Hematology Analyzer

The automated hematology analyzer is the most 
common method used in clinical laboratories 
(Table 3.1). In addition to Hb, the analyzer pro-
vides measures that are helpful in the evalua-
tion of anemia for clinical purposes. These 
parameters, collectively known as a CBC, 
include hematocrit, mean corpuscular Hb, mean 
cell volume, RBC count, red cell distribution 
width, and reticulocyte count. Information on 
the interpretation of these biochemical indica-
tors can be found in Lynch et al. and Karakochuk 
et al. [2, 3].

Blood is aspirated directly from a sample tube 
and mechanically diluted in an RBC lysis buffer 
and the concentration of Hb measured colori-
metrically. Most instruments operate using the 
Coulter Principle whereby particles and cells sus-
pended in fluid are forced through a small aper-
ture between electrodes and the change in 
electrical impedance is measured. The instrument 
may be paired with a system for automatically 
capturing clinical data, or it may be necessary to 
manually enter results into a database.

The automated hematology analyzer is not 
ideal for use in primary and secondary level 
healthcare laboratories because operating the 
instrument is not cost-effective for laboratories 
with small sample loads. Further, operating these 
instruments requires a constant source of elec-
tricity, routine maintenance and calibration, and 
the resources to procure required reagents and 
supplies. Countries are often constrained by the 
cost of purchasing and maintaining equipment 
and the availability of experienced operators; 
investments to foster improvements in laboratory 
medicine are needed [16].

 WHO Haemoglobin Colour Scale

The WHO Haemoglobin Colour Scale (HCS) is a 
semi-quantitative method that measures the Hb 
concentration in whole blood by comparing the 
color of the blood samples to a color on the scale 
with a known Hb value (Table 3.1). Its intended 

use is to diagnose anemia in primary healthcare 
settings that lack the capacity or resources to 
measure Hb using an automated system or a POC 
device. To determine the Hb concentration using 
the Colour Scale, a drop of blood is placed on 
chromatography filter paper and its color com-
pared against shades of red on the Colour Scale 
that correspond to different Hb levels (i.e., 4, 6, 8, 
10, 12, and 14  g/dL) [17]. The quality of the 
blood spot, ambient lighting, and timing of read-
ings can impact the test results, but overall it is 
found to be simple to administer [18]. The HCS 
performs better than clinical assessment alone, 
but a cost-benefit analysis of the added advantage 
of the HCS in improving clinical care would bet-
ter inform its use [19].

 Clinical Pallor

A physical examination can be used to detect 
anemia by assessing the pallor of the skin or 
mucous membrane (Table 3.1). Sites where cap-
illary blood vessels are close to the surface are 
examined. The palms, conjunctiva, and nail beds 
are the most frequent sites and are appropriate 
regardless of skin pigmentation.

The sensitivity and specificity of clinical pal-
lor for diagnosing anemia vary across studies but 
overall appear to have limited ability to detect 
anemia. This applies in particular to milder cases 
of anemia and to settings where anemia is highly 
prevalent [20]. These findings are based on a 
small number of studies mostly in Africa; thus, 
the extent to which clinical pallor can support 
health management decisions requires further 
exploration.

Use of clinical pallor is imperfect but is a com-
mon anemia assessment approach. The WHO-
UNICEF Integrated Management of Childhood 
Illness (IMCI) guidelines, a cornerstone of pediat-
ric care, include use of palmar (palm of the hand) 
pallor to check for anemia and provide treatment 
and, in severe cases, referral to a hospital. Clinical 
pallor will likely continue to be an assessment 
approach used in healthcare settings when hema-
tologic measures are not available.
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 Biochemical Iron Indicators

Iron status assessment generally aims to measure 
the body’s iron stores. Stainable iron in bone 
marrow is the best measure of iron reserves, but 
is too invasive for broad use and is mainly limited 
to clinical settings. Ferritin and soluble transfer-
rin receptor (sTfR) are the most widely used bio-
chemical indicators in surveys that measure iron 
status. These biomarkers capture different facets 
of iron biology, and indices using the ratio of 
sTfR to ferritin have also been used [2, 21, 22]. 
Threshold values for identifying iron deficiency 
using either the individual biomarkers or their 
combination are dependent on the assays used, 
and the influence of inflammation and infection 
on the biomarkers should be considered whether 
they are used individually or in construction of 
the indices (Boxes 3.3 and 3.4). Regulation of 
iron absorption may also be informative and can 
be assessed by measuring hepcidin. Strengths 
and limitations of these commonly used indica-
tors, and the laboratory methods for measuring 
them, are discussed in greater detail below 
(Table  3.2). There are several other circulating 
iron biomarkers, notably serum iron and its car-
rier protein transferrin, which can be informative, 
but variability in their levels across the day limits 
their use in surveillance of iron status. A compre-
hensive discussion of these and other biochemi-
cal indicators of iron status not considered in 
detail here can be found in Lynch et  al. (2018) 
[2].

 Blood Specimen Collection

The type of blood specimen collected is deter-
mined by both the site of the collection (e.g., 
from the arm, the finger, or the heel) and the ves-
sel into which it is collected. Venipuncture blood 
samples are the biologic specimen of choice to 
assess iron status, and venous collection is often 
required to have sufficient blood to test the ana-
lytes. While even the most restrictive guidelines 
for safety allow maximum volumes of approxi-
mately 1 mL of blood per kg of body weight to be 
drawn for research [23, 24], collecting 5 mL of 

whole blood yields approximately 2 mL of serum 
or plasma, which is enough for multiple labora-
tory tests. Although in most cases certified phle-
botomists can perform venous draws relatively 
easily and safely, well-trained and experienced 
phlebotomists are needed for infants and young 
children because their veins are not as well devel-
oped in the antecubital areas. An alternative 
blood source is capillary blood sampling using a 
lancet to create a small incision in either the fin-
ger or, for infants less than 12 months of age, in 
the heel and collecting blood into capillary tubes. 
Capillary blood collection has its own challenges 
including being more painful than venous collec-
tion and requiring careful training. Phlebotomists 
are less likely to be familiar with capillary blood 

Table 3.2 Factors influencing laboratory-based assess-
ment of iron status at different stages of testing

Iron status 
biomarkers

Sample 
collection, 
processing, and 
storage

Laboratory testing 
challenges

Ferritin •   Venous 
preferable to 
capillary blood

•  Stable for 3 
fre eze-thaw 

cycles
•   Hemolysis a 

major 
consideration

•   Immunoassay using 
clinical analyzers or 
manual immunoassay 
kits

•   Clinical analyzers 
require expensive 
equipment; manual 
assay kits (ELISA) 
require plate reader, 
plate washer, and 
other basic lab 
equipment

sTfR •   Serum or 
heparin 
plasma 
preferable to 
EDTA plasma

•   Can be 
measured in 
dried blood 
spots

•   Poor comparability 
between assays, 
including both 
clinical analyzer 
assays and manual 
ELISA kits

Hepcidin •  Serum or 
plasma

•   Difficult to produce 
antibodies; results in 
challenges in assay 
kit development

•   Assay standardization 
to secondary 
reference material 
under development
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collection, and poor technique can significantly 
influence sample quality. Improperly collected 
capillary blood is more likely than venous blood 
to be compromised by hemolysis or mixing with 
interstitial fluid during the collection process. 
The volume of blood obtained is also signifi-
cantly smaller than for venous blood: capillary 
whole blood volume collected is generally 0.25–
0.5  mL, and the resulting recovered serum or 
plasma volumes after separating blood compo-
nents are approximately 0.125–0.25 mL.

Phlebotomy supplies are relatively inexpen-
sive and widely available. Venous blood can be 
collected into tubes with or without additives that 
speed clotting, prevent clotting, or aid in separa-
tion of the blood components. The type of blood 
collection tube required is determined by the spe-
cific laboratory assay protocols to be used. Often, 
either serum or plasma is acceptable, although 
serum is generally the sample of choice for bio-
chemical analyses, as it is devoid of anticoagu-
lants, cellular material, and most clotting proteins 
which have potential to interfere with assays. 
EDTA, a common anticoagulant used for tests 
that require whole blood (i.e., hematology) and in 
plasma preparation, has been found to interfere 
with some sTfR assays [25].

 Blood Specimen Processing 
and Storage

Blood specimen processing and storage require 
equipment and can pose logistical challenges for 
field collection. After collection, the blood speci-
mens must be centrifuged to separate the compo-
nents of the blood, and the serum or plasma 
fractions must be removed from the collection 
tubes into storage tubes using a pipette. The frac-
tionation must be done within a specific window 
of time dictated by the type of collection tube 
used and the laboratory protocols (ideally within 
hours of collection).

A power source is needed for processing sam-
ples into blood components, and an unbroken 
cold chain is required from the point of collection 
through transportation to the lab. Refrigeration at 
2–10 °C is required before blood fractions have 

been separated to prevent hemolysis. Once the 
samples have been processed, they are stored fro-
zen (generally −20  °C) while still in the field. 
Electronic temperature monitoring devices, elec-
tronic data loggers, and digital thermometers can 
be used to monitor and record temperatures. 
Once samples reach the central laboratory, they 
are stored frozen (ideally −70 °C or colder) until 
analysis or shipment. Freeze-thaw cycles should 
be kept to a minimum. While portable power 
sources for operating centrifuges and portable 
means of refrigeration and freezing are available, 
these are heavy and require regular recharging 
and thus present difficulties for blood collection 
in remote field locations.

Where the difficulties of processing whole 
blood and storing serum or plasma are barriers to 
data collection, dried blood spots (DBS) may be 
a viable alternative [26]. DBS are prepared from 
a finger or heel prick by collecting free-flowing 
blood drops onto a special filter paper card. The 
samples do not require processing in the field, 
and while there may still be a need for a cold 
chain, storage temperature requirements are more 
permissive. Despite the ease of collection, the use 
of DBS in biochemical assays has its own limita-
tions, and they have only been used rarely to 
measure sTfR. DBS ferritin is not interpretable 
because the sample contains a mixture of ferritin 
from serum and from the red blood cells. It has 
not yet been determined whether hepcidin mea-
surement in DBS may offer a reliable 
alternative.

 Biomarkers of Iron Status

Ferritin. Ferritin is an iron-binding protein that 
is used to assess iron stores and is one of the most 
widely used biomarkers [4]. However, ferritin is 
an acute-phase protein that increases with inflam-
mation, so it must be measured in conjunction 
with inflammation biomarkers. Ferritin is present 
in relatively low concentrations in serum, and 
assays used in identifying iron deficiency must 
have adequate sensitivity to accurately quantify 
the physiologic range observed in individuals 
with low body iron stores. Serum or plasma may 
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be assayed without dilution, which increases the 
volume of sample required for testing. The rela-
tively large sample volume and the sensitivity of 
serum ferritin assays to hemolysis can be obsta-
cles to the use of capillary collected blood for fer-
ritin measurement.

Ferritin is measured using a variety of immu-
noassay methods, including both manual ELISA 
that require relatively basic laboratory equipment 
(Fig.  3.2) and more expensive clinical autoana-
lyzer methods. In micronutrient surveys, a few 
notable methods have been used more than oth-
ers. Many have relied upon an assay described by 
Erhardt et  al. used for testing in the VitMin 
Laboratory, but not currently in use elsewhere 
[27]. A commonly used manual ELISA for ferri-
tin (Ramco Spectro Ferritin, Webster, TX) is no 
longer available. Other notable methods for fer-
ritin measurement rely upon clinical laboratory 
equipment, including the ferritin immunoturbi-
dimetry assay for the Roche Cobas 6000 system 
used by the US CDC [28]. The WHO considers 
immunoassay methods acceptable if the assays 
are calibrated against the WHO international ref-
erence material [29]. Application of common 
threshold values for determining iron deficiency 
should be approached with caution, and assay- 
specific reference ranges or harmonization may 
be required [30] (see Reference Materials and 
Harmonization below).

Soluble transferrin receptor. Soluble trans-
ferrin receptor (sTfR) circulates in the blood-

stream at concentrations that vary depending on 
erythropoietic activity, which can be reflective of 
the body’s demand for iron [6]. Increased sTfR 
indicates that the body iron stores are inadequate 
to meet demand and has been shown to correlate 
to stainable iron in bone marrow [31], which is 
the site of primary body iron demand for utiliza-
tion in erythroid maturation. An advantage of 
sTfR is that concentrations may not be directly 
affected by inflammation, but sTfR has still been 
found to be weakly associated with inflammation 
biomarkers and is also impacted by other factors 
that cause erythropoiesis [22, 32].

Like for ferritin, measurement of sTfR is done 
using immunoassays, either in the form of clini-
cal analyzers or manual ELISA. Also, like ferri-
tin, sTfR has commonly been measured in the 
VitMin lab using the Erhardt et al. method [27]. 
Manual ELISAs have been supplied by a few 
manufacturers, and these have used different 
forms of native sTfR in kit standards, causing 
some significant discrepancies in calibration. For 
example, the material supplied for calibration in 
the Ramco sTfR ELISA kit (now discontinued) 
used sTfR of placental origin, which reacts dif-
ferently in ELISA than the sTfR calibration 
material derived from serum that was used in the 
R&D Systems ELISA kit [33]. Therefore, as 
described in Box 3.4, the use of an assay needs to 
be considered carefully before applying sTfR 
cutoffs and a conversion factor applied to account 
for use of different methods [34].

A WHO reference material is available for 
sTfR, but has poor commutability, meaning it 
reacts differently depending on the assay used. 
The issue of commutability of reference materi-
als, discussed in more detail below, is of concern 
generally for biochemical tests, but sTfR assays 
seem to be particularly susceptible to these prob-
lems, and this has led to poor comparability 
between studies that have measured sTfR.

Hepcidin. Hepcidin is a hormone that plays 
an important role in regulating iron homeostasis; 
its expression is induced by inflammatory cyto-
kines in response to iron or infection and is 
reduced in response to erythropoiesis, anemia, 
and hypoxia. Hepcidin shows promise as an iron 
biomarker as it regulates the absorption of iron 

Fig. 3.2 Major equipment required for manual ELISA; a 
microtiter plate reader for quantifying colorimetric signal 
intensity (left) and a microtiter plate washer (right)
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and thereby regulates the body’s iron stores [2]. 
Increasing hepcidin levels reduce absorption of 
iron, indicating either adequate iron stores or a 
response to inflammation [35]. While hepcidin is 
raised in an inflammatory state, it is not adjusted 
for inflammation because its intended use is to 
better understand iron absorption and mobiliza-
tion. Hepcidin can be measured by time-of-flight 
mass spectrometry, but immunoassay, either 
using a clinical analyzer or manual ELISA kit, is 
a more readily available and affordable method. 
To date, a major limitation is the lack of a stan-
dardized assay or international reference materi-
als. However, significant progress has recently 
been made toward harmonizing hepcidin assays 
[36, 37].

 Standard Reference Materials

Reference materials are prepared with the sup-
port of the WHO and other organizing bodies for 
use in the validation and standardization of new 
assays, to assess inter-laboratories’ performance, 
and for periodic recalibration of assays which are 
increasingly recognized as important if the 
reagent of equipment for a commercial assay has 
changed since initially being calibrated. 
Reference materials are typically assigned a 
value by measurement using a method recog-
nized as the gold standard for the specific ana-
lyte. In the absence of a clear gold standard, a 
value is assigned based on a consensus process in 
which a material is measured repeatedly by a 
number of methods in a number of laboratories 
(see Thorpe et al. (1997) for an example of this 
process [41]). There can be considerable varia-
tion in the measured values used to assign a con-
centration to the reference material. The National 
Institute for Biological Standards and Control 

Box 3.3 Assessment of Other Biomarkers to 
Aid in the Interpretation of Iron Biomarkers 
from a Laboratory Perspective
Biomarkers of inflammation are measured 
in conjunction with iron status biomarkers 
in populations and settings with high levels 
of inflammation or infections to support the 
interpretation of ferritin and sTfR.  The 
most common inflammatory biomarkers 
measured are C-reactive protein (CRP) and 
α 1-acid glycoprotein (AGP) to capture 
acute and chronic inflammation, respec-
tively. Both CRP and AGP are measured 
using immunoassay, either with manual 
ELISA or clinical analyzer assays, and 
comparability is generally good across 
assays. International reference materials 
are available for both analytes, and the 
blood sample volumes required are rela-
tively small. CRP assays may be described 
as “high sensitivity” or hsCRP, but in the 
laboratory, this distinction is somewhat 
arbitrary and reflects the interest in chronic, 
slight elevation of CRP as an indicator of 
cardiovascular disease risk.

In a clinical context, a higher ferritin cut-
off can be used for individuals with inflam-
mation [4]. At the population level, those 

with inflammation can be excluded or an 
arithmetic or regression adjustment applied 
to ferritin and sTfR [4, 32]. Use of the 
regression correction approach has the 
advantage of adjusting the iron biomarkers 
across the full physiological range of inflam-
mation [38]. From a method perspective, 
this means accurate and precise CRP and 
AGP values across this range are needed, 
including at low concentrations, which has 
been an issue for some assays [39].

Adjustments to sTfR for the presence of 
malaria have also been proposed using 
microscopy and/or rapid diagnostic tests to 
diagnose malaria status [32, 40]. The added 
value of measuring malaria for adjustment 
purposes is likely minimal given that after 
adjusting for AGP the influence of malaria 
on prevalence estimates has been 
insignificant.

Additional information on adjustments 
to iron biomarkers can be found in Chap. 5.
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(NIBSC) has issued a WHO International 
Standard for Hb (98/708) and ferritin (94/572) 
and a WHO reference reagent for sTfR (07/202) 
to assist laboratories in validating analytical mea-
surements [42]. Reference materials that allow 
harmonization of hepcidin assays have also been 
developed [36, 37, 43]. The supply and lifespan 
of reference materials are finite, and they are 
periodically replaced with new materials with 
different concentration values and sometimes 
made by different means. These production 
source differences can affect the potency of the 
reference material in immunoassays. For exam-
ple, native ferritin from liver, spleen, and serum 
may react differently in immunoassays, and 
marked differences have been noted between 
sTfR from serum and placental sources [33]. The 
current ferritin reference material, 94/572, a 
recombinant protein produced in E. coli, is over 
two decades old and is now in short supply, and 
the quantity that can be purchased is restricted by 
the distributor (NIBSC).

 Laboratory Capacity Strengthening

The costs of establishing and maintaining a 
well- equipped and staffed laboratory to perform 
the range of biochemical analyses required to 
measure biomarkers for assessing iron status 
are significant limitations to the measurement 
of micronutrient biomarkers in LMICs. Surveys 
are typically carried out on an intermittent basis, 
making it especially difficult to meet the criteria 
used by global organizations for selecting an in- 
country lab to perform the analyses. Even in set-
tings where clinical iron biochemical assessment 
is performed, this does not often translate into 
the ability to store, process, analyze, and capture 
the data results at the scale needed for a national 
survey. The absence of national laboratories with 
the demonstrated ability to analyze iron biomark-
ers means it is often necessary to ship specimens 
out of the country. Strengthening of laboratories 
is clearly needed and requires increased invest-
ments in human resources and training, building 
the necessary infrastructure, and the establish-
ment of and participation in national and inter-
national accreditation programs [16]. Instituting 
regional micronutrient resource laboratories 
is a potential interim solution, but in the lon-
ger term, simpler iron assessment methods that 
meet national and international standards are 
necessary.

 Future Directions

 Variations in Hb Concentrations 
and the Impact on Anemia Estimates 
in Field Settings

The notion of differences in Hb concentrations 
between venous and capillary blood is not new, 
but further research is needed to identify cause(s) 
of these differences in the field context. The 
extent to which drop-to-drop variability impacts 
Hb concentrations and the extent to which recruit-
ment of highly skilled field staff, rigorous train-
ing, and field monitoring can overcome the 
constraints and challenges encountered in a field 
environment are unclear. A potential solution is 
to collect capillary blood in microcontainers con-

Box 3.4 Cutoffs for Iron Status from a 
Laboratory Perspective
Evidence-based cutoffs for both deficiency 
and excesses have been established for iron 
status and are described in Chap. 4. The 
assays used should be reliable and valid 
across the full physiological range, but 
assay optimization should prioritize preci-
sion and accuracy of the concentration 
range closest to the cutoff value.

Before applying a cutoff value to cate-
gorize sample results as indicating defi-
ciency, sufficiency, or excess, it is essential 
to consider the calibration of the assay 
being used for measuring the biomarker 
concentrations in the samples relative to 
the calibration of the assay used to estab-
lish the cutoff values. In some cases, the 
supplier of assay materials will provide 
information about expected ranges for their 
particular assay. This information should 
be included, along with specifications of 
the assay used, any time assay results are 
reported.
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taining an anticoagulant, most often EDTA, but 
research on whether this overcomes variability 
issues needs to be done.

 Innovations in Blood Processing

Methods that separate blood, either from capil-
lary or venous collection, in a device that does 
not require centrifugation and that can stabilize 
field-collected samples for transport to a labora-
tory would be an important step toward large- 
scale iron assessment. Several devices have 
recently been offered for sale or described in 
experimental evaluations. These devices separate 
plasma either by a lateral flow across a paper sub-
strate or by applying blood to a filter that retains 
the cellular components while trapping the 
plasma fraction in an absorbent material [44, 45]. 
Some of the filter devices have the advantage of 
allowing the use of the red blood cells for other 
analyses, for example, measurement of RBC 
folate. Barriers to wide use of these devices 
include limited availability, high cost, and a lack 
of complete vetting through field tests.

 Point of Care

Noninvasive POC technologies to quantify Hb 
concentrations and/or diagnose anemia, such as 
photography of the conjunctiva and pulse oxim-
eters, as well as POC automated analyzers that 
measure CBC, hold promise, but more research is 
needed before being put into practice [46–48]. 
The assessment of iron status at point of speci-
men collection is currently in the proof-of- 
concept phase. The use of these methods is 
especially relevant for iron because of their 
potential use in determining when the adminis-
tration of an iron intervention would be most 
effective and to target iron interventions to those 
with diagnosed iron deficiency rather than using 
a blanket approach which has safety 
implications.

 Multiplex Assays

Iron status is best assessed by the use of more 
than one iron biomarker in conjunction with 
markers of inflammation. Using conventional 
laboratory testing approaches requires that each 
specimen be tested multiple times. This makes 
multiplex assays, in which multiple analytes are 
measured simultaneously, particularly useful. 
Erhardt et  al. described an initial step toward 
multiplexing in which assays for ferritin, sTfR, 
CRP, and AGP along with retinol-binding protein 
for vitamin A status assessment are combined 
into a system that maximizes efficiency [27] and 
requires a small quantity of blood (25  μL for 
duplicate measurement [49]). That method is in 
use only in the VitMin Lab (Willstaett, Germany). 
Since the publication of that combined approach, 
multiplex assays which measure all the analytes 
in a single well have been developed. The multi-
plex platforms still rely upon the principles of 
immunoassays, with an antibody-antigen reac-
tion remaining at the heart of the technique, but 
the reaction occurs on either coated microscopic 
beads or planar arrays that allow the assays to 
detect discrete signals for multiple analytes tested 
in a single assay. These techniques allow mea-
surement of multiple analytes from very small 
volumes of blood, such as those obtained from 
capillary collection, and reduce the labor costs, 
time, and additional laboratory consumables 
required [50].

 Improvements in Assay 
Harmonization

Subtle differences in assay reactivity with protein 
forms in reference materials are not necessarily 
mirrored in endogenous forms of ferritin, sTfR, 
and hepcidin; thus, traceability to the WHO ref-
erence material does not guarantee comparable 
results between assays [51]. The past decade has 
seen an increasing recognition that reference 
materials should be commutable, meaning that 
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that two assays calibrated using the same refer-
ence material should provide agreement between 
methods in their measurement of clinical samples 
[52]. The ideal solution would be improvement 
of reference materials to ensure commutability 
(i.e., equal reactivity across assays), but failing 
that, harmonization (i.e., mathematical adjust-
ment of the concentration values to achieve 
agreement between methods) using donor panels 
can be used as an interim measure [36, 53]. 
Neither approach is currently in routine use, 
making application of cutoff values for identify-
ing deficiency a challenge.

 Conclusion

Iron deficiency, which is the leading nutritional 
cause of anemia, affects billions of people glob-
ally. Despite some pre-analytical and analytical 
challenges, the assessment of anemia is relatively 
simple to conduct. Thus, both clinical diagnosis 
and surveillance of anemia are more common 
than that of iron status in LMICs. However, ane-
mia is caused by multiple factors and is neither a 
specific nor sensitive measure of iron deficiency. 
The lack of accurate and widely available data on 
iron status is a major impediment to designing 
policies and programs to address the underlying 
causes of anemia. This data gap should continue 
to be addressed using laboratory methods that are 
already available while also exploring the devel-
opment of and improvements in noninvasive 
methods, point-of-care technology, multiplex 
assays, and assay harmonization.
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4Interpretation of Biomarkers 
and Diagnosis of Nutritional 
Anaemias
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 Introduction

Globally, the most common causes of anaemia 
are nutritional. Iron deficiency is the most preva-
lent, accounting for approximately 60% of cases 
in women and children in some areas [1]. Other 
causes include other nutritional deficiencies (par-
ticularly vitamin B12 and folate deficiencies), 
blood loss, haemolysis, haemoglobinopathies 
and thalassaemias, anaemia of chronic disease/
inflammation and primary bone marrow patholo-

gies. Conditions leading to anaemia vary consid-
erably by region and are often multifactorial. 
Identifying the underlying cause of anaemia in a 
clinical setting is important to ensure the correct 
treatment is given. At a population level, it is vital 
to identify the epidemiology and pathogenesis of 
anaemia within countries to inform policy and 
guide interventions. This is achieved by the mea-
surement of anaemia biomarkers either in clinics 
for individuals or in population-based surveys.

Anaemia diagnosis is based on the finding of a 
peripheral blood haemoglobin concentration 
below the recommended reference range for age 
and gender (Table 4.1) [2]. The aetiology of anae-
mia may be suggested by clinical history, exami-
nation or local prevalence data. Red blood cell 
(RBC) indices reported by many modern haema-
tology analysers and RBC morphology from a 
blood film provide information about the under-
lying cause of the anaemia (Table 4.2). The most 
useful red cell indices include the mean cell vol-
ume (MCV), red cell count (RCC), mean cell 
haemoglobin (MCH), red cell distribution width 
(RDW) as well as the reticulocyte count and 
blood film report. Newer measures such as retic-
ulocyte haemoglobin and proportion of hypo-
chromic cells may be helpful in some cases. 
More specific biomarkers include measures of 
iron, B12 and folate status, inflammatory mark-
ers, markers of haemolysis and specialised tests, 
for example, for the diagnosis of specific types of 
haemolysis, haemoglobinopathies, thalassaemias 
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Table 4.1 WHO recommended haemoglobin concentrations (g/L) for the diagnosis of anaemia and assessment of 
severitya. Taken from [2]

Population Non- anaemia
Anaemia
Mild Moderate Severe

Children 6–59 months of age 110 or higher 100–109 70–99 Lower than 70
Children 5–11 years of age 115 or higher 110–114 80–109 Lower than 80
Children 12–14 years of age 120 or higher 110–119 80–109 Lower than 80
Non-pregnant women (15 years of age 
and above)

120 or higher 110–119 80–109 Lower than 80

Pregnant women 110 or higher 100–109 70–99 Lower than 70
Men (15 years of age and above) 130 or higher 110–129 80–109 Lower than 80

a At sea level

Table 4.2 Causes of anaemia—classified by mean cell volume [3, 4]

Microcytic Normocytic Macrocytic
Iron deficiency Acute blood loss B12 and/or folate deficiency
Thalassaemias Haemolysis Myelodysplastic syndrome
Sideroblastic anaemia Anaemia of chronic disease Liver disease
Anaemia of chronic 
disease

Bone marrow suppression/hypoplasia Aplastic anaemia

Primary bone marrow disorders (e.g. Leukaemia, 
myelofibrosis)

Pure red cell aplasia

Early iron deficiency Hypothyroidism
Mixed nutritional deficiency Associated with reticulocytosis
Anaemia of renal disease Chronic alcohol abuse
Sickle cell anaemia Medications (e.g. Hydroxyurea, 

methotrexate)

and bone marrow pathologies. In this chapter we 
will focus on biomarkers for the diagnosis of 
nutritional anaemias, namely, iron deficiency 
anaemia and the megaloblastic anaemias of vita-
min B12 and folate deficiency.

 Red Cell Indices and Red Blood Cell 
Morphology

 Reticulocyte Count and Reticulocyte 
Haemoglobin Content

Reticulocytes are immature RBCs, containing 
remnants of ribosomal ribonucleic acid (RNA) 
[5]. The number of reticulocytes in the peripheral 
blood reflects erythropoietic activity and can be 
used to broadly classify anaemia as due to 
increased loss of or decreased production of 
RBCs. When there is anaemia with adequate sub-
strates for erythropoiesis and normal bone mar-
row function, there is a compensatory increase in 

the reticulocyte count (reticulocytosis), for exam-
ple, in acute blood loss or haemolysis. Conversely, 
the count is low or inappropriately “normal” for 
the degree of anaemia, in anaemia due to bone 
marrow failure or nutritional deficiency [6]. A 
reticulocytosis is suggested by increased poly-
chromasia (diffusely basophilic staining red 
cells) on a normal blood film and is confirmed by 
a reticulocyte count, as determined by an auto-
mated haematology analyser or manually on a 
blood film after staining with a supravital stain 
(e.g. new methylene blue) [7].

The life span of a reticulocyte is short, approx-
imately 4  days, compared with a mature RBC 
(120  days), and so reticulocyte characteristics 
can provide information about rapid changes in 
erythropoiesis that usual red cell indices cannot. 
Reticulocyte haemoglobin content gives an indi-
cation of the functional availability of iron for 
erythropoiesis [7] and is useful in the diagnosis 
of iron deficiency and assessing early response to 
iron therapy [8]. A low reticulocyte haemoglobin 
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occurs in absolute, as well as functional, iron 
deficiency, and its measurement can be used to 
both predict and monitor response to intravenous 
iron therapy, where an increase can be seen as 
early as the second day of treatment in a respon-
sive patient [8]. The reticulocyte haemoglobin 
content is also decreased in alpha- and beta- 
thalassaemias and some rare congenital condi-
tions causing microcytic anaemia. Therefore, it 
cannot be used to assess the adequacy of iron for 
erythropoiesis in these conditions or to distin-
guish between these conditions and iron defi-
ciency as a cause for microcytosis or microcytic 
anaemia [8, 9].

 Mean Cell Volume

Microcytic, normocytic and macrocytic anaemias 
describe low haemoglobin concentrations where 
the red cells are small, normal in size or large, 
respectively, which is a common way to broadly 
classify anaemias. Microcytes are most com-
monly seen with iron deficiency and thalassae-
mias, while macrocytes are commonly seen in 
megaloblastic anaemias (from vitamin B12 and 
folate deficiencies). Macrocytosis may also occur 
with liver disease, heavy alcohol use, some 
myelodysplastic syndromes and the use of some 
medications (e.g. hydroxyurea and sulfamethox-
azole/trimethoprim) and in rare congenital condi-
tions. Another cause of an increase in MCV is a 
reticulocytosis, due to the larger size of these 
immature cells [7, 10]. While iron deficiency 
typically causes microcytosis and vitamin B12/
folate deficiency causes macrocytosis, this may 
not be the case if there is a mixed nutritional defi-
ciency. There may also be a rise or fall in MCV 
from the patient’s baseline due to nutritional defi-
ciency, but the MCV is still within the quoted ref-
erence range.

 Mean Cell Haemoglobin

A low MCH results in hypochromic or pale RBCs 
on a blood film. A reduction in MCH is due to 
impaired haemoglobin synthesis and is seen in 

iron deficiency as well as thalassaemias and rarer 
sideroblastic anaemias [7, 10].

 Red Cell Distribution Width

The RDW gives a measure of the variation in 
RBC volume. This is often increased in iron defi-
ciency and may help to distinguish a mild micro-
cytic anaemia due to iron deficiency from that 
due to thalassaemia trait, where the RDW is often 
normal. The RCC may also help in this regard, as 
it is increased in thalassaemia trait, due to inef-
fective erythropoiesis, but normal or low in anae-
mia due to iron deficiency. The RDW is often 
increased in megaloblastic anaemia and normal 
in other causes of a macrocytosis [7].

 Percentage of Hypochromic Cells

Percentage of hypochromic cells reflects the per-
centage of RBCs containing less haemoglobin 
than normal RBCs. The percentage of hypochro-
mic red cells is increased when erythropoiesis is 
iron restricted, either in absolute or functional 
iron deficiency [7, 11]. The percentage of hypo-
chromic cells gives an indication of iron status 
over a longer period than reticulocyte haemoglo-
bin content which changes more rapidly. 
Advantages of these parameters are that they can 
be performed on the same sample as a full blood 
count and have a fast turn-around time, they do 
not however distinguish between absolute or 
functional iron deficiency, or other causes of 
microcytic hypochromic anaemias [11].

 Blood Film

Red cell morphology and other changes noted on 
a blood film may suggest the aetiology of anae-
mia. For example, the typical blood film findings 
in iron deficiency anaemia include microcytic 
hypochromic RBCs with pencil cells, or ellipto-
cytes/elongated cells, and target cells (cells with 
excess cell membrane relative to the cell volume 
giving the appearance of a target or bull’s-eye) 
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and may be accompanied by a thrombocytosis 
(Fig.  4.1). The megaloblastic anaemias of vita-
min B12 and folate deficiency classically show 
oval macrocytes and hypersegmented  neutrophils. 
Red cells may also show tear drop cells, frag-
ments and basophilic stippling and when severe 
there may be an associated thrombocytopenia 
and leucopenia (Fig. 4.2). Table 4.3 describes the 
typical blood film findings in some of the more 
common causes of anaemia.

To confirm the cause of anaemia suspected 
from red cell indices, blood film findings or clini-
cal history or when these parameters are not 

Fig. 4.1 A peripheral blood film showing typical changes 
of iron deficiency, with microcytic (small) hypochromic 
(pale) reds blood cells, pencil cells (white arrow) and tar-
get cells (black arrow)

Fig. 4.2 A peripheral blood film from a patient with B12 
deficiency showing oval macrocytes (large red blood 
cells) (white arrow), tear drop cells (grey arrow) and a 
hypersegmented neutrophil (black arrow)

Table 4.3 Typical blood film findings in some of the 
more common causes of anaemia [12–14]

Cause of anaemia Typical blood film changes
Iron deficiency Microcytic hypochromic red 

blood cells, pencil/elongated 
cells, target cells
There may be an associated 
thrombocytosis

Megaloblastic anaemia 
(B12/folate deficiency)

Macrocytic red cells, typically 
macro-ovalocytes. There may 
also be micro tear drop cells
White blood cells show 
hypersegmented neutrophils
In severe deficiency there may 
be pancytopenia

Haemolysis Increased polychromasia
   Autoimmune Spherocytes

Red cell agglutination in cold 
agglutinin disease

   Oxidative/G6PD 
deficiency

Bite and blister cells

   Fragmentation 
syndromes

Schistocytes/red cell fragments
There may also be keratocytes 
and microspherocytes
Thrombocytopenia in 
thrombotic thrombocytopenic 
purpura, and to a lesser extent 
in haemolytic uraemic 
syndrome and atypical 
haemolytic uraemic syndrome

Anaemia of chronic 
disease

No specific diagnostic features 
on blood film. Red cells may 
be normocytic or microcytic

Thalassaemias Trait—film almost normal 
with slight microcytosis to 
markedly abnormal (e.g. 
Hypochromia, 
anisopoikilocytosis, basophilic 
stippling, target cells)
Intermedia—microcytic 
hypochromic red cells, 
anisopoikilocytosis, basophilic 
stippling
Major—marked 
anisopoikilocytosis, 
microcytosis, hypochromia, 
basophilic stippling, 
Papenheimer bodies, target 
cells, tear drop cells, nucleated 
red blood cells
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Table 4.3 (continued)

Cause of anaemia Typical blood film changes
Haemoglobinopathies Dependent on specific 

haemoglobinopathy
Sickle cell anaemia: sickle 
cells, boat shaped cells, there 
may also be irregularly 
contracted cells and hemi- 
ghost cells, polychromasia, 
nucleated red blood cells and 
hyposplenic changes from 
1 year of age (e.g. Howell- 
Jolly bodies, target cells, 
Pappenheimer bodies)
Sickle cell/beta thalassemia: 
microcytosis plus changes of 
sickle cell anaemia
Sickle cell/Hb C: Boat shaped 
cells, occasional cells with 
HbC crystals, few sickle cells, 
SC poikilocytes, irregularly 
contracted cells and target 
cells

Bone marrow 
pathology

Various changes seen 
depending on pathology
Leucoerythroblastic (early 
myeloid and red blood cell 
precursors in the peripheral 
blood) and tear drop cells can 
signify bone marrow 
infiltration
Abnormal cells, for example 
blasts in leukaemia or 
abnormal lymphoid cells in 
bone marrow infiltration with 
lymphoma. There may be 
other associated cytopenias
Aplastic anaemia—cytopenias 
with no other specific 
diagnostic features on blood 
film
Red cell aplasia—anaemia 
with no increase in 
polychromasia and no specific 
diagnostic features

available and only a low haemoglobin has been 
identified, measurement of other biomarkers for 
particular nutritional anaemias or other patholo-
gies is required.

 Biomarkers of Iron Status 
and the Diagnosis of Iron Deficiency 
Anaemia

Iron deficiency occurs along a spectrum. Iron 
depletion occurs when body iron stores have 
become low, but there is still enough iron for cel-
lular purposes. This progresses to iron-deficient 
erythropoiesis where iron available for RBC pro-
duction is limited. Haemoglobin and MCV are 
still within the normal range but may have fallen 
from the individual’s baseline. Eventually, iron 
deficiency anaemia develops, where RBC pro-
duction is reduced and haemoglobin, MCV and 
MCH are low [15]. Anaemia, abnormal red cell 
indices (as described above), dietary or medical 
history, or population prevalence prompts mea-
sure of more specific biomarkers of iron status.

Bone marrow aspiration with an iron, or Perls’ 
stain, has been the gold standard for the diagnosis 
of iron deficiency and is diagnostic when there is 
no stainable particulate iron seen in an adequate 
sample [16]. However, this is an invasive proce-
dure that is rarely performed solely for the diag-
nosis of iron deficiency given the availability of 
serum biomarkers, most notably serum ferritin. 
Bone marrow aspiration and iron stain may still 
be performed in complex cases of anaemia, and a 
diagnosis of iron deficiency may be made on a 
bone marrow aspirate performed for other 
reasons.

Readily available serum biomarkers of iron 
status include serum ferritin, iron, transferrin and 
transferrin saturation (or TIBC). Additional and 
emerging iron biomarkers include soluble trans-
ferrin receptor (sTfR), zinc protoporphyrin (ZPP) 
and hepcidin [17].

 Serum Ferritin

Ferritin is the primary iron storage protein, with 
each ferritin molecule able to store up to 4000–
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4500 iron atoms. Ferritin is found within the 
cytoplasm of virtually all cells of the body and is 
able to both safely store and release iron accord-
ing to physiologic needs [18]. Serum or plasma 
ferritin is considered the most reliable non- 
invasive biomarker for the diagnosis of iron defi-
ciency and reflects iron stores in healthy 
individuals when systemic inflammation is not 
present. Diagnostic ferritin values have been 
established from the few studies which have 
looked at ferritin concentrations in patients with 
microcytic anaemia who had no stainable iron in 
the bone marrow or who showed a therapeutic 
response to iron. These studies indicate a ferritin 
threshold of 15 μg/L to be specific (98–100%) 
but less sensitive (60–75%) for the diagnosis of 
iron deficiency. However, increasing the thresh-
old to 30 μg/L raises the sensitivity (93–100%) at 
the expense of specificity (75–89%) [19–21]. The 
recent update of the World Health Organization 
(WHO) guideline on the use of ferritin concen-
tration to assess iron status recommends a cut-off 
of 15 μg/L for the diagnosis of iron deficiency in 
children older than 5  years, adolescents and 
adults and 12 μg/L in infants and children under 
5 years of age, in an apparently healthy popula-
tion [22]. These recommendations are based 
largely on expert opinion, and there remain no 
universally accepted cut-offs. Various other spe-
cialist groups suggest other cut-offs, and refer-
ence ranges vary depending on pathology 
laboratory. The American Society of Haematology 
diagnoses iron deficiency with a ferritin of 
<30  μg/L in adults, with the normal range in 
females accepted as 20–200 μg/L and in males 
40–300  μg/L [23]. The Royal College of 
Pathologists of Australasia (RCPA) recommends 
a cut-off of 30  μg/L for healthy adults and 
≤20 μg/L for pre-pubescent children [24], while 
the Australian Iron Deficiency Expert Group sug-
gest that ferritin <15–30  μg/L be used [25]. 
Despite these variations, a ferritin <15  μg/L is 
specific but not sensitive for the diagnosis of iron 
deficiency, and a ferritin concentration of <15–
30 μg/L may be a reasonable compromise from 

the available data. A ferritin >30 μg/L, however, 
does not exclude iron deficiency, with higher val-
ues seen in iron deficiency when there is concur-
rent inflammation.

Serum ferritin is an acute phase protein, 
increased in the presence of inflammation, as 
well as in liver disease. This increase does not 
reflect a true increase in storage or liver iron and 
complicates the diagnosis of iron deficiency [26]. 
Failure to account for this can lead to missed 
diagnoses (and subsequently inadequate treat-
ment) of iron deficiency or underestimation of 
population prevalence. WHO recommends that 
“the increase in ferritin values caused by inflam-
mation should be accounted for in individuals 
and populations” [22]. It is recommended that 
two acute phase proteins, CRP and AGP, be mea-
sured alongside ferritin to assist with this (see 
Box 4.1). Many specialist groups now include a 
cut-off value to define iron deficiency in the pres-
ence of inflammation, such as 70  μg/L recom-
mended by WHO for older children, adolescents 
and adults with inflammation and 30  μg/L for 
infants and children under 5  years [22]. The 
RCPA suggests 100 μg/L for adults in the pres-
ence of inflammation [24], while the Australian 
Iron Deficiency Expert Group recommends 
60–100 μg/L [25]. Assessing a patient’s comor-
bidities, inflammatory markers, RBC morphol-
ogy and indices (e.g. MCV, MCH, RDW) and 
reticulocyte count together with the ferritin value 
can help to ascertain the likelihood of iron defi-
ciency. A bone marrow biopsy in complicated 
cases of anaemia or assessment of response to a 
trial of iron therapy is also an option.

The above approach is not feasible at a popu-
lation level in areas with a high prevalence of 
inflammation where there is a risk of underesti-
mating the prevalence of iron deficiency if con-
ventional ferritin ranges are used. Different 
approaches have been suggested for adjusting 
ferritin for inflammation in population studies. 
These include increasing the ferritin cut-off—the 
Biomarkers Reflecting Inflammation and 
Nutritional Determinants of Anemia (BRINDA) 
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study increased the ferritin level to 30 μg/L; how-
ever, WHO guidelines now recommend a cut-off 
of 70 μg/L in adults with inflammation [22, 27]. 
This could be applied either in the entire sample 
or just in those with inflammation. Other 
approaches include excluding individuals with 
elevated inflammatory markers, applying arith-
metic correction factors or using regression cor-
rection. The BRINDA project compared these 
methods and supports the use of internal regres-
sion correction, using CRP, AGP and malaria 
infection, in populations with elevated inflamma-
tory markers [27]. In their analyses this led to an 
increase in the estimated prevalence of depleted 
iron stores by a median of 24.7 and 7.5 percent-
age points in preschool children and women of 
reproductive age, respectively. WHO recom-
mends that CRP and AGP be measured along 
with ferritin in areas where there is widespread 
inflammation and that “the adjustment that best 
suits the country reality should be selected and 
used” [22].

 Serum Iron and Transferrin 
Saturation

The vast majority of iron within the serum is 
bound to transferrin, the main iron transport pro-
tein [31]. Elevated or depleted serum iron levels 
often cause confusion when assessing iron status. 
Serum iron levels are labile with significant diur-
nal variation [32], are decreased in iron defi-
ciency and inflammation and are affected by 
recent oral or intravenous iron intake [17]. Serum 
iron levels should not be used to diagnose iron 
deficiency. The only clinical situation in which a 
serum iron level is of value, viewed in isolation, 
is in a suspected case of iron poisoning [24].

The transferrin saturation gives a measure of 
how much transferrin is binding/transporting 
iron. A transferrin saturation less than 15% indi-
cates suboptimal iron delivery for erythropoiesis 
[33, 34]. Transferrin saturation is often used in 
nutritional studies to define iron deficiency and is 
one of the indicators (together with serum ferritin 
and red cell protoporphyrin) used by the 
NHANES survey in their “ferritin model” which 
defines iron deficiency as an abnormality of at 
least two of the three biomarkers [35]. However, 
it is important to be aware that transferrin satura-
tion is derived from serum iron. It is the ratio of 
serum iron to total iron binding capacity (or 
transferrin concentration multiplied by 25) and is 
therefore subject to the limitations that affect 
serum iron concentration [17]. A fasted morning 
sample may reduce variability, but due to these 
factors, it may not be a reliable diagnostic marker 
of iron status in isolation.

 Soluble Transferrin Receptor

Transferrin receptor 1 (TfR1) is one of two trans-
ferrin receptors on cell membranes and is essen-
tial for iron delivery to tissues. The cells with the 
greatest number of TfR1 are nucleated erythroid 
precursors in the bone marrow. The number of 
TfR1 per cell is increased when iron supply is 
limited. Soluble transferrin receptor (sTfR) con-
centrations reflect the number of cellular TfR1 

Box 4.1 Inflammatory Markers in the 
Assessment of Iron Status

Measurement of inflammatory markers, 
although not strictly biomarkers of nutri-
tional anaemias themselves, aids in the 
interpretation of other measures of nutri-
tional anaemias. C-reactive protein (CRP) 
and alpha-1-acid glycoprotein (AGP) are 
acute phase proteins that are elevated dur-
ing periods of infection and inflammation. 
Increases in CRP and AGP occur in differ-
ent phases of the inflammatory response. 
CRP rises quickly but also returns to nor-
mal faster than AGP [28, 29], which rises 
more slowly and remains elevated for lon-
ger [30]. These markers have been used to 
divide the inflammatory response into 
phases: the ‘incubation period’ where CRP 
is elevated but AGP remains normal; ‘early 
convalescence’ when both CRP and AGP 
are elevated; and ‘late convalescence’ when 
CRP has returned to normal but AGP is still 
elevated [27].
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[36]. Increases in sTfR concentrations therefore 
reflect either an increase in erythropoiesis/
increase in the number of nucleated erythroid 
cells in the bone marrow or inadequate iron 
stores, seen in conditions such as haemolysis, 
thalassaemias or polycythaemia vera and iron 
deficiency, respectively [37, 38]. A meta-analysis 
of ten studies of sTfR showed it had a sensitivity 
and specificity of 86% and 75%, respectively, for 
the diagnosis of iron deficiency [39]. Given that 
sTfR is also increased in states of ineffective 
erythropoiesis as mentioned, it is not useful for 
detecting iron deficiency in populations with sig-
nificant rates of thalassaemia or other haemoglo-
binopathies [40, 41], but an advantage of this 
biomarker is that it is not affected by inflamma-
tion in the way that ferritin is. sTfR is increased 
in iron deficiency, with or without inflammation, 
but is normal in anaemia of chronic disease. 
Although it is not required for the diagnosis of 
uncomplicated iron deficiency, it is useful in dis-
tinguishing iron deficiency anaemia from anae-
mia of chronic disease [42], particularly when 
combined with measurement of serum ferritin in 
the sTfR-ferritin index (the ratio of sTfR and 
logarithm of serum ferritin) [43]. This index is 
subject to the limitations of each test, and cut-off 
values are assay specific and cannot be applied 
universally.

 Zinc Protoporphyrin

Erythrocyte zinc protoporphyrin (ZPP) is used in 
research settings and population surveys as a bio-
marker of iron status. The final step in haem syn-
thesis is the conversion of protoporphyrin IX into 
haem by the insertion of ferrous iron, catalysed 
by ferrochelatase. Erythrocyte protoporphyrin 
increases in RBCs when there is insufficient iron 
available for conversion into haem. Zinc is an 
alternate metal substrate for ferrochelatase, and 
as erythrocyte protoporphyrin increases, ZPP 
rises [44, 45]. ZPP is not increased in simple iron 
depletion, but rises when iron delivery to the 
bone marrow is no longer sufficient to meet the 
requirements for erythropoiesis, giving an indica-
tion of the severity of iron deficiency [44, 46]. In 

the absence of other conditions that affect ZPP, it 
is a sensitive measure of iron deficiency [45–47]. 
However, levels are also increased in lead poison-
ing, thalassaemia trait, some haemoglobinopa-
thies and anaemia of inflammation [48, 49].

 Hepcidin

Hepcidin is the master regulator of systemic iron 
homeostasis, and its production is altered, appro-
priately or inappropriately, in disorders of altered 
iron status/metabolism. Measurement of hepci-
din levels may help in the diagnosis and manage-
ment of these conditions [50]. In iron deficiency 
hepcidin is suppressed, often to undetectable 
levels to allow maximal iron absorption. 
However, hepcidin is increased in inflammatory 
conditions, and in patients with iron deficiency 
and concurrent inflammation or comorbidities, 
such as renal disease, hepcidin may not be sup-
pressed to the extent expected [51]. In this set-
ting, hepcidin levels may help to identify patients 
with iron deficiency who may not respond to oral 
iron supplementation and for whom intravenous 
administration may be more effective [50]. In the 
public health setting, it may help to identify indi-
viduals who would benefit from, and respond to, 
oral iron supplementation [52]. It may also be 
beneficial in distinguishing patients with “pure” 
anaemia of chronic disease from those with con-
comitant iron deficiency, as hepcidin levels are 
lower in this second group [53]. In iron loading 
anaemias, such as thalassaemia major and inter-
media, and congenital dyserythropoietic anae-
mias, hepcidin levels may help to predict and 
monitor iron overload [54]. In the diagnostic set-
ting, hepcidin levels would aid in the diagnosis 
of iron-refractory iron deficiency anaemia 
(IRIDA), a rare genetic condition caused by 
mutation in the TMPRSS6 gene and character-
ised by iron deficiency with inappropriately nor-
mal or high hepcidin levels [55]. Hepcidin 
measurement is currently limited to the research 
setting. Although there have been challenges in 
producing a reliable assay, and with worldwide 
standardisation, there are now both immunoas-
says and mass spectrometry- based assays, and 
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there has been recent progress in the develop-
ment of reference material and a proficiency 
testing scheme [56].

 Biomarkers for the Diagnosis of Iron 
Deficiency Anaemia: A Summary

The classic findings in isolated iron deficiency 
anaemia are a microcytic hypochromic anaemia 
with pencil (or elongated) cells on a blood film. 
Red cell indices show a low MCV and MCH, low 
or normal RCC and reticulocyte count and a high 
RDW.  A low ferritin is diagnostic of iron defi-
ciency; a normal value does not however exclude 
it. In the presence of inflammation, the ferritin 
value may be within the normal range despite 
iron deficiency. CRP and AGP are important for 
diagnosing concurrent inflammation. Red cell 
indices, iron studies, inflammatory markers and 
other available iron biomarkers should be inter-
preted together to diagnose or exclude iron defi-
ciency. Table  4.4 summarises the expected 
biomarker results in iron deficiency anaemia and 
how these compare to other causes of anaemia 
that may give some similar results.

 Biomarkers of Vitamin B12 and Folate 
Status and the Diagnosis 
of Associated Anaemias

Vitamin B12 and folate deficiencies can result in 
a macrocytic or megaloblastic anaemia, which is 
due to impaired DNA synthesis. This manifests 
as large RBCs and hypersegmented neutrophils 
in the peripheral blood and megaloblastic precur-
sors in the bone marrow (which have a character-
istic nuclear chromatin pattern and asynchrony of 
nuclear and cytoplasmic maturation with a rela-
tively immature nucleus). Severe megaloblastic 
anaemia can result in pancytopenia (a low hae-
moglobin, white cell and platelet count) [57]. 
Biomarkers of vitamin B12 and folate status 
include measurements of the nutrient levels 
themselves as well as measurement of other sub-
stances involved in their metabolism.

 Vitamin B12

Vitamin B12 (or cobalamin) is transported in the 
plasma bound to haptocorrin or transcobalamin. 
Vitamin B12 bound to transcobalamin (holo-

Table 4.4 Interpreting biomarkers of iron status in iron deficiency, thalassaemia and anaemia of chronic disease. 
Adapted from [25]

Haemoglobin

Mean cell 
volume and 
mean cell 
haemoglobin

Serum 
ferritin Transferrin

Transferrin 
saturationa

Soluble 
transferrin 
receptor

Serum 
ironb

Tissue iron 
deficiency 
without anaemia

Normal Normal or low Low Normal or 
high

Low- 
normal or 
low

High- 
normal or 
high

Low

Iron deficiency 
anaemia (IDA)

Low Low (or normal 
in early IDA)

Low High Low High Low

IDA with 
inflammation

Low Low Low or 
normal

Normal or 
high

Low High Low

Thalassaemia 
minor

Low or 
normal

Low (or normal) Normal or 
high

Normal Normal or 
high

Normal or 
high

Normal

Anaemia of 
chronic disease

Low Normal (may be 
mildly low)

Normal or 
high (does 
not imply 
elevated iron 
stores)

Normal Low Normal Low

a Transferrin saturation should ideally be performed on a fasting morning sample
b Serum iron is markedly labile with significant diurnal variation. It should not be used to diagnose iron deficiency
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transcobalamin, holoTC) is the active form of the 
vitamin, but only 20% of plasma vitamin B12 is 
bound to transcobalamin and in the active form 
[58]. Both total and active (holoTC) vitamin B12 
can be measured in the serum and make up two of 
the four priority biomarkers of vitamin B12 sta-
tus selected by the BOND Vitamin Expert Panel, 
together with serum methylmalonic acid (MMA) 
and plasma homocysteine [59]. Total vitamin 
B12 assays are more widely available but are less 
sensitive and specific for the diagnosis of vitamin 
B12 deficiency than holoTC [60]. Total vitamin 
B12 levels may be within the normal range 
despite low holoTC levels, and it has been rec-
ommended that holoTC also be measured if total 
levels are performed and are borderline or below 
a laboratory defined sufficiency threshold [61]. 
Conversely, total vitamin B12 levels may be low 
with normal holoTC levels such as in haptocorrin 
deficiency and in the third trimester of pregnancy 
where haptocorrin-bound vitamin B12 levels 
decrease by approximately 30%, but active levels 
are unchanged [62].
Vitamin B12 is a cofactor in two important reac-
tions—the production of methionine from homo-
cysteine and the conversion of methylmalonyl- CoA 
to succinyl-CoA. In B12 deficiency homocyste-
ine and methylmalonic acid (MMA) (a side reac-
tion product of methylmalonyl CoA metabolism) 
build up and are elevated in the serum [46, 58, 
63]. MMA is the most sensitive marker of vita-
min B12 deficiency and indicates whether there 
is adequate B12 for metabolic functions [46]. Its 
measurement is however not always readily 
available, and levels can be increased with renal 
impairment and bacterial overgrowth. 
Homocysteine also reflects adequacy of vitamin 
B12 for metabolic functions but is not specific for 
vitamin B12 deficiency. Homocysteine is also 
increased in folate, riboflavin and vitamin B6 
deficiency, smokers, renal impairment, hypothy-
roidism and hyperhomocystinaemia and is ide-
ally performed fasted (lowest in the morning, 
highest in the evening) [46, 63, 64].

 Folate

Biomarkers of folate status include serum folate 
concentration, RBC folate concentration and 
plasma homocysteine. These were identified as 
priority biomarkers by the BOND Folate Expert 
Panel [65]. Serum folate concentration gives a 
measure of short-term folate status and reflects 
recent dietary intake [66, 67]. Improvement in 
diet leads to a rapid correction of serum folate 
levels; likewise a recent poor diet may result in 
low levels without necessarily indicating signifi-
cantly low tissue levels [63, 67]. There is diurnal 
variation in folate levels and fasted samples are 
preferred. Red cell folate levels can be 10–20 
times higher than serum, and consequently 
in vivo or in vitro red cell haemolysis may arte-
factually elevate serum folate measurements 
[63]. RBC folate is a sensitive marker of long- 
term folate status as it reflects the folate status for 
the life span of the RBCs, which is approximately 
120 days. RBC folate is thought to correlate with 
liver folate concentrations and reflect tissue 
stores [66, 67]. RBC folate may be low and serum 
folate high in B12 deficiency and will respond to 
B12 replacement alone [68]. There is no consen-
sus as to which of the two folate measurements is 
the better test for folate deficiency. Guidelines by 
the British Committee for Standards in 
Haematology recommend serum folate as the 
first line test for folate status [69], and serum 
folate appears to be more widely recommended 
as the most appropriate screening test [70–72]. 
WHO prefers red cell folate for assessing inter-
ventions aimed at improving folate status given 
the greater biologic variability in serum folate 
levels [73]. Given the issues inherent to both 
measures, some recommend performing both 
[63], and the RCPA recommends serum folate as 
the first line test with red cell folate reserved for 
when serum folate is low [61].
Plasma homocysteine is a sensitive functional 
biomarker of folate status, thought to reflect tis-
sue levels [74, 75]. The major forms of intracel-
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lular folate are tetrahydrofolate (THF), 5-methyl 
THF and 10-formyltetrahydrofolate (10-formyl 
THF). 5-Methyl THF acts as the methyl group 
donor in the conversion of homocysteine to 
methionine by methionine synthase (with cobal-
amin as a cofactor)—producing methionine, 
regenerating THF and linking cobalamin to 
folate and 1-carbon metabolism [63, 66]. The 
megaloblastic anaemia in folate deficiency is 
thought to be caused by the decreased produc-
tion of 5,10-methylene THF (due to insufficient 
THF) which is a cofactor in the production of 
dMTP, a rate-limiting step in DNA synthesis. 
Vitamin B12 deficiency leads to a functional 
folate deficiency, with a build-up of 5-methyl 
THF, which cannot be converted back to 
5,10-methylene THF, and thus the two condi-
tions lead to indistinguishable megaloblastic 
changes [63]. Folate supplementation without 
first excluding or treating vitamin B12 defi-
ciency may mask the haematologic changes of 
vitamin B12 deficiency, allowing the neurologic 
changes associated with vitamin B12 deficiency 
to progress [76]. The role of folate in the conver-

sion of homocysteine to methionine means that 
a build-up of homocysteine is also seen in folate 
deficiency and can be used as a biomarker in 
assessing an individual’s folate status [63, 65]. 
As mentioned above, homocysteine is elevated 
in other conditions and so is a sensitive, but not 
specific, marker of folate deficiency.

 Biomarkers for the Diagnosis 
of Nutritional Megaloblastic 
Anaemias: A Summary

The anaemia of vitamin B12 or folate deficiency 
is typically macrocytic with oval macrocytes and 
hypersegmented neutrophils on a blood film and 
an elevated MCV and RDW.  Measurement of 
vitamin B12 (serum total or ideally active vita-
min B12) or folate (serum and/or red cell) levels 
is usually the first step in the diagnosis of defi-
ciency, with elevated levels of homocysteine and 
MMA in the case of vitamin B12 and homocyste-
ine in the case of folate, confirming tissue defi-
ciency (Table 4.5).

Table 4.5 Interpretation of biomarkers in the assessment of B12 and folate status. Adapted from [63]

Normal 
B12 and 
folate status B12 deficient Folate deficient Comments

Serum B12 Usually 
normal

Usually low, but 
up to 5% of 
patients have 
results within the 
reference range

Usually normal, but 
may be borderline 
low in severe folate 
deficiency, which 
corrects with folic 
acid monotherapy

May be high in liver disease, 
myeloproliferative neoplasms, acute 
inflammation, recovery from 
autoimmune neutropenia
Low total B12 in 25% of elderly 
individuals. Levels also fall in 
normal pregnancy

Holotranscobalamin Normal, 
although 
lower levels 
seen in the 
elderly

Low Normal Subject to recent dietary change 
within 24 h. Useful in pregnancy as 
levels are not affected by trimester

Serum folate Usually 
normal

Usually normal. 
High serum folate 
may be seen in 
B12 deficiency

Usually low, but 
normal levels are 
found with recent 
dietary improvement

Highly influenced by recent folic 
acid intake. Low levels may be seen 
with recent deterioration in diet and 
are rapidly normalised by 
improvement in diet
Haemolysis in vivo or in vitro may 
cause spurious elevations of serum 
folate

(continued)
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Normal 
B12 and 
folate status B12 deficient Folate deficient Comments

Red cell folate Usually 
normal

Low Usually low, but 
normal in very acute 
deficiency state

High serum folate and low red cell 
folate may be seen in B12 
deficiency—corrects with treatment 
of B12 deficiency

Plasma 
homocysteine

Usually 
normal

High in B12 
deficiency and in 
50% of samples 
from patients with 
low B12 consistent 
with metabolic 
B12-deficient state

High Not specific for B12 or folate 
deficiency. May also be elevated in 
smokers, renal failure, in patients 
with MTHFR C677T mutation and 
hyperhomocystinaemia

Serum 
methylmalonic acid

Usually 
normal

High in B12 
deficiency and in 
50% of samples 
from patients with 
low B12 consistent 
with metabolic 
B12-deficient state

Usually normal, but 
high in 5% of 
patients who are 
folate deficient

Also elevated in renal impairment, 
with high intake of methionine and 
in 10% of normal subjects. Should 
not be used in isolation without 
total B12 or holotranscobalamin 
measurement

Urinary 
methylmalonic acid

Normal High Normal Not affected by renal impairment

Table 4.5 (continued)

 Conclusion

Nutritional deficiencies are the most common 
causes of anaemia worldwide, with iron defi-
ciency accounting for the majority of cases. Red 
cell indices, blood film morphology and more 
specific biomarkers aid in identifying the under-
lying cause of anaemia in both populations and 
individuals. Despite the limitations discussed, 
serum ferritin remains the most reliable bio-
marker of iron status. Serum total or active vita-
min B12 and serum or RBC folate are the 
recommended initial investigations for their 
respective deficiencies.
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 Introduction

Anemia remains an important global health prob-
lem that contributes to increased morbidity and 
mortality, particularly in women and children. To 
make progress on global goals to reduce anemia 
and to accurately assess nutritional status in the 
presence of inflammation, it is imperative to 
understand the role of inflammation and infection 
on anemia, as well as the micronutrient biomark-
ers associated with anemia. While iron deficiency 
may be a common cause of anemia in some popu-
lations, other nutritional and non-nutritional risk 
factors need to be considered, especially in set-
tings with a high burden of infectious diseases. 

Currently, the World Health Organization is revis-
ing global guidelines for anemia assessment and 
has highlighted the understanding of the role of 
infectious and environmental factors in the etiol-
ogy of anemia as an important direction for future 
research [1, 2]. Infection and inflammation are 
both known causes of non-nutritional anemia (e.g., 
anemia of chronic disease, hemolytic anemia from 
malaria, blood loss from hookworm infection) and 
important factors to consider for nutritional ane-
mia (e.g., iron and other micronutrient deficien-
cies) due to the confounding effects of inflammation 
on micronutrient biomarkers [1, 3].

In this chapter we define inflammation as an 
innate body defense characterized by the acute- 
phase response (APR) [4]. The APR can be acti-
vated by a variety of stressors, including microbial 
invasion, tissue injury, chronic disease states, 
immunologic disorders, and psychological stress 
[5]. The APR stimulates liver hepatocytes to pro-
duce acute-phase proteins (APPs) which can be 
measured in blood and reflect an individual’s 
inflammatory status. An inflammatory response 
can be characterized as acute (self-limiting and 
lasting days to weeks) or chronic (prolonged and 
characterized inflammatory responses that fail to 
regulate themselves) [3, 4]. Inflammation can 
also be characterized as clinical (individual has 
clear symptoms of the inciting cause of inflam-
mation) or subclinical (no outward evidence of 
illness and detected only biochemically based on 
elevated APPs).
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This chapter is not intended to be a systematic 
review of the literature, but instead aims to 
 summarize the effects of inflammation on micro-
nutrient biomarkers associated with anemia in 
population-based surveys (Table 5.1), to describe 
approaches to adjust for these confounding 

effects (Table 5.2), and to identify key research 
gaps and priorities (Table 5.3). For the purposes 
of this chapter, we focus only on micronutrients 
that are known causes of anemia and also of pub-
lic health relevance (namely, iron, vitamin A, 
zinc, folate, vitamin B-12, riboflavin).

Table 5.1 Summary of the effect of inflammation on micronutrient biomarkers associated with anemia

Nutrient Commonly used biomarker
Magnitude and direction of 
inflammation effect

Iron Serum or plasma ferritin +++
Serum of plasma sTfR
Total body iron

++
+

Vitamin Aa Serum or plasma retinol − −
Serum or plasma RBP − −

Zinca Serum or plasma zinc −
Folate Red blood cell folate 0

Serum or plasma folate 0
Vitamin B-12 Serum or plasma vitamin B-12 0
Riboflavin Erythrocyte glutathione reductase activation 

coefficient (EGRac)
Unknown

Adopted from Raiten, 20154 and BRINDA analyses [3, 10, 12–17]. RBP retinol binding protein; sTfR soluble transfer-
rin receptor; − decrease, + increase, +++ major increase, 0 no change or inconsistent, or unknown
a Relationships between nutrient biomarker and inflammation are consistent for children but not for women

Table 5.2 Summary of approaches to adjust micronutrient biomarkers for inflammation

Approach
Description of the 
approach Valid Precise Feasible

Inflammation 
severity Notes/considerations

Ignore 
inflammation 
(nothing is done to 
account for APP)

This approach is 
common when APPs 
were not measured

✘ ✔ ✔ ✘ Potential biased estimate 
of micronutrient status

Exclude individuals 
with inflammation

Remove individuals 
with elevated APPs

✘ ✘ ✔ ✘ (1) Relies on concrete 
APP cutoffs, (2) may lose 
sample size (precision), 
and (3) may introduce bias 
since subset of population 
without inflammation may 
differ than subset with 
inflammation (validity)

Change nutrient 
biomarker cutoff

Use fixed higher or 
lower cutoff for 
micronutrient indicator 
for either (1) individuals 
with inflammation or (2) 
in settings of high 
inflammation

✘ ✘ ✔ ✘ (1) Does not account for 
varying degrees of 
inflammation; (2) cutoff 
values may differ by target 
group or context of the 
survey, e.g., area with a 
high level of malaria; (3) 
may introduce bias
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Approach
Description of the 
approach Valid Precise Feasible

Inflammation 
severity Notes/considerations

Four-level 
categorical 
inflammation 
correction factor 
approach (as known 
as Thurnham’s 
internal correction 
factors)

Use CRP and AGP to 
create four categories 
(no inflammation, 
incubation, early 
convalescence and late 
convalescence) and 
apply an internal 
correction factor

✘ ✔ ✔ ✘ (1) Requires both CRP 
and AGP, (2) does not 
account for potential 
confounders and effect 
modifiers, (3) produces 
similar estimates as 
exclusion approach

BRINDA regression 
correction approach

Use linear regression to 
adjust the 
concentrations of 
micronutrient 
biomarkers using CRP 
and AGP

✔ ✔ ✔ ✔ (1) Requires data on both 
CRP and AGP and (2) 
requires statistical 
software and knowledge 
of statistics/equations to 
conduct the correction 
correctly

Adopted from Raiten, 2015 [4]. AGP α1-acid glycoprotein; APP acute-phase protein; CF correction factor; CRP 
C-reactive protein

Table 5.3 When to apply the BRINDA regression cor-
rection approach

Recommended Not recommended
•  Ferritin (WRA, PSC)
   –  CRP and AGP
•  Retinol binding protein 

and retinol (PSC)
   –  CRP and AGP
•  sTfR (WRA, PSC)
   –  AGP only
•  Total body iron (WRA, 

PSC)
   –  CRP and AGP 

(ferritin), AGP (sTfR)
•  Zinc (PSC)
   –  CRP and AGP

•  Retinol binding protein 
(WRA, SAC)

•  Zinc (WRA)
•  Folate (PSC, WRA)
•  RBC folate (PSC, 

WRA)
•  Vitamin B-12 (PSC, 

WRA)

PSC preschool-age children; SAC school-age children; 
WRA women of reproductive age (nonpregnant). Evidence 
is summarized from BRINDA publications [12–17, 23]. 
Ferritin, RBP, sTfR, zinc can be measured in serum or 
plasma

Table 5.2 (continued)

 Effects of Inflammation 
on Micronutrient Biomarkers

Micronutrient biomarkers are objective measures 
used to estimate nutritional status or a response to 
a nutrition intervention. Biomarkers should ide-
ally be precise (e.g., reproducible, limited vari-
ability), valid (e.g., accurate), cost-effective, 
feasible, and acceptable [6]. Confounders of bio-

markers (e.g., age, sex, pre-analytic and analytic 
factors) need to be considered for appropriate 
interpretation. The APR has the potential to influ-
ence micronutrient biomarkers, as some nutrition 
biomarkers are also acute-phase proteins, and 
thus their concentrations may temporarily 
increase or decrease during the APR. This con-
founding effect is particularly problematic in set-
tings with a high burden of inflammation, where 
the interpretation of micronutrient status may be 
inaccurate and lead to inappropriate diagnoses in 
individuals or improper allocation of resources to 
address micronutrient deficiencies [7]. The 
effects of inflammation on micronutrient bio-
markers are complex, bidirectional, and indicator- 
specific [4, 8].

A review of the clinically relevant biomarkers 
of inflammation is outside the scope of this chap-
ter, but they are reviewed elsewhere [4, 5]. 
Examples of two frequently measured APPs to 
assess inflammation are C-reactive protein (CRP) 
and α1-acid glycoprotein (AGP). CRP measures 
acute inflammation; it rises rapidly and remains 
elevated for approximately a week after symptom 
resolution, whereas AGP measures chronic 
inflammation; it rises more slowly but remains 
elevated for several weeks [5, 9]. In order to fully 
capture the APR and understand the effect of 
inflammation on micronutrient biomarkers across 
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the APR continuum, measuring both CRP and 
AGP is recommended [10].

The Eunice Kennedy Shriver National Institute 
of Child Health and Human Development 
(NICHD) Biomarkers of Nutrition for 
Development (BOND), Inflammation and 
Nutrition Science for Programs and Interpretation 
of Research Evidence (INSPIRE), and 
Biomarkers Reflecting Inflammation and 
Nutritional Determinants of Anemia (BRINDA) 
projects have all explored the effects of inflam-
mation on micronutrient biomarkers, as well 
approaches to account for these confounding 
effects [4, 8, 11].

The BOND program was formed in 2009 as a 
collaboration between NICHD and Bill & 
Melinda Gates Foundation that aimed to provide 
guidance on the selection and interpretation of 
nutrition biomarkers to be incorporated into the 
community’s research, clinical, program, and 
policy-making activities [8]. The project involved 
expert working groups to review each of these 
domains, as well as the evidence base for case- 
study micronutrients. This project was valuable 
in building consensus around terminology, sum-
marizing current knowledge, and identifying 
critical areas of further research. One of the key 
cross-cutting issues identified was the challenge 
of inflammation and nutrient assessment, which 
led to the initiation of the INSPIRE project in 
2012 [4]. The goal of the INSPIRE project was to 
review evidence on the relationships between 
nutrition, immune function, and inflammatory 
response. The INSPIRE project provided a 
detailed review of evidence on what is known on 
the impact of acute or chronic inflammation on 
the selection, use, and interpretation of nutrition 
biomarkers.

Building on the prior work from BOND and 
INSPIRE, the BRINDA project was formed in 
2012 including investigators from universities, 
government and non-governmental organiza-
tions, the private sector, as well as country repre-
sentatives [11]. The goal of BRINDA is to refine 
approaches to estimate the prevalence of 
 nutritional status and thus improve the targeting, 
design, and effectiveness of nutrition research 
and programs. Findings from BRINDA have 

informed global guidelines on the interpretation 
of micronutrient biomarkers in settings of inflam-
mation and risk factors for anemia. To date, 
BRINDA has compiled secondary data from 43 
population-based nutrition surveys from all 
WHO geographic regions, including data on 
approximately 40,000 preschool children, 56,000 
women of reproductive age, 21,000 adolescents, 
29,000 school-age children, and 14,000 pregnant 
women. The BRINDA project examines relation-
ships between inflammation biomarkers (CRP 
and AGP) and micronutrient biomarkers and pro-
vides global guidance on the adjustment of 
micronutrient biomarkers for inflammation, as 
well as evaluates factors associated with anemia 
and their relative contribution to the prevalence 
of anemia.

Collectively the work of BOND, INSPIRE, 
and BRINDA has advanced our understanding of 
the complex bidirectional relationship between 
micronutrient biomarkers and inflammation. For 
the purposes of this chapter, we focus on sum-
marizing evidence specifically on the effect of 
inflammation on biomarkers for six micronutri-
ents associated with anemia, including iron, vita-
min A, zinc, folate, vitamin B-12, and riboflavin 
(Table 5.1).

 Iron

Iron deficiency is one of the most common micro-
nutrient disorders across the globe. There are 
many biomarkers of iron status that have been pre-
viously reviewed [18]. Two commonly used bio-
markers to assess iron status are ferritin [19] and 
soluble transferrin receptor (sTfR) [20]. Ferritin is 
an iron storage protein and sensitive biomarker of 
body iron stores [19]. However, ferritin is also an 
APP and is positively associated with inflamma-
tion [4, 10, 16]. Consistent moderate correlations 
between ferritin and AGP (median, 0.30; range, 
0.05–0.44) and CRP (median, 0.25; range, 0.05–
0.44) have been reported across multiple popula-
tion-based surveys in children as part of the 
BRINDA project [10]. Likewise among women, 
ferritin is consistently associated with inflamma-
tion biomarkers. STfR is a widely used biomarker 
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of tissue iron availability [20]. While traditionally, 
sTfR has been believed to be largely unaffected by 
infection or inflammation, this is not always the 
case. In the BRINDA project, relationships 
between sTfR and inflammation were dependent 
on the inflammation biomarker. Among children, 
there was a weak to moderate positive correlation 
between sTfR and AGP (median, 0.18), but a weak 
inconsistent relation between sTfR and CRP 
(median, 0.11), with similar findings observed in 
women [10]. Prior work has likewise proposed a 
biological rationale for adjusting sTfR for AGP 
but not CRP [10, 15, 21]. While sTfR is not an 
acute-phase protein, inflammation may lead to an 
increase in circulating sTfR through alternative 
mechanisms independent of the degree of erythro-
poiesis, the hypoxic response, or iron status.

 Vitamin A

Serum retinol and retinol binding protein (RBP) 
are two indicators recommended by WHO for 
assessing the vitamin A status of populations 
[22]. RBP is a negative APP, and since RBP is the 
carrier protein for retinol, both serum retinol and 
RBP decrease in response to inflammation [4]. 
Across surveys included in the BRINDA project, 
there were moderate negative associations 
between retinol or RBP with both CRP (median, 
−0.26) and AGP (median, −0.20) among chil-
dren. However, among women, the relationship 
between vitamin A biomarkers and inflammation 
biomarkers was inconsistent across surveys. The 
rationale for these differences by population 
group is not well understood but may be due to a 
lower prevalence of vitamin A deficiency and 
inflammation in women, immune system differ-
ences, obesity, or other unidentified effect modi-
fiers [23]. These associations between nutrient 
biomarkers and inflammation biomarkers in 
cross-sectional surveys have also been confirmed 
by a recent longitudinal norovirus challenge 
study of 52 healthy adults in a US hospital setting 
where ferritin concentrations increased, and reti-

nol and RBP concentrations decreased, in 
response to temporary elevations in AGP and 
CRP [24].

 Zinc

The assessment of zinc status is complicated by 
the lack of a gold standard biomarker. The Zinc 
Expert Panel of Biomarkers of Nutrition for 
Development currently recommends the use of 
plasma or serum zinc concentrations, as well as 
dietary zinc intake assessment and child height- 
for- age [25]. Inflammation and the APR can 
result in redistribution of zinc from the plasma/
serum to the liver, thus decreasing concentra-
tions of this biomarker in plasma/serum [4, 26]. 
Among preschool children, inconsistent associ-
ations have been reported between plasma/
serum zinc and inflammation biomarkers, with 6 
out of 12 BRINDA datasets showing a negative 
correlation and the remaining were nonsignifi-
cant with the exception of 1 survey showing a 
significant positive assoicaiton [13]. Among 
women, relationships between plasma/serum 
zinc and AGP and CRP were weak and 
inconsistent.

 Folate and Vitamin B-12

Vitamin B-12 and folate deficiencies in women 
and children remain a public health problem 
worldwide [27]. However, there is a lack of stan-
dardization on laboratory methods for biomarker 
assessment, with large differences across meth-
odologies [12, 27–30]. Furthermore, the role of 
inflammation on serum/plasma vitamin B-12, 
serum/plasma folate, and red blood cell folate 
remains unclear and contradictory across the lit-
erature [4, 12]. In a recent BRINDA analysis 
among both women and preschool-age children, 
correlations between inflammation and vitamin 
B-12 or folate biomarkers were weak with no 
clear patterns of association [12].
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 Riboflavin

There is increasing recognition on the important 
role of riboflavin (vitamin B-2) for human health 
[31–33]. Riboflavin deficiency interferes with 
iron metabolism and may also cause anemia by 
blocking the development or maturation of eryth-
rocyte precursors in the bone marrow [31, 33]. In 
addition, riboflavin deficiency also interferes 
with the metabolism of other B vitamins [31–33]. 
However, riboflavin (assessed by erythrocyte glu-
tathione reductase activation coefficient, EGRac) 
is not commonly measured in population-based 
surveys and has not been included in prior 
BRINDA analyses. There remain gaps in our 
understanding of how riboflavin may be affected 
by inflammation.

 Implications for Clinical Medicine 
and Public Health

The use of micronutrient biomarkers in individu-
als with inflammation can lead to incorrect diag-
noses of individuals and overestimation or 
underestimation of the prevalence of deficiency 
in a population [7, 34, 35]. Figure 5.1 illustrates 
the theoretical impact of acute inflammation on 
ferritin concentrations and its impact on the clas-
sification of iron deficiency in three scenarios.

In scenario A, the individual is iron replete 
(defined here as ferritin >12 μg/L) and has a rise 
in serum ferritin following an acute inflammatory 
event, but the classification of the individual as 
iron replete does not change (as ferritin concen-
tration remains above the threshold for deficiency 
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Fig. 5.1 Theoretical scenarios of serum ferritin concentrations in response to acute inflammation
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before, during, and after the inflammatory event). 
In scenario C, the individual is iron deficient, and 
despite the rise in ferritin following an inflamma-
tory event, the individual is still classified as iron 
deficient after the inflammatory event. On the 
other hand, in scenario B, we illustrate the poten-
tial misclassification of an individual. In this 
case, the individual is iron deficient both before 
and after the inflammatory event, but if iron sta-
tus is assessed during the temporary rise in ferri-
tin, we would misclassify the individual as iron 
replete. At the individual level, this is problem-
atic and could lead to inappropriate clinical care. 
At a population level, the role of inflammation on 
ferritin concentrations can lead to an underesti-
mated burden of iron deficiency for a population. 
This is a widespread concern as subclinical 
inflammation is common across the globe, affect-
ing ~53% of preschool children and ~20% of 
women, based on data from household surveys of 
otherwise apparently healthy individuals [10]. 
Across BRINDA surveys in preschool children, it 
is reported that ignoring inflammation underesti-
mates the prevalence of iron deficiency by a 
median 11% points (range 1–35%) and overesti-
mates the prevalence of vitamin A deficiency by 
a median 14% points (range 3–22%) and the 
prevalence of zinc deficiency by a median 11% 
points (range 4–18%) [10, 13]. This has impor-
tant implications for the public health classifica-
tion of the total burden of micronutrient 
deficiency. The accurate measurement of the 
magnitude and distribution of micronutrient defi-
ciencies is critical in planning, implementing, 
and evaluating interventions to improve both 
individual- and population-level micronutrient 
status, as well as for comparisons between indi-
viduals and populations.

 Approaches to Adjust for the Effects 
of Inflammation on Micronutrient 
Biomarkers

There are several potential approaches for adjust-
ing for the effects of inflammation on micronutri-
ent biomakers [4]. Table  5.2 summarizes five 
statistical approaches to account for inflamma-

tion that are commonly used in the literature. The 
approaches vary by precision (influenced by sam-
ple size, accuracy of laboratory test), validity 
(influenced by selection and information bias), 
and feasibility (influenced by ease of use and 
cost). In addition to the importance of how to 
adjust micronutrient biomarkers for inflamma-
tion, another equally critical question that we 
review in this section is when to adjust. While 
adjustment for inflammation may be appropriate 
for some micronutrient biomarkers, this is not the 
case in all. It is important to understand the 
underlying biology and relationship between 
each micronutrient biomarker with inflammation 
before applying inflammation adjustment 
approaches.

Despite the widespread agreement on the role 
of inflammation on micronutrient biomarkers, 
many surveys simply ignore inflammation. In 
some cases, this is due to lack of availability of 
inflammation biomarker data. This is problematic 
given the noted prevalence of elevated CRP and 
AGP, even in low infection burden settings, and 
the established associations with some micronu-
trient biomarkers (e.g., serum ferritin) and thus 
the potential of biased estimates of nutrient defi-
ciencies. Another approach is exclusion, where 
individuals with elevated CRP or AGP are 
excluded from the estimation of population-level 
deficiency prevalence rates [19, 36]. Potential 
concerns with this approach include that exclu-
sion relies on concrete APP cutoffs to define 
inflammation, results in loss of sample size, and 
may introduce bias as individuals with inflamma-
tion may also be at elevated risk for nutrient defi-
ciency but excluded from prevalence estimates. A 
third approach is to change the micronutrient bio-
marker cutoff. This approach could be used at the 
individual level to apply a revised cutoff among 
individuals with inflammation (requires measur-
ing APP) or at a population level where the 
revised cutoff is applied to all individuals in sus-
pected settings of high inflammation (does not 
require the measurement of APPs). For example, 
in the 2020 WHO Guideline on Use of Ferritin 
Concentrations to Assess Iron Status in 
Individuals and Populations, one recommenda-
tion is to use a higher ferritin cutoff among popu-
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lations with inflammation (<30  μg/L among 
infants and children under 5 years and <70 μg/L 
among children over 5  years, adolescents, and 
adults) [19, 37]. While this offers a relatively 
easy solution, a limitation of this approach is that 
it does not account for varying degrees of inflam-
mation or potential concerns of validity. Prior 
analyses suggest this approach may overcorrect 
in some settings [16]. A fourth approach is to 
stratify individuals into four groups based on 
stage of inflammation (individuals are defined by 
no inflammation CRP <5 mg/L and AGP <1 g/L; 
the incubation period CRP >5 mg/L; early conva-
lescence CRP >5 mg/L and AGP >1 g/L; and late 
convalescence AGP >1 g/L) and apply an inter-
nally computed correction factor [38]. Potential 
limitations of this approach are that it requires 
collection of both CRP and AGP biomarkers, 
relies on clinical cutoffs of CRP and AGP (thus 
does not account for impact of inflammation at 
levels below these cutoffs), cannot control for 
potential confounders and effect modifiers, and 
produces similar estimates as the exclusion 
approach.

Finally, an alternative approach to adjust 
micronutrient biomarkers for inflammation is the 
BRINDA regression correction modeling 
approach [16, 19]. In brief, the BRINDA regres-
sion correction is a mathematical adjustment that 
can be used to adjust micronutrient biomarkers in 
settings with inflammation [10, 11]. A linear 
regression is used to adjust the concentrations of 
micronutrient biomarkers to account for the 
effects of inflammation (CRP and AGP) along the 
continuum of inflammation. This is a key advan-
tage of the BRINDA approach as some micronu-
trient biomarkers (e.g., ferritin, sTfR, retinol) 
continue to be impacted by inflammation at lev-
els below traditional cutoffs used to define 
inflammation and in settings with a low  infectious 
disease burden [3, 10]. With this approach, linear 
regression analysis is conducted with the nutrient 
biomarker as the dependent variable and CRP, 
AGP, or both as the independent variables, and 
the slope of CRP, AGP, or both is used to adjust 
for the effect of inflammation. A CRP and AGP 

reference value (lowest decile) is applied, so that 
nutrient biomarker is not overadjusted at the 
lower values for CRP and AGP. For example, the 
basic adjustment equation for ferritin would be 
the following: Adjusted ferritin = unadjusted fer-
ritin − β1(CRPobs − CRPref) − β2(AGPobs − AGPr

ef). Further information on this approach can be 
found on the BRINDA website (http://www.
brinda- nutrition.org/) which includes free down-
loadable macros and tutorials. Applying the 
BRINDA regression inflammation correction 
allows for a more accurate representation of what 
micronutrient concentrations would be if the 
inflammation resolved [3, 10].

When deciding if there is a rationale to adjust 
a nutrition biomarker for inflammation and apply 
the BRINDA regression approach, there are two 
important basic questions to ask as illustrated in 
Fig.  5.2. First, is there a clear biological ratio-
nale for the relationship between the micronutri-
ent biomarker and inflammation? For example, 
as discussed earlier, serum ferritin is an APP, and 
there are clear, well-established mechanisms that 
describe why ferritin becomes elevated during 
inflammation [7]. For other micronutrient bio-
markers, if there is no known biological mecha-
nism for the relationship, then the BRINDA 
approach may not be justified. For other micro-
nutrient biomarkers, if there is a clear biological 
mechanism or if the relationships between the 
nutrition biomarker and inflammation are 
unclear or unknown, the next step is to look at 
the data and ask the question: Is the nutrient bio-
marker correlated with AGP and CRP? The 
rationale for correction for inflammation is 
strengthened if there are both statistically and 
biologically meaningful associations between 
the biomarker and inflammation across multiple 
surveys. An important consideration is this may 
vary by population group, as has been reported 
for serum or plasma RBP and serum or plasma 
zinc [13, 23]. Table 5.3 provides an overview of 
recommendations from the BRINDA project on 
when adjustment of micronutrient biomarkers 
for inflammation may be recommended based on 
current evidence.
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1. Is there a clear biological rationale for a relationship
between nutrient biomarker and inflammation?

2. Is the nutrient biomarker significantly correlated
with AGP and CRP?

BRINDA approach may be
recommended

BRINDA approach is
not recommended

BRINDA approach is
not recommended

Yes No

Yes Don’t know No

Fig. 5.2 When to apply the BRINDA regression correction approach

 Research Gaps and Opportunities

Over the past decade, there have been impressive 
advancements in our understanding of the effects 
of inflammation on micronutrient biomarkers 
associated with anemia [4, 8, 10, 11]. In the con-
text of nutritional anemia, there remain important 
research gaps in this field including understand-
ing biological mechanisms, standardization of 
laboratory methods, and assessment of the valid-
ity of inflammation correction (Table 5.4).

First, there remain questions on the underly-
ing biological mechanisms that underpin the rela-
tionships between inflammation and 
micronutrient biomarkers. There are many differ-
ent drivers of inflammation, including malaria, 
COVID-19, obesity, infection, response to sur-
gery, or trauma, among other factors, and it is 
unclear if the etiology of inflammation may influ-
ence the relationship between APPs and micro-
nutrient biomarkers. Furthermore, we lack a clear 
understanding of why relationships between 
inflammation and micronutrient biomarkers vary 
among different population groups and study set-
tings. For example, adjustment for inflammation 

is recommended for preschool-age children for 
RBP and serum or plasma zinc but not for women 
[13, 23]. This could be due to a number of differ-
ent factors including etiology of inflammation, 
burden of inflammation or micronutrient defi-
ciency, or other unknown mechanisms.

Lack of standardization of laboratory methods 
across contexts is a critical limitation of the cur-
rent research on inflammation and micronutrient 
biomarkers. Agreement among the scientific 
community is needed on recommended pre- and 
post-analytic approaches and on the use of certi-
fied reference materials to ensure comparability 
of biomarker data across laboratories and over 
time. This was especially the case for zinc, folate, 
and vitamin B-12 where the lack of standardiza-
tion of laboratory methods may have influenced 
the heterogeneity of results across contexts [12, 
13]. In addition, recent research suggests differ-
ent approaches for handling values below the 
limit of detection (LOD) or limit of quantifica-
tion (LOQ) may influence the interpretation of 
biomarkers [39]. As a first step for making prog-
ress in this area, O’Callaghan and Roth provide 
recommendations for standardization of labora-
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tory practices and reporting of biomarker data 
[40]. In addition, further research is needed to 
advance our knowledge on the development and 
use of point-of-care methods to measure anemia, 
inflammation, and micronutrients.

There remain many new areas of research yet 
to be fully examined to better understand the 
validity of inflammation correction on the assess-
ment of nutritional anemia. Much of the research 
to date has focused on PSC and WRA, and ques-
tions remain on the appropriateness of extending 
this research to other population groups, such as 
pregnant women, infants, or men. In addition, 
further research is needed to examine the poten-
tial use of other biomarkers of inflammation 
(such as IL-6) and to expand research to addi-
tional micronutrients (riboflavin, vitamin D, cho-
line, vitamin E, etc.). Furthermore, more research 

is needed to understand how findings from the 
BRINDA project conducted in large population- 
based surveys translate to the clinical setting.
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 Nutritional Anemia in Children

Children are at high risk of nutritional anemia. 
The global anemia prevalence in children 
<5 years of age in 2016 was 42%, with the preva-
lence ranging from 60% in sub-Saharan Africa 
and 55% in South Asia to 16% in the European 
Union and 9% in North America [1]. The propor-
tion of anemias caused by nutritional deficiencies 
varies substantially between populations [2].

Iron deficiency anemia (IDA) is by far the 
most common nutritional anemia in infants and 

children, commonly assumed to cause 50% of 
all global cases of anemia. Even though this 
number recently has been debated, the true pro-
portion probably lies between 25 and 50% [3, 
4]. Other nutritional deficiencies that have been 
associated with anemia in children include vita-
min B12, folate, and vitamin A deficiency. These 
often coexist with iron deficiency (ID), making 
causal attribution more difficult. Globally, non-
nutritional causes of anemia in children are also 
common, including infectious diseases (e.g., 
malaria, hookworm, diarrhea, and respiratory 
tract infections) and genetic causes (e.g., thal-
assemia and sickle cell disease). Due to this 
diversity in etiology of anemia, it is prudent to 
determine the regional or national prevalence of 
anemia, ID, and other specific nutrient deficien-
cies before any measures are taken to prevent 
nutritional anemia in pediatric populations.

 Anemia Caused by B12 Deficiency

Vitamin B12, also known as cobalamin, is an 
essential vitamin that acts as a coenzyme in DNA 
synthesis in all cells. Lack of vitamin B12 causes 
macrocytic anemia and impaired neuronal 
myelination that leads to neurological symptoms. 
In children, vitamin B12 deficiency is relatively 
less common, due to a very low prevalence of 
atrophic gastritis, the most common cause of 
vitamin B12 deficiency anemia in adults.
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Vegetarian mothers have a high risk of vita-
min B12 deficiency during pregnancy, and this 
can lead to vitamin B12 deficiency in the fetus 
and infant. Severe macrocytic anemia due to 
vitamin B12 deficiency, as well as other micronu-
trient deficiencies, has been described in a few 
case reports of infants of vegan mothers [5]. 
There are also case reports of severe vitamin B12 
deficiency in infants fed a vegan diet [6]. Mild or 
moderate anemia associated with vitamin B12 
deficiency is not uncommon in populations 
where a majority are vegetarian, e.g., India. In a 
recent survey in India, anemia was attributed to 
vitamin B12 deficiency in 9–12% of cases in chil-
dren of different ages [7]. However, a recent ran-
domized controlled trial (RCT) showed no effect 
of supplementation of vitamin B12 and/or folic 
acid on hemoglobin concentrations among 
young children in India [8], and general vitamin 
B12 supplementation of populations is not rec-
ommended, except as part of multiple micronu-
trient supplements.

 Other Nutritional Anemias

Anemia due to folate deficiency is most often 
observed together with ID [9], and many sup-
plementation programs use a combination of 
iron and folate. Isolated folate deficiency as a 
cause of clinically significant anemia in chil-
dren is very rare. Vitamin A deficiency is prev-
alent mainly among children in low-income 
countries, and vitamin A supplementation of 
children between 6 months and 5 years of age 
in populations at risk has been shown to sig-
nificantly reduce the risk of all-cause mortal-
ity, diarrhea- specific mortality, and night 
blindness [10]. Vitamin A deficiency is also 
associated with anemia, even though the con-
tribution of vitamin A deficiency to the global 
prevalence of childhood anemia is likely to be 
very small [4].

Deficiencies of vitamins B6, C, D, and E, 
riboflavin, and copper have also been associated 
with anemia, but these do not play any signifi-
cant role in the global burden of nutritional ane-
mia [11].

 ID in Children of Different Ages

Within the pediatric population, infants and 
young children <5 years, especially around the 
age of 12–36  months, and menstruating ado-
lescent girls are at the highest risk of ID. Risk 
factors for IDA in children are shown in 
Table 6.1.

 The Newborn and the First 6 Months 
of Life

A healthy, term newborn infant has a high con-
centration of iron-rich hemoglobin (on average 
170 g/L) and some additional iron stored as fer-
ritin (Fig. 6.1). Delayed cord clamping increases 
the total blood volume of the newborn by about a 
third, substantially contributing to the newborn’s 
iron endowment [12].

After birth, the dramatically increased sys-
temic oxygen tension in the tissues of the new-
born leads to inactivation of the hypoxia inducible 
factor (HIF-1α) [13], decreased production of 
erythropoietin (EPO) [14], and an almost com-

Table 6.1 Risk factors for IDA in children

Perinatal factors
•   Severe maternal IDA
•  Low birth weight (<2500 g)
•  Early cord clamping
•  Male sex (risk factor for IDA during early 

childhood)
Environmental factors
•  Low socioeconomic status
•  High local prevalence of IDA
•  High local prevalence of infection/inflammation
•  Hookworm or other intestinal parasites
•  Lead exposure
Dietary factors
•  Prolonged exclusive breastfeeding (>6 months)
•  High intake of cow’s milk
•  Non-iron-fortified infant formula
•  Lack of iron-rich diet (meat, iron fortified products) 

at 6–36 months of age
•  Low iron diet after 3 years of age
•  General malnutrition
Blood loss
•  Occult gastrointestinal blood loss
• Large menstrual blood losses (adolescent girls)
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plete suppression of erythropoiesis during the first 
2 months of life. During this time, the hemoglobin 
concentration falls to on average about 115 g/L, 
and the iron is recirculated, thereby increasing 
ferritin-bound iron. The resulting iron stores cover 
the infant’s requirements until the birth weight 
has doubled, which occurs at about 5–6 months of 

age, making the infant virtually independent on 
dietary iron during this period. IDA is thus uncom-
mon in this age interval, with the exception of risk 
groups such as low birth weight or preterm infants, 
who will deplete their iron stores earlier due to 
lower iron stores at birth and a faster growth rate 
(Fig. 6.2).
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Breast milk has a very low iron concentration 
(0.3  mg/L), which is compatible with the new-
born’s low dietary iron needs and which possibly 
also has a preventive effect against infections due 
to a low iron availability for potential gastrointes-
tinal pathogens.

Like in adults, intestinal iron absorption in 
newborns and infants is believed to occur 
mainly via the divalent metal transporter 1 
(DMT1). A lactoferrin receptor is also 
expressed on the luminal side of the enterocyte 
in young infants, but it is not known whether 
milk lactoferrin significantly contributes to 
iron absorption. The membrane- bound protein 
ferroportin is  responsible for iron transport 
from the enterocyte to the plasma compart-
ment, but it is not clear whether this process is 
regulated in the same way as in adults. Studies 
have suggested that there may be a limited 
capacity for downregulation of iron absorption 
in iron-replete infants younger than 6 months, 
which is also supported by data from animal 
studies [15]. This suggests that excessive iron 
supplements or high iron intakes from infant 

formula should be avoided in young infants 
who are not iron deficient, in order to avoid 
iron overload.

 The Older Infant and Toddler

At 6  months of age, iron stores from birth are 
depleted and the infant becomes dependent on 
dietary iron. The iron metabolism of the 6-month- 
old infant is shown in Fig.  6.3. Similarly, as in 
adults, basal iron losses are almost negligible, and 
iron from senescent erythrocytes is recirculated to 
the bone marrow for use in the erythropoiesis. 
However, in contrast to the adult situation, iron 
needs for erythropoiesis exceed the amount of 
recirculated iron, due to the continuous expansion 
of blood volume which occurs with body growth. 
Iron requirements between 6 and 24 months of life 
are therefore higher than during any other period 
of life (Figs. 6.1 and 6.3), and the risk ID and IDA 
peaks at about 1–3 years of age. The exact peak 
can vary between populations; in the USA, the 
peak age for ID was recently shown to be 
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Fig. 6.3 The iron metabolism of the 6-month-old infant
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15–24 months, when 16% of the population was 
affected [16]. A recent European study of children 
aged 12–23 months found that the prevalence of 
ID was 12% [17]. In countries with a high anemia 
prevalence, the peak extends up to 5 years of age 
[11]. Identified risk factors for ID are shown in 
Table 6.1. A vegan diet is likely to increase the risk 
for IDA in this age group, but epidemiological 
data are lacking.

 The Preschool and School Child

At preschool and school age, especially at 
3–5 years of age, IDA is globally still a major 
public health problem in populations with a 
high prevalence of general malnutrition and a 
high burden of infections [11]. While obesity 
is also associated with ID, hemoglobin con-
centrations generally tend to be within the 
normal range.

 The Adolescent

In infants and toddlers, males have a higher risk 
of IDA than females. This is partly explained by 
a faster growth rate and thereby higher iron 
requirements in boys, but there are also inherent 
sex differences in, e.g., mean cell volume [18]. In 
preschool/school children, the risk of IDA is 
approximately equal between sexes. However, 

from puberty and onwards, females will have 
increased blood loss due to menstruation. Thus, 
adolescent girls are a risk group for IDA, with a 
prevalence of anemia up to 50% in high-risk 
regions such as India [19].

 Biomarkers of Iron Status 
in Children

Due to the large changes in iron metabolism and 
iron compartments during the first months and 
years of life, there are considerable physiological 
changes in iron status biomarkers during the 
same period. Thus, it is of utmost importance to 
use adequate reference intervals for biomarkers 
at different ages as exemplified in Table  6.2 
[20–24].

The combination of ferritin and hemoglobin 
is usually recommended for basic screening of 
IDA in children at risk [20]. For additional sen-
sitivity and specificity, a combination of iron 
status biomarkers is often recommended, and 
mean cell volume, transferrin saturation, solu-
ble transferrin receptors, zinc protoporphyrin, 
reticulocyte hemoglobin, and hepcidin are com-
monly used. However, their sensitivity and 
specificity for ID are not completely known in 
the pediatric population, and reference intervals 
for several of these biomarkers differ between 
laboratories and assays due to the lack of inter-
national standards.

Table 6.2 Reference intervals

Age 0–1 weeks 2 months 4 months 6–24 months 2–5 years 6–11 years 12–14 years 15–18 years
Sex Females Males
Hb, g/L 135–225 90–140 105–140 105–140 110–140 115–155 120–155 120–155* 130–170
S-Ferritin, 
μg/L

40–500 40–400 20–300 10–200 12–200 15–200 15–200 15–150 15–200

MCV, fL 95–118 77–115 73–90 70–90 73–90 76–95 77–98 77–98 77–98

Adapted from [11, 20–24]
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 Iron Status and Inflammation

The load of infections is very high among pre-
school children in sub-Saharan Africa and mod-
erately high in many low-income countries in 
Asia [4]. The difficulties of assessing iron status 
and the prevalence of IDA in a state of inflamma-
tion are well-known, since both acute and chronic 
inflammation will increase ferritin, decrease 
hemoglobin, and affect other iron status biomark-
ers [25]. In population studies, this can be partly 
compensated for by adjusting ferritin levels for 
the inflammatory markers C-reactive protein and 
α1-acid glycoprotein [26].

This is further complicated since infections 
and other states of inflammation can cause ID. A 
high infection load has been shown to result in 
chronically increased hepcidin levels, blocking 
iron absorption, in turn leading to ID [27]. This 
suggests that prevention and treatment of infec-
tions can be a useful adjunct to iron supplements 
in areas with a high prevalence of IDA and a high 
infection load.

 Health Consequences of ID 
and Effects of Iron Supplements

IDA is the most well-known effect of ID, but the 
major concern in infants and children is that ID is 
associated with impaired neurodevelopment.

 IDA

Even severe IDA in young children is mostly 
asymptomatic and thus difficult to diagnose. 
Pallor is the most common symptom, but fatigue, 
limited capacity for physical activity, palpita-
tions, headache, dizziness, and insomnia are typi-
cal symptoms of severe IDA in older children as 
well as in adults. Severe IDA is also associated 
with impaired growth in children.

It is quite clear that iron supplements reduce 
the risk of anemia in children at risk of 
IDA. Meta- analyses, mostly from studies in low- 
and middle income countries (LMICs), show 

that iron supplements significantly reduce the 
risk of anemia in the age groups 6  months to 
5 years of age [28, 29]. The reduction of IDA is 
substantial, with a typical risk ratio of 0.14 (95% 
CI 0.10–0.22) [30].

 ID and Brain Development

The brain is the fastest-growing organ during the 
last trimester of pregnancy and during the first 
2 years of life. Iron is essential for neurogenesis 
and the differentiation of brain cells during this 
sensitive period of brain development. In animal 
models, a clear causal relationship has been dem-
onstrated between ID in infancy and impaired 
brain development and function, an effect which 
is depending on the timing, duration, and severity 
of ID [31, 32]. Several of the alterations in the 
brain, observed in animal models of ID, are long- 
lasting and do not reverse if iron therapy is pro-
vided [33]. It has also been suggested that iron is 
prioritized for erythropoiesis over other func-
tions, and consequently, functional deficits in the 
brain may appear before IDA occurs [34]. Several 
domains of brain function have been shown in 
animal models to be affected by ID, including 
myelination, neurotransmitter synthesis and 
function, energy metabolism, and neuronal 
growth and branching of dendrites.

It is well-known that children with IDA have 
impaired neurodevelopment. It was shown 
already in the 1980s that toddlers with IDA have 
a significantly lower mental development index 
compared to controls [35]. Furthermore, IDA has 
been associated with impaired cognitive and 
motor development, behavioral problems, and 
mental health problems (anxiety, depression), 
effects that have been shown to be long-lasting, 
persisting at least up to adolescence [36, 37]. 
Mechanisms compatible with dopamine defi-
ciency have been suggested [38]. However, 
observational studies can be confounded by 
socioeconomic factors and other nutrient defi-
ciencies. Evidence from clinical trials is needed 
in order to determine causality and to identify 
effective interventions.
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 The Prenatal Situation
Even though supplementation of pregnant women 
with iron and folic acid is strongly recommended 
for prevention of maternal anemia and neural 
tube defects in the offspring, it does not directly 
influence the iron status of the newborn. Iron 
supplementation by itself has no clear effect on 
birth weight or other neonatal outcomes [39, 40], 
while multiple micronutrient supplementation of 
pregnant women may decrease the risk of low 
birth weight, which in turn is a risk factor for IDA 
in the offspring [41]. A recent meta-analysis 
showed no significant effect of antenatal iron 
supplementation of pregnant mothers on neuro-
development in the offspring [42].

 Infants and Preschool Children
In infants and young children <5 years, the results 
of meta-analyses are conflicting, mostly due to 
the considerably different inclusion criteria. Of 
three meta-analyses published in 2013, assessing 
the effects of iron supplementation on neurode-
velopment assessed with the Bayley Scales of 
Infant Development, two meta-analyses showed 
no significant effect [30, 43], and one meta- 
analysis, including only trials of non-anemic 
infants, showed improved psychomotor develop-
ment [44]. The latter suggests that early, preven-
tive interventions may be useful since IDA may 
have irreversible effects on brain development. 
The two most recent meta-analyses of effects of 
iron supplementation in children <5  years both 
show positive effects on neurodevelopment [29, 
45]. Tam et al. (2020) included five iron supple-
mentation studies performed in low- and middle- 
income countries, including about 1000 children 
<5 years. Iron-supplemented children had signifi-
cantly higher scores for motor development 
(effect size +0.28 SD, 95% CI 0.15–0.40, 
p  <  0.01) and mental development (effect size 
+0.14 SD, 95% CI 0.01–0.28, p = 0.03). Larson 
et al. (2019) included 23 intervention studies of 
iron or multiple micronutrient supplementation, 
exploring different outcomes related to motor 
and/or mental development. The pooled analysis 
showed a significant positive overall effect of 

iron supplementation on motor development with 
an effect size of +0.11 SD (0.04–0.18). Taken 
together, these meta-analyses suggest a possible 
positive effect, mainly on motor development. 
However, there is a lack of sufficiently powered, 
high-quality RCTs with long-term follow-up of 
neurodevelopmental outcomes. In future studies, 
long-term effects on behavior, attention, mental 
health, and fine motor skills should be included, 
since there is increasing evidence that these func-
tions are affected by previous or concurrent ID 
and/or IDA.

 Low Birth Weight Infants
It is noteworthy that the above meta-analyses 
have generally not included studies on low birth 
weight (LBW < 2500 g) infants, even though this 
is one of the most important risk groups for 
IDA.  The global prevalence of LBW is 15.5%, 
ranging from 4–9% in Europe to 28% in South 
Asia [46]. LBW infants include preterm infants, 
term infants, and small for gestational age (SGA) 
infants.

Even though it is well-known that LBW 
infants are at high risk of IDA [47], as well as for 
poor neurodevelopmental outcomes [48], there is 
a severe lack of studies investigating the effects 
of early iron intake on later neurodevelopmental 
outcomes in LBW infants.

A Cochrane review in 2012 investigated the 
effect of enteral iron supplementation in pre-
term and low birth weight infants and included 
21 studies, but, even though most studies of sus-
tained iron supplementation showed effects on 
hemoglobin, none evaluated neurodevelopmen-
tal outcomes [49]. Since the Cochrane review, 
only one new study has been published on this 
topic, providing the best current evidence. In 
that RCT, LBW infants born with a birth weight 
between 2000 and 2500 g were randomized to 
iron supplements or placebo from 6  weeks to 
6 months of age, and it was demonstrated that 
iron supplementation not only improved short-
term iron status outcomes but also reduced the 
risk of later behavioral problems at 3 and 7 years 
of age [50].

6 Nutritional Anemia in Infants and Children
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 School-Age Children
Results from meta-analyses are divergent also in 
school-age children. In a meta-analysis of 14 
RCTs of children from 6 years and adolescents, 
Falkingham et al. (2010) found that iron supple-
mentation improved attention and concentration 
irrespective of baseline iron status (effect size 
+0.59 SD; 0.29–0.90) [51]. In anemic groups, 
supplementation improved IQ by 2.5 points 
(1.24–3.76) but had no effect on non-anemic par-
ticipants. The studies were small and method-
ologically weak, and a modest publication bias 
was observed. In a meta-analysis of five studies 
of children 5–12 years, Guo et al. (2015) showed 
no effect on cognitive performance [52]. Lam 
et al. (2017) investigated iron interventions and 
multiple micronutrient interventions in school- 
age children and found a consistent improvement 
in cognitive performance along with improved 
iron status in subjects who were anemic at base-
line [53].

 Health Economic Aspects

Due to the long-term effects of IDA on neuro-
development, attempts have been made to 
quantify the economic impact. In India, child-
hood IDA has been estimated to cause a loss of 
8.3 million disability-adjusted life years 
(DALYs), and the annual production losses 
were estimated to be 24 billion USD, corre-
sponding to 1.3% of the GDP [54].

 Adverse Effects of Iron 
Supplements in Children

Since there is evidence that iron supplementa-
tion may benefit health, it might be argued that 
infants and children would benefit from gener-
ous iron supplementation. However, there are 
several reasons why excessive iron intakes can 
be harmful: (1) Iron is a highly reactive pro-oxi-
dant, which will cause significant cell damage if 
not tightly bound to transferrin, ferritin, or other 
transport/storage protein; (2) iron is an essential 
nutrient for most pathogens and may thus 

increase the risk of infections; and (3) humans 
have no mechanism for iron excretion, which 
means that excessive intake and subsequent 
absorption of iron in an iron-replete individual 
will lead to iron overload.

The capacity of iron to switch between its 
two oxidation states Fe2+ (ferrous) and Fe3+ (fer-
ric) underlies its essential role in oxygen trans-
port and electron-transfer reactions, but this also 
renders iron a highly effective catalyst in the 
formation of free oxygen radicals. Normally, 
iron is safely sequestered in transport or storage 
proteins such as transferrin, lactoferrin, and fer-
ritin. Free iron or non-transferrin-bound iron 
increases oxidative stress, which is associated 
with many diseases in children and adults, 
including cardiovascular, neurological, and 
autoimmune disorders. In preterm infants, reti-
nopathy of prematurity and bronchopulmonary 
dysplasia are examples of oxidative disorders. It 
is generally not recommended to give any iron 
before 2  weeks of age to newborns since data 
suggests that antioxidant systems are not fully 
active until that age [55].

Adverse effects of iron that have been sug-
gested to occur in children include diarrhea, gut 
dysbiosis, malaria, other infections, poor growth, 
and even poor neurodevelopment [56].

 Iron and Infections

Iron is essential for the growth of many patho-
gens, so humans and other animals have a mecha-
nism to deprive the pathogens of iron: Within 
hours of infection or other inflammatory stimu-
lus, there is a cytokine-driven increase of hepci-
din production, resulting in drastically reduced 
plasma iron concentrations [57]. Thus, the piv-
otal iron regulatory peptide hepcidin is also an 
important part of the immune system.

Two RCTs, both published in 2006, showed 
the somewhat alarming results that iron supple-
mentation of infants and young children in malar-
ious regions can result in increased malaria 
morbidity as well as increased mortality [58, 59]. 
However, subsequent RCTs have shown that iron 
supplementation of children in malarious regions 
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is safe and effective, provided that malaria pre-
vention and treatment are provided, which is also 
confirmed in the most recent Cochrane review 
from 2016 [60].

It has not been clearly shown that iron supple-
mentation would increase the risk of infections 
other than malaria in children, even though many 
studies show an increased risk of diarrhea [61]. A 
recent meta-analysis showed that the risk of diar-
rhea was only significantly increased when iron 
was given as a part of a multiple micronutrient 
powder, which might be related to an interaction 
between iron and zinc [29].

 Iron and the Microbiome

Recent studies suggest that iron supplements 
change the gut microbiome, resulting in more 
Clostridum spp. and pathogenic gram-negative 
bacteria and less lactobacilli and bifidobacteria 
[62, 63]. Interestingly, species of lactic acid bac-
teria (bifidobacteria and especially lactobacilli) 
are exceptional among living organisms by hav-
ing extremely low iron requirements [64]. These 
dysbiotic effects of iron are a likely mechanism 
behind the association between iron supplements 
and diarrhea discussed above [65]. Dysbiosis 
may also explain the association between iron 
supplementation and poor growth, which has 
been observed in some studies, especially in iron- 
replete infants [56], even though there are con-
flicting results from recent meta-analyses 
regarding possible negative effects of iron sup-
plementation on growth [29, 30, 66].

 Iron and Poor Neurodevelopment

Iron accumulation in the brain has been associ-
ated with neurodegenerative disorders in adults. 
Thus, even though iron supplements in general 
improve neurodevelopment in children as 
described above, there is also a concern that 
excessive iron intakes may impair brain develop-
ment. Animal experiments show that elevated 
iron intake in early life can have negative effects 
on brain morphologic and biochemical outcomes 

[67]. The only human study showing similar 
results is a RCT of an iron-fortified formula con-
taining 12 mg/L given during 6 months to non- 
anemic 6-month-old Chilean infants with a low 
risk of ID. Infants from the original study 
(n = 835) had lower cognitive scores at follow-up 
at 10 (n = 473) and 16 (n = 405) years of age. The 
effect was mainly limited to those who had an 
initial higher hemoglobin level, a proxy for iron 
repletion [68]. No clear conclusions can be drawn 
from this single study, but it supports the general 
rule to avoid excessive iron intakes in iron-replete 
infants.

 Interventions to Decrease 
the Prevalence of IDA in Children

 Delayed Cord Clamping

Delayed cord clamping (DCC), i.e., waiting 
1–3 min after birth to clamp and cut the umbilical 
cord, facilitates placental transfusion, increas-
ing the newborn’s blood volume by about 30%, 
with a considerable impact on total body iron. A 
meta- analysis from 2019, including 1799 term 
infants from 4 studies, shows that DCC reduces 
the risk of IDA at 4–12 months with a risk ratio 
of 0.68 (95% CI 0.49–0.94) [69]. DCC has 
also been shown to result in increased myelin 
content in the internal capsule and other early 
maturing brain regions associated with motor, 
visual, and sensory processing/function [70], 
and it has been shown to improve fine motor 
function at 4 years of age [71], indicating that 
this easily implemented and low-cost interven-
tion can prevent neurodevelopmental impair-
ment caused by ID. In addition to these effects, 
in preterm infants, DCC has also been shown to 
reduce the risk of intraventricular hemorrhage, 
chronic lung disease, patent ductus arteriosus, 
necrotizing enterocolitis, late-onset sepsis, and 
retinopathy of prematurity [72]. Despite over-
whelming evidence and the endorsement by 
numerous authorities, including the WHO, the 
practice of DCC is only slowly adopted world-
wide, suggesting the need for targeted education 
of stakeholders [73].
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 Breastfeeding

Due to the many positive health effects of breast 
milk, exclusive breastfeeding is recommended for 
all infants during the first 6 months of life [74]. 
Even though breast milk has a low iron  content, 
this is fully compatible with the low iron needs of 
the healthy infant during this period, and a recent 
meta-analysis found no convincing evidence that 
introducing iron-containing foods before 
6 months offers any advantages in terms of iron 
status [75]. However, prolonged exclusive breast-
feeding beyond 6  months is associated with a 
clear risk of IDA [76] and should thus be avoided. 
Low birth weight infants need iron supplements 
in addition to breastfeeding already from 
2–6  weeks of age, since they deplete their iron 
stores more rapidly, see section “The Newborn 
and the First 6 Months of Life” and Fig. 6.2 [20].

 Iron Supplemented Infant Formulas 
and Follow-On Formulas

Iron bioavailability from breast milk is high, 
about 50%, while iron bioavailability from infant 
formula is only about 10%. Additionally, cow’s 
milk in infant formulas may increase intestinal 
blood losses [77]. Thus, infant formula needs to 
have a higher iron concentration than breast milk. 
The importance of iron fortification of infant for-
mulas for the prevention of IDA has been known 
for more than 50 years and has been confirmed in 
several RCTs [20]. However, the optimal level of 
iron fortification is still controversial, with most 
infant formulas being iron fortified to 4–8 mg/L in 
Europe and 12 mg/L in the USA. Even lower lev-
els of iron fortification (2 mg/L) are being studied. 
Follow-on formulas, for use after 6 months of age, 
when iron requirements are considerably higher, 
are usually iron fortified at levels between 7 and 
13 mg/L, but there is insufficient evidence on the 
effects of different levels of fortification on IDA 
and neurodevelopment. Adequately powered, 
RCTs with long-term follow- up of neurodevelop-
mental outcomes are urgently needed to deter-
mine optimal levels of iron fortification of infant 
formulas and follow- on formulas.

 Iron Supplements

Iron supplements can effectively prevent or treat 
IDA in pediatric populations at risk, as described 
above. Iron supplements can be administered as 
mixture or syrup, which is suitable for infants 
and young children, or tablets, which are suit-
able for school children and adolescents. 
Multiple micronutrient supplementation can be 
administered as mixture/syrup, tablets, lipid-
based nutrient supplements, or powder for 
point-of-use fortification. All of these forms of 
iron supplementation have been shown to be 
effective in children, even though isolated iron 
supplementation is the most studied and may 
have higher efficacy with regard to anemia com-
pared to multiple micronutrient supplementa-
tion [29]. However, in settings where multiple 
micronutrient deficiencies are common, the lat-
ter would be preferred.

 Iron-Rich Foods

During the critical period between 6 and 
24  months, iron requirements are very high, 
and it is thus important to provide an iron-rich 
diet, preferably while still partially breast-
feeding. Feeding solids or fluids while par-
tially breastfeeding is called complementary 
feeding. There is clear evidence that iron-for-
tified or multiple micronutrient-fortified com-
plementary foods, mostly cereals and 
milk-based drinks, improve iron status and 
decrease the risk of anemia in infants and tod-
dlers [20]. Meat-based complementary foods 
have also been shown to be effective in pre-
venting ID [75]. In theory, complementary 
foods heavily based on beans, lentils, and 
other iron-rich vegetables might be effective, 
but this has not been shown in studies [75].

In preschool and school children, point-of-use 
fortification of foods with micronutrient powders 
containing iron is effective in reducing anemia 
prevalence in LMIC. Even though some studies 
have shown promising results [78, 79], it is less 
clear whether other food-based interventions in 
school children and adolescents are similarly 
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effective [80]. Population-level iron fortification 
of flour or condiments has been shown to decrease 
the prevalence of anemia and ID in children [81, 
82].

 Avoiding Cow’s Milk

It is well-known that the use of unfortified 
cow’s milk as a drink for infants and a high 
intake of unfortified cow’s milk in toddlers con-
siderably increase the risk of ID and IDA [20, 
83]. This is due to the low iron content of cow’s 
milk, possible increased intestinal iron losses, 
and the fact that it will replace iron-rich foods 
in the diet [77].

 Conclusions

Nutritional anemia is a significant public health 
problem in children, associated with poor neuro-
logical function and impaired brain develop-
ment. Young children (<3–5  years) and 
adolescent girls are at the highest risk. ID is by 
far the most common cause of nutritional anemia 
in children, but other deficiencies, such as vita-
min B12, can be prevalent in some settings. Iron 
supplements should be targeted to risk groups 
since unnecessary iron supplements can have 
adverse effects in iron-replete children. 
Recommended interventions for prevention and 
treatment of nutritional anemia in children are 
shown in Table 6.3.

Table 6.3 Recommended interventions

The following interventions can be recommended to reduce the prevalence of nutritional anemia in children:
In all populations
1. Universal implementation of delayed umbilical cord clamping
2. Formula-fed infants should receive formula fortified with iron, vitamin B12, and other micronutrients
3.  Low birth weight infants (<2500 g) should receive daily iron supplements from 2–6 weeks of age at least to 

6 months of age [76]
4.  Ensure iron-rich diet for infants and toddlers at 6–36 months of age, and avoid high intakes of unfortified cow’s 

milk in this age interval [6, 76]
5. Screening of adolescent girls for ID and, if needed iron, iron supplementation
In populations with a high prevalence of anemia
1.  Gather local baseline data on the most common causes of anemia in different age groups, as well as the 

prevalence of infections/inflammation, to guide the intervention programs
2.  Iron supplements (alone or together with other micronutrients) or point-of-use fortificants (e.g., micronutrient 

powders or lipid-based nutrient supplements) are recommended for prevention and treatment. For prevention, it 
is especially important to target infants/toddlers at 6–23 months of age [11]

3.  If infection/inflammation is common, public health measures should be taken to prevent and treat malaria, HIV, 
helminthic infections, as well as respiratory and gastrointestinal infections, especially in children under 
3–5 years of age. Malaria prevention/treatment is especially important if iron supplementation is given

4.  Locally adapted anemia prevention programs should include training of healthcare workers, dietary counseling, 
and community participation
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 Background

Worldwide, maternal anemia affects over 40% of 
pregnant and lactating women and is considered 
a major public health burden [1]. During preg-
nancy, anemia is associated with increased mater-
nal infections, fatigue, decreased cognitive 
function, preterm birth, and elevated maternal 
morbidity and mortality. Risks to the child due to 
maternal anemia include poor fetal growth and 
development, premature birth, still birth, 
increased morbidity and mortality, and poor cog-

nitive development. Anemia during lactation 
adversely affects maternal postpartum health and 
recovery, breast milk quality, and infant health 
[2]. Although maternal anemia has multiple 
causes, the most proximal is insufficient intake of 
specific nutrients, especially iron, needed to meet 
the demands for synthesis of hemoglobin and 
erythrocytes [2]. However, as shown in Fig. 7.1, 
it must be acknowledged that maternal nutritional 
anemia has secondary causes which include 
infection, poor quality of antenatal and postnatal 
care, food insecurity, low socioeconomic status, 
poor quality implementation of maternal nutri-
tion programs, and genetic factors. Progress on 
decreasing maternal anemia, and nutritional ane-
mia, has been slow and inconsistent as seen in 
Fig.  7.2. The World Health Assembly (WHA) 
Global Nutrition Target is to reduce anemia in 
women of reproductive age by 50% by 2025, and 
current progress is lagging.

Herein, we review the assessment, epidemiol-
ogy, etiology, and interventions related to mater-
nal nutritional anemia. We present evidence for 
the simplest and most apparent of interventions, 
iron supplementation or multiple micronutrient 
supplementation (MMS), and highlight the gap 
in knowledge specifically for interventions for 
nutritional anemia of pregnancy and lactation in 
the context of nutrition-specific interventions, 
those directed at the immediate causes of anemia 
such as diet and infection, and nutrition-sensitive 
interventions directed at underlying determi-
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Prevalence of anemia in women of reproductive age, 2000 to 2019
Prevalence of anemia in women of reproductive age (aged 15-49), measured as the percentage
of women with a hemoglobin level less than 110 grams per liter at sea level.
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Fig. 7.2 Trends in prevalence of anemia in women of reproductive age from 2000 to 2019

nants of anemia, such as food insecurity or insuf-
ficient maternal and child healthcare services. 
Gaps in data persist in how to effectively deliver 
even the simplest of interventions to address 
maternal nutritional anemia, as evidenced by 
persistent high rates and debates around the most 
relevant causes. There is a need to seek solutions 
in the context of precision medicine and preci-
sion public health and to embrace digital health 
and address issues of frontline health worker 
performance and adopt more preventive and pro-

motive approaches with strong community 
engagement. Such changes will likely require a 
change in how programs are designed and 
deployed, focusing more on local innovations, 
e.g., from and with communities, rather than tra-
ditional top-down approaches from global orga-
nizations that have been unable to meet the 
needs. The post- pandemic world is an opportu-
nity to take stock in what has worked, and not 
worked, and forge innovations and novel path-
ways to create impact at scale.
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 Epidemiology

Iron deficiency is the most common cause of 
maternal nutritional anemia globally and contrib-
utes to approximately 50% of all anemia among 
pregnant and lactating women [3, 4]. It is notable 
that the proportion of iron deficiency anemia var-
ies substantially depending on the region of the 
world and prevalence of other causes of anemia 
[5]. As detailed below, deficiencies of other nutri-
ents including vitamins A, B2 (riboflavin), B6 
(pyridoxine), B12 (cobalamin), C, D, and E, 
folate, and copper contribute to nutritional ane-
mia. As mentioned, nearly half of all maternal 
anemia reflects iron deficiency anemia, with 
global estimates suggesting 10–20% of pregnant 
and lactating women are affected [6]. As such, 
WHO recommends universal iron and folic acid 
(IFA) supplementation for pregnant women con-
taining 30–60 mg of iron, with the higher dose 
preferred in settings where anemia in pregnant 
women is ≥40%, along with 400 μg of folic acid; 

and intermittent use of iron and folic acid supple-
ments by non-anemic women is a recommended 
alternative to prevent anemia and improve gesta-
tional outcomes in areas where the prevalence of 
anemia among pregnant women is lower than 
20%, with the suggested dose being 120 mg ele-
mental iron and 2800  μg folic acid weekly 
throughout pregnancy [7, 8]. There are no spe-
cific WHO recommendations for supplementa-
tion of lactating women.

It is clear the context for low- and middle- 
income countries (LMICs) versus high-income 
countries (HICs) differs, as illustrated in Fig. 7.3. 
In LMICs, maternal iron deficiency anemia has 
been reported as over 40%. In HICs, for example, 
in the United States, iron deficiency and/or iron 
deficiency anemia has been reported as 2–3% in 
pregnant and lactating women, although 15–16% 
among non-Hispanic Black, Mexican American, 
and low-income pregnant women [9]. In Europe, 
iron deficiency anemia varied from 3% in 
Switzerland to 15% in Belgium [10]. Despite the 

Prevalence of anemia in pregnant women in 2019
Prevalence of anemia in women, measured as the percentage of pregnant women with a
hemoglobin level less than 110 grams per liter at sea level.

No data 0% 10% 20% 30% 40% 50% 60% 70%

Source: World Health Organization (via World Bank) OurWorldInData.org/micronutrient-deficiency/ · CC BY

Fig. 7.3 Global prevalence of anemia in pregnant women in 2019
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lack of WHO cut points for iron-replete status, 
the majority of these HIC populations are likely 
to be iron-replete [11], even among marginalized 
ethnic groups and low socioeconomic status indi-
viduals. Given this LMIC and HIC heterogeneity, 
concerns persist about the risk of adverse out-
comes of high intakes of iron during pregnancy 
or lactation. Physiologic adaptations for iron 
homeostasis occur in pregnancy to meet the 
higher needs for iron [12], and these may poten-
tially enhance risks from high iron intakes in 
iron-replete individuals, or those with hemoglo-
binopathies, and with potential consequences for 
gestational duration, gestational diabetes melli-
tus, and gastrointestinal health [12–16].

 Biology

 Anemia

Anemia is defined as a reduced absolute number 
of circulating erythrocytes [17] or a condition in 
which their number and/or oxygen-carrying 
capacity cannot meet physiologic needs [18]. 
Anemia is most often diagnosed by a low hemo-
globin (Hb) concentration or a low hematocrit 
[17], but can also be diagnosed by erythrocyte 
count, mean corpuscular volume, blood reticulo-
cyte count, blood film analysis, or Hb electropho-
resis [19]. Hb concentration is the most common 
method and indicator used to define anemia [20]. 
The main role of Hb for oxygen delivery to the 
tissues accounts for clinical signs of anemia 
including fatigue, shortness of breath, palpita-
tions, and conjunctival and palmar pallor [21]. 
Clinical signs and history can be used to assess 
the risk of anemia in the absence of laboratory 
data, but are of limited value [22, 23]. WHO 
defines anemia for pregnant women with 
trimester- specific cutoffs of Hb <110 g/L for the 
first trimester, <105 g/L for the second trimester, 
and <110 g/L for the third trimester, with the cut-
off for severe anemia being <70 g/L. For lactating 
women anemia is defined as Hb <120  g/L and 
severe anemia as <80 g/L [18]. Severe anemia is 
particularly important due to risks for high- output 

heart failure and death and can exacerbate com-
plications of labor and delivery [17]. Defining Hb 
concentration cutoffs for pregnancy and lactation 
has been a challenge and an ongoing process, 
requiring an understanding of age, gestational age 
of the pregnancy, genetics, and environmental 
factors. During pregnancy, because of the expan-
sion of blood volume and consequent dilution 
effect, Hb concentration naturally declines during 
the first and second trimesters, rising gradually 
again in the third trimester [24]. Physiological 
factors such as hemoglobinopathies, behavior, 
and environmental conditions, such as altitude, 
diet, and smoking, all affect Hb concentrations 
during pregnancy and lactation [18].

 Nutrient Deficiencies

Nutritional anemia in pregnancy and lactation 
occurs when the intake of specific nutrients is 
unable to meet the demands for synthesis of 
erythrocytes and hemoglobin, the primary 
oxygen- carrying molecule in the body [2]. While 
iron is the most common nutritional deficiency 
causing anemia, deficiencies of vitamins A, B6, 
B12, C, D, and E, folate, riboflavin, and copper 
can also have a role. Diets that are poor in one 
micronutrient tend to be poor in multiple micro-
nutrients as shown in Fig. 7.4 and can lead to syn-
ergistic increased risk of anemia [2]. Risk for 
nutritional anemia is potentiated by nutrient 
losses, poor absorption, or increased demand. 
Infectious diseases tend to increase loss of nutri-
ents due to the acute phase response, or gastroin-
testinal infections may directly impair gut 
absorption; and certain specific infections such 
hookworm which ingest blood, or malaria which 
destroys erythrocytes, increase demand for nutri-
ents to drive erythropoiesis. Other physiologic 
conditions may inhibit nutrient absorption, such 
as the effects of atrophic gastritis on intrinsic fac-
tor to facilitate vitamin B12 absorption. And 
behavioral factors, such as diets high in phytate 
which can chelate iron or imbalanced intakes of 
divalent metals such as iron, zinc, copper, cal-
cium, or manganese, which share the same trans-
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porter, can interfere with iron and copper 
absorption and affect anemia. In addition, genetic 
polymorphisms can impair iron uptake or uptake 
and metabolism of other nutrients that might 
influence anemia [25]. Pregnancy and lactation 
increase the demand for nutrients, thereby exac-
erbating the impact of the above conditions.

 Iron
Iron is the most crucial nutrient required for pro-
duction of well-functioning erythrocytes. This is 
due to its central role in synthesis of iron- 
protoporphyrin or heme, the core oxygen- binding 
moiety of hemoglobin, which is the primary 
oxygen- carrying protein within the erythrocyte. 
When dietary iron intake cannot meet needs and 
iron stores are depleted, then iron deficiency ane-
mia occurs. Specifically, erythrocyte synthesis is 
compromised, and intra-erythrocytic hemoglobin 
and heme decrease, resulting in hypochromic or 
microcytic anemia. Expansion of maternal blood 

volume and fetal growth during pregnancy and 
blood loss during childbirth increase the need for 
erythrocytes and therefore iron as detailed below. 
Similarly, the demands of lactation increase the 
need for many nutrients, some of which affect 
erythropoiesis.

The physiological demands for elemental iron 
in pregnancy are high and estimated at 1000–
1200  mg overall during gestation [10, 12]. 
Approximately two-thirds is for maternal adapta-
tions to support the pregnancy, such as erythro-
poiesis, and the other one-third for placental and 
fetal needs [12]. Iron needs are lower in the first 
trimester at 0.8  mg/day, even less than pre- 
pregnancy, and highest in the third trimester at 
3.0–7.5 mg/day [14] due to maternal metabolic 
and physiologic processes and fetal growth [12]; 
and the iron needed for fetal growth alone in the 
third trimester is approximately 330–400  mg. 
These needs may be met by mobilizing maternal 
iron stores in replete women, and approximately 
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300 mg of this total iron is recycled and available 
to the mother as erythrocytes and blood volume 
contract postpartum [26]. As such, about 750 mg 
of additional elemental iron is needed during 
pregnancy beyond that from maternal stores in 
replete women. For women with low iron stores, 
1000  mg or more of additional iron might be 
required. Despite these dynamic and progressive 
physiologic needs, reference intakes for iron tend 
to average the need across all gestational ages 
rather than varying by trimester.

Poor maternal iron intake and status reduce 
the amount of iron transferred to the fetus and 
infant. Infants of women with iron deficiency 
anemia may be at increased risk for iron defi-
ciency anemia as shown in some [27, 28] but not 
all studies [29]. Preterm and low birthweight 
infants tend to have lower iron stores and 
increased risk for iron deficiency anemia. As 
mentioned above, iron deficiency is estimated to 
contribute approximately 50% of all cases of ane-
mia among pregnant women [3, 4]. However, it is 
noteworthy that epidemiological studies suggest 
the proportion of anemia due to iron deficiency 
was lower in countries where the prevalence of 
anemia was >40%, and especially in rural popu-
lations [30]. Other studies suggest the high preva-
lence of anemia in women cannot be explained 
by nutritional anemias nor hemoglobinopathies 
[31, 32], although severe maternal anemia tends 
to be more iron-dependent and responsive to sup-
plementation [3]. Nevertheless, approximately 
half of all anemia cases will have causes other 
than iron deficiency and will not likely respond to 
iron supplementation.

The United States, Canada, Australia, and 
New Zealand recommend 50% higher intakes for 
pregnant than for nonpregnant women of repro-
ductive age. However, the United Kingdom and 
Europe suggest no increase, and WHO does not 
specify intakes for pregnancy, but does recom-
mend supplementation dose as mentioned above. 
The iron reference intakes therefore vary interna-
tionally, with the Recommended Nutrient Intake 
(RNI) that meets the needs for 97.5% of the pop-
ulation of pregnant women spanning from 11.5 to 
27 mg/day.

 Vitamin A
Vitamin A has long been recognized for its role in 
nutritional anemia [33]. It modulates erythropoi-
esis, thereby directly affecting anemia, and lym-
phopoiesis, thereby contributing indirectly to 
anemia caused by infectious diseases [33]. 
Vitamin A also plays a role in iron metabolism 
wherein deficiency decreases mobilization of 
iron from stores in the liver and spleen and con-
tributes to anemia [33]. Anemia due to vitamin A 
deficiency is therefore accompanied by increased 
iron stores in the liver and spleen and increased 
serum ferritin concentrations [34], distinct from 
iron deficiency anemia with loss of iron stores 
and decreased serum ferritin. Vitamin A defi-
ciency among pregnant women is prevalent in 
many LMICs and characterized by low serum 
vitamin A levels and reported night blindness 
[35]. Several trials have shown that supplementa-
tion with vitamin A or pro-vitamin A carotenoids, 
or consumption of diets adequate in these nutri-
ents, can increase hemoglobin concentrations 
without iron supplementation [36].

 B Vitamins
B vitamins have ubiquitous and pleiotropic roles 
during pregnancy and lactation, and several of 
them may influence anemia. Vitamin B2 (ribofla-
vin) is crucial for iron metabolism, including 
iron mobilization from stores, iron absorption, 
and retention of iron [37], and is important for 
hemoglobin production [36]. Riboflavin defi-
ciency has been documented in pregnant and lac-
tating women and is more prevalent where meat 
and dairy product consumption is low [38]. 
Riboflavin supplements, given with iron, have a 
greater effect on hemoglobin than iron alone 
[37]. Vitamin B12 (cobalamin) and folate are 
crucial for DNA synthesis and cell division and 
therefore erythropoiesis [39]. Deficiencies in 
these lead to macrocytic anemia. Vitamin B12 
deficiency is more prevalent where animal-
source food consumption is low, but can also 
result from malabsorption, particularly for those 
suffering from gastric atrophy [40]. Estimates of 
the prevalence of vitamin B12 deficiency place it 
at approximately 5% [41]. Vitamin B9 (folate) 
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deficiency is more prevalent where unfortified 
wheat or rice is consumed as a staple and where 
legume and green leafy vegetable consumption 
is low [40, 41]. Pregnant and lactating women 
living in malaria-endemic regions are at higher 
risk for folate deficiency [36]. Overall, the rela-
tive contributions of vitamin B12 or folate defi-
ciency to nutritional anemia in pregnancy and 
lactating women are greater for women consum-
ing both poor quality and vegetarian diets defi-
cient in vitamin B12 and folate and in places 
where food fortification is not practiced [42]. It 
should be noted that vitamin B12 or folate defi-
ciency does not necessarily or always manifest 
in higher prevalence of anemia [42]. Vitamin B6 
(pyridoxine) is crucial for heme synthesis. 
Deficiency can cause the microcytic and hypo-
chromic anemia, similar in appearance to iron 
deficiency, as well as normocytic or sideroblastic 
anemia [36]. The prevalence of vitamin B6 defi-
ciency among pregnant and lactating women 
tends to be low, but its impact on anemia remains 
to be fully documented [36].

 Vitamins C, D, and E
Vitamin C affects iron metabolism by enhancing 
absorption of nonheme iron in the gut and 
improving mobilization of iron stores [36]. 
Deficiency may exacerbate hemolysis by making 
erythrocytes more vulnerable to oxidative dam-
age and decreasing integrity of capillaries lead-
ing to hemorrhagic blood loss [36]. Vitamin C 
deficiency is more prevalent in pregnant and lac-
tating women and is exacerbated by smoking or 
potentially by exposure to smoke from biomass 
cooking stoves [43]. Supplementation can 
increase hemoglobin serum ferritin levels even 
without additional iron [36]. Vitamin D may 
affect calcitriol production in the bone marrow 
that supports erythropoiesis [44], although this 
and other potential mechanisms are poorly under-
stood. Deficiency has been associated with ane-
mia in several studies [44]. Vitamin E limits 
oxidation of polyunsaturated fatty acids in the 
erythrocyte membrane, thereby protecting 
against hemolytic anemia [36]. The impact of 
this on anemia in pregnancy and lactation is 

unclear, although clear effects are observed in 
premature and low birth weight infants or indi-
viduals with vitamin E malabsorption syndrome.

 Copper
Copper is essential for enzymes needed for iron 
metabolism, especially for ceruloplasmin which 
oxidizes ferrous iron and mobilizes stored iron 
for synthesis of heme and hemoglobin and for 
erythropoiesis [45]. Copper deficiency can cause 
normocytic hypochromic and microcytic normo-
chromic anemia [45, 46]. Copper deficiency is 
rare, but is more prevalent in preterm and low 
birthweight infants given milk diets, or infants 
recovering from malnutrition or on prolonged 
total parenteral nutrition, prolonged diarrhea, or 
persons with copper malabsorption syndromes 
[45]. Interestingly, because iron, zinc, and copper 
share the same intestinal transporter, high iron or 
zinc intakes can interfere with copper absorption, 
as can high intakes of other divalent metals such 
as calcium or manganese.

 Overweight and Obesity
Overweight and obesity are on the rise globally, 
and in pregnant and lactating women, and have 
been linked with iron deficiency and anemia [46]. 
One mechanism is suggested to involve hepcidin, 
a peptide hormone produced primarily in the 
liver and regulating iron homeostasis [47, 48]. 
Hepcidin regulates expression of ferroportin-1, 
the only known iron transporter, which affects 
plasma iron and iron stores [46]. Higher body 
iron levels and inflammation increase hepcidin 
which in turn decreases ferroportin-1 expression, 
thereby decreasing iron absorption and iron bio-
availability in the plasma. Conversely, anemia 
and hypoxia decease hepcidin which increases 
ferroportin-1 expression [46]. As such, in obese 
individuals who suffer from subclinical inflam-
mation, hepcidin levels are elevated leading to 
poorer iron status despite similar iron intakes as 
normal-weight persons [47]. Research suggests 
that iron deficiency in obese or overweight indi-
viduals can be due to reduction in iron absorption 
and mobilization from increased hepcidin pro-
duction. In addition, while obesity is associated 
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with iron deficiency, hemoglobin concentrations 
may be within normal [46, 48]. Implications for 
nutritional anemia in obese or overweight preg-
nant or lactating women need further research.

 Genetic Factors

In addition to the well-documented genetic con-
tribution to anemia from hemoglobinopathies 
such as sickle cell trait and the thalassemias, the 
field of nutrigenomics has identified gene muta-
tions and variations that may influence nutritional 
anemia in pregnancy and lactation. For iron, 
allelic variants in iron regulatory or transport pro-
teins, such as ferroportin-1 or hepcidin, have 
been observed in some ethnic subpopulations and 
may enhance susceptibility to either high iron 
stores or iron deficiency [49]. Similarly, investi-
gation of several of the nutrients contributing to 
nutritional anemia has led to discovery of genetic 
variants [35]. Vitamin A deficiency has been 
shown to vary between different ethnic groups, 
which may be causally associated with genetic 
variants conferring risk for low retinol levels 
[50]. Similarly, polymorphisms in the genes 
encoding the two sodium-dependent vitamin C 
transporter proteins (SVCT1 and SVCT2) are 
strongly associated with vitamin C status due to 
their roles in direct transport, absorption, and 
vitamin C accumulation in tissues. Genetic vari-
ants of proteins participating in vitamin D metab-
olism, its binding to receptors, and transport can 
impact vitamin D availability and status [51]. For 
vitamin E, genetic variations can influence vita-
min E status by impairing metabolism, absorp-
tion and uptake, transport, and liver storage or 
catabolism. For the B vitamins, several polymor-
phisms in genes encoding enzymes and transport 
proteins of folate metabolism are reported to 
affect folate status. Moreover, vitamin B12 genes 
have been identified related to co-factors, regula-
tors of vitamin transport, and membrane cobala-
min transporters. Other factors have been 
discovered involved in enzymatic reactions of the 
one-carbon cycle such as methylenetetrahydrofo-
late reductase (MTHFR), which is also a 

riboflavin- dependent enzyme, and in the methio-
nine cycle where 5-methyl-THF is used by 
methionine synthase (MTR) and methionine syn-
thase reductase encoded by MTRR gene that is 
required for the reactivation of MTR, a process 
that supports vitamin B12-dependent conversion 
of homocysteine to methionine and the formation 
of tetrahydrofolate (THF). These illustrate how 
genetic variations may affect nutritional anemia 
during pregnancy and lactation [35].

 Interventions

As indicated herein, the causes of maternal ane-
mia and nutritional anemia in pregnant and lac-
tating women are multifactorial. They arise from 
poor nutrition, infection, chronic diseases, and 
genetic etiologies. A recent synthesis and meta- 
review aimed to assess the impact of nutrition- 
specific interventions and nutrition-sensitive 
interventions [52]. For pregnant women, the 
authors concluded that daily iron-folic acid sup-
plementation and use of insecticide-treated bed-
nets were associated with increased Hb 
concentration and reduced risk of anemia, and 
delayed cord clamping at birth was associated 
with improved Hb status in the newborn. Other 
interventions in children indicated benefits of 
micronutrient powders, malaria treatment, daily 
and intermittent iron supplementation, and 
deworming. The meta-review highlighted the 
relative lack of evidence from multifaceted inter-
ventions in pregnant and lactating women with 
regard to either nutrition-specific or nutrition- 
sensitive approaches.

 Supplementation with Iron and Other 
Micronutrients

Iron and other micronutrient supplements for 
adolescents found a 31% reduction in anemia 
when iron was given with or without other micro-
nutrients (RR, 0.69; 95% CI, 0.62, 0.76) [52]. A 
similar result in pregnant women was seen when 
either multiple micronutrient supplements or 
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iron, with or without folic acid, was provided 
[53]. This was echoed in the analysis of the 
impact of maternal multiple micronutrient sup-
plementation (MMS), typically the UNIMMAP 
preparation [54], which showed it to be equiva-
lent to iron and folic acid alone (RR = 0.98; 95% 
CI, 0.86, 1.11) [55]. A recent paper came to the 
same conclusion wherein the effects on maternal 
anemia of the UNIMMAP MMS containing 
30 mg iron were the same as iron and folic sup-
plements with 60 mg iron (RR = 0.99; 95% CI, 
0.92–1.07), thereby highlighting the importance 
of other nutrients in anemia reduction [56]. 
Another analysis showed that vitamin A supple-
mentation during pregnancy was associated with 
a reduced risk of anemia (RR  =  0.64; 95% CI, 
0.43, 0.94) [57]. A review of vitamin B12 supple-
mentation [58] reported an increase in Hb con-
centration in women and children, and another 
review concluded that vitamin C supplementa-
tion increased Hb concentrations in children and 
nonpregnant women, but not in pregnant women 
[36], and another review reported no difference 
in Hb concentrations in pregnant women given 
zinc supplements [59].

 Other Nutrition-Related 
Interventions

The meta-review addressed additional nutrition- 
specific and nutrition-sensitive interventions 
[52]. For food fortification overall effects were 
associated with increases in Hb concentration, 
but there were no specific data on the impact on 
anemia in pregnant or lactating women. For 
dietary diversity, of seven studies reviewed, there 
were two animal-source food interventions show-
ing a decrease in anemia, but none were in preg-
nant or lactating women, and only one was in 
nonpregnant women in Peru. One review on con-
sumption of animal-source foods in adults 
reported a positive association on Hb concentra-
tions with intakes of 85–300 g/day. Agriculture 
and food security interventions typically evalu-
ated the impact of home gardens, aquaculture and 

small fisheries, dairy development, and raising of 
livestock, but again no data were available for 
pregnant or lactating women. However, nonsig-
nificant reductions in anemia in women were 
reported in one study. For family planning two of 
five studies of birth spacing on maternal anemia 
showed an increased risk of maternal anemia for 
birth intervals less than <24 months. Conditional 
cash transfers were also reviewed, and all three 
showed improvements in child Hb levels, but 
again no specific data on pregnant or lactating 
women was presented.

 Conclusions

Nutritional anemia affecting pregnant and lactat-
ing women remains a substantial problem glob-
ally, and progress over the last decade has been 
slow. Although the etiologies are complex, it is 
clear that iron supplementation alone can have a 
substantial effect in most settings in LMICs, 
reducing anemia levels by up to 50% if adherence 
to supplementation is adequate. In addition, 
although it has long been known that other nutri-
ents can contribute to nutritional anemia, the 
transition to universal MMS has been slow 
despite the benefits offered for anemia, and for 
newborn birth weight, preterm birth, and infant 
mortality, especially for girl babies and infants of 
women who are anemic [60, 61]. Other relation-
ships also need to be explored, for example, it has 
recently been observed that the gut microbiome 
may play an important role in anemia in preg-
nancy by promoting hematopoiesis and modulat-
ing levels of short-chain fatty acids (SCFAs) that 
affect bone marrow and immune function [62]. 
And as mentioned, control of inflammation and 
infectious diseases can have an important role in 
nutritional modulation of anemia.

However, in regard to nutritional supplements, 
we note that formulating the proper composition 
may not be sufficient to attain impact. Indeed, the 
majority of iron and folic acid supplementation 
programs have not achieved high coverage or 
compliance of 80% or more. This may be due, in 
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part, to the program designs based on one- 
dimensional solutions that lack person-centered 
design and promotion of a product, such as iron 
folic acid supplements or MMS, that are appeal-
ing to women. For example, it has been observed 
that the cheapest product may not always be the 
most cost-effective one and that investments to 
define the supplement product design, packaging, 
and appearance can lead to high compliance and 
high impact [63].

Beyond the product itself is the means of 
delivery and engagement with pregnant and lac-
tating women. The current push for digital tools 
provides strong potential to enhance tracking 
and customized targeting of complex interven-
tions that would combine a well-designed nutri-
tional product with health promotion messages 
and integrate this with apps for antenatal care to 
optimize service delivery, such as with the WHO 
ANC app [64]. Further customization would be 
possible with frontline assessment for anemia 
and specific nutrient deficiencies using rapid 
tests linked with readers for rapid processing 
and point-of-care decision support to avoid 
potential inadequate or over-supplementation 
[65]. Moreover, linking these tools into a system 
of well-trained frontline health workers is likely 
to further enhance impact [66], especially if 
multiple frontline workers can be coordinated as 
teams to optimally support more complex 
nutrition- specific and nutrition-sensitive inter-
ventions for pregnant and lactating women. 
These approaches would likely also fill the sub-
stantial gaps in knowledge of what works or not 
to reduce nutritional anemia in pregnant and 
lactating women.

Currently, novel solutions are needed in the 
context of precision medicine and precision pub-
lic health and to adopt more preventive and pro-
motive approaches. As mentioned above, 
focusing more on local innovations, rather than 
traditional top-down approaches from global 
organizations, may be more likely to be success-
ful. The post-pandemic world is an opportunity 
to forge new pathways with organizations at the 
grass roots creating local solutions with global 
impact.
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 Definition of Elderly

The term “elderly” refers to chronological age, 
and most developed countries categorize elderly 
people as aged 60 or 65  years and over [1]. 
However, the ageing process is not uniform both 
between and within populations due to differ-
ences in genetics, lifestyle, and overall health [2]. 
At the biological level, ageing results from the 
impact of accumulated molecular and cellular 
damage over time, but these changes are not lin-
ear or consistent and not closely associated with 
chronological age. During the process of ageing, 
there is a gradual decrease in physical and mental 
capacity and a growing risk of disease, and this 
leads, eventually, to death. In 2020, the global 
number of people aged 65 years or over was 727 
million, and this is expected to double by 2050 
[3]. Currently, elderly people account for 9.3% of 
the global population, but by 2050, this figure is 
expected to increase to 16% [3]. Healthy ageing 
is defined by WHO as “the process of developing 

and maintaining the functional ability that 
enables wellbeing in older age” [4]. There is 
growing recognition of the importance of healthy 
ageing, and, coupled with the current demo-
graphic changes, this may lead to a revised defi-
nition of “elderly,” taking account of different 
health characteristics as well as number of years 
since birth.

 Diagnosis of Anemia

The World Health Organization (WHO) defines 
anemia for people living at sea level as mild, 
moderate, or severe [5], according to the Hb con-
centration (g/L):

• Men (15 years of age and above): mild 110–
129  g/L, moderate 80–109  g/L, severe 
<80 g/L.

• Women (15  years and above): mild 110–
119  g/L, moderate 80–109  g/L, severe 
<80 g/L.

However, the appropriateness of these values, 
which were developed more than 40 years ago, 
has been questioned. Data from the 1999–2012 
National Health and Nutrition Examination 
Survey (NHANES) show that Hb reference inter-
vals decrease with age in men aged 20–79 years, 
whereas female reference intervals are essentially 
stable, but with a slight increase after the meno-
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Table 8.1 Examples of the effects of age, sex, and ethnicity on Hb concentration

(a) Age- and sex-specific reference limits for Hb concentration (g/L) (adapted from [7])

Age (years)

Male
Percentiles

Female
Percentiles

n 2.5th 50th 97.5th n 2.5th 50th 97.5th
60–70 44,403 130 149 169 52,374 120 137 155
70–80 35,735 123 145 167 43,718 117 135 154
80–90 12,095 115 141 166 17,191 112 133 154
90–100 932 110 134 164 2442 107 130 153

(b) Hb concentrations (g/L) of healthy adult women: data from NHANES and NDNS stratified by race (adapted 
from [9])

n Mean ± SD Derived cut-off
White 5231 135.9 ± 10.1 119.2
Black 2707 126.0 ± 12.1 106.0
Mexican and Hispanic 3356 132.7 ± 11.0 114.2
Asian 575 129.9 ± 10.7 112.2

pause [6]. Recently, Zierk et al. (2020) applied a 
data mining approach to a large dataset of 
3,029,904 clinical samples collected for routine 
blood counts in Germany between 2012 and 
2017. After exclusion of abnormal samples (e.g., 
raised CRP), reference intervals were calculated 
from an indirect algorithm described and vali-
dated previously. The strength of this approach is 
that it uses data from a “real world” population to 
which the reference intervals are ultimately 
applied, while still excluding outliers. There was 
a significant fall in Hb concentration every 
decade for men (p < 0.001) and women (p < 0.05) 
as shown in Table 8.1. They concluded that men’s 
Hb, hematocrit, and red cell count reference 
intervals decline continuously with age, whereas 
changes in women start later and are less pro-
nounced. Milman et  al. (2007) also reported a 
significant age-related decline in Hb concentra-
tion in both men and women [8].

In addition, separate cut-offs for diagnosing 
anemia, based on ethnicity/race, have been pro-
posed. Individuals of African descent have lower 
Hb concentrations than Caucasian populations, 
partially due to the greater prevalence of genetic 
Hb disorders in persons of African descent. 
Varghese et al. [9] examined the Hb distributions 
in nine rounds of the National Health and 
Nutrition Examination Survey (NHANES) and 
two rounds of the UK National Diet and Nutrition 
Survey (NDNS), and the mean Hb concentrations 
of Blacks, Mexicans and Hispanics, and Asians 

were lower than concentrations in Whites 
(Table 8.1). The WHO cut-off for anemia, defined 
as the value corresponding to the 4.95th percen-
tile of a healthy reference population, was esti-
mated separately for each ethnic group. Based on 
the pooled analysis, the derived Hb cut-off was 
lower for Mexican/Hispanic, Blacks, and Asians, 
whereas the cut-off for Whites was comparable to 
the WHO-recommended cut point of 120 g/L. For 
men aged 60 years and over, Beutler and Waalen 
(2006) proposed a Hb cut-off value of 132 g/L for 
white men and 127  g/L for black men [10]. 
However, the WHO cut-off values are still the 
gold standard because there is, as yet, no official 
recommendation to change them for older 
people.

 Prevalence and Pathogenesis 
of Anemia in the Elderly

Anemia affects one third of the world’s popula-
tion [11] and is particularly common in young 
children and women of reproductive age. In 
adults, the prevalence increases with age and is 
affected by health status and environmental fac-
tors, primarily the diet [12]. Sub-Saharan Africa, 
South Asia, the Caribbean, and Oceania had the 
highest anemia prevalence across all age groups 
and both sexes in 2010 [13]. Large prospective 
registry studies observe mild anemia in 10–24% 
of people aged 65  years and over [14]. Elderly 
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patients admitted to hospital are more frequently 
affected by anemia, and the prevalence is even 
higher in nursing home residents [14]. Assuming 
a global prevalence of 17%, it is likely that 15 
million older people suffer from anemia in 
Europe with a similar level in the USA [14]. In 
people older than 80  years, it is estimated that 
approximately 50% are anemic [15] (Table 8.2).

Anemia in the elderly is often multifactorial 
due to the presence of multiple concomitant mor-
bidities which increase with advancing age. At 
least one third of anemias are the result of iron 
deficiency, and folate and vitamin B12 deficien-
cies are not uncommon [16]. Other etiologies 
include CKD insufficiency and chronic inflam-
mation, but around one third of cases are unex-
plained [16]. The mean corpuscular volume is an 
essential diagnostic tool as it distinguishes 

between nutritional anemias (microcytic or mac-
rocytic red cells) and those resulting from chronic 
inflammation, renal failure, and unknown causes 
(normocytic red cells).

Serum ferritin concentrations below 19 μg/L 
are highly suggestive of iron deficiency anemia 
[17]. However, serum ferritin concentrations are 
elevated in the presence of infection and inflam-
mation, conditions that are quite common in the 
elderly population. Raised C-reactive protein 
(>5  mg/L) or α-1-acid glycoprotein concentra-
tions (>1 g/L) are used to diagnose infection or 
inflammation, and there are methods proposed 
for adjusting for this to estimate iron stores (see 
Chap. 5). The soluble transferrin receptor-ferritin 
index can be used to distinguish between iron 
deficiency anemia and other types of anemia; an 
index of more than 1.5 supports the diagnosis of 
iron deficiency anemia [17]. Fecal occult blood 
tests will detect GI blood loss. In the absence of 
iron deficiency anemia, the most likely cause of 
microcytic or normocytic anemia is anemia of 
chronic disease, which is unrelated to nutritional 
deficiencies.

Vitamin B deficiencies are more pronounced 
in the elderly, and a peripheral blood smear and 
reticulocyte count are the initial steps in evaluat-
ing the cause of macrocytic anemia (see Chap. 
13). Serum vitamin B12 and folate concentrations 
should then be measured. When these are border-
line, elevated methylmalonic acid signifies vita-
min B12 deficiency, and high homocysteine 
indicates folate deficiency.

Iron deficiency is the most common [12], fol-
lowed by folate [18] and vitamin B12 [19] defi-
ciencies. Clinical riboflavin deficiency occurs 
mainly in low-income countries, where it is asso-
ciated with anemia, but suboptimal riboflavin sta-
tus is also associated with lower hemoglobin and 
higher rates of anemia [20]. Riboflavin deficiency 
impairs red blood cell synthesis by altering 
flavin- dependent release of iron from stores, 
decreasing iron absorption, and increasing the 
rate of iron loss from the gastrointestinal tract. 
Additionally, riboflavin deficiency can affect Hb 
production through impaired flavin-dependent 
synthesis of 5′-phosphate, which is required for 
the first step in heme biosynthesis. Copper defi-

Table 8.2 Conditions that may lead to nutritional anemia 
in the elderly

Factors
Dietary
Nutrient deficiencies Consequence
Iron IDA (iron deficiency 

anemia) [12]
Folate Folate deficiency 

(megaloblastic anemia) 
[18]

Vitamin B12 B12 deficiency 
(megaloblastic anemia) 
[19]

Riboflavin EGRac ≥1.4 weakly 
associated with presence 
of anemia [20]

Copper Copper deficiency anemia 
[21, 22]

Vitamin C Scurvy (normocytic 
anemia) [23]

Physiological
Loss of appetite, 
malnutrition

IDA, folate, and B12 
deficiency [24]

Achlorhydria, 
Helicobacter pylori, 
gastritis

IDA and B12 deficiency 
[25]

Blood loss IDA [26]
Regular intake of 
medications, e.g., aspirin, 
ibuprofen

IDA [27]

Prescribed drugs, e.g., 
antimetabolites and 
anticoagulants

Folate deficiency [14]
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ciency is rare [21] but can result in microcytic, 
normocytic, or macrocytic anemia. Zinc supple-
ments or high intakes, e.g., from denture adhe-
sives that contain zinc, exacerbate copper 
deficiency and cause zinc-induced copper defi-
ciency anemia [22]. Vitamin C deficiency can 
also cause anemia [23].

A summary of physiological causes of anemia 
includes factors that affect the supply of key 
nutrients and the functioning of the GI tract, 
including loss of appetite and malnutrition [24], 
achlorhydria, H. pylori infection and gastritis 
[25], and blood loss [26]. The regular ingestion 
of nonsteroidal anti-inflammatory medications is 
another cause [27], and prescribed antimetabo-
lite/anticoagulant drugs can cause folate defi-
ciency [14].

 Iron Deficiency

One of the most common causes of iron defi-
ciency anemia in low- and middle-income coun-
tries is low iron bioavailability [12, 28]. This is 
not the case for older adults in high-income coun-
tries as Western diets generally contain iron of 
higher bioavailability. An example of supporting 
evidence is a study in 80-year-old Danish men 
and women whose iron intake and/or bioavail-
ability of dietary iron was adequate to maintain a 
“favorable” iron status. There was a low preva-
lence of iron deficiency and a moderate preva-
lence of iron overload, and the use of 
vitamin-mineral supplements containing iron had 
no influence on iron status [29].

Intakes of iron vary widely between individu-
als and countries, but there is a consistent down-
ward trend with age, most noticeably in the very 
old (≥85  years), which mirrors falling energy 
expenditure. Appetite may decrease, and types of 
food eaten may change as people age, in associa-
tion with social change such as reduced mobility 
(which affects shopping and cooking), dental and 
digestive problems, financial constraints, mental 
health (e.g., depression and dementia), and 
bereavement. In the UK, mean daily iron intakes 
of 11.5, 10.6, and 10.1  mg were reported for 
65–74-, 75–84-, and ≥ 85-year-old elderly peo-

ple, respectively; in Denmark, intakes were 11.8 
and 9.7 mg/day for 65–74- and 75–80-year-olds, 
respectively [30]. When energy requirements are 
lower, unless the micronutrient density of the diet 
is increased, micronutrient intakes will also fall. 
The major sources of bioavailable iron in the diet 
are meat, fish, poultry, and green vegetables. If 
elderly people consume less of these and rely 
more on ultra-processed foods that do not contain 
much iron, and cereal foods, especially who-
legrain products that contain phytate (which 
reduces iron bioavailability), then they will be at 
risk of becoming iron deficient.

There is very little information regarding the 
effects of ageing on iron absorption from the GI 
tract. One investigation carried out many years 
ago proposed that malabsorption was the most 
significant cause of low serum iron and Hb levels 
[31]. Another more recent study reported that 
iron malabsorption diseases (atrophic body gas-
tritis, Hp-related pangastritis, and celiac disease) 
affect almost 60% of early (65–74 years) and late 
(>75 years) elderly groups [32].

The widespread age-related decline in kidney 
function is accompanied by reduced secretion of 
erythropoietin (a signalling molecule that stim-
ulates the production of red blood cells, 
decreases hepcidin expression, and enhances 
iron absorption), and this will eventually lead to 
anemia. Treatment includes iron supplements 
and erythropoietin- stimulating agents. In the 
USA, data from the NHANES showed that 14% 
of adults had chronic kidney disease (CKD) and 
that anemia was twice as common in this group 
(15.4%) than in the general population (7.6%). 
The prevalence of anemia increased with stage 
of CKD, from 8.4% at stage 1 to 53.4% at stage 
5 [33].

 Folate Deficiency

Anemia due to folate deficiency is less common 
than iron deficiency, but, like iron, it increases 
with age [34]. Deficiency in elderly people usu-
ally arises because of inadequate levels of intake 
and a restricted diet. Foods fortified with folic 
acid provide an important supply of folate 
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because, unlike food folate, the absorption of 
folic acid is not reduced when there is gastric 
atrophy until it is very severe.

Folate deficiency is common in chronic alco-
holics consuming >80  g ethanol/day. Multiple 
factors contribute to its progression, including 
low folate intake, poor absorption due to impaired 
transcription of the intestinal folate carrier, 
reduced liver uptake and storage, and increased 
urinary excretion [35].

 Vitamin B12 (Cobalamin) Deficiency

The two most common causes of vitamin B12 
deficiency in the elderly are inadequate dietary 
intake and gastric atrophy, which impairs the 
release of B12 from food for subsequent absorp-
tion. The prevalence of vitamin B12 deficiency 
increases with age. Reported values vary from 11 
to 90%, depending on the definition of B12 defi-
ciency and the population: elderly vegans [36] 
and institutionalized elderly having the highest 
prevalence [37]. For example, among residents 
aged over 65 years living in an institution, 53.7% 
had anemia and 34.9% had vitamin B12 deficiency 
[37]. The majority (86.6%) of the residents were 
≥75 years old.

Malabsorption causes vitamin B12 depletion 
over time, depending on the size of the body 
stores. Fortified foods are therefore recom-
mended for the elderly. Furthermore, since about 
1% of it is absorbed by passive transport, even 
when intrinsic factor is lacking, high-dose sup-
plementation can be used to treat deficiency.

Vitamin B12 is only found in animal food 
products and fortified foods; therefore, elderly 
vegans may be at high risk of vitamin B12 defi-
ciency. In a sub-study of 785 older men and 
women (mean age 58.6  ±  13.3  years, range 
29–94  years) from the Adventist Health Study 
[38], the intake of low vitamin B12 (<2.0 μg/day) 
was 15.2% in vegans, 10.6% in lacto-ovo- 
vegetarians, and 6.5% in nonvegetarians. 
However, there were no differences in biomark-
ers of vitamin B12 status between the groups, 
which the authors suggest is due to intake from 
fortified food and supplements, and in their con-

clusion they stress the importance of regular 
supplemental vitamin B12 intake in elderly 
individuals.

 The Impact of Anemia on Health

Anemia is usually a consequence of underlying 
disease (Table 8.3). For example, there is a high 
probability that the hypoalbuminemia observed 
in thin elderly people is associated with anemia 
[39–41], but no evidence for a causal relation-
ship exists. Clarifying the etiology is critical 

Table 8.3 Conditions associated with anemia and poten-
tial health consequences. (Adapted from [12])

Condition Possible explanation
Ageing Inflammageing [57]
Frailty Hypoalbuminemia [39, 

40]
Thinness Malnutrition [41]
Hemorrhoids Blood loss
Inflammatory bowel disease 
(ulcerative colitis and Crohn’s 
disease)

Blood loss and 
inflammation (↑ 
hepcidin)

Gastritis and GI ulcers B12 deficiency, blood 
loss

Helicobacter pylori infection Iron deficiency [50, 51]
Erythrocyte disorders 
(autoimmune hemolytic 
anemia, hemolysis)

Impaired Hb synthesis

Chronic inflammatory 
diseases (rheumatoid and 
osteoarthritis, hepatitis)

Inflammation (↑ 
hepcidin)

Cancer (GI tumors, breast and 
prostate cancer)

Multiple etiologies

Obesity Inflammation (↑ 
hepcidin)

Renal disease (CKD) Erythropoietin 
deficiency [33]

Metabolic disorders (hypo- or 
hyperthyroidism, diabetes)

Iron or erythropoietin 
deficiency

Alzheimer’s disease Perturbed Hb synthesis 
[42]

Health consequences
Cardiovascular disease [52]
Dementia [47]
Depression [46]
Decline in physical performance [43]
Reduced muscle strength and increased risk of falling 
[44]
Restless legs syndrome [48]
Mortality [52]
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both to establish the most appropriate treatment 
and to undertake follow-up investigations to 
identify possible diseases. Non-nutritional ane-
mia may result from blood loss (IBD, hemor-
rhoids), elevated hepcidin resulting from 
systemic inflammation (chronic inflammatory 
disorders such as arthritis, obesity), erythropoi-
etin deficiency (CKD), high serum ferritin 
(tumor-derived in some cancers), and impaired 
Hb synthesis (erythrocyte disorders) [12]. There 
is a strong association between low Hb and 
Alzheimer’s disease (AD), with a 3.41-fold 
increase in anemia in AD being reported [42]. 
Although the etiology is unknown, it has been 
suggested that it involves the oxidation of red 
cell Hb by amyloid beta (Aβ) protein; Aβ is 
enriched in red cell membranes in AD compared 
to healthy controls [42].

Various adverse health outcomes are attrib-
uted to anemia, including decline in physical per-
formance, cognitive impairment, depression, 
dementia, susceptibility to falling, frailty, restless 
legs syndrome, and mortality (Table 8.3). Most of 
these are associations, and the underlying mecha-
nisms are yet to be identified. Anemia results in 
diminished muscular oxygenation, which could 
explain fatigue, decline in physical performance 
[43], and reduced muscle strength [44].

Iron deficiency anemia commonly co-occurs 
with depressive symptoms in older people, but it 
is unclear whether the anemia is nutritional in 
origin or due to chronic disease. There is a plau-
sible underlying pathway as iron plays an impor-
tant role in the oxygenation of the brain and the 
synthesis of many neurotransmitters, and, spe-
cifically, dopamine function, which may explain 
mood disorders [45]. The InCHIANTI study of 
986 Italian men and women, with a mean age of 
75  years, reported that the risk of anemia pro-
gressively and significantly increases with sever-
ity of depression [46]. There is growing evidence 
for a link between iron deficiency anemia and 
dementia. A population-based cohort study in 
Taiwan (all newly diagnosed anemia patients, 
n = 26,343) concluded that newly diagnosed ane-
mia is a risk factor for dementia; the adjusted 

subdistribution hazard ratio (SHR) of dementia 
risk in anemic patients was 1.14 (95% confidence 
interval [CI], 1.08~1.21, p < 0.001). Patients with 
iron supplements tended to exhibit a lower 
dementia risk (adjusted SHR, 0.84; 95% CI, 0.75, 
0.94, p  =  0.002) compared to patients without 
iron supplement [47].

Iron deficiency is also associated with restless 
legs syndrome (RLS), a neurologic disorder char-
acterized by peculiar symptoms typically occur-
ring in the evening and at night. The prevalence is 
between 5 and 10% in Caucasian populations, 
and it is twice as common in women as men. 
Elderly people are more affected than children 
and adults, with the prevalence increasing up to 
60–70 years of age. In elderly patients with RLS, 
the two main problems are cognitive impairment, 
causing a difficult identification of the symptoms, 
and comorbidities, which are far more common 
in this patient population, thus complicating 
diagnosis and treatment [48]. Iron deficiency and 
dopamine metabolism are the two main patho-
physiological mechanisms underlying RLS 
symptoms [48]. A recent systematic review con-
cluded that treatment for 4 weeks with iron (oral 
or IV) was associated with a significant improve-
ment in the International Restless Legs Syndrome 
score [49]. A link between RLS and Helicobacter 
pylori infection has been reported [50], and erad-
ication of Helicobacter pylori was found to pre-
vent subclinical iron deficiency anemia in older 
patients [51].

In a prospective study in Taiwan examining 
the association between iron deficiency and car-
diovascular disease (CVD) and mortality, the 
severity of deficiency was found to be positively 
associated with both CVD and all-cause mortal-
ity [52]. In relation to mortality, anemia and 
hypoalbuminemia are important markers for 
older adults at risk of death within 5 years. It was 
demonstrated that one of these biomarkers gave a 
twofold increased risk for mortality, but when 
both were present, the risk was fourfold [39]. The 
presence of anemia is therefore a useful indicator 
for health professionals when undertaking geriat-
ric screening, such as in primary care.
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 Management

The type of anemia and underlying cause(s) 
determine the most appropriate treatment. In 
addition, any comorbidities should be taken into 
account.

For microcytic anemia, oral iron therapy 
should be considered first, provided there is no 
evidence of malabsorption. Conventional treat-
ment involves two to three oral doses per day of 
ferrous sulfate, which provides 100–200 mg iron. 
However, there are a number of commonly 
reported adverse side effects, including abdomi-
nal discomfort, nausea, vomiting, diarrhea, con-
stipation, and black stools. Alternative forms and 
lower doses of iron are proposed to improve tol-
erance, for example, ferric citrate. The efficacy of 
210  mg iron per day (minimum) was tested in 
patients with chronic kidney disease without the 
need for hemodialysis (NDD-CKD) [53]. 
Gastrointestinal disorders were the most com-
mon adverse events, with diarrhea reported in 
24% and 19% and constipation in 19% and 13% 
of patients treated with ferric citrate and placebo, 
respectively. The authors concluded that oral fer-
ric citrate was a safe and efficacious treatment for 
iron deficiency anemia in patients with 
NDD-CKD.

Low-dose oral iron supplements (15 mg iron/
day) are reported to be as effective as higher 
doses of iron (50 mg iron/day) in anemic octoge-
narians [54]. After 2-month treatment, Hb and 
serum ferritin values increased from 100 to 
113 g/L in the low iron group and from 102 to 
116  g/L in the high iron group. Adverse side 
effects were significantly more common in the 
high iron group. Alternate day dosing with iron is 
another recommended strategy that reduces 
adverse side effects of oral iron supplements. 
Iron absorption is greater with alternate day than 
with consecutive day dosing in iron-deficient 
anemic women [55]. If oral iron therapy is inef-
fective, parenteral iron should be given, usually 
as one to five infusions, followed 6–8 weeks later 
by blood tests to check that the treatment has 
been successful [17].

Anemia caused by folate or vitamin B12 defi-
ciency can be treated with oral supplements. 
Patients with folate deficiency should have con-
comitant vitamin B12 deficiency corrected first 
because repletion of folate can mask concurrent 
vitamin B12 deficiency. Early recognition and 
treatment of vitamin B12 deficiency are crucial 
since a proportion of patients develop severe 
complications, such as bone marrow failure and 
irreversible neurological impairment [19].

 Public Health Nutrition

As with all diet-related chronic diseases, preven-
tion is the optimal goal, but the difficulties of 
mitigating anemia on a global basis are well- 
recognized [56]. There are particular problems in 
countries in which the diets contain iron of low 
bioavailability and where there is a high preva-
lence of diseases and disorders such as thalas-
semia, sickle cell anemia, malaria, and hookworm 
infestation. Low-grade inflammation, often 
referred to as inflammageing [57], is commonly 
found in older people as a consequence of osteo-
arthritis and other age-related conditions 
(Table  8.3). Inflammation is associated with 
increased hepcidin expression (which reduces 
iron absorption) and may be one of the explana-
tions for the high prevalence of IDA in this popu-
lation group.

Various public health strategies are employed 
to address anemia, in particular iron deficiency 
anemia, with varying degrees of success. These 
include food-based dietary recommendations, 
food fortification, nutrient supplements, and bio-
fortification. In order to reduce the risk of anemia 
in older people, it is important to ensure that iron, 
folate, and vitamin B12 requirements are met 
under conditions of falling energy expenditure. 
Consuming micronutrient dense foods is one 
option, although introducing dietary change is 
always a challenge. The development of bioforti-
fied plant foods is a promising way forward [58]. 
A recent meta-analysis of studies examining the 
efficacy of iron-biofortified (compared with con-
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ventional) staple crops on iron status and func-
tional outcomes showed that cognitive 
performance in attention and memory domains 
significantly improved, although there were no 
effects on outcomes such as iron deficiency or 
anemia [59].

 Conclusion

The elderly are a nutritionally vulnerable group, 
and anemia is a widespread problem which 
increases substantially with age. Iron deficiency 
is the most common cause of nutritional anemia. 
A wide range of conditions found in the elderly 
are associated with anemia, such as frailty, bowel 
disorders, chronic inflammatory diseases, certain 
cancers, metabolic disorders, and renal disease. 
Anemia has a major impact on the health of 
elderly people, including decline in physical per-
formance, reduced muscle strength, risk of fall-
ing, depression, cognitive decline, and dementia, 
but the mechanisms for many of these associa-
tions still need to be elucidated.
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 Introduction

Iron is a fundamental component of numerous 
processes that lend themselves to sports perfor-
mance and physical capacity. For instance, iron is 
imperative for oxygen transport and mitochon-
drial energy production, both of which have sig-
nificant implications to aerobic capacity. 
Furthermore, the links between iron and cogni-

tive processing could be important to sport where 
rapid decision-making is necessary. Finally, the 
association between iron and the immune system 
is pertinent, since maintaining an overall healthy 
athlete is essential in reducing the number of 
days of training lost to illness. Accordingly, it is 
for these four reasons (oxygen transport, energy 
production, cognitive processing and immune 
function) that iron is an essential mineral relevant 
to athletic performance.

Despite the clear importance of iron to human 
function, numerous exercise-relevant avenues are 
apparent for increased iron use (i.e. haematologi-
cal adaptation increasing red blood cell volume) 
and iron loss (i.e. sweating, gastrointestinal 
bleeding, haematuria and haemolysis), which 
need to be replaced on a daily basis. However, no 
innate process of endogenously producing iron 
exists to fulfil our daily needs, making the diet (or 
supplementation) our only means of replenishing 
these losses. Accordingly, iron deficiency (ID) is 
a common condition in athlete populations, with 
a particularly high prevalence in four core groups: 
(1) female athletes, due to a combination of exer-
cise-induced iron losses and (periodically) men-
strual bleeding; (2) vegetarians, due to a lack of 
haem iron in the diet; (3) individuals competing 
in endurance-based sports, due to the accumula-
tion of numerous exercise-induced iron loss 
mechanisms; and (4) energy restricted athletes, 
likely a result of diet restriction, poor nutrition, or 
lack of time between training sessions. Although 
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these four groups are identified as ‘greater risk’ 
populations, it is still important to recognise that 
both intermittent sport and male athletes are also 
susceptible to ID. Accordingly, athletes of both 
sexes (up to ~15% of male and ~50% of female 
athlete cohorts) across a range of sport types (e.g. 
endurance, team sports) have been shown to pres-
ent with compromised iron stores [1, 2], an issue 
that can impact physical performance capacity if 
not corrected in the early stages of depletion.

On this basis, the following chapter will define 
the various stages of ID reported in sports medi-
cine literature, before progressing to highlight the 
impact of such mineral deficit on physical perfor-
mance outcomes. Next, we will take a mechanis-
tic look at the various avenues of iron loss and 
malabsorption in relation to exercise, before cul-
minating with the various methods of treatment 
to correct ID in athlete populations.

 What Constitutes an Iron Deficiency 
in Athlete Populations?

A negative iron balance in athletes may result 
from a range of factors including inadequate 
dietary intake, exercise-induced iron losses and 
inflammation [3, 4]. For female athletes, iron 
losses are exacerbated by menses [5]. Over time, 
such events can compromise iron stores and 
increase an athlete’s susceptibility to ID. Debate 
currently exists as to the most appropriate haema-
tological variables (and their cut-off values) that 
should be considered when assessing an athlete’s 
iron status. For a list of iron-related biomarkers, 
their respective thresholds and the associated 
limitations, readers are directed to a comprehen-
sive summary by Clenin and colleagues [6]. 
Regardless, we propose that the minimum rou-
tine clinical assessment of ID in athletes includes 
analysis of the iron indices: serum ferritin, hae-
moglobin concentration and transferrin satura-
tion [3]. These indices are essential for adopting 
a three-stage approach when categorising ID in 
athlete populations (Table 9.1).

Stage 1 ID is characterised by an initial reduc-
tion in serum ferritin, highlighting a depletion in 
total iron stores [8, 9]. Notably, haemoglobin and 

other markers of iron status remain relatively 
unaffected in this stage. Once ferritin stores are 
compromised, Stage 2 ID inevitably follows if no 
remedial action is taken. This stage is character-
ised by low circulating iron levels, including a 
reduction in iron supply to erythroid marrow. 
Such events are distinguished by a decrease in 
transferrin saturation and may include an 
increased total iron binding capacity. Both Stage 
1 and 2 ID are collectively referred to as iron- 
deficiency non-anaemia (IDNA), as healthy hae-
moglobin levels are maintained, despite the 
presence of potentially insufficient iron stores. 
As previously highlighted, due to the lack of clin-
ical consensus, a serum ferritin range of <12 to 
40 μg/L has been used in various literature to cat-
egorise IDNA in athletes. Subsequently, once 
iron transport and storage are limited, haemoglo-
bin synthesis can no longer be maintained. Such 
events represent Stage 3 ID, where serum ferritin, 
haemoglobin and transferrin saturation are all 
compromised, reflecting a state of iron deficiency 
anaemia (IDA); of note, others have proposed 
that IDA manifests when haemoglobin falls 
below 115–120 g/L [6, 9–17]. Nevertheless, cau-
tion must be exercised when assessing iron status 
from single indices. For example, in active popu-
lations, a training-induced adaptation of expanded 
plasma volume can dilute red blood cells, making 

Table 9.1 Common iron indices thresholds required to 
categorise the severity of iron deficiency in athletes

Progressive 
stages of iron 
deficiency in 
athletes

Serum 
ferritin 
(μg/L)

Total 
haemoglobin 
(g/L)

Transferrin 
saturation 
(%)

Stage 1—Iron 
deficiency (ID)

<35 >115 >16

Stage 
2—Iron- 
deficient 
non-anaemia 
(IDNA)

<20 >115 <16

Stage 
3—Iron- 
deficient 
anaemia 
(IDA)a

<12 <115 <16

a Serum soluble transferrin receptor levels of 2.5  mg/L 
may also be considered a reasonable threshold for identi-
fication of IDA [7]
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haemoglobin levels appear reduced when mea-
sured in blood, which, in isolation, could lead to 
a misdiagnosis of iron deficiency, known as 
pseudo-anaemia [18] or sports anaemia [19]. 
Additionally, we know that serum ferritin can 
increase as an acute phase reactant after complet-
ing moderate-intensity exercise [20, 21], and 
therefore, several factors should be considered 
when standardising blood collection procedures 
for athlete populations.

With this in mind, a framework to standardise 
the conditions and frequency of blood screening 
for iron status in athletes is proposed by Sim et al. 
[22]. When deciding the appropriate frequency of 
blood screening (e.g. annually, biannually, quar-
terly), factors such as gender, type of sport, any 
history of ID, dietary preferences, energy avail-
ability and unexplained poor performance need 
to be considered. Blood collection should also 
occur under standardised conditions, including 
(1) samples obtained in the morning, (2) the indi-
vidual presenting in a well-hydrated state (wak-
ing urinary specific gravity <1.025), (3) low to 
moderate activity conducted in the preceding 
24 h and (iv) no signs of infection or illness.

 Impact of Iron Deficiency 
on Physical Capacity 
and Performance

Performance implications of sub-optimal iron 
stores likely depend on the severity of 
ID. Compromised performance as a result of ID 
can be attributed to the role of iron in metabolic 
pathways, which include (1) haemoglobin and 
myoglobin for oxygen transport and (2) the pro-
duction of non-haem iron sulphur enzymes and 
haem-containing cytochromes heavily involved 
in the oxidative production of energy in the form 
of adenosine triphosphate [4]. Unsurprisingly 
during IDA (Stage 3), aerobic performance is 
severely impacted [23]. Nevertheless, during 
IDNA (Stages 1 and 2), compromised tissue oxi-
dative capacity can also impair aerobic perfor-
mance [10, 24]. Such outcomes may place a 
higher demand on anaerobic metabolism, which 
can negatively impact endurance performance by 

increasing lactate production (lowering blood 
pH) and muscle glycogen use.

Despite the key role iron plays in energy pro-
duction, the effects of iron supplementation to 
improve performance in IDNA individuals 
remain equivocal [9, 11, 25–29]. For example, a 
systematic review (18 trials and 2 companion 
papers, n  =  1170 individuals) of both trained 
and untrained IDNA individuals (serum ferritin 
≤20 μg/L and haemoglobin >120 g/L) reported 
no effect of iron supplementation on maximal 
oxygen uptake (VO2max) or time-trial methods of 
testing exercise performance [30]. Additionally, 
a second systematic review specific to IDNA 
athletes (12 studies, n = 283 participants, 91% 
female) reported that half of all studies found no 
performance benefits were found across a range 
of performance-based physical tests (e.g. shuttle 
run, 3000 m run, time-to-fatigue) after iron sup-
plementation was provided to improve iron 
stores [31].

Similar findings have been reported by several 
well-designed randomised, double-blind, 
placebo- controlled trials [9, 15, 17, 26, 29]. For 
example, despite improving iron status through 
intramuscular iron injections (5 × 2 mL of 100 mg 
elemental iron over 10 days) in eight iron-deplete 
female athletes (serum ferritin = 19 μg/L, serum 
soluble transferrin receptor  =  5.9  mg/L), no 
changes in running VO2max, exercise economy 
(@70% VO2max) or time to exhaustion were 
observed [9]. Similarly, in IDNA female net-
ballers (serum ferritin <40 μg/L and haemoglo-
bin >125  g/L), this same intramuscular iron 
injection protocol (as above) did not enhance per-
formance across a suite of physiological tests 
(vertical jump, 10 s power, 5 × 6 s repeat sprint 
test and a 20  m multi-stage shuttle run) [25]. 
Comparable findings have also been reported in 
18 IDNA female runners (serum ferritin <20 μg/L 
and haemoglobin ≥120 g/L) after 8 weeks of oral 
iron supplements (100  mg iron as ferrous sul-
phate per day), where endurance performance 
(VO2max and time-to-exhaustion) remained 
unchanged [17].

Contrary to the aforementioned work, a 
meta- analysis (12 studies, n = 443, 82% female) 
reported that iron supplementation can improve 
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VO2max in IDNA individuals (serum ferritin 
≤35  μg/L and haemoglobin >120  g/L) [10]. 
Notably, the greatest effects on aerobic power 
were recorded in individuals with low VO2max 
(<40  mL/kg/min), typically associated with 
untrained populations. Such observations limit 
the generalisability of these results to well- 
trained athletes. In support of this concept, when 
considering untrained IDNA active women 
(n = 42, serum ferritin <16 μg/L, haemoglobin 
>120  g/L), 6  weeks of oral iron supplements 
(2 x 50 mg ferrous sulphate per day, each con-
taining 10 mg of elemental iron, in conjunction 
with a training programme) improved 15  km 
cycling time-trial performance by ~6.5% [15]. 
As oxygen-carrying capacity generally remains 
unaffected by IDNA, these positive results were 
attributed to an increase in tissue iron status, 
which was proposed to enhance muscle oxida-
tive capacity and the efficiency of oxygen utili-
sation at the tissue level [15]. Conversely, in a 
separate study of 37 untrained IDNA women 
(serum ferritin <16  μg/L, haemoglobin 
>120 g/L), no improvements in 15 km cycling 
time-trial performance were recorded, despite 
receiving a higher dose of iron supplementation 
(135 mg/day ferrous sulphate containing 45 mg 
elemental iron or placebo) for 8  weeks [26]. 
However, the iron- supplemented group in this 
study did demonstrate an improved exercise 
efficiency, as indicated by 2.0  kJ/min lower 
energy expenditure and a 5.1% lower fractional 
utilisation of peak oxygen consumption. 
Observational work in 165 IDNA female rowers 
(Hb >120  g/L) also reports that lower ferritin 
stores (<20 μg/L vs. ≥20 μg/L) were retrospec-
tively associated (2–3 months prior) with slower 
(~21 s) 2 km rowing TT ergometer performances 
[32]. However, in a follow- up RCT, oral iron 
supplements consumed for 6  weeks (100  mg/
day ferrous sulphate) did not improve 4 km row-
ing time-trial performance, regardless of the 
favourable effects on energy expenditure and 
efficiency [29].

Despite ambiguity regarding the effect of iron 
supplements provided to IDNA populations, the 
negative impacts of IDA on performance are well 

established. This has been attributed to a range of 
factors including compromised aerobic endur-
ance, work capacity and energy efficiency. 
Specifically, once erythropoiesis and oxygen 
transport are impaired, a reduction in VO2max 
inevitably occurs. Other serious health conse-
quences of IDA that can affect performance may 
include extreme lethargy, disturbances in immu-
nity, poor thermoregulation as well as impaired 
brain and muscle metabolism [33]. Considering 
the health and performance implications of IDA, 
commencing iron supplements in the early stages 
of the condition should be a priority to prevent 
these significant impairments from occurring. 
From an athletic perspective, a case study 
reported that iron supplements (both oral and 
parenteral) provided over 15  weeks to an elite 
anaemic female runner not only improved her 
iron status (serum ferritin 9.9–27 μg/L and hae-
moglobin 88–130 g/L) but also enabled a gradual 
increase in training load, which, in combination, 
likely facilitated a 3000 m personal best run per-
formance in the following weeks post- 
supplementation [34].

Collectively, the interpretation of this work, 
especially for IDNA populations, is complicated 
by a range of factors. These include the varied 
methods by which performance has been assessed 
(e.g. VO2max, time to exhaustion, submaximal 
exercise economy), the different iron supplemen-
tation protocols employed (oral vs. parenteral 
administration), the various cut-points of iron 
indices used to categorise ID, the training status 
of the population measured (untrained vs. well- 
trained athletes) and the time differential between 
a supplement-induced increases in iron status and 
the time required for positive training adaptations 
to occur. However, in general, any positive effects 
of iron supplements on performance capacity are 
likely dependent on the severity of ID and the 
treatment strategy used to correct it. Specifically, 
individuals presenting with IDA may experience 
the largest performance benefits after iron sup-
plementation; however, for individuals with 
IDNA, where aerobic capacity is typically 
unchanged, the negative impacts of iron-deficient 
erythropoiesis (Stage 2), due to its role in the 
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pathway to energy production, cannot be 
excluded.

Mechanisms of Iron Deficiency in 
Athlete Populations

While iron is clearly important for athletic per-
formance, there are numerous exercise- associated 
mechanisms capable of compromising iron stores 
in athletes. Key adaptive processes that occur in 
response to exercise such as erythropoiesis, DNA 
synthesis and oxidative enzyme production are 
all iron-dependent processes that draw upon an 
athlete’s available iron stores [35]. Consequently, 
these stores may be compromised if dietary iron 
intake is not adequate to support the increases in 
iron demand.

In addition to iron for adaptive response, 
there are also multiple exercise-associated ave-
nues of iron loss suggested to contribute to ID in 
athletes. For instance, iron can be lost through 
sweat, an important physiological mechanism 
that is upregulated to assist thermoregulation 
during exercise. While the amount of iron lost in 
sweat is considered small (~0.14  mg/L) [36], 
these losses may become substantial in athletes 
who exercise multiple times per day or in those 
training in hot environments. In addition to 
sweat, haemolysis is another exercise-induced 
avenue of iron loss, primarily occurring in 
response to the high impact forces from foot 
strike [37] and from the circulatory system com-
pression associated with vigorous muscle con-
traction [38]. This trauma results in the 
destruction of red blood cells, resulting in the 
haemoglobin and associated iron content to spill 
into the surrounding plasma. While there are 
inherent recycling mechanisms in place to clear 
the haemolysed red blood cell and free iron from 
circulation via macrophage activity [39], the 
efficacy of this process may be impaired by 
exercise- induced increases in hepcidin, which 
acts to degrade the ferroportin export channels 
on the cell surface of the macrophage. Finally, 
haematuria and gastrointestinal (GI) bleeding 
are also reported as potential avenues by which 
iron can be lost [3], both of which are commonly 

reported processes that can occur in response to 
high- intensity or prolonged exercise. 
Collectively, accumulation of exercise-induced 
iron loss mechanisms may have negative impli-
cations for an athlete’s iron stores, which may 
contribute to the high prevalence of ID reported 
in athletic populations.

In the last 15 years, the iron regulatory hor-
mone, hepcidin, has been implicated as an 
exercise- induced mechanism that can alter iron 
metabolism in athletes. Exercise-induced 
increases in the inflammatory cytokine, interleu-
kin- 6 (IL-6), directly upregulate hepcidin activ-
ity, likely through the signalling processes that 
increase hepatocyte hepcidin production [40]. 
The resultant hepcidin-ferroportin interactions 
act to limit iron absorption from enterocytes in 
the gut, in addition to reducing the iron recycling 
potential of macrophages [41]. Although this pro-
cess is a necessary homeostatic mechanism of 
iron balance, this exercise-induced increase in 
IL-6 is followed ~3–6  h later by a subsequent 
peak in circulating hepcidin levels [42]. 
Accordingly, iron absorption during this time is 
likely to be transiently impaired, potentially cur-
tailing an athlete’s opportunity to appropriately 
replenish their iron stores. Consequently, the tim-
ing of dietary iron (or supplement) intake 
becomes important and, where possible, should 
occur at a time away from this post-exercise 
period of hormone elevation, to maximise the 
prospects for absorption. In athletes that are 
training multiple times per day, this may be par-
ticularly challenging due to the prospect of 
chronically elevated hepcidin levels. In such 
instances, it is important to consider the diurnal 
variation of hepcidin, which is lowest in the 
morning and gradually increases throughout the 
day [43]. The magnitude of the post-exercise 
hepcidin response also appears influenced by its 
diurnal variation, with greater levels reported 
when exercise is performed in the afternoon, as 
compared to the morning [44]. With this in mind, 
iron absorption is likely to be greatest in the 
morning (with or without exercise) and should be 
considered by athletes and sports dieticians when 
developing strategies to optimise iron absorption 
around exercise.
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Manipulating the IL-6 response magnitude to 
exercise has been explored as a potential strat-
egy to minimise post-exercise hepcidin expres-
sion and improve iron absorption. Exercise 
duration is one of the strongest determinants of 
the post- exercise IL-6 response, which increases 
exponentially as exercise duration progresses 
[45]. Its influence also impacts post-exercise 
hepcidin levels, with longer training sessions 
also exacerbating the post-exercise concentra-
tions [46]. Conversely, exercise intensity and 
modality (i.e. running vs. cycling) are shown to 
have a lesser impact on this post-exercise 
response [21].

Interestingly, the release of IL-6 is acceler-
ated by muscle glycogen depletion [47], which 
means it is possible for carbohydrate ingestion 
to preserve muscle glycogen stores and attenu-
ate the signal for increased IL-6 production. 
This prospect could have subsequent positive 
effects for curtailing elevated post-exercise hep-
cidin levels. However, research to date explor-
ing the use of short-term dietary carbohydrate 
intake, both prior to [48, 49] and during exercise 
[50], in addition to chronic dietary carbohydrate 
manipulations (>7 days) [51, 52], have largely 
been unable to attenuate the post-exercise hep-
cidin response via increases in carbohydrate 
consumption. Rather, it seems more evident that 
exercising in a state of low glycogen availability 
is responsible for augmenting post-exercise 
hepcidin levels [48, 49], and therefore, appro-
priate carbohydrate feeding around exercise is 
likely good practice to minimise (but not attenu-
ate) this response.

 Treatment of Iron Deficiency 
in Athletes

Decisions relevant to the treatment approach 
taken to rectify an iron deficiency in athletes are 
generally made on the basis of condition sever-
ity. Currently, there are three well-accepted 
approaches to treatment: (1) increasing the 
intake of iron-rich foods in the diet; (2) oral iron 
supplementation; or (3) parenteral iron 
administration.

 Increasing Dietary Iron Intake

The most conservative treatment for ID is dietary 
intervention, which is a common initial consid-
eration when athletes present with iron stores 
close to the ‘healthy’ lower limit (i.e. serum fer-
ritin 30–35  μg/L). The recommended dietary 
iron intake is 8 mg/day for males and 18 mg/day 
for females of menstruating age [53]. 
Accordingly, an appropriate initial response to 
any form of dietary correction should involve 
counsel with a trained sports dietician to evalu-
ate if the required needs are able to be met sim-
ply through a ‘food first’ approach. The best 
food choices for obtaining dietary iron come in 
the form of animal meat sources, primarily due 
to the fact that haem iron is better absorbed at the 
gut than the less efficient non-haem form found 
in plant-based foods [4]. Regardless, vegetarian 
athletes can find iron-rich options in foods such 
as leafy green vegetables (e.g. spinach, cabbage, 
bok choy), fortified or whole grain cereals, oats 
and various noodles and rices. Of note, dietary 
assessment and advice should include the co-
consumption of iron absorption enhancers, such 
as vitamin C, while avoiding the intake of iron 
absorption inhibitors, such as phytates, calcium 
and tannins (found in tea and coffee), when eat-
ing foods with the intent of optimising iron 
absorption from the meal [54].

Although a dietary assessment and optimisa-
tion of iron intake from ‘food first’ choices 
should be the initial approach to correcting an ID, 
it must be noted that it is generally hard to signifi-
cantly improve iron stores through food intake 
alone, and therefore, in instances of compro-
mised iron status, oral iron supplementation is 
commonly considered.

 Oral Iron Supplementation

Persistent subjective feelings of lethargy, fatigue 
and general malaise, in association with a blood 
panel showing (at minimum) compromised iron 
stores, may provide indication for the sports phy-
sician and dietician to consider recommending a 
period of oral iron supplementation. Oral iron 
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supplements are usually provided in the ferrous 
form as either ferrous fumarate, ferrous sulphate 
or ferrous gluconate preparations. Currently, fer-
rous sulphate preparations are the established 
standard treatment for depleted iron stores, with 
the literature showing strong efficacy of effect 
when consumed in doses of 60–120 mg of ele-
mental iron per day, for 8–12 weeks [11, 22, 55]. 
However, a significant limitation in the commit-
ment to such supplementation protocols exists on 
the basis of commonly reported GI distress 
symptoms that manifest from regular oral iron 
intake [56].

In order to reduce the GI disturbance 
incurred from oral iron supplements, alterna-
tive slow- release preparations, such as polysac-
charide-iron complexes, have been developed, 
which appear to be efficacious with promising 
rates of gut tolerability [57]. Alternatively, it is 
also possible that the frequency of supplement 
intake could be altered to reduce the incidence 
of GI distress, without impacting the efficacy of 
response. For instance, Stoffel et  al. [58] 
reported a greater fractional and cumulative 
iron absorption in non- athletic females who 
supplemented with 60 mg of iron as ferrous sul-
phate on alternate days for 28  days, as com-
pared with women who supplemented with 
60  mg of iron as ferrous sulphate daily for a 
14-day period. These positive outcomes were 
based on the proposition that intermittent- day 
supplementation avoids a hepcidin- related sup-
pression of intestinal iron uptake following the 
initial high iron dose—i.e. alternate-day sup-
plementation protocols give the body’s hepci-
din response time to recover. When applied to 
an athlete cohort in training, McCormick et al. 
[59] showed that 8 weeks of alternate-day iron 
supplementation (105  mg elemental iron per 
tablet) increased iron stores to the same magni-
tude as daily supplementation, despite 50% less 
iron being consumed over the 8-week period. 
Importantly, such outcomes were concurrent 
with a lower incidence of GI upset in the alter-
nate-day supplement group. Accordingly, it 
appears that an effective oral iron supplement 
strategy for athletes considered to have com-
promised iron stores is to consume ~100 mg of 

iron from an oral polysaccharide-iron complex 
source, on alternate days, for up to 12 weeks.

 Parenteral Iron Administration

Although the outcomes from oral iron supple-
mentation are positive, the process is slow (i.e. 
weeks), and the magnitude of effect may be 
underwhelming or persistently unresponsive in 
severe cases. Accordingly, when an athlete’s 
blood profile indicates an anaemic state (i.e. 
Stage 3 ID) and their haemoglobin mass appears 
compromised, parenteral iron administration 
might be considered by the sports physician. 
Parenteral iron administration has the benefit of 
bypassing the gut, where key limitations in 
absorption exist. The response to an intravenous 
iron source is rapid, with literature reporting a 
200–400% increase in serum ferritin after follow-
 up assessment conducted between 1 and 56 days 
post-administration [11, 28]. Although rapid, 
McKay et  al. [60] report a high variability 
between athletes subsequent to an intravenous 
iron infusion and recommend an individualised 
approach to follow-up testing, with efficacy 
checks at 1 and 6 months post-infusion to track 
the rate of ferritin decay. Furthermore, it should 
also be noted that both Woods et  al. [61] and 
Burden et al. [28] reported significant and rapid 
increases in serum ferritin subsequent to intrave-
nous iron administration in IDNA athletes; how-
ever, neither study showed any impact on athletic 
performance outcomes. Conversely, Garvican 
et al. [11] showed benefits to endurance capacity 
in IDA athletes (i.e. haemoglobin mass compro-
mised) after an infusion-derived increase in 
serum ferritin, likely a result of facilitated eryth-
ropoiesis, suggesting this form of treatment is 
best applied in more severe cases of ID. Finally, 
it should be considered that parenteral iron 
administration comes with some, albeit low, risks 
of negative side effects, which may be as mild as 
skin staining at the site of injection, through to 
(very rare) anaphylaxis [62]. Accordingly, the 
decision to follow this treatment strategy should 
be made in consultation with a trained sports 
physician.
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 Conclusion

It is clear from the evidence presented in this 
chapter that iron is a fundamental mineral of 
imperative importance to an athlete’s health, 
physical capacity and performance potential. The 
various roles that iron plays within the body 
appear to have many interactions with the pro-
cesses that contribute to optimal physical output. 
Therefore, it is essential that athletes maintain 
healthy iron stores to ensure their haematological 
adaptation, oxygen transport and energy 
 production potential are realised. Despite such 
importance, ID is a common diagnosis in athlete 
populations, likely due to the myriad of exercise- 
related mechanisms (e.g. haemolysis, GI bleed-
ing, inflammation and hepcidin elevations) that 
concurrently act to tax iron stores. Although the 
existing panel of blood markers to measure an 
athlete’s iron status are lacking true consensus, 
inferences can be made via the reporting of (at a 
minimum) subjective symptoms of persistent 
fatigue, in association with low serum ferritin 
stores and, in more severe cases, compromised 
haemoglobin levels. Although the impact on 
physical capacity appears to manifest only in the 
later stages of ID, early treatment (i.e. at Stage 1 
or 2) is likely to prevent the late-stage negative 
outcomes. Accordingly, the treatment options 
include an increase in dietary iron intake, the use 
of oral iron supplements or, in more severe cases, 
the use of parenteral iron administration. Of 
course, the direction taken with respect to the 
treatment strategy used should be decided upon 
in consultation with a trained sports dietician and 
sports physician.
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Animal-based foods have traditionally played an 
important role in combating iron deficiency, 
because of the high bioavailability of heme iron. 
However, with the urgent need to change to more 
sustainable and durable diets, greatly increasing 
meat consumption to reach recommended daily 
intakes of iron is not desirable in the present con-
text. Therefore, alternative, more sustainable 
sources of dietary iron need to be identified, such 
as fish or insects. Also, plant-based foods can be 
good sources of dietary iron, such as soybeans 
and lentils. Algae, seaweeds, and mushrooms are 

other foods that can provide important amounts 
of iron, but are often underutilized.

Iron fortification and supplementation are 
interventions aimed at either specific population 
groups (pregnant and lactating women, children 
between 6 and 24 months) or at the general popu-
lation (e.g., iron fortification of staple foods). 
These interventions are often implemented in 
combination with other micronutrients (e.g., folic 
acid). Bio-fortification aims to increase iron con-
tent of foods by breeding techniques and even 
genetic modification approaches.

Non-intentional increases of iron in the diet 
can arise from contamination, either during the 
processing (e.g., milling) or during the prepara-
tion (e.g., brewing) of foods or drinks. Also 
drinking water can contain high amounts of iron, 
and even though having a low bioavailability, this 
iron can contribute to overall iron status of popu-
lations, resulting in iron nutrition being better 
than expected based on dietary assessment in 
some populations.

To improve iron status of populations vulner-
able for iron deficiency, it is not only important to 
identify potential iron-rich food sources, but also 
take into account acceptability and cultural hab-
its. In many countries, food taboos play an impor-
tant role in the etiology of iron deficiency and 
anemia. Finally, affordability and iron bioavail-
ability of the foods identified need to be consid-
ered too. Designing sustainable, acceptable, 
affordable, and durable diets that provide enough 
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iron (and other vitamins and minerals) for popu-
lations, especially those with a high demand for 
iron such as pregnant and lactating women and 
young children, will be a major challenge the 
coming years.

 Introduction

The paradox of iron deficiency in humans is well- 
known: While iron is one of the most abundant 
minerals on earth, an estimated two billion peo-
ple are iron deficient [1]. But most forms of iron 
present in the earth’s crust, such as hematite 
(Fe2O3), are not bioavailable for humans and, 
hence, cannot serve as source of iron for human 
metabolism. Thus, for centuries, humans have 
depended on relatively costly or rare iron-rich 
foods and more or less bioavailable iron com-
pounds in efforts to improve health. Hippocrates, 
in the fourth century B.C., has been credited of 
using watercress, a vegetable rich in iron, as part 
of his treatments [2]. But it would take almost six 
centuries before the nutritional importance of 
iron itself for human health was described by 
Boussingault [1]. Amazingly, Jean-Baptiste 
Boussingault was not medically trained but a 
geologist, who also, for example, reported on the 
role of minerals in soil in plant growth or nitro-
gen balance in animals [1]. And it took a further 
50  years, until 1928, before the role of iron in 
treating nutritional anemia was clearly demon-
strated by Mackay [2]. And even though the role 
of iron in treating nutritional anemia is known for 
almost a century now and iron deficiency is prob-
ably the most prevalent micronutrient deficiency 
globally, most efforts in the last decades to reduce 
the prevalence of anemia and iron deficiency 
have not been altogether successful, and thus the 
prevalence of anemia and iron deficiency contin-
ues to remain high.

Before discussing in more detail different 
potential dietary and non-dietary sources of iron, it 
should be made clear in advance that there is a 
huge difference in the bioavailability of different 
iron compounds. Dietary iron occurs mainly in 
three forms: elemental iron, either as ferrous iron 
(Fe2+) or as ferric iron (Fe3+), and heme iron, that 

is, Fe2+ chelated into a heme complex as found in 
hemoglobin or myoglobin. Heme iron (with 
dietary sources obviously coming from animal-
source foods) has a much higher bioavailability (in 
the range of 10–40%) than ferric iron (bioavail-
ability in the range of 5–15%) coming from plant-
based foods, as ferric iron first needs to be reduced 
to its ferrous state before it can be absorbed [3]. 
Hence, whether iron, ingested through the mouth, 
ends up being absorbed in the duodenum and 
becomes part of human metabolism or, as is the 
case for most of the iron consumed, leaves the gut 
with the stools is for an important part determined 
by its chemical form. When iron comes from foods 
and diets, it is obvious that in addition to iron, 
other (micro)nutrients are also ingested and these 
can induce, depending on their interactions (see 
Chap. 20), promoting or inhibiting effects on the 
absorption and bioavailability of iron. Furthermore, 
specific conditions in the gut itself such as acidity, 
enzymatic activity, microbiome composition, and 
parasite infestation are not constant and can vary 
according to age, health, and populations and 
affect iron bioavailability directly or indirectly 
(such as through inflammation and microbial 
metabolism). As iron bioavailability is covered 
extensively in Chap. 10, the current chapter will 
focus mainly on the potential sources of iron avail-
able to humans, rather than the intricate details of 
absorption itself for each compound or food. 
However, where needed, the bioavailability and 
wider context of certain iron formulations will be 
discussed.

 Iron Sources

Iron can come from many different sources, and 
these sources can be consumed unwittingly of the 
iron content or specifically sought out to increase 
iron intake. In this chapter, we have divided iron 
sources into three different categories:

 I. Common dietary sources of iron: iron in 
everyday foods and diets.

 II. Intentionally increased iron intake (dietary 
and non-dietary).

 III. Non-intentionally increased iron intake.
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In the first category, the common dietary 
sources, iron intake is discussed in the context of 
typical examples of regular foods and ordinary 
diets worldwide, as well as the impact of dietary 
restrictions on iron intake is covered. Furthermore, 
the increased iron requirements in pregnancy and 
lactation in relation to dietary iron sources are 
examined. Under intentionally enhanced intake 
of iron, we discuss fortification and bio- 
fortification of staple foods and specific food 
items with iron as well as iron supplementation. 
In addition, iron-specific dietary diversification 
and food-based interventions are also considered, 
including interventions targeting food processing 
and cooking techniques. Finally, under the non- 
intentional sources of iron, contamination of 
foods with environmental iron including iron- 
rich drinking water is discussed.

 Common Dietary Iron Sources

Dietary patterns around the world differ widely, 
and as the iron content of foods consumed also 
ranges widely, the contribution of diet to overall 
iron intake ranges from negligible to excessive 
intakes. Surprisingly perhaps, there is no clear 
consensus on the amount of iron that needs to be 
consumed on a daily basis. Different recommen-
dations, with different physiological bases, are in 
common use. For example, the estimated average 
requirement (EAR), set by the Institute of 
Medicine (IOM, USA), estimates the average 
intake needed in a given population, whereas the 
recommended dietary allowance (RDA) or rec-
ommended dietary intake (RDI) gives the amount 
of iron needed to assure that 97.5% of a popula-
tion achieves the requirements for that nutrient. 
The IOM assumes a bioavailability of iron of 
18%, whereas the FAO/WHO have made recom-
mendations based on diets with different bioavail-
ability, some of them as low as 5% (Table 10.1). 
As a result, recommended dietary intakes of iron 
range from 3 mg/day to >50 mg/day, and perhaps 
even more perplexing to non- nutritionists is that 
some recommended intakes from FAO/WHO are 
higher than the upper limits set by the IOM.

Table 10.1 FAO/WHO and IOM recommended daily 
intake recommendations for iron (mg/day), by age group

Age (years)a

FAO/WHO 
recommended 
nutrient intakesb

Institute of 
Medicinec

Dietary reference 
Intakes

Estimated 
bioavailability

EAR RDA ULd5% 10% 15%
0.5–1 18.6 9.3 6.2 6.9 11 40
1–3 11.6 5.8 3.9 3.0 7.0 40
4–6 12.6 6.3 4.2 4.1 10 40
7–8 17.8 8.9 5.9 4.1 10 40
9–10 17.8 8.9 5.9 5.7–

5.9
8 40

11–13 male 29.2 14.6 9.7 5.9 8 40
11–13 female 
(pre- 
menarche)

28.0 14.0 9.3 5.7 8 40

11–13 female 
(post- 
menarche)

65.4 32.7 21.8 – – 40

14–17 male 37.6 18.8 12.5 7.7 11 45
14–17 female 62.0 31.0 20.7 7.9 15 45
Male 
(>18 years)

27.4 18.8 9.1 6 8.0 45

Female 
(18–50 years)

58.8 29.4 19.6 8.1 18 45

Female 
lactating 
(>18 years)

30 15 10 6.5 9 45

Pregnant 
women 
(>18 years)e

– – – 22 27 45

Female 
post- 
menopausal

22.6 11.3 7.5 5 8 45

a  The age categories of the FAO/WHO and Institute of 
Medicine recommendations differ slightly

b  Vitamin and mineral requirements in human nutrition: 
2nd edition. WHO/FAO. 2004

c  Dietary references intakes for vitamin A, vitamin K, 
arsenic, boron, chromium, copper, iodine, iron, man-
ganese, molybdenum, nickel, silicon, vanadium, and 
zinc. Institute of Medicine, 2001. EAR estimated aver-
age requirement; FAO Food and Agricultural 
Organization of the United Nations; IOM Institute of 
Medicine; RDA Recommended Dietary Allowance; 
UL tolerable upper intake levels; WHO World Health 
Organization

d  UL or tolerable upper intake levels were determined on 
appearance of gastrointestinal side effects when iron was 
consumed on an empty stomach

e  WHO recommends supplementation of 30–60  mg ele-
mental iron per day for pregnant women
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It is estimated that today >40% of the world 
population has an inadequate intake of iron, with 
diets in Asia and sub-Saharan Africa especially 
lacking in iron [23]. Milman, using data from 49 
dietary intake surveys in 29 European countries, 
reported median intakes in Europe varying from 
7.6 mg of total iron/day (Bosnia) to 18.5 mg total 
iron/day (Lithuania and Slovakia) [4]. 
Interestingly, 19 out of these 29 countries 
reported daily iron intakes for nonpregnant 
women of reproductive age (WRA) of <11 mg/
day, and in almost all countries, >50% of women 
had a daily intake of <15 mg/day, the most com-
monly used RDA for WRA. Dietary iron intake 
in several African countries was even more vari-
able, ranging from 3.8 mg/day in South Africa to 
>50 mg/day in Ethiopia [5]. Iron intakes in WRA 
were inadequate in 34% of women in Kenya, to 
100% of women in South Africa. In contrast, 
dietary iron intake in WRA in Ethiopia was inad-
equate in <12% of the women [5]. Ferguson et al. 
used linear programming to identify for which 
nutrients the recommended nutrient intakes 
(RNIs) were likely not to be met in five Southeast 
Asian countries [6]. They found that realistic 
ordinary diets were unlikely to provide the RNI 
for iron in infants in Cambodia, Indonesia, Laos, 
Thailand, and Vietnam and for WRA in Cambodia 
and Vietnam, even when including two servings 
of chicken liver/week.

 Iron in Animal-Based Foods

Increasing intake of iron-rich foods to allow indi-
viduals to meet daily iron requirements is often 
considered synonymous to increasing intake of 
animal-source foods. Common foods associated 
with a high iron content are often also animal- 
source foods, such as liver and blood-containing 
products. As animal-source foods contain heme 
iron, the bioavailability of the iron is also high. 
Chicken liver, for example, contains ~10  mg of 
iron/100 g [7], while sausages containing blood 
are reported to have from ~7  mg of iron/100  g 
(Scottish black pudding) to up to 30–50  mg 
iron/100 g (Spanish and Peruvian blood sausages) 
[3]. In several Asian countries, so-called blood 

curd is popular either as a snack or added to soups. 
Blood curd contains ~25  mg iron/100  g [8]. 
However, these products are almost never con-
sumed daily and more often restricted to special 
occasions. Contrary to popular belief, other forms 
of animal products contain considerably less iron, 
even though highly bioavailable, with chicken or 
beef meat containing only ~1.0–4.0 mg iron/100 g. 
Eggs are also not a good source of iron, contain-
ing on average 1.8 mg iron/100 g, which is mainly 
concentrated in the egg yolk. Moreover, egg white 
appears to inhibit the absorption of non-heme iron 
[9]. Cow’s milk is a disappointingly poor iron 
source (0.5 mg iron/L), and cow’s milk consump-
tion in early childhood is even associated with 
iron deficiency [10].

However, at the same time, the EAT-Lancet 
commission report on sustainable and healthy 
diets promotes a sharp shift towards eating less 
animal-source foods derived from animal hus-
bandry. Indeed, this report acknowledges the 
delicate balance between increasing nutrient 
intake and decreasing the impact on climate 
change in many low- and middle-income coun-
tries while estimating that, by 2050, only 13 g of 
protein from animal-source foods per day is 
available for sub-Saharan Africa [11]. Hence, 
alternative dietary sources of iron with a lower 
carbon footprint need to be identified (e.g., fish, 
shellfish) and preferentially introduced into local 
diets. Several species of fish are rich in micronu-
trients, including iron that is mainly in the form 
of heme iron and high molecular complex-bound 
non-heme iron, both of which have a higher bio-
availability than non-heme iron from plant 
sources [12]. Studies from Bangladesh and 
Cambodia report iron content of small freshwater 
fish ranging from 0.6 to 14.4 mg total iron/100 g 
raw edible freshwater fish and from 0.3 to 3.3 mg 
total iron/100  g for marine fish [13–15]. In 
Bangladesh, 3 out of 25 species of fish had a high 
iron content (>5.0  mg/100  g), with heme iron 
ranging from 0.4 to 4.9 mg. In Cambodia, over 
50% (9 out of 16) of the fish species analyzed had 
a high iron content, with heme iron ranging from 
1.3 to 5.4 mg/100 g [16]. Interestingly, the fish 
Esomus longimanus, which is found in rice fields 
in Cambodia, contained 45.1 mg iron per 100 g 
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edible parts, of which 36.0  mg was heme iron. 
One serving of  traditional Cambodian sour soup 
made with this species of fish would supply 
~45% and ~ 42% of the daily requirement of iron 
in WRA and children, respectively. Shrimp and 
prawns were reported to have total iron concen-
trations ranging from 0.6 to 14.3 mg/100 g, with 
the percentage of heme iron ranging from 18% to 
93% of total iron (0.4–4.9  mg/100  g). Adding 
small dried fish to plant- based diets can substan-
tially enhance the content (and bioavailability) of 
iron in the diet, as well as increase the amount of 
other minerals, such as zinc and calcium. 
Consumption of fish in the world has quadrupled 
in the last 40 years, and in many countries, espe-
cially in South and Southeast Asia, fish repre-
sents ~28–75% of animal protein consumption, 
with the lowest-income households spending 
more money on fish than on other animal- source 
products [12]. This underscores the potential 
value of fish as a source of dietary iron among 
vulnerable groups [17] and the relevance of ini-
tiatives such as improving aquaculture and 
marine practices to safeguard and increase their 
potential as a sustainable food source. This would 
thereby contribute to more sustainable diets and 
could reduce the impact of food systems on cli-
mate change [18].

Insects are drawing increased attention as a 
potentially nutrient-rich food source in human 
diets. More than 2000 insect species are edible 
and are consumed frequently in tropical regions. 
Several insect species (e.g., crickets, palm wee-
vils, termites, and caterpillars) are especially rich 
in zinc and iron [19]. In Thailand, the iron con-
tent of edible parts from four different insects 
obtained from supermarkets of street hawkers 
ranged from 2.8 mg iron/100 g for the mulberry 
silkworm (Bombyx mori L.) to 9.1 mg iron/100 
for the scarab beetle (Holotrichia sp.) [20]. A 
study comparing four commonly consumed 
insects with sirloin beef showed that cricket and 
sirloin beef had comparable high levels of iron, 
higher than grasshopper or buffalo worms. 
However, iron solubility was higher from insects 
than beef, and the in vitro iron bioavailability in 
buffalo worms and sirloin was comparable to that 
of ferrous sulfate (FeSO4) [21]. However, there 

are also some disadvantages to insect consump-
tion, as they contain anti-nutrient components 
(e.g., chitin and chitosan) and also may contain 
allergens and toxic bioactive compounds, host 
parasites, and pathogenic bacteria. Lastly, insects 
may potentially be contaminated with pesticides 
and heavy metals from the environment [20, 22].

 Iron in Plant-Based Foods
Plant-based foods have the potential to be iron- 
rich, even more than animal-source foods, but 
iron bioavailability is much lower. However, the 
largest component of most diets is generally 
plant-based foods, rather than animal-source 
foods, as they are more affordable, more acces-
sible, and, in some cases, more acceptable, than 
animal-source foods. For example, legumes, 
including beans, peas, and lentils, are good 
sources of iron. Soybeans contain around 7.8 mg 
iron/100 g, and fermented soybean products can 
provide from 1.8–2.1  mg iron/100  g of tofu or 
tempeh up to 12  mg iron/100  g for Japanese 
natto. Lentils are another iron-rich food, provid-
ing 7 mg iron/100 g. White, lima, red kidney and 
navy beans, chickpeas, and black-eyed peas pro-
vide 3.5–5.2 mg iron per 100 g of cooked prod-
uct. Nuts and seeds are also iron-rich plant-based 
foods. Seeds that are richest in iron include 
pumpkin, sesame, hemp, and flaxseeds, contain-
ing ~12–42  mg iron/100  g. Nuts, including 
almond, cashews, pine, and macadamia nuts, 
contain ~3.5–5.6 mg iron/100 g. Some types of 
vegetables also contain high concentrations of 
iron and are often also rich in vitamin C, a nutri-
ent that can enhance iron absorption. Leafy 
greens, such as spinach, kale, swiss chard, col-
lard, and beet greens, contain ~2–5 mg iron/100 g 
of cooked product. Other vegetables, such as 
broccoli, cabbage, and brussels sprouts, contain 
~0.6–1.4  mg iron/100  g of cooked product. 
Whole grains, such as amaranth, spelt, oats, and 
quinoa, contain ~2.2–4.1  mg iron/100  g of 
cooked product. However, phytates, fibers, and 
plant matrix effects may significantly reduce iron 
bioavailability in these foods as well as, albeit 
often to a lesser extent, in all plant-based foods.

Algae and seaweed are also micronutrient- rich 
(including iron), although the nutritional compo-
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sition of brown, red, and green seaweeds varies 
between species, season, and ecology of the har-
vesting location [23]. In Venezuela, four species 
of marine algae (Ulva sp., Sargassum sp., 
Porphyra sp., and Gracilariopsis sp.) were shown 
to be good sources of ascorbic acid and (bioavail-
able) iron, with iron concentrations ranging from 
15.5 mg (Prophyra sp.) to 196 mg/100 g of dry 
weight (Gracilariopsis sp.) [24]. All algae, added 
as a dose between ~10 and 20 g to a rice-based 
meal, significantly increased iron absorption, up 
to fivefold of the absorption value of the rice- 
based meal alone, probably due to both the high 
vitamin C concentration and a low or non- existent 
phytate content (an antinutrient that can reduce 
iron absorption). Samples of edible algae 
Porphyra vietnamensis growing along different 
localities of the West Coast of India had iron con-
centrations in a range of ~33–298 mg iron/100 g 
of dry weight [25]. However, edible seaweed can 
also contain significant heavy metal concentra-
tions, even though intake is generally below toxic 
levels, unless there is regular and sizeable con-
sumption of seaweed. Bioaccumulation of arsenic 
is a risk, and more studies of heavy metal toxico-
kinetics are needed before any recommendations 
can be made [23]. For P. vietnamensis, the recom-
mended daily intake was 1.3 g/day to avoid any 
risk of arsenic toxicity. Spirulina, a cyanobacteria 
or blue-green algae that has received a lot of atten-
tion in the last 20  years, could also be a good 
source of iron and other micronutrients, as iron 
content ranges between 58 and 180 mg/100 g of 
dry weight [26]. Finally, a potential source of iron 
is mushrooms. A study on the iron content of 30 
edible mushrooms in Turkey found an average 
content of 36 mg iron/100 g of edible parts (rang-
ing from 5 to 84 mg iron/100 g) [27]. However, in 
general, mushrooms are not normally consumed 
on a daily basis, and more research is warranted in 
this area.

 Iron Intake in Specific Cases: Dietary 
Restrictions and Increased 
Requirements
Certain individuals or population groups abstain 
from consuming certain food groups because of 
religious beliefs or cultural taboos. For examples, 

some individuals follow vegan or vegetarian 
diets, which lack animal-source foods. These 
diets are often associated with an increased risk 
for both iron deficiency and anemia [28]. 
However, Clarys et  al. showed that the overall 
dietary iron intakes of vegans in Belgium were at 
least as high as those of their peers who were 
consuming an omnivorous diet (23 vs. 17  mg 
iron/day); hence, differences in iron status are 
most likely due to the lower bioavailability of 
iron from plant-based diets [29]. Food taboos are 
another factor that can influence iron intakes, but 
are often ignored or not well-documented. In 
many cultures, food taboos exist—especially for 
pregnant and lactating women—often resulting 
in a lower intake of essential nutrients. For exam-
ple, in North Laos, up to 80% of women adhered 
to postpartum food restrictions, which included 
eating only rice in the postpartum month(s). In a 
study in Addis Ababa, Ethiopia, almost 20% of 
pregnant women avoided certain foods during 
pregnancy, including organ meat and dark green 
leafy vegetables. Women avoiding these food 
groups had a significant higher risk for anemia 
[30]. Dietary restrictions can also arise from tra-
ditional and social hierarchic food distribution 
patterns within the household, often allocating 
expensive, animal-source foods to the adult men, 
resulting in restricted access to high-iron foods 
by women and children. Many traditional beliefs 
and practices also restrict infant diets, often with-
holding animal-source foods during the first year 
or beyond. In Thailand, a common belief is that a 
child should not be given fish, before she/he can 
say “Pla” (meaning fish in Thai), to avoid the risk 
of choking on the bones.

Nutritional status of the mother during preg-
nancy and lactation is an important determinant 
of the nutritional status of the newborn, but most 
iron is already transferred to the infant during the 
last trimester of pregnancy and during delivery, 
with maternal iron preferentially being trans-
ferred to the fetus, as long as maternal iron status 
permits [31]. Indeed, the amount of iron in human 
breastmilk is low, ~0.6  mg/L during the first 
month of lactation and declining to around 0.2–
0.3  mg/L at 6  months postpartum, with appar-
ently no correlation between maternal iron status 
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and breastmilk iron concentration [32]. Iron in 
human breastmilk is present as lactoferrin, which 
has a very high bioavailability (~50%) [33]. 
Lactoferrin serves both as an iron-carrier and 
chelator, thereby potentially having bacteriostatic 
activities. Yet, despite the high bioavailability of 
lactoferrin, concern exists over the iron intake of 
fully breastfed infants after 4 months, with iron 
deficiency being more prevalent in infants exclu-
sively breastmilk for 6 months [34]. Iron intake 
in the second half of infancy should come 
mainly from complementary foods, with recom-
mended intakes of iron ranging from 6 to 18 mg/
day depending on the bioavailability of iron in 
the diet (Table 10.1). Unfortunately, most tradi-
tional complementary foods, especially in low- 
and middle-income countries (LMIC), have a 
low nutrient density, and when they contain 
iron, this is often found in combination with 
fiber and phytic acid, which may reduce nutrient 
absorption [35]. Concomitantly, infants and 
young children require high nutrient intakes and 
absorption to support their high growth velocity. 
As a result, many infants and young children in 
LMIC become iron deficient during the first 
2  years of life, as dietary iron intakes are low 
and bioavailability of ingested iron is low as 
well. Moreover, boy infants appear to be at an 
even higher risk for anemia and iron deficiency 
than girls [36, 37]. One possible explanation for 
these sex-specific differences may be the higher 
growth rate of male infants, as compared to 
females, leading to increased iron requirements 
in males. We estimated that daily iron intake of 
male infants should be almost 1 mg/day higher 
than that of female infants to achieve similar 
iron body stores [36].

 General Considerations on Dietary 
Sources of Iron

Unfortunately, data on the iron status of a popula-
tion or data on the iron content of foods is not 
always available, and many iron-rich foods are 
underutilized. In many cases, iron deficiency 
prevalence is estimated from anemia prevalence, 
which is inaccurate as anemia is caused by a myr-

iad of causes, which may comprise of both nutri-
tional and non-nutritional causes. It is also 
important to evaluate diets that are actually and 
realistically consumed, especially in the most at- 
risk populations. In LMICs, where nutritional 
anemia is often a serious public health problem, 
the risk of iron deficiency is often higher in young 
children and in WRA, especially in pregnant and 
lactating women. And as prevalence of iron defi-
ciency is higher in lower socioeconomic status 
groups, the dietary iron sources that are afford-
able and available are often limited. It is thus cru-
cial for approaches that aim to improve dietary 
diversity to consider specific situations and con-
straints to assess how the local food basket can 
realistically contribute to covering nutrient 
requirements, especially iron requirements in this 
case.

 Intentionally Increased Iron Intake 
(Dietary and Non-dietary)

The intentional enhancement of iron intakes can 
be roughly divided into dietary strategies and 
non-dietary strategies. Dietary strategies encom-
pass dietary diversification, bio-fortification, and 
fortification of staple foods, whereas non-dietary 
strategies include supplementation, as well adap-
tation of food processing techniques. Dietary 
strategies and supplementation are covered under 
other chapters in this book (see Chaps. 26 and 
27). Therefore, only a brief summary is provided 
and some examples are given in Table 10.2.

Supplementation is regarded as the most 
straightforward intervention to improve dietary 
iron intakes, although it is often considered as a 
short- to medium-term solution to fight iron defi-
ciency. However, supplementation programs, 
such as iron and folic acid (IFA) supplements for 
pregnant and lactating women, have been in place 
for decades. The World Health Organization rec-
ommends IFA supplements for pregnant women 
at risk for iron deficiency, with supplements pro-
viding 30–60  mg of elemental iron/tablet, and 
women typically receive 90–180 tablets, to be 
taken during pregnancy and during the first 
months of lactation. Recommended iron intake in 
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Table 10.2 Examples of interventions to intentionally increase dietary iron intake

Target group

Intervention strategies to increase dietary iron intake

Supplementation Fortification Bio-fortification
Dietary 
diversification

Pregnant and 
lactating women

IFA supplements, 
containing 30–60 mg 
of iron

Iron-fortified drinks 
[48]
Iron-fortified foods [48]

Women of 
reproductive age

Weekly IFA 
supplements [49]

Iron-fortified drinks 
[48]

Adolescent girls 
(10–19 years)

Intermittent IFA 
supplements

Fortified drinks [50]

Young children 
(6–23 months)

Home fortification with micronutrient powders 
[51]

Whole 
population

– (Mandatory) 
fortification of rice, 
wheat, or maize flour, 
condiments [52]

Rice (genetically modified 
or conventional breeding), 
sweet potato, cassava root, 
wheat [53]

Increased intake 
of legumes [54]

IFA iron and folic acid

pregnancy is high (>20  mg/day, Table  10.1), 
whereas the tolerable upper intake level (UL) set 
by the IOM is 45 mg/d, giving a narrow window, 
and indeed complaints on gastrointestinal side 
effects are not uncommon. A Cochrane review on 
daily IFA supplements showed that this strategy 
is effective, with iron deficiency at term reduced 
by 57% [38]. Moreover, limited evidence sug-
gests that improving iron status of women before 
conception through weekly IFA supplements can 
have a positive impact on birth weight [39]. 
However, the long-term sustainability of provid-
ing iron supplements is questionable, as well as 
that there is a potential negative interaction with 
infectious diseases, with, for example, a study 
from Tanzania showing an increase in morbidity 
and mortality in children receiving iron and folic 
acid supplements, not only due to malaria but 
also to other infectious diseases [40]. A special-
ized type of supplementation is home fortifica-
tion with micronutrient powders (MNPs), which 
could be regarded as a method of delivery “in- 
between” supplementation and fortification. The 
purpose of home fortification with MNPs is to 
increase micronutrient intake of children between 
6 months and 2 years of age, by adding the MNP 
to the meal of a child, thereby providing ~12.5 mg 
of elemental iron. The use of MNP reduces the 
risk for anemia and iron deficiency by an esti-
mated 18% and 53%, respectively [41]. However, 
some studies have reported an increase in diar-
rheal disease with the use MNPs, and there is also 

a concern for increased gut inflammation and 
negative effects on the child’s intestinal microbi-
ome due to the high iron content [42]. In view of 
the serious potential drawbacks and the many 
implementation and uptake challenges of the 
existing supplementation strategies, new iron 
supplementation approaches are needed, with 
new formulations that provide a lower overall 
dose of iron, but with a higher bioavailability, as 
extensively described in Chap. 26.

Food-based approaches include a wide range 
of different strategies such as dietary diversifica-
tion, food fortification, and bio-fortification. 
Food-based approaches aim to deliver micronu-
trients through the diet, and these interventions 
are considered appropriate as medium- and long- 
term strategies, with good acceptability and sus-
tainability. Dietary diversification aims to 
increase the number of food groups being con-
sumed, thereby providing a wider variety and 
higher concentrations of nutrients in the diet. 
These interventions are discussed in detail in 
Chap. 27.

If the iron content of diets is low, bio- 
fortification or iron fortification of staple foods 
can be used to increase iron intakes, either as a 
parallel approach or as a transitional supportive 
approach until behavioral changes in dietary 
diversity come into effect. Indeed, iron fortifica-
tion is feasible for a wide range of food vehicles, 
including rice, fish and soy sauce, salt, or bouil-
lon cubes [43]. However, some strategies appear 
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to be more effective than others [44, 45]. Also, 
there is concern about monitoring fortification 
programs, as many LMIC countries lack the 
resources for certifying appropriate levels of iron 
fortification. A recent estimate from four African 
countries showed that iron-fortified foods con-
tributed to <15% of the RDI for WRA, mainly 
because iron fortification levels were below stan-
dard. If standards were met, iron-fortified foods 
could contribute up to 65% of the RNI for WRA 
[46]. Bio-fortification aims at increasing iron 
content of crops through breeding techniques or 
genetic engineering. However, pure conventional 
breeding techniques might sometimes be insuffi-
cient, for example, for rice, while genetic engi-
neering of rice could potentially increase iron 
content of the rice kernel up to four times [47]. 
Food fortification and bio-fortification are 
described in detail in Chaps. 24 and 27.

 Indirect Methods to Increase Dietary 
Iron Intake: Food Processing 
and Preparation

Food processing in its simplest forms includes 
milling, grinding, and cooking and has the poten-
tial to markedly increase the bioavailability of 
iron. The development of interventions to opti-
mize food processing techniques to improve iron 
content and bioavailability may provide sustain-
able tools to improve dietary iron uptake at mini-
mal cost. Examples are parboiling of rice, 
germination, limited washing of rice, absorption 
cooking, or the promotion of whole grain or par-
tially milled grains. Parboiling is the process of 
heat treatment of rice after soaking. For example, 
by using iron-fortified water during the soaking 
process, the parboiled rice can obtain significantly 
higher iron concentrations than rice soaked with 
regular water. However, other processes are less 
straightforward, such as the germination of white 
sorghum, which not only reduced phytate content 
but also iron content; hence, overall effects on 
iron status remain to be investigated [55].

Another approach is using food processing 
techniques to improve the bioavailability of iron. 
For example, fermentation is one of the oldest 
food processing techniques known to mankind 

[56]. Fermentation of maize and of black-eyed 
peas (Vigna unguiculata) significantly increased 
iron uptake in Caco-2 cells [57, 58]. While most 
fermentation processes do not significantly 
increase the iron content of foods, they may have 
a positive impact on iron bioavailability by reduc-
ing the phytate content, breaking down the plant 
matrix, and sometimes increasing the content of 
iron absorption enhancing substances, such as 
vitamin C. A special case is the fermentation of 
complementary foods, mainly maize- or 
sorghum- based porridges in East and West 
Africa, either spontaneously with lactic acid 
bacilli or added yeast. Although most studies 
show increases in iron solubility after fermenta-
tion, the question remains whether there is a real 
impact on iron bioavailability as phytic acid-iron 
ratios remained high [59].

Over the last decades, other non-dietary inter-
ventions have been developed with the aim to 
increase the iron intake of populations. For exam-
ple, the practice of cooking in iron pots, rather 
than in aluminum pots, was introduced as poten-
tial intervention to increase iron intake, as iron 
leaches into the food during cooking. A study 
conducted in Ethiopia showed a positive impact 
of the use of iron pots on iron status in young 
children. The authors estimated that cooking in 
iron pots resulted in 0.24 mg available elemental 
iron/100  g cooked food, compared to 0.05  mg 
available elemental iron/100 g cooked food from 
aluminum pots [60]. However, given the low 
amount of iron in the cooked food in relation to 
the RDA of iron and the low bioavailability of 
iron, whether this increase on iron status was 
clinically important is questionable. Harvey et al. 
reviewed the impact of non-food sources of iron, 
including iron of cooking pots, and concluded 
that any impact on iron status is highly uncertain 
[61], while a more recent review is relatively 
more positive on the potential impact of cooking 
in iron pots [62]. But in a well-conducted study in 
Benin, serum ferritin concentrations were lower, 
rather than higher, in children and women using 
iron pots for 6 months [63].

The consumption of traditional beers in 
Southern Africa has also been associated with 
higher iron status and has even been associated 
with iron overload [64]. Beer brewed in iron pots 
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in South Africa contained between ~15 and 
68 mg iron/L, and ~ 10% of the beer consumers 
had evidence of iron overload [65]. The long 
brewing process and the relative acidity of the 
home brew were factors that likely promoted the 
increased iron content and bioavailability.

The impact of the more recent, and exces-
sively promoted, “Lucky Iron Fish” on iron status 
is in contrast highly questionable. These small 
iron ingots in the form of a fish are added to the 
water while cooking food, and iron is purportedly 
leached into the water (and into the cooked food). 
Depending on acidity, 3–80 mg iron/L is reported 
to be released [66]. But the surface of cast-iron 
cooking pots is much larger than of the ingot; 
hence, the biological plausibility of these small 
ingots leaching so much iron is questionable. 
Indeed, a randomized controlled trial in Cambodia 
did not find any impact of the Lucky Iron Fish on 
iron status [67], and furthermore, there are also 
concerns that heavy metals such as arsenic and 
lead could leach out of the iron ingot. More 
research on these products is needed to establish 
their safety and efficacy.

 Non-intentionally Increased Iron 
Intake (Dietary and Non-dietary)

Finally, dietary iron intakes can be increased 
non-intentionally by inadvertent high iron con-
centrations in foods, or even non-foods, as a 
result of external or environmental factors.

 Environmental Contaminants

Non-intentional enhancement of iron intake is 
most often the result of contamination of foods or 
drinks. A well-known example is the Ethiopian 
cereal teff, which when processed traditionally in 
small-scale iron grinding mills can lead to daily 
iron intakes of >200 mg [61]. However, studies 
report wide variations in the amount of iron that 
can be absorbed due to iron contamination of 
foods. In Senegal, the amount of iron in millet 
that came from contamination varied between 10 
and 80% of the total iron content [68], and 

Greffeuille et al. reported that traditional milling 
of maize in Benin doubled or even tripled iron 
content [69]. An important question is how much 
of the contaminating iron is freely available for 
absorption. An extreme example of non- 
intentional non-dietary iron intake is pica. Pica is 
often defined as the craving for eating abnormal 
substances, such as earth, clay, or solid ice (in 
large amounts). Data from studies on pica sug-
gests that most iron coming from soil is not bio-
available. Pica is often associated with iron 
deficiency, and one hypothesis on the etiology of 
geophagy (eating of earth) is that iron deficiency 
triggers geophagy, as a way to replenish iron 
stores [70]. However, even though soils and clays 
often contain large amounts of iron, in the order 
of 2–3  mg/g, bioavailability of the iron is very 
low. Indeed, addition of soils or clay to cooked 
white beans reduced iron uptake in Caco-2 cells, 
suggesting an inhibitory effect [71].

 Iron in the Environment

Another non-intentional source of dietary iron 
intake can occur when drinking water or soil con-
tent is also high in iron. Karakochuk et al. ana-
lyzed groundwater from wells in Prey Veng 
province in Cambodia and reported that ~70% of 
samples exceeded the recommended maximum 
level for iron, with a mean concentration of 
1.4  mg iron/L [72]. Indeed, iron coming from 
groundwater could explain the discrepancy 
between dietary iron content of foods in 
Cambodia [6] and biochemical data showing 
very low levels of iron deficiency in the popula-
tion [73]. In a study in Bangladesh, iron in drink-
ing water ranged from 0 to 79 mg iron/L, with 
iron content in some areas up to ~4 mg iron/L, 
contributing to a daily intake of ~11  mg/day. 
Pregnant women living in the high-iron areas had 
significant lower risk for iron deficiency and iron 
deficiency anemia [74]. Finally, iron soil content 
is associated with plant growth, and iron- deficient 
soils can lead to retarded plant growth and chlo-
rosis. Increasing the iron content of soil can be 
done through application of ferrous sulfate 
(FeSO4) or organic fertilizers. The higher iron 
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content of the cultivated plant can help to increase 
dietary iron intakes and thereby reduce the risk 
for iron deficiency populations consuming those 
plants [75].

To conclude, the first step to identify strategies 
to increase iron status in humans is to assess 
dietary iron intakes and sources. Dietary iron can 
come from many different food sources or can be 
consumed as a result of food contamination, food 
processing, or the environment. In addition, non- 
dietary strategies, such as oral supplementation 
with iron tablets, are commonly used to increase 
iron intakes in individuals. But a high dietary iron 
intake is not equivalent to a high iron status, as 
iron bioavailability is a critical determinant of 
iron uptake and is affected by many factors. 
Furthermore, a fine balance is needed between 
improving iron status when needed, without 
unnecessary exposure to high amounts of (poorly 
absorbable) iron with potentially negative health 
effects, not even mentioning the potential toxicity 
of iron overload. Ultimately, a single golden bul-
let to solve the problem of iron deficiency does 
not exist. This is the lesson that needs to be drawn 
from all public health interventions in the last few 
decades aimed at reducing the prevalence of ane-
mia and iron deficiency. Therefore, a wider per-
spective is needed, starting with comprehensive 
measurement of the prevalence of iron deficiency 
and/or anemia in a population; an extensive 
examination of the potential causes, underlying 
risk factors, and the groups most affected; and, 
finally, the determination of optimal approaches 
to address iron deficiency and/or anemia in the 
target population.
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11Iron Bioavailability: Enhancers 
and Inhibitors

Manju B. Reddy, Isaac Agbemafle, 
and Seth Armah

 Introduction

Iron bioavailability (IBA) refers to the amount of 
absorbed iron that is available for normal physi-
ological functions and storage. Dietary iron 
absorption is influenced by the physicochemical 
form of iron and the dietary factors that influence 
their absorption in the gastrointestinal tract. 
Dietary iron exists in two distinct forms, heme 
and nonheme iron, and their relative proportions 
determine food IBA.  Heme iron, which comes 
from hemoglobin and myoglobin, is mainly 
found in animal-source foods, and nonheme iron 
is present in both plant and animal foods. 
Although ~10–15% of total dietary iron origi-
nates from heme iron in meat-containing diets, it 
contributes to ~40% of the daily iron requirement 
because of its higher absorption of ~25% [1]. 
Dietary sources of nonheme iron include nuts, 
legumes, vegetables, and grain products. 

Absorption of nonheme iron is known to be much 
lower (<10%) than heme iron. The entire of non-
heme iron forms a common iron pool in the 
digestive tract, and iron absorption from this pool 
is affected by factors in the diet, as well as physi-
ological factors specific to the individual, such as 
iron status. The total IBA is ~14–18% from 
mixed diets that include both heme and nonheme 
iron as was estimated recently [2].

Extensive reviews were published recently on 
iron absorption and IBA [3–5]. Heme iron is 
absorbed as an intact porphyrin molecule by what is 
assumed to be a different mechanism than nonheme 
iron. The intact metaloporphyrin enters the mucosal 
cell using a receptor at the brush border after the 
globin is separated by intestinal proteolytic 
enzymes. Dietary heme iron absorption is relatively 
unaffected by dietary factors, except by calcium, 
but inversely influenced by the individual iron sta-
tus, similar to nonheme iron. Once heme enters the 
enterocyte, iron is released from heme by heme 
oxygenase before entering the common cellular 
iron pool and being transferred to the plasma.

Similar to heme iron absorption, nonheme 
iron absorption is also inversely influenced by 
iron status. Nonheme iron uptake in the gut epi-
thelium is much better characterized than for 
heme iron. It is transported by enterocytes 
through divalent metal transporter (DMT-1). 
Although absorption from the nonheme iron pool 
constitutes a major fraction of daily iron intake, 
unlike heme iron, its absorption depends on the 
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presence of a variety of dietary components 
ingested simultaneously. In general, the factors 
that solubilize iron in the lumen dictate its bio-
availability. Several dietary components, such as 
ascorbic acid and animal products like meat, fish, 
and poultry (MFP), are important in increasing 
IBA.  Inhibitors such as phytate from bran and 
seeds and polyphenols from coffee, tea, and 
legumes could bind iron tightly and cause the 
inhibition of its absorption. Although it is not 
clear, calcium may inhibit nonheme iron absorp-
tion [6]. Vitamin A, carotenoids, oxalic acid, and 
inulin (non-digestible carbohydrate) have also 
been shown to affect iron absorption, but the data 
is inconclusive [1, 4]. Ferritin iron is taken up by 
an endocytic mechanism [7], but results from 
another group show that ferritin is degraded dur-
ing digestion releasing nonheme iron [8]. Ferritin 
iron absorption is similar to ferrous sulphate in 
human subjects [9] and does not suggest that it is 
absorbed differently from nonheme iron.

While individual effects of each factor are 
well-studied in single meal human absorption 
studies, understanding the interplay of nutrients 
and non-nutrients and their effects in a mixed 
meal is complex. Nonetheless, mixed diets have 
generally shown smaller effect of enhancers and 
inhibitors on iron bioavailability compared to 
single meal absorption studies [10–12]. The 
effect of individual enhancers and inhibitors of 
IBA is described below.

 Muscle Tissue (MFP)

Animal tissue not only offers highly absorbable 
heme iron but is also known to enhance nonheme 
iron absorption. The positive influence of animal 
tissue on nonheme iron absorption in humans has 
been reported by several researchers using single 
meal absorption studies. A dose-response increase 
in iron absorption was reported when pork meat 
was added to high phytate, low- ascorbic acid-con-
taining meal suggesting the positive effect of meat 
even from an inhibiting meal [13].

The effect of animal tissue on nonheme iron 
absorption was found not to be due to differences 

in the quality and quantity of the proteins, and all 
animal tissues, such as pork, beef, chicken, liver, 
lamb, and fish, had similar enhancing effects on 
iron absorption, whereas egg, milk, cheese, and 
ovalbumin protein had no enhancing effect [14–
16]. It is well-known that animal tissue enhances 
nonheme iron absorption, but the mechanism is 
not clear. The positive influence of animal tissue 
has been attributed to an unknown “factor” 
hypothesized to prevent iron from polymerizing 
and maintain iron in a stable soluble form suit-
able for absorption [17]. A clear understanding of 
the positive effect of meat has not yet been 
achieved, but the data suggest that proteins 
and/or their constituents in meat interact with 
nonheme iron and maintain its solubility. Meat 
proteins may possess nonheme iron absorption-
enhancing capabilities because of certain amino 
acids and intermediary products, likely produced 
during gastrointestinal digestion. These substitu-
ents may chelate and solubilize iron, thereby 
facilitating nonheme iron absorption by the gut 
mucosa.

Researchers have also suggested that the 
amino acid profile of proteins was responsible for 
the differences observed in iron absorption. 
Initially, evidence suggested that the enhancing 
effect of cysteine-containing peptides released 
from digestion of meat was responsible for reduc-
ing and chelating iron [18]. Histidine and lysine 
were also found to increase iron absorption when 
given concurrently with ferric iron in rat intesti-
nal segments [19]. Extrapolating the results from 
rat studies to humans is however questionable 
due to the limited sensitivity of rats to enhancing 
and inhibiting dietary factors [20]. A further 
study suggested that the “meat factor” may not be 
due to a single peptide fraction but more likely to 
be a multitude of small peptides [21].

In a human study, the protein fraction of 
chicken and beef were shown to be responsible 
for increasing iron absorption, even though the 
authors did not clearly rule out the potential 
enhancing effect of other fractions in the meat 
[22]. Histidine content of low-molecular-weight 
beef proteins produced following in vitro diges-
tion was shown to be responsible for increased 
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IBA in a cell culture model [23]. However, using 
a similar cell culture model, another research 
group [24] showed that the low-molecular-
weight carbohydrates of fish muscle tissue were 
responsible for increasing nonheme iron uptake 
in caco-2 cells. These carbohydrates are sug-
gested as oligosaccharides, possibly glycosami-
noglycans, which are part of the muscle tissue 
matrix.

In a pilot study with a food supplement that 
contained fish cartilage glycosaminoglycans 
containing no iron, researchers reported an 
improvement in iron status in 4  months [25], 
which supports the enhancing effects of glycos-
aminoglycans on IBA. However, it does not rule 
out the confounding effect of other components 
present in the cartilage. On the contrary, no 
enhancing effect of commercial glycosamines 
was found in humans when iron absorption was 
measured with stable isotopes [26], but authors 
suggested that differences between naturally 
occurring glycosamines and the commercial 
product may be attributed to these disagree-
ments. Using a combination of biochemical 
methods to identify and purify the components 
in beef coupled with testing in humans showed 
that purified L-a- glycerophosphocholine can 
also enhance iron absorption from a meal con-
taining low amounts of inhibitors [27]. However, 
based on the information available to date, no 
clear evidence exists to clearly identify the 
nature of the “meat factor.”

The enhancing effect of meat from whole 
diets is not clear. In a controlled feeding study, 
researchers showed that adding 60 g pork meat to 
the high phytate Polish and Danish diet for 5-day 
increased iron absorption significantly [28]. On 
the contrary, only a marginal increase was 
observed when the subjects increased their ani-
mal tissue intake to 300  g/day for 5-day com-
pared to their habitual diet [12]. Nonetheless, a 
recent meta-analysis indicates that there is a posi-
tive association of animal flesh foods and iron 
status in adults within the developed countries, 
but it is not clear on the optimum quantity or fre-
quency of flesh intake required to maintain or 
achieve a healthy iron status [29].

 Ascorbic Acid

Ascorbic acid (AA), mainly found in fruits and 
vegetables, is well-known for its reducing and 
antioxidant properties and, most importantly, as a 
powerful enhancer of iron absorption. AA acts by 
forming a soluble chelate with iron at the low pH 
of the stomach, which is maintained in the intes-
tine, thus preventing the formation of insoluble 
and unabsorbable iron compounds with other 
ligands (i.e., phytates) [30]. Investigations by 
other researchers suggest that the AA-iron com-
plex is absorbed intact in the duodenum, and oth-
ers indicate that the binding mechanism 
predominates over the ferrireductase activity of 
AA [31]. Interestingly, AA is a cofactor of duo-
denal cytochrome b (Dcytb), the main enzyme 
that reduces iron from ferric to ferrous form at 
the luminal membrane of the enterocyte [32]. 
Thus, AA increases iron absorption by reduction 
mechanisms involving ferric to ferrous conver-
sions, allowing its effective transport.

There is ample evidence from many single- 
meal radioisotope studies in humans on the dose- 
dependent enhancing effect of native or added 
AA on iron absorption. When tested with added 
AA, the increase in iron absorption from a semi-
synthetic meal was directly proportional to the 
amount of AA added over a range of 25–1000 mg 
[33]. Similarly, Ballot et al. [34] showed that iron 
absorption with different fruit juices was closely 
correlated with the AA content of the juices. The 
addition of 15  mg synthetic AA also improved 
the nonheme iron absorption from a basic rice 
meal by 98% [35].

Even in the presence of inhibitors such as phy-
tate, polyphenols, calcium and the proteins in 
milk products [30, 36], AA can counteract their 
inhibitory effects to increase the absorption of 
both native and fortification iron. For example, 
the inhibitory effects of phytic acid from cereals 
were overcome by AA to increase iron absorption 
up to 84% in maize and 48% in wheat [37]. 
Evidence from other studies suggest that adding 
50 mg or more AA prevented the dose-dependent 
inhibitory effects of polyphenols and phytates on 
nonheme iron absorption from meals [30, 36]. 
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However, comparing single meal to whole meal 
studies, AA enhancing effect on iron absorption 
is modest in whole meal studies [11]. This is 
probably the reason why a systematic review by 
Hunt et al. [38] did not show a significant effect 
on iron status after prolonged supplementation 
with AA.

Other authors have argued that the AA/Fe 
molar ratio is an important determinant for the 
final effect on iron absorption. Available evidence 
point to a 2:1 ratio for low phytate content foods 
and up to 4:1 for high phytate content food [31, 
39]. However, it should be noted AA is sensitive 
to temperature and air exposure and that food 
processing techniques may decrease its concen-
tration and oxidize it to decrease its enhancing 
effect on iron absorption [31].

 Phytic Acid

Phytic acid (myo-inositol hexakisphosphate, or 
IP6) is the primary inhibitor of iron absorption in 
plant-based diets. When phytic acid is bound 
with minerals such as calcium or magnesium, it 
is refred as phytate. Phytate is present in gener-
ous amounts in nuts, legumes, and seeds, reach-
ing up to ~5% by weight [40]. In these foods, it is 
the predominant storage form of phosphorus, 
storing close to 80% of phosphorus in some foods 
[40]. Phytate intake is also very high in develop-
ing countries due to the frequent consumption of 
plant-based foods and is of major concern mostly 
because of its contribution to mineral deficien-
cies, particularly iron and zinc. For example, 
daily phytate intake in Nigeria is about 3× the 
daily intake in the UK [41]. Phytate is an ester of 
inositol with up to six phosphate groups that are 
partially ionized at physiological pH [40]. The 
negatively charged phosphate groups provide 
strong affinity for metallic cations including iron. 
Phytate binds to these metals to produce com-
plexes that are insoluble, hence rendering them 
almost unabsorbable [42]. The inhibitory effect 
of phytate is mostly attributed to the higher inosi-
tol phosphates with five or six phosphate groups 
(myo-inositol hexaphosphate-IP6 and myo- 
inositol pentaphosphate IP5), with little or no 

effect of the lower inositol phosphates on iron 
solubility [43].

Phytate inhibits iron absorption in a dose- 
dependent manner, hence reducing phytate con-
tent of the meal leads to improved absorption. 
For example, Hurrell et al. [44] demonstrated that 
reducing the phytate content of soy protein iso-
lates from 4.9–8.4 mg/g to ≤0.01 mg/g resulted 
in 4–5× improvement in iron absorption. It is rec-
ommended that, to improve iron absorption from 
phytate-rich foods, the phytate to iron molar ratio 
should be reduced to less than 1:1  in cereal or 
legume-based meals that do not contain any iron 
absorption enhancers or less than 6:1  in meals 
that contain meat or ascorbic acid [1]. This rec-
ommendation is particularly necessary in coun-
tries or populations where iron deficiency is 
prevalent. The inhibitory effect of phytic acid can 
be reversed by the addition of ascorbic acid sug-
gesting that it has lesser affinity for iron than 
ascorbic acid [30]. Reducing the phytate content 
of meals can be achieved by several methods 
including milling, heat treatment, soaking, ger-
mination, fermentation, and addition of exoge-
nous phytase enzyme [45]. Many of these food 
processing techniques are used commonly in 
low-resource countries.

Phytases are enzymes that catalyze the phos-
phate monoester hydrolysis of phytate to produce 
intermediate and lower forms of inositol phos-
phates (IP-1, IP-2, IP-3, IP-4, and IP-5) which 
have lower binding capacities for iron, zinc, and 
other metallic cations [43]. Increased phytase 
activity in germination occurs through de novo 
synthesis of the enzyme or endogenous phytase 
activation or both [46]. Germination has been 
reported to decrease phytate content by as much 
as 40% [46]. In fermentation, microflora on the 
surface of cereal grains produce phytase that 
breaks down phytate. The fermentation process 
also provides a suitable pH for the enzymatic 
breakdown of phytate [47]. Soaking helps to 
reduce phytate content in foods which have phy-
tates stored in water-soluble forms, such as 
sodium or potassium phytates [47].

Despite the overwhelming data on the signifi-
cant inhibitory effect of phytate on nonheme iron 
absorption, it has also been shown that the 
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 inhibitory effect is less pronounced when a 
mixed meal is considered, as compared to what 
is observed in single-meal studies. For example, 
the inhibitory effect of a mixed diet that was high 
in phytate, calcium, and polyphenols consumed 
over a 2-week period was statistically signifi-
cantly lower (3.2% absorption) compared to the 
inhibitory effect observed when absorption was 
measured from a single meal (2.3% absorption) 
[48]. In a more recent study [49], decreased 
inhibitory effect of phytate on nonheme IBA was 
shown when persons regularly consumed high 
phytate diets. We have also demonstrated in a 
regression model using complete diet data that 
while among the dietary factors, phytate contrib-
uted the most significantly in determining non-
heme iron absorption, it explained <1% of the 
variability in iron absorption, compared to ~35% 
for serum ferritin [50]. This supports the asser-
tion that the inhibitory effect of phytates on non-
heme iron absorption is decreased in a mixed 
and varied diet. These efforts to reduce the phy-
tate content of foods, especially in the more 
monotonous diets in low-resource countries 
where iron and zinc deficiencies are rife, are still 
necessary to address these micronutrient 
deficiencies.

 Polyphenols

Polyphenols are naturally occurring secondary 
metabolites of plants. They are known major 
dietary inhibitors of iron absorption because of 
their ability to form insoluble complexes or co- 
precipitates under neutral to alkaline conditions 
during digestion [51]. Other studies have reported 
polyphenols could inhibit the activity of digestive 
enzymes [52, 53]. It is likely that polyphenols 
bind to digestive enzymes to inactivate them; 
thus, iron may remain complexed within the non-
digested starch and protein molecules. The inhib-
itory effect of polyphenols from vegetables, 
legumes, spices, red wine, different teas, cocoa, 
and coffee on iron uptake is dose-dependent and 
has been attributed to the galloyl groups in its 
structure [52–54].

This inhibitory nature of polyphenols present 
in different plant foods has been investigated in 
many human isotopic absorption studies. Short- 
term human studies suggest that all major types 
of food polyphenols are potential inhibitors of 
nonheme iron absorption, but the degree of inhi-
bition might vary with the type of polyphenols 
present in the foods. For example, polyphenols 
from black tea are more potent inhibitors than 
herbal teas, while polyphenols in coffee are com-
paratively less inhibitory [52]. Polyphenols are 
also found in beans, and its removal from beans 
has been shown to significantly increase iron 
absorption by 2.6-fold [51].

Available evidence from long-term in  vivo, 
rodent, and in  vitro studies show conflicting 
results of the reputed inhibitory effects of poly-
phenols on iron absorption [55]. In one long-
term in  vivo study, the authors found no 
correlation between polyphenol (i.e., tannin) 
supplementation and iron absorption or status 
[55], while in another study, authors found a 
negative correlation between body iron status 
and coffee or tea consumption [56]. In vitro 
studies have recognized these conflicting results 
among heterogeneous classes of polyphenols 
due to their inherent propensity of forming min-
eral complexes of varying solubility, as well as 
their prospective reducing properties on ferric 
iron [57]. Considering the iron/polyphenol molar 
ratio, one can conclude that some polyphenols 
are conditionally promotive at certain molar 
ratios (e.g., luteolin-7-glucoside, cyanidin-
3-glucoside), while others are inhibitory to iron 
uptake (e.g., malvidin) [57].

The inhibitory effect of polyphenols is 
decreased when they are consumed ~1 h after the 
meal [58]. Given the diverse chemical properties 
of polyphenols, further studies are required to 
elucidate if certain polyphenols can increase 
IBA.  This is particularly important given that 
polyphenol bioavailability can differ according to 
their structural changes (i.e., deconjugation of the 
glycosylated moiety) that occur during passage 
through the gastrointestinal tract [58]. 
Polyphenols have also been identified to cross- 
link intestinal mucins, which modulates barrier 

11 Iron Bioavailability: Enhancers and Inhibitors



146

properties, thus affecting nutrient absorption 
[58]. This may have implications in facilitating 
iron uptake, as mucin binding plays an impera-
tive role. Other factors, such as gender and base-
line iron status, may also influence the impact of 
polyphenols on iron parameters. For example, 
green and black tea consumption had no effect on 
iron status in males but significantly decreased 
iron status in females and furthermore in females 
with low baseline ferritin levels [59].

 Calcium

Calcium is unique in the sense that it has been 
shown to inhibit both heme [6] and nonheme iron 
absorption [6, 60]. Initially, the inhibitory effect 
was suggested to occur during the transport of 
iron across the basolateral membrane from the 
enterocyte to the plasma because absorption of 
both forms of iron is equally inhibited. However, 
it was also suggested that the inhibition takes 
place during the initial uptake into the entero-
cytes [61]. It is possible that calcium might inter-
nalize the DMT1 receptor, limiting the transfer of 
luminal iron into enterocytes, or it might interfere 
with transfer of iron across the enterocyte though 
ferroportin (FPN). Using a cell culture model, it 
has been shown that FPN abundance was 
decreased with calcium treatment, thereby 
decreasing iron efflux only temporarily [62]. The 
authors suggested this adaptation may explain 
the discrepancy between long-term supplementa-
tion in single-meal studies as discussed below.

The evidence is convincing from single-meal 
absorption studies that some forms of supple-
mental calcium (e.g., calcium carbonate, calcium 
citrate, and calcium phosphate) inhibit nonheme 
iron absorption when they are consumed simulta-
neously with the food and the degree of inhibi-
tion varied if they were given with the high (28%) 
or low bioavailability (55%) meals [60]. 
Providing milk to a breakfast meal affected iron 
absorption, but the inhibitory effect of calcium 
was dampened when provided with orange juice, 
suggesting the importance of meal composition 
on calcium inhibition [63]. A stronger inhibition 
on iron absorption was reported in another study 

from a bread roll meal whether inorganic or 
dietary calcium was added in a dose- dependent 
manner [6]. The majority of the information on 
calcium inhibition came from single-meal studies 
fed to fasting subjects, but the magnitude of 
effect was diminished in the context of mixed 
diets that contained various enhancers and inhibi-
tors. The effect of increasing average dietary cal-
cium intake to 1280 mg/d from 680 mg/day for 
5 days was not shown to inhibit iron absorption 
[10, 64]. A later study by another group sup-
ported these results showing consumption of a 
glass of milk with the three main meals or of an 
equivalent amount of calcium from fortified 
foods did not decrease nonheme- iron absorption 
from a 4-day diet [64].

It is unclear whether dietary or supplemental 
calcium affects iron status. In a 6-month supple-
mentation study, calcium supplements (1200 mg/
day) given with meals did not reduce plasma fer-
ritin concentrations in iron-replete adults con-
suming a Western-style diet containing moderate 
to high amounts of calcium [65]. In a randomized 
controlled trial, consumption of a milk product 
fortified with iron that provided 100% of the rec-
ommended daily iron intake did not improve iron 
status over 4  months in iron-deficient women, 
which can be attributed to calcium but does not 
rule out the effect of casein in the product [66].

 Conclusion

Although nonheme iron contributes a higher 
proportion of dietary iron intake compared to 
heme iron, its poor bioavailability results in 
lower contribution to absorbed iron. The effect 
of enhancers such as AA and animal tissue and 
inhibitors such as phytic acid, polyphenols, and 
calcium on nonheme iron absorption is particu-
larly strong in single meals. In complete diets, 
the effects of these dietary factors are modest. 
Efforts to improve iron bioavailability are neces-
sary especially in developing countries where 
iron deficiency is rife, and attention needs to be 
directed mostly on reducing phytic acid which 
plays a major role in iron deficiency due to its 
abundance in plant-source foods from these 
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countries. Encouraging the consumption of ani-
mal-source foods would also improve iron status 
through both its highly bioavailable heme iron 
content and its enhancing effect on nonheme 
iron absorption.
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 Introduction

There are many nutrition-related causes of ane-
mia beyond iron, and deficiencies such as folate, 
vitamin B12, and vitamin A can also adversely 
affect hematopoiesis and lead to anemia [1]. In 
particular, vitamin A deficiency (VAD) may 
increase the risk of iron-deficient erythropoiesis 
and anemia as a result of altering the absorption, 
storage, release, or transport of iron to the mar-
row [2]. Because vitamin A is essential for an 
adequate innate and acquired immune response, 
VAD may also contribute to inflammation- 
induced sequestration of iron and other responses 
to infection that increase risk of anemia [3, 4]. 
Interventions that prevent or treat VAD therefore 

have the potential to help reduce risk of anemia 
induced by undernutrition, infection, or other 
inflammatory processes, especially where both 
VAD and anemia are highly prevalent.

While low- and middle-income countries pro-
vide context for a modern public health focus on 
VAD as a cause of anemia, historically its asso-
ciation with anemia has been observed when and 
where nutritional and disease stresses have been 
apparent [5]. Nearly a 100  years ago, Danish 
orphans with xerophthalmia were noted to be 
“weak, thin and markedly anemic” [6]. In China, 
Berglund and Yang described an anemia that 
responded to treatment with cod liver oil [7]. 
Nearly all infants in a case series reported from 
the United States in the 1930s who had died with 
histopathologic evidence of vitamin A deficiency 
had, on autopsy, sequestered deposits of iron in 
the liver and spleen [8]. In rat experiments, pro-
gressive vitamin A deficiency was noted to cause 
a fall in hemoglobin prior to developing xeroph-
thalmia [9], degenerative changes in the bone 
marrow [10], and heavy deposits of hemosiderin 
[8]. Animal experiments were followed by early 
clinical studies suggesting that anemia could also 
be a consequence of VAD in humans [11, 12].

In the late 70s, a biphasic hematologic 
response also became apparent in human studies, 
with hemoglobin concentration initially falling, 
followed by a polycythemia in the presence of 
severe VAD [13]. The finding of hemoconcentra-
tion in late-stage VAD, attributed to a disturbance 
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in fluid balance and reduced water intake, has 
since been repeatedly observed in different spe-
cies [9, 10, 14].

From the mid-1950s onward, multiple 
population- based surveys among children and 
adults consistently noted an interdependence 
between serum retinol and blood hemoglobin 
levels, serving to strengthen evidence of this bio-
logic linkage [2]. In the 1970s, Hodges and col-
leagues carried out a small but detailed and 
seminal study in which the hemoglobin concen-
tration of 5 male volunteers on a chronic, vitamin 
A deficient diet dropped 30% (from a mean of 
161–114 g/L), despite receiving adequate dietary 
iron and later, therapeutic iron supplementation 
[13]. Their hemoglobin returned to normal fol-
lowing either daily vitamin A or β-carotene sup-
plementation, suggesting that vitamin A is 
required for an adequate hematologic response to 
iron. Subsequent studies have revealed blunted 
responses to supplemental iron in children 
marginal- to-deficient in vitamin A (assessed by 
plasma retinol) [15] and improved responses to 
iron in anemic children [16, 17], adolescents 
[18], and pregnant women [19] when provided 
with vitamin A.  Over the years the metabolic 
interactions of vitamin A and iron deficiencies in 
affecting risk of anemia, and the potential of vita-
min A to enhance effects of iron to attenuate risk 
of anemia have been of continued research, 
review, and program interest [1, 2, 5, 20].

After briefly reviewing vitamin A and health 
consequences of VAD, we focus on anemia as a 
disorder of VAD [21], the hematologic response 
to vitamin A, and plausible iron metabolic path-
ways that may respond to shifts in vitamin A 
nutriture. As childhood and pregnancy represent 
life stages of greatest risk for vitamin A defi-
ciency [20, 22–24], iron deficiency, and anemia 
[5, 25, 26], the chapter focuses on evidence in 
these vulnerable groups.

 Vitamin A

Vitamin A, an essential micronutrient for humans, 
refers to a group of fat-soluble compounds 
including retinol, retinal, and retinyl esters. 

Vitamin A is needed for vision, immune cell 
function, growth, and reproduction [20]. Dietary 
requirements are high in the first year of life to 
support growth and development, and are slightly 
higher in pregnancy and almost double in lacta-
tion compared to non-pregnant, non-lactating 
[27]. Dietary sources of vitamin A include pre-
formed vitamin A (retinol and retinyl ester) in 
animal source foods and provitamin A carot-
enoids (β-carotene, α-carotene, and 
β-cryptoxanthin) in dark green leaves, yellow- 
orange vegetables and fruit, egg yolk and, 
increasingly, in biofortified crops and tubers [28, 
29]. These sources are converted to retinal and 
retinoic acid and stored as retinyl esters [30]. 
Vitamin A status is most commonly assessed via 
serum or plasma retinol concentrations [31], dis-
tributions of which differ between vitamin 
A-sufficient and deficient populations and, 
among the latter, shifts in response to food-based 
vitamin A interventions [32]. For simplicity, we 
will refer to serum or plasma retinol as serum 
retinol.

 Vitamin A Deficiency Disorders 
(VADD)

Vitamin A deficiency causes a wide range of 
health consequences, or disorders (Fig.  12.1), 
including poor growth, impaired host immunity, 
and epithelial defenses that can increase severity 
of infection and risk of hearing loss and death. 
With increased severity, VAD causes xerophthal-
mia, involving progressively severe stages of eye 
disease that include night blindness, conjunctival 
xerosis leading to an appearance of Bitot’s spots, 
corneal xerosis, and potentially blinding kerato-
malacia. Less appreciated and recognized, VAD 
also causes a nutritional anemia [20]. With the 
exception of night blindness, consequent to a 
lack of retinaldehyde within the visual cycle, 
most lesions are likely mediated by roles of reti-
noic acids on nuclear receptor-mediated gene 
expression, transcription, translation, and further 
protein modifications in the absence of sufficient 
nutrient that modify cellular, extracellular, and 
systemic metabolism [30]. The prevalence of 
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Fig. 12.1 Vitamin A deficiency disorders

VAD (serum retinol <0.70 μmol/L) among pre-
school children has remained at ~30% in devel-
oping regions of the world [22, 33]. However, 
severity and thus also consequent xerophthalmia 
and child mortality have likely declined in 
response to vitamin A supplementation programs 
and food fortification efforts over the past 3–4 
decades [34]. Mild-to-moderate vitamin A defi-
ciency appears to be a problem in school-aged 
children and adolescents, although its extent and 
health consequences at these ages remain poorly 
estimated [23]. The World Health Organization 
(WHO) has estimated 15% of pregnant women, 
or ~19 million, to be vitamin A deficient, among 
whom half develop night blindness [22], the most 
common symptom of deficiency [24] and a con-
dition that has, in one large South Asian study, 
been associated with a threefold higher odds ratio 
(95% CI: 1.5–7.23) of anemia [35].

 Anemia as a VADD

While iron deficiency is the leading cause of 
nutritional anemia, vitamin A joins several hema-
tinic nutrients, including vitamins C, E, B6, and 
B12 and folate that, when deficient, can adversely 
affect iron-dependent erythropoiesis and contrib-
ute to anemia [1]. Vitamin A deficiency, for 
example, may compromise iron absorption, stor-
age, transport, and delivery to bone marrow [1, 2, 

5], reduce erythrocytosis by lowering erythropoi-
etin production [36–38], or may induce iron 
sequestration due to increased severity of infec-
tion [4]. The classic study by Hodges et al. was 
likely reflecting some of these blunted effects of 
vitamin A deficiency on iron metabolism [13] as 
have other studies. For example, in South Africa 
vitamin A deficiency appeared to blunt serum 
iron and transferrin saturation responses in school 
children who were given a soup fortified with 
iron (20  mg) and vitamin C (100  mg) [15]. 
Increased serum ferritin concentrations sug-
gested that iron had been absorbed and stored, 
but not released in children whose plasma retinol 
concentrations were <0.70  μmol/L.  In the evi-
dence that follows, from studies of association, 
treatment trials, animal experiments, and in vitro 
studies, it seems apparent that a fraction of ane-
mia in undernourished populations may be a con-
sequence of VAD and thus reparable following 
vitamin A intervention.

 Evidence of Association: Vitamin 
A Deficiency and Anemia

Vitamin A and hematologic status covary, as do 
risks of vitamin A deficiency and anemia in 
undernourished populations. In many settings 
serum retinol and hemoglobin concentrations are 
correlated, whether expressed on an ecological 
basis, as reported by Hodges et  al. from eight 
country surveys of non-pregnant, non-lactating 
women in 1978 (r = 0.77, n = 8, p < 0.05) [13] or 
as seen in populations of children, adolescents, 
and pregnant women among which correlation 
coefficients have ranged from r = 0.08–0.90 [39–
50]. A number of studies have quantified the 
association between serum retinol or, its surro-
gate retinol binding protein (RBP) and blood 
hemoglobin concentrations in different popula-
tions [40, 44, 50–57]. From some of these stud-
ies, it is possible to calculate the change in 
hemoglobin that might be expected if vitamin A 
status (i.e. serum retinol) was to increase in a 
population, as presented in Table 12.1. Estimates 
of changes in hemoglobin range from 0.01 to 
0.77 g/L for each μg/dL increase in serum retinol. 
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Table 12.1 Differences in blood hemoglobin per unit increment in serum/plasma retinol from surveys and observa-
tional studies

Region
Country 
[reference]

Age (year)/
sex

Sample 
size

Increment in Hb (△g/L) per μg/dL 
(μmol/L) in serum retinol

Prevalence (%)
VADa Anemiab

Multiple 
regions

Eight countriesc

[13]
15–45/F
(NPNL)d

NR 0.70 (20.5) Varied Varied

North 
America

Mexico
[50]

0.5–11/M&F 1770 0.01 (0.3) NRe 17

South 
America

Brazil
[52]

0.5–10/M&F 1111 0.06 (1.7) 14 14

Central Asia Kazakhstan
[44]

8–17/M&F 159 0.19 (5.5) 1 27

Southeast 
Asia

Thailand
[51]

6–12/M&F 567 0.15 (4.3) 3 31

Thailand
[53]

1–8/M&F 1060 0.54 (15.5) 44 100

South Asia Bangladesh
[40]

11–16/M 381 0.14 (3.9) 2 7

Bangladesh
[54]

5–12/M&F 242 0.17 (4.9) <3 NR

Pakistan
[46]

4–8/M&F 120 0.77 (22.0) 17 100

Bangladesh
[55]

5–15/F 225 0.34 (9.9) 11 22

Nepal
[56]f

15–44/F
Placebo
β-Carotene
Vitamin A

349
479
405

0.38 (11.0)
0.29 (8.4)
0.18 (5.2)

19
14
3

73
67
68

a VAD = vitamin A deficiency defined as plasma/serum retinol <0.70 μmol/L (20 μg/dL)
b Anemia defined as Hb <110 g/L for children aged 6–59 months, Hb <115 g/L for children aged 5–11 years, Hb 
<115 g/L for children aged 12–14 years and non-pregnant women, and Hb <130 g/L for men aged ≥15 years
c Paraguay, Chile, Brazil, Uruguay, Ecuador, Venezuela, Guatemala, and Ethiopia
d NPNL non-pregnant, non-lactating women
e NR not reported; F female; M male
f Unpublished data among mid-gestation, pregnant women participating in a placebo-controlled maternal vitamin A or 
β-carotene supplement trial [56]. Anemia prevalence by treatment group in last column as observed in a population with 
74% hookworm infection [57]

Studies in populations with a lower prevalence of 
VAD and anemia, in general, found a lower incre-
ment in hemoglobin associated with improved 
vitamin A status. The highest end of this range in 
hemoglobin increments would predict that an 
intervention that increases serum retinol by 5 μg/
dL in a vitamin A deficient population may raise 
hemoglobin by 4 g/L.

The extent to which vitamin A deficiency and 
anemia co-occur or cluster is of interest as it 
reflects biologic interdependence that may exist 
in different population contexts [2]. Surveys 
reveal frequent overlap that varies, however, in 
extent between VAD and anemia. For example, in 
Nigeria, where 44% of adolescents were vitamin 

A deficient and 64% were anemic (Hb <120 g/L), 
40% had both conditions [58]. A similar pattern 
has been observed among preschoolers. In the 
Marshall Islands where 60% of preschoolers 
were vitamin A deficient and 36% anemic, one- 
third had both conditions. The relative odds of 
anemia given VAD was 1.45 (p  <  0.01) [59]. 
Virtually the same conditions were observed in 
Micronesian children [60]. In Honduras, where 
48% and 40% of children aged 1–2 years were 
marginal-to-deficient in vitamin A and anemic, 
respectively, 22% had both conditions [61], 
whereas in lower VAD risk Venezuelan pre-
schoolers the overlap was less, at 22%, 38%, and 
8% [62]. In Vietnam, where 8% and 54% of sur-
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veyed preschoolers were vitamin A deficient and 
anemic, respectively, both deficient retinol and 
low provitamin A carotenoids were associated 
with anemia, represented by odds ratios of 2.06 
(95% CI: 1.10–3.86) and 1.52 (95% CI: 1.01–
2.28), respectively (both p  <  0.05) [63]. 
Employing serum RBP as a proxy for retinol at 
the same cutoff (<0.70  μmol/L), deficient pre-
schoolers in northern Cambodia exhibited an 
odds ratio of 3.6 (95% CI: 2.2–5.9) of being ane-
mic relative to children above this cutoff 
(p < 0.001) [55].

In Nepal, where 54% of gravida were 
marginal- to-deficient in vitamin A (serum retinol 
<1.05 μmol/L) and 73% anemic, 43% exhibited 
both conditions [57], but in nearby Bangladesh, 
where 21% of gravida were vitamin A deficient 
(<0.70 μmol/L, and thus comparable to Nepal), 
19% had anemia, and only 2% had both condi-
tions [49]. Notably, in Nepal anemia was exacer-
bated by a high prevalence of hookworm (74%) 
and P. vivax malaria [57], whereas in Bangladesh, 
there was no hookworm, malaria or iron defi-
ciency due to high iron content of drinking water 
wells, and where thalassemia was a major cause 
of maternal anemia [64], underscoring impor-
tance of knowing the etiology of anemia.

 Effects of Vitamin 
A Supplementation on Hematologic 
Status

Clinical trials carried out in populations of chil-
dren and women of reproductive age have tended 
to show improvement in indices of iron metabo-
lism and erythropoiesis in response to vitamin A 
interventions, despite variation in nutritional risk 
and the dosage, frequency, duration, and form of 
supplementation.

 Children

Initial studies in Southeast Asia in the 1970s 
through the 90s were directed toward discerning 
effects of vitamin A delivered via fortification. In 
Indonesia, preschool consumption of vitamin 

A-fortified monosodium glutamate (MSG) that 
provided ~240 μg of vitamin A per day (or ~33% 
of the current Recommended Dietary Allowance 
for women [27]) led to a mean hemoglobin 
increase of a 10 g/L vs. 2 g/L change in controls 
after almost a year of intervention (Table  12.2) 
[65]. These findings supported earlier work in 
Guatemala where iron indicators favorably 
shifted and stabilized, reflecting apparently 
improved iron stores and mobilization from tis-
sues for erythropoiesis, following a national 
sugar fortification program that provided chil-
dren with ~350 μg retinol equivalents (RE) per 
day [66].

Several randomized trials have been con-
ducted in Africa, Asia, and Latin America testing 
effects of daily, semi-weekly, or weekly small- 
dose vitamin A supplementation, alone and with 
iron or zinc, in preventing childhood anemia for 
periods up to 9 months (Table 12.2). In Tanzania, 
a factorial trial among children (aged 9–12 years) 
tested the effects of 1.5 mg (5000 IU) of vitamin 
A alone and with 60 mg of iron given 3 days per 
week. After 3 months, vitamin A increased mean 
hemoglobin concentration by ~10  g/L over the 
change in controls, with a further significant 
increment of 8.6  g/L obtained with vitamin A 
plus iron, vs. a 4.0 g/L increment when iron was 
given alone [17]. In Guatemala, a daily supple-
ment of 3 mg of vitamin A per day given to chil-
dren 1–8  years of age for 2  months increased 
hemoglobin by ~6 g/L over controls. Iron alone 
(3  mg/kg/day) raised hemoglobin by ~10  g/L; 
however, providing vitamin A with iron led to no 
further effect [16]. In Belize, a weekly oral dose 
of vitamin A increased hemoglobin, while adding 
a weekly dose of zinc had no additional hemato-
logic effect [67]. The comparability of these trials 
in their design suggests that vitamin A supple-
mentation may facilitate absorption or mobiliza-
tion of iron for erythropoiesis, although its 
efficacy in raising hemoglobin can be expected to 
be lower than supplemental iron.

In China, two randomized trials have tested 
effects of daily or weekly small-dose vitamin A 
supplementation, alone and with zinc, for periods 
of up to 9 months (Table 12.2). In one, a daily 
supplement of 500 IU vitamin A as fortified bis-
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Table 12.2 Randomized trials on effects of vitamin A on anemia in children

Description of study
Baseline 
prevalencea Changes in:b

Region
Country
[reference]

Subjects’ 
age (n)

Length 
of trial

Treatment groups and 
regimen

Anemia 
(%)

VAD
(%)

Hbc

(g/L)

Serum 
retinol
(μmol/L)

Serum 
ferritin 
(μg/L)

Africa Morocco
[38]

5-13 yr
(81)

10 mo Placebo at baseline & 5 
mo
200,000 IU VA at 
baseline & 5 mo

54
54

20
15

1
7*,**

0.06
0.21*,**

1
−7*,**

Tanzania
[17]

9–12 yr
(136)

3 mo Placebo 3 d/wk
1.5 mg VA 3 d/wk
60 mg iron 3 d/wk
1.5 mg VA 3 d/
wk + 60 mg iron 3 d/wk

100 NR 3.6*

13.5*,**

17.5*,**

22.1*,**

NR NR

Central 
America

Guatemala
[14]

1–8 yr
(115)

2 mo Placebo
3 mg VA/d
3 mg/kg iron/d
3 mg VA/d + 3 mg/kg 
iron/d

80
80
83
71

NR 3.2
9.3*

13.8*,**

14.2*,**

0.10
0.35*,**

0.13
0.36*,**

−4.9
0.1
5.5*

5.4*

Belize
[67]

2–6 yr
(43)

6 mo Placebo
70 mg zinc/wk
3030 RAE VA/wk
70 mg zinc/wk + 3030 
RAE VA/wk

NR NR 4.0
8.0*,**

12.0*,**

11.0*.**

0.05
0.16
0.18
0.12

NR

South 
America

Venezuela
[71]

2–6 yr
(80)

30 d No supplementation
200,000 IU VA at 
baseline

17.6 25 0
3*

0.01
0.1*

−2.3
−0.6

Peru
[72]

6–35 mo
(323)

18wk 3 mg/kg iron/d
3 mg/kg iron/d + 3 mg/
kg zinc/d
3 mg/kg iron/d + 3 mg/
kg zinc/d + 100,000 IU 
VA (single dose)

100 NR 19.5*

24.0*,**

23.8*.**

NR 24.5*

33.0*,**

30.8*.**

East Asia China
[68]

3-6 yr
(580)

9 mo
3 mo
3 mo

500 IU VA/d fortified 
biscuits 5d/wk
1666 IU VA/d fortified 
biscuits 5d/wk
20,000 IU VA/wk 
fortified biscuits
200,000 IU VA at 
baseline

21.5
29.2
24.7
21.5

6.7
8.6
8.3
6.7

6.98*

5.70*

5.23*

12.54*

0.13*

0.23*

0.12*

0.08*

NR

China
[69]

<3 mo to 
>3 yr
(127d)

14 d No supplement
1500 IU VA/d
10 mg zinc/d for 
children <6 months old 
or 20 mg zinc/d for 
children ≥6 months old
1500 IU VA/d + 10 or 
20 mg zinc/d

32.28 81.89 2.23
5.11
2.43
7.43 **

0.05
0.24
0.06
0.28**

NR

South 
Asia

India
[20]

36–66 
mo
(516)

24 wk Placebo/d, 6d/wk
14 mg iron 
fumarate+500 IU 
VA + 0.05 mg folic 
acid/d, 6d/wk

32.6
19.1

13.0
17.5

4
4

0.0007
0.0011

−2.8*

10.4 *,**
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Table 12.2 (continued)

Description of study
Baseline 
prevalencea Changes in:b

Region
Country
[reference]

Subjects’ 
age (n)

Length 
of trial

Treatment groups and 
regimen

Anemia 
(%)

VAD
(%)

Hbc

(g/L)

Serum 
retinol
(μmol/L)

Serum 
ferritin 
(μg/L)

Southeast 
Asia

Indonesia
[65]

0–5 yr
(445)

5 mo Unfortified MSG
MSG fortified with 
~240 μg RAE VA/d

NR 39
38

−2.0
10.0*,**

−0.70
0.11

NR

Indonesia
[70]

3–6 mo
(800)

6 mo 100,000 IU VA at 
baseline + placebo
100,000 IU VA at 
baseline +10 mg zinc/d
100,000 IU VA at 
baseline +10 mg 
zinc/d + 10 mg iron/d
100,000 IU VA at 
baseline +10 mg 
zinc/d + 10 mg 
iron/d + 1000 IU VA/d

79.3
83.0
82.6
84.2

NR −0.5*

−0.64*

−0.03
0.16

0.05
0.03
−0.01
0.11*

−22.2*

−18.0*

−10.4
−2.9

Malaysia
[74]

7–12 yr
(250)

3 mo Placebo
200,000 IU VA + 10 ug 
VE at baseline

48.3
48.8

NR 0.21
0.51**

NR 0.9
−1.5**

Indonesia
[75]

3–6 yr
(236)

5 wk Xerophthalmic children:
Placebo
60 mg VA (single dose)
Clinically normal 
children:
Placebo
60,000 ug RAE VA 
(single dose)
All children with 
HB < 11.0 g/L:
Placebo
60 mg VA (single dose)

NR 100
100
50
37

7.0
5.0
5.0
5.0
14.0*

21.0*,**

0.1
1.1*,**

0.1
0.9*,**

NR

4.0
16.8*,**

3.1
12.9*,**

NR

Thailand
[73]

3–9 yr
(134)

2 wk No supplement
60 mg VA (single dose)

100 NR −0.8
2.2**

−0.07*

0.15*,**

6.1
5.0

Thailand
[53]

1–8 yr
(166)

4 mo No supplement
60 mg VA+ 40 mg VE 
(single dose)

100 NR 2.4*

2.0*

0.13*

0.15*

12.5*

6.6*

a VAD = vitamin A deficiency defined as plasma/serum retinol <0.70 μmol/L (20 μg/dL); anemia defined per Hb cutoff 
used in study
b Superscripts: * denotes significantly different from baseline, P < 0.05; ** denotes significantly different from control 
at follow-up, P < 0.05
c Abbreviations: Hb hemoglobin; yr year; mo month; wk week; d day; NR not reported; VA vitamin A; IU international 
units; VE vitamin E
d Pediatric patients with persistent diarrhea

cuits to preschoolers led to a significant incre-
ment of 7 g/L in hemoglobin over baseline after 
9 months [68]. Adding either another 1666 IU of 
vitamin A per day or 20,000 IU per week led to 
no further effect although a single dose of 
200,000 IU vitamin A at the outset induced a fur-
ther increment of 5.6  g/L.  The second tested 
effects of supplementing children 3  months to 

~3 years of age daily with 1500 IU of vitamin A 
alone and with either 10 or 20 mg zinc (based on 
age) [69]. After 14 days, vitamin A supplementa-
tion had increased hemoglobin concentration by 
2.9  g/L over the change in controls, while no 
effect was observed with zinc. In Indonesia, giv-
ing anemic infants a 1000 IU vitamin A added to 
zinc or zinc+iron per day obtained no further 
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beneficial effect on hemoglobin concentration 
[70].

Several other trials in South America, 
Southeast Asia, and Africa have focused on dis-
cerning effects of a single, high-potency vitamin 
A supplement on anemia in anemic and/or vita-
min A deficient children (Table 12.2). These tests 
are relevant where periodic vitamin A supple-
mentation remains a major prophylactic strategy. 
In Venezuela, giving a 200,000  IU oral dose of 
vitamin A to children conferred, after 30 days, a 
3 g/L increase in hemoglobin concentration over 
the change observed in controls [71]. In Peru, in 
a 2-month trial, hemoglobin concentrations of 
infants and toddlers administered a single 30 mg 
(100,000 IU) oral dose of vitamin A at the outset, 
followed by daily iron, were comparable to levels 
of children given daily zinc with iron [72]. In an 
early preschooler trial in Thailand, within 
2 weeks of receiving a 60 mg (200,000 IU) dose 
of vitamin A, serum iron, percent transferrin sat-
uration, hemoglobin, and hematocrit significantly 
increased compared to controls [73] although in a 
second, longer follow-up trial, while serum iron 
and percent transferrin saturation were higher in 
supplemented children after 2  months, effects 
had disappeared after 4 months [53]. On the other 
hand, in a recent randomized trial among aborigi-
nal school-aged children in Malaysia, a 
200,000 IU dose of vitamin A, by 3 months, had 
significantly raised hemoglobin, decreased the 
prevalence of iron deficiency anemia, and 
decreased plasma ferritin compared to controls 
[41], the last effect possibly reflecting a reduction 
in infection or mobilization of iron stores. In 
mildly xerophthalmic and biochemically VAD 
preschoolers in Indonesia, a 60 mg oral dose of 
vitamin A increased hemoglobin by 7 g/L, but in 
contrast to the Malay study, also raised serum fer-
ritin after 5  weeks [74], suggesting different 
mechanisms at least in the short run.

A placebo-controlled trial in Morocco 
(Table 12.2) compared the efficacy of two, con-
secutive 5-monthly rounds of vitamin A (60 mg) 
in mildly vitamin A deficient and anemic school- 
aged children [38], providing a longer term, com-
prehensive assessment of the hematologic 

response to periodic vitamin A supplementation 
in a population relatively unaffected by endemic 
infectious disease. Compared to controls whose 
status remained unchanged, sequential doses of 
vitamin A cumulatively increased serum retinol 
and its carrier proteins as percentages of vitamin 
A deficient children decreased, reflecting the 
intended nutritional effect. Hemoglobin gradu-
ally increased, reaching a difference of 7  g/L 
from controls after 10 months, and the prevalence 
of anemia decreased to 38% vs 59% in controls. 
Plasma erythropoietin (EPO) concentration 
increased (by 3.7  mIU/mL over controls) by 
10  months, accompanied by a decrease in the 
regression slope of EPO on hemoglobin, inter-
preted to reflect a physiologic adjustment in 
hemoglobin (hypoxia)-induced regulation of 
EPO production [75] and, thus, vitamin 
A-mediated hematopoiesis [76]. Concentrations 
of transferrin receptor and serum ferritin both 
steadily declined while their ratio remained 
unchanged, suggesting that while total body iron 
remained unchanged, hepatic iron had been 
mobilized to support erythropoiesis. Given a lack 
of detectable change in estimated body iron 
stores, these findings suggest there was not an 
increase in iron absorption.

High-potency vitamin A appears to stimulate 
iron metabolism, reduce iron-deficient erythro-
poiesis, and improve hemoglobin homeostasis. 
Overall, these results are fairly consistent across 
time and regions, suggesting that a ~3–10  g/L 
increase in hemoglobin may be expected when 
dosing anemic and, at least mildly vitamin A 
deficient children [5]. The duration of effect of a 
single large dose may be a few months, although 
in populations less stressed by infectious dis-
eases, the duration may be longer and extended 
by repeated, periodic dosing, as seen in 
Morocco.

 Women of Reproductive Age

Attention to effects of vitamin A on anemia has 
also focused on the reproductive years, given that 
an estimated 25–56% of women in low-middle 
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income countries have anemia, half of which is 
attributed to iron deficiency [77] and, in moder-
ately undernourished populations, ~10% may 
become night blind attributable to VAD [24, 35]. 
Two trials in Malawi supplemented pregnant 
women daily with 5000 and 10,000 IU vitamin A 
with iron and folic acid and did not observe dif-
ferences in hemoglobin response over the length 
of pregnancy between gravida receiving vitamin 
A and controls administered only iron and folic 
acid (Table 12.3) [78, 79]. Neither trial, however, 
also found a serum retinol response compared to 
controls against average baseline prevalences of 
VAD of ~29% and ~9%, respectively. In China, 
three controlled trials supplemented pregnant 
women with daily 2  mg retinol equivalents 
(6666 IU) in addition to daily iron and folic acid, 
and observed a 4–24 g/L increase in hemoglobin 
concentration, as well as increased serum retinol 
concentrations, over control responses to iron 
and folic acid alone (with/without also ribofla-
vin) after 2  months of intervention [80–82]. 
These findings suggest that vitamin A intervened 
effects on erythropoiesis during pregnancy, in 
mild-to-moderately deficient populations, may 
be expected to occur when there are effects on 
indicators of vitamin A status.

Ahmed and colleagues in Bangladesh 
addressed the hematinic effects of vitamin A in a 
trial of non-pregnant, anemic teenagers random-
ized to receive weekly vitamin A, iron + folic 
acid, or both versus placebo receipt for 3 months 
[18]. Consistent with other studies, vitamin A 
alone increased serum retinol, hemoglobin, iron, 
total iron binding capacity (TIBC), and percent 
transferrin saturation, with a concomitant 
decrease in serum ferritin. A second trial among 
non-pregnant, anemic (Hb <100 g/L) Bangladeshi 
women found that a single large dose of vitamin 
A (60 mg) with daily iron failed to significantly 
improve hemoglobin concentration after 
2  months beyond iron alone [84]. Only 6% of 
women were vitamin A deficient and serum reti-
nol did not respond to the supplement. In India, 
non-pregnant, anemic 17–18-year-old adoles-
cents were randomized to receive a dose of 

200,000  IU vitamin A followed by daily iron, 
folic acid, and vitamin C for 100  days [83]. 
Consistent with other studies, vitamin A supple-
ment use significantly increased hemoglobin, by 
18  g/L, over the control group receiving only 
iron.

In Nepal, women were supplemented weekly 
with placebo, [β-carotene (42 mg) or vitamin A 
(7000 μg retinol equivalents)] for at least several 
months prior to a mid-gestational blood draw 
[56]. Serum retinol was lowest among placebo 
recipients and highest in those receiving pre-
formed vitamin A [56, 86] (Table  12.1). Under 
these population experimental conditions, a 
larger hemoglobin difference per unit increase in 
serum retinol was observed in the placebo group 
(0.39 g/L) while the shallowest slope (0.18 g/L) 
was observed among mothers whose vitamin A 
status had become adequate, and possibly homeo-
statically controlled, following months of weekly 
preformed vitamin A receipt.

Finally, in Indonesia, two trials supplemented 
pregnant women with daily or weekly vitamin A 
in addition to daily iron and folic acid. In a facto-
rial trial among 251 pregnant women, Suharno 
and colleagues observed that daily vitamin A 
supplementation (2.4 mg retinol) for 8 weeks sig-
nificantly raised hemoglobin concentration by 
~4 g/L over that of placebo recipients, an effect 
that explained 35% of pregnancy-related anemia 
[19]. Several other status indicators improved 
including packed cell volume, total iron binding 
capacity, percent transferrin saturation, and 
serum retinol and iron concentrations, suggestive 
of iron mobilization into circulation. The maxi-
mal effect (+13  g/L) was observed in women 
receiving both vitamin A and iron, among whom 
virtually all (97%) anemia had resolved. The sec-
ond trial among pregnant Indonesian women that 
added 4800 retinol activity equivalents of vita-
min A to iron (120 mg) + folic acid (500 μg) on a 
weekly dose schedule observed, relative to sup-
plemental iron alone, a slight improvement in 
hemoglobin (by 1.6  g/L) and a reduction of 
4.1 μg/dL in serum ferritin, suggestive of greater 
mobilization of iron stores [85].
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 Mechanisms and Pathways 
of Interaction

The weight of evidence indicates that VAD com-
promises hemoglobin homeostasis through path-
ways responsive to vitamin A repletion. Variations 
in vitamin A nutriture appear to mediate iron 
metabolism along the internal iron and reticuloen-

dothelial circuitry, as depicted in Fig.  12.2. Four 
mechanisms can be posited for how vitamin A 
might affect hematopoiesis and hematologic status, 
related to (a) influencing dynamics of  tissue stor-
age and release of iron into circulation, (b) regulat-
ing erythropoiesis, (c) modifying the sequestration 
and release of tissue iron associated with responses 
to infection, and (d) affecting iron absorption.

Blood erythrocytes
(circulation)

Iron stores
(ferritin, haemosiderin)

Macrophages
(liver, spleen)

Erythropoiesis
(bone marrow)

Absorption
(intestine)

Vitamin A

Vitamin A

Vitamin A
Iron

intake
Iron lost
in feces

Blood loss
(menstruation, haemorrhage)

Blood transferrin
(circulation)

Peripheral tissue
(e.g. muscle, placenta)

Fig. 12.2 Four mechanisms can be posited for how vitamin A might affect hematopoiesis and hematologic status
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 Mobilization of Tissue Iron Stores

Under normal conditions, iron not required for 
erythropoiesis or other iron-dependent functions 
is delivered by circulating transferrin to iron stor-
age (as ferritin or hemosiderin). Mobilization is 
achieved when iron is released from ferritin into 
the circulation. As a general rule, an 8–10  mg 
change in ferritin storage can be inferred for each 
1  μg/L change in serum ferritin concentration 
[87]. When measured, supplementation with 
vitamin A alone has usually, though not always 
[74], led to a modest fall in serum ferritin [38, 73, 
85]. This could reflect, in part, a reduction in the 
acute phase reaction of serum ferritin to infection 
[87] mediated by vitamin A [3, 4]. However, in 
the absence of reported infections (e.g. elevated 
acute phase proteins or other clinical morbidity), 
a decrease in serum ferritin more likely reflects 
the release of utilizable iron into the bloodstream. 
An increase in percent transferrin saturation or 
decrease in total iron binding capacity further 
supports increased entry of iron into the circula-
tion for delivery to the bone marrow [87]. The 
response of serum ferritin in these studies gener-
ally finds support from animal studies that show 
increased storage iron and lower femur or tibial 
iron in progressive vitamin A depletion [10, 88] 
that responds to vitamin A supplementation with 
lower hepatic or spleen iron concentrations. 
However, such responses have not been as clear 
in animals with marginal-to-mild vitamin A defi-
cient states [89].

 Erythropoiesis

In bone marrow, the formation of red blood cells 
requires differentiation and commitment of stem 
cells toward erythroblast development, a process 
requiring erythropoietin (EPO) in the latter stages 
of red cell development [36]. EPO is a regulatory 
glycoprotein hormone that is produced in the 
peritubular cells of the adult kidney in response 
to hypoxia to stimulate red cell production and 
longevity. In cell culture, EPO has increased in 
response to retinoic acid, independently of oxy-
gen tension [90]. Few human studies have to date 

examined effects of vitamin A supplementation 
on EPO production. One, in pregnant women, 
failed to change circulating EPO levels with a 
vitamin A supplement regimen; however, vitamin 
A status was also not changed [79]. Also, as vita-
min A was added to supplemental iron and folic 
acid, independent effects of vitamin A could not 
be examined. Among severely anemic Zanzibari 
preschool children high-potency vitamin A intake 
(30 mg < 12 months and 60 mg ≥12 months of 
age) induced an unexpected, precipitous decline 
in serum EPO levels, along with marked reduc-
tions in C-reactive protein and serum ferritin 
within 72  h [91]. EPO production tends to be 
sharply diminished in individuals with falci-
parum malaria, which may exacerbate anemia 
and make short-term treatment responses diffi-
cult to interpret [92]. In marginally vitamin A 
deficient and anemic Moroccan school-aged chil-
dren, supplementation with vitamin A stimulated 
a sustained increase in EPO synthesis and eryth-
ropoiesis [38]. Although data remain incomplete, 
they appear sufficient to implicate a role for vita-
min A in stimulating erythropoiesis via a regula-
tory influence on EPO [76].

 Anemia of Infection

The anemia of infection is characterized by a set 
of cytokine-induced mechanisms that lead to 
shortened red blood cell survival, impaired red 
blood cell production, and decreased mobilization 
and utilization of iron. This form of iron- deficient 
erythropoiesis is also accompanied by up-regula-
tion of ferritin and serum transferrin receptor [93] 
and down-regulation of transferrin as part of the 
acute phase response [2]. Vitamin A status can 
influence mechanisms of host resistance and 
severity of infection [3, 94], which in turn can 
have a depressive effect on serum retinol [95], 
factors that can lead to obscured or altered effects 
of a vitamin A intervention on biomarkers of 
erythropoiesis and anemia risk during infections, 
illustrated below with malaria, human immunode-
ficiency virus (HIV), and tuberculosis.

Malaria: Anemia of malaria can be frequent 
and severe, especially during pregnancy and 
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early childhood [96–98]. Vitamin A deficiency is 
also common during malaria but its association 
with anemia may be complicated by factors 
beyond the inflammatory response, such risks 
that associated with age and seasonality, and 
host-parasite competition for iron and vitamin A 
[99, 100]. For example, iron stores may increase 
risk of incident malaria in endemic, as implicated 
in studies in Kenya [100] and Zambia [101]. 
Further, hemoglobin and risk of anemia may not 
respond to vitamin A that still reduces the sever-
ity of malaria episodes, as was seen in vitamin A 
trials among preschool children in Papua New 
Guinea [102] and in Tanzanian children with 
pneumonia, malaria, and HIV infection [103].

HIV: In poorly nourished populations affected 
by viral infections such as HIV, both VAD [104] 
and anemia can be common and associated with 
more severe disease [5]. In pregnant HIV-infected 
women, a positive association has been demon-
strated between serum retinol and blood hemo-
globin levels, as it does in non-HIV-infected 
populations [105]. However, few studies have 
tested effects of vitamin A supplementation on 
anemia among individuals with HIV infection. 
For example, 6-week-old infants of Malawian 
HIV-infected pregnant women supplemented 
daily with vitamin A (3 mg) from mid-pregnancy 
onward had a mean hemoglobin that was 4 g/L 
higher [106]. In Zimbabwe, however, neither 
postpartum maternal nor infant receipt of high- 
potency vitamin A affected infant hemoglobin or 
risk of anemia [107]. In Tanzania, a factorial trial 
that provided vitamin A (5000 IU) + β-carotene 
(30 mg) supplements versus other multivitamins 
and provided 200,000  IU or placebo to HIV- 
infected mothers shortly after birth reported a 
slightly increased hemoglobin concentrations (by 
2–3 g/L) but no effects on risk of anemia or off-
spring during the first two postpartum years 
[108]. In a South African trial, HIV+/- children 
6–24  months of age born to HIV-/+ mothers 
given daily 1250  IU of vitamin A alone versus 
vitamin A with zinc or with other micronutrients 
showed 11–24% reductions in the prevalence of 
anemia after 12 months [109]. Lack of a placebo 
renders the findings inconclusive with respect to 
vitamin A.

Tuberculosis: While patients with pulmonary 
tuberculosis are likely to be anemic, vitamin A 
and zinc deficient [110], a placebo-controlled 
trial in Indonesian adult cases reported positive 
effects of combined vitamin A + zinc on clinical 
indicators of disease recovery over a 6-month 
period, but no differential effect on hemoglobin 
[111].

Vitamin A deficiency is known to increase risk 
of severe infection [3, 94], consequent child mor-
tality [20] and is contributory cause of nutritional 
anemia. However, effects of vitamin A on reduc-
ing anemia of infection remain sparsely 
researched and poorly understood across diverse 
infectious diseases, including SARS-CoV2 
which is associated with an in-hospital anemia 
prevalence of ~26% [112]. The continuum from 
VAD to adequacy is a plausible determinant of 
COVID-19 severity and health consequence in 
undernourished populations, including risk of 
anemia [94], representing a research priority.

 Iron Absorption

It is plausible that vitamin A or β-carotene intake 
or status in the gut might influence iron absorp-
tion, although the data on this pathway are pres-
ently conflicting and mechanisms unclear. 
Several, but not all [10], studies in rats fed vita-
min A deficient diets have reported increased iron 
absorption with vitamin A depletion [88, 113, 
114]. Human studies in Venezuela, Côte d’Ivoire, 
and Switzerland have evaluated iron absorption 
by level of dietary vitamin A intake based on 
erythrocyte incorporation of labeled iron as a sur-
rogate for absorption. Among Venezuelan sub-
jects (some of whom were anemic), low dose 
vitamin A (0.37–2.78 μmol) or β-carotene (0.58–
2.06 μmol) supplementation of a rice, wheat, or 
cornmeal meal containing 2–5  mg of iron 
increased non-heme iron uptake by up to three-
fold [115]. The studies among healthy Swiss 
adults [116] and school-aged children with poor 
iron status in Côte d’Ivoire [117], employing dif-
ferent methods than in Venezuela, observed a 
slight decrease in iron absorption with increased 
vitamin A intake that could not be explained. 

A. D. Gernand et al.



167

Although a postulated mechanism includes a 
chelating effect of vitamin A to protect iron from 
the inhibitory effects of phytates, polyphenols, 
and tannic acid in the gut, there is not sufficient 
evidence in vivo for this effect [118].

 Conclusions

In areas where VAD poses a substantial public 
health threat, it is likely to contribute to iron- 
deficient erythropoiesis and therefore contribute 
to a mild-to-moderate anemia that is responsive 
to vitamin A intake. The effect is clearest when 
both VAD and anemia are uncomplicated by 
infectious disease. Important to note, most stud-
ies have been undertaken in groups selected for 
anemia, VAD, or both. In such groups, vitamin A 
supplementation can be expected to raise hemo-
globin concentrations by ~2–10 g/L over a period 
of 2  weeks to months. The range of impact of 
vitamin A on hemoglobin from trials generally 
agrees with predictions from observational 
 studies. Effects of vitamin A may be achieved by 
(1) enhancing hepatic tissue mobilization and 
delivery of iron to bone marrow, (2) improving 
erythropoiesis, possibly by upregulating erythro-
poietin production and extending red blood cell 
longevity, (3) reducing sequestration of tissue 
iron by reducing the severity infection, and (4) 
facilitating iron absorption. Most evidence to 
date supports the first two mechanisms. The 
nutritional influence of vitamin A, however, on 
the internal iron circuit may be modulated by the 
type and severity of an infection, which may alter 
distributions of both vitamin A and iron indepen-
dently, or act directly on vitamin A-iron meta-
bolic pathways. While VAD may be a cause of 
anemia, its role can be expected to be modest 
compared to effects of iron deficiency, hook-
worm or malaria, where they are endemic.
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 Introduction

Reduction of anemia is one of the World Health 
Organization Global Nutrition Targets for 2025 [1]. 
Megaloblastic anemia is the major clinical mani-
festation of overt folate or B12 deficiency. Although 
the anemia arising from a deficiency of either vita-
min is clinically indistinguishable, the causes are 
very different and differential diagnosis is essential 
in order to provide effective treatment. Furthermore, 
the absence of anemia does not imply that status of 
these vitamins is sufficient. Less obvious “nonane-
mic” manifestations can arise with low nutrient 
status through the lifecycle, with adverse health 
impacts from early life to older age. An under-
standing of the causes, detection, and consequences 
of insufficient B-vitamin status is necessary, so that 
appropriate public health strategies for prevention 
can be implemented.

 Folate Deficiency

 Metabolic Role of Folate

Folate is essential for one-carbon metabolism 
(Fig. 13.1). This involves the transfer and utiliza-
tion of one-carbon units in a network of pathways 
required for DNA and RNA biosynthesis, amino 
acid metabolism, and methylation processes via 
the production of S-adenosylmethionine. The 
generation of S-adenosylmethionine in tissues is 
dependent on an adequate supply of folate and 
vitamin B12 and is used for a great number of 
methylation reactions by donating its methyl 
group to over 100 methyltransferases for a range 
of substrates such as DNA, hormones, proteins, 
neurotransmitters, and membrane phospholipids, 
all of which are regulators of important biologi-
cal processes [2]. Of note, in order to function 
effectively within one-carbon metabolism, folate 
needs to interact closely with related B-vitamins, 
namely, vitamin B12, vitamin B6, and riboflavin. 
This means that deficient status of one or more of 
these B-vitamins, or polymorphisms in folate 
genes, can impair one-carbon metabolism, even 
if folate intakes are adequate.

 Causes of Folate Deficiency

The discovery of folate as an essential nutrient 
dates back to the 1930s when a fatal anemia of 
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Fig. 13.1 Overview of B vitamins in one-carbon metabo-
lism. Abbreviations: DHF dihydrofolate; DHFR dihydro-
folate reductase; DMNT DNA methyltransferase; dTMP 
deoxythymidine monophosphate; dUMP deoxyuridine 
monophosphate; MTHFR methylenetetrahydrofolate 

reductase; SAH S-adenosylhomocysteine; SAM 
S-adenosylmethionine; THF tetrahydrofolate. (Adapted 
from Linus Pauling Institute at https://lpi.oregonstate.edu/
mic/vitamins/folate)

pregnancy was first described in India which was 
subsequently proven to be responsive to  treatment 
with food sources of the vitamin [3]. There are 
various causes of folate deficiency, arising from 
increased requirements and/or reduced availabil-
ity [2]. Pregnancy is a time when folate require-
ment is greatly increased to sustain the demand 
for rapid cell replication and growth of fetal, pla-
cental, and maternal tissue. Certain gastrointesti-
nal conditions, most notably celiac disease, can 
also lead to deficient folate status through chronic 
malabsorption. Heavy alcohol consumption and 
certain drugs, e.g., phenytoin and primidone 
(anticonvulsants) and sulfasalazine (used in 
inflammatory bowel disease), are also linked 
with folate deficiency.

Dietary folate intakes can be considered sub- 
optimal in the diets of many people worldwide in 
that, although adequate in preventing megalo-
blastic anemia, they are often found to be insuf-
ficient in achieving biomarker concentrations of 
folate associated with the lowest risk of neural 
tube defects or other disease linked with low 

folate status. This widespread under-provision of 
folate is generally attributed to the poor stability 
and incomplete bioavailability of natural food 
folates when compared with the synthetic vita-
min, folic acid. Food folates occur naturally in 
richest supply in green leafy vegetables, beans, 
liver and yeast, whereas folic acid is found in the 
human diet only in fortified foods and supple-
ments. Because of their chemical structure, natu-
ral food folates are inherently unstable outside 
living cells and tend to have poor bioavailability 
[4]. In addition to their limited bioavailability, 
food folates (particularly green vegetables) can 
undergo losses during cooking, and this will sub-
stantially reduce the folate content of the food 
before it is even ingested.

As a result of the poor stability and limited 
bioavailability of folate from natural food 
sources, achieving optimal folate status can be 
challenging in practice [3]. Folate intakes and 
recommendations in the US and certain other 
countries are expressed as Dietary Folate 
Equivalents (DFEs), a calculation that was 
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devised to take into account the greater 
 bioavailability of folic acid from fortified foods 
compared to naturally occurring dietary folates 
[4, 5].

 Detection of Deficient Folate Status

Biomarker status of folate is routinely assessed 
by measurement of folate concentrations in 
serum/plasma or in red blood cells as determined 
by either microbiological assay, or more typically 
in clinical laboratories, by protein binding assays. 
Serum folate is the earliest and most sensitive 
indicator of altered folate exposure and will 
reflect recent dietary intake [6]. Red blood cell 
folate parallels liver concentrations (accounting 
for about 50% of total body folate) and is thus 
considered to reflect tissue folate stores. It 
responds slowly to changes in dietary folate 
intake but is a good indicator of longer-term sta-
tus in that it reflects folate intake/status over the 
previous 3–4  months when circulating folate is 
incorporated into the maturating red cells [6]. 
The measurement of plasma homocysteine con-
centration provides a functional indicator of 
folate status, on the basis that normal homocyste-
ine metabolism requires an adequate supply of 
folate. When the status of folate is deficient or 
low, plasma homocysteine is invariably found to 
be elevated. Homocysteine is not specific for 
folate status, however, as it will also be elevated 
with B12 or other B-vitamin deficiency, certain 
lifestyle factors, and renal insufficiency [7].

 Consequences of Deficient Folate 
Status

 Severe Deficiency: Anemia
Clinical folate deficiency is manifested as mega-
loblastic anemia, a condition characterized by 
immature, enlarged red blood cells (reflecting 
impaired DNA synthesis), which is reversible 
with folic acid treatment. Folate-related anemia 
was recently reported to occur in >20% of women 
of reproductive age in many low- and middle- 
income countries, but was typically <5% in 
higher income economies [8]. Estimates of folate 
deficiency can however vary considerably 
depending on the method used and cut-points 
applied, but the microbiologic assay is recom-
mended by the WHO and widely considered to 
be superior to other assays for measurement of 
folate status. Red blood cell and serum folate 
concentrations typically decrease throughout 
pregnancy; however, supplementation with folic 
acid prevents this decline [9] and can thus pre-
vent the occurrence of megaloblastic anemia of 
pregnancy [10].

 Other Manifestations of Insufficient 
Folate Status
Emerging scientific evidence supports a number 
of roles for folate through the lifecycle in main-
taining health and preventing disease (Fig. 13.2). 
Because homocysteine is elevated with low folate 
status, it is possible that some of the reported 
manifestations of folate insufficiency are medi-
ated via increased homocysteine concentrations, 

Known and emerging roles of optimal status in human health

Strength of Evidence
Early life
Maternal health in pregnancy Conclusive

Conclusive
Promising
Promising
Possible role

Conclusive
New

Fetal development
Folate in pregnancy and Offspring health

Later life
Cardiovascular health
Cancer prevention
Cognitive function in ageing
Bone health

Fig. 13.2 Folate and 
related B vitamins 
throughout the lifecycle. 
Known and emerging 
roles of optimal status in 
human health
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but it remains unclear whether homocysteine per 
se is a true risk factor for cardiovascular and 
other disease outcomes. In any case, homocyste-
ine is a sensitive indicator of functional folate 
deficiency; in human studies, plasma homocyste-
ine is inversely correlated with folate and shows 
marked lowering in response to folic acid 
intervention.

Neural tube defects (NTD): Maternal folate 
status has a major impact on early development 
of the embryo up to the first 4  weeks of preg-
nancy. Conclusive evidence has existed for over 
25 years of the benefits at this time of folic acid 
in preventing both first occurrence [11] and 
recurrence [12] of NTD.  These are major birth 
defects occurring as a result of failure of the neu-
ral tube to close properly in the first few weeks of 
pregnancy, leading to death of the fetus or new-
born, or to various disabilities involving the spi-
nal cord, the most common form of which is 
spina bifida. This conclusive evidence has led to 
clear folic acid recommendations for women of 
reproductive age which are in place worldwide.

The proposed mechanisms to explain the ben-
eficial effects of periconceptional folic acid 
against NTD have focussed on the factors that 
could potentially impair normal folate metabo-
lism, including polymorphisms in folate genes. 
Of these, an increased risk of NTD is strongly 
associated with the 677C → T variant in the gene 
coding for the folate metabolizing enzyme meth-
ylenetetrahydrofolate reductase (MTHFR) [13]. 
Autoantibodies against folate receptors have also 
been implicated in pregnancies affected by NTD 
[14].

Of note, although folate insufficiency is con-
sidered the major contributing factor, there is 
convincing evidence that low maternal vitamin 
B12 is an independent risk factor for an NTD- 
affected pregnancy [15]. Thus, future public 
health efforts to reduce NTD may need to target 
the status of not only folate but also B12  in 
women entering pregnancy. In addition, apart 
from preventing NTD, there is good evidence 
that periconceptional folic acid use may prevent 
congenital heart defects in infants [16], and pos-
sibly orofacial clefts, although the latter evidence 
is somewhat controversial.

Other adverse pregnancy outcomes: As 
pregnancy progresses, folate continues to play an 
important role in maternal, fetal, and neonatal 
health (Fig. 13.2). Deficient maternal folate sta-
tus (and/or elevated homocysteine) is associated 
with an increased risk of a number of adverse 
pregnancy outcomes including gestational hyper-
tension, preeclampsia, placental abruption, preg-
nancy loss, low birth weight, and intrauterine 
growth restriction [17]. Although there is some 
evidence that folic acid supplementation in preg-
nancy can reduce the risk of gestational hyperten-
sion and preeclampsia [18], this is conflicting. 
One recent RCT reported that high dose folic 
acid beyond the first trimester of pregnancy had 
no beneficial effect on preeclampsia in women at 
high risk for this condition [19].

In addition to protecting against the develop-
ment of anemia in the mother and NTD in the 
offspring, there is emerging evidence linking 
maternal folate during pregnancy with neurode-
velopment and cognitive function in the child. 
The biological mechanism linking maternal 
folate with the offspring brain is unclear, but 
likely involves folate-mediated epigenetic 
changes related to brain development and func-
tion [20]. Indeed, a wealth of literature supports 
the fetal origins of human disease throughout the 
lifecycle and emerging evidence implicates epi-
genetic modifications as the likely mechanism. 
DNA methylation, the most widely studied epi-
genetic mechanism for gene regulation, is depen-
dent upon the supply of methyl donors provided 
by folate and related B-vitamins via 
S-adenosylmethionine [2]. Folate deficiency 
could thus lead to aberrant gene expression with 
consequential adverse health outcomes [21].

Cardiovascular disease (CVD): There is 
considerable evidence to link low status of folate 
and related B-vitamins (B12 and B6) with an 
increased risk of CVD and stroke in particular 
[22]. Although much of this evidence focuses 
specifically on plasma homocysteine (high con-
centrations of which are associated with endothe-
lial dysfunction, atherosclerosis, and thrombosis), 
it is possible that the link with CVD is through 
mechanisms that are independent of homocyste-
ine, including a role for folate and related one- 
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carbon metabolism in blood pressure and 
prevention of hypertension, an important risk fac-
tor for CVD [3].

Randomized controlled trials (RCTs) show 
that folic acid intervention may decrease the risk 
of stroke by as much as 18%, and higher (over 
25%) in trials with a treatment duration of 
>36 months, in participants with poorer baseline 
folate status or in those with no previous history 
of stroke [23]. Also, population data from the 
USA and Canada show an improvement in stroke 
mortality corresponding to the time that manda-
tory folic acid food fortification was introduced 
[24]. Thus, optimizing folate status through 
population- based folic acid intervention (i.e., 
food fortification) aimed at reducing NTD may 
also be beneficial in reducing CVD. Although a 
number of secondary prevention trials in at-risk 
patients failed to show a benefit of folic acid (typ-
ically in combination with vitamins B12 and B6) 
for CVD events generally [22], all such trials 
were aimed at preventing further cardiovascular 
events in patients with well-established pathol-
ogy. A reasonable conclusion from the evidence 
therefore is that the administration of high dose 
B-vitamins to CVD patients is of no benefit in 
preventing another event. The same cannot be 
said for primary prevention, however, because 
the aforementioned trials did not investigate this 
question. Also, in one trial testing B-vitamin 
intervention in CVD risk, the HOPE-2 trial, a 
clear benefit in reducing the risk of stroke was 
detected but for some reason this result was over-
looked in the original report [25], although sub-
sequently reported separately [26].

Cognitive dysfunction and other neurologi-
cal manifestations: Folate has a fundamental 
role in the nervous system throughout the lifecy-
cle, from neural development in early life through 
to the maintenance of mental health and cogni-
tive function in later life. A number of inherited 
disorders of folate transport and metabolism have 
been described [27]. These rare disorders are 
associated with variable neurological manifesta-
tions that can present any time from the neonatal 
period to adult life, including developmental 
delay, cognitive impairment, motor and gait 
abnormalities, behavioral or psychiatric symp-

toms, seizures, neuropathy, and vascular changes 
on magnetic resonance imaging (MRI).

A growing body of evidence indicates that 
folate and related B-vitamins may be important 
for maintaining cognitive health in aging, with 
lower B-vitamin status and/or elevated homocys-
teine concentrations associated with dysfunction 
[28]. Cognitive dysfunction refers to a spectrum 
ranging from mild memory loss to dementia, the 
latter referring to a state where the decline in 
memory and thinking are sufficient to impair 
functioning in daily living. Observational studies 
in this area are however complicated by the fact 
that poor diet can be both a cause and a conse-
quence of impaired cognitive function and should 
be interpreted with caution. Only randomized tri-
als can confirm whether low B-vitamin status is 
causatively linked with cognitive dysfunction. 
Research in this area has been very substantially 
underpinned by the VITACOG trial which 
showed that B-vitamin intervention not only 
improved cognitive performance in patients with 
mild cognitive impairment, but also slowed the 
rate of global and regional brain atrophy as deter-
mined using MRI [29, 30]. The totality of trial 
evidence suggests that any benefit of intervention 
with folic acid (alone or combined with vitamins 
B12 and B6) on cognitive function arises through 
correction of deficient/low status, whereas pro-
viding additional folic acid to those with optimal 
status likely has little effect on cognition.

Apart from memory deficits and cognitive 
dysfunction, depressive symptoms are well 
described in folate deficiency [31]. Furthermore, 
folate deficiency can affect the duration and clini-
cal severity of depression and is associated with 
poorer response to antidepressant medication 
[31]. In a meta-analysis of observational studies, 
low folate was associated with a greater risk of 
depression [32]. A large cohort study of older 
Irish adults recently reported an incremental 
increase in the risk of depression as red blood cell 
folate declined, with an 80% higher rate of 
depression found among participants with the 
20% lowest folate status [33]. The same study 
demonstrated that regular consumption of 
 fortified foods increased dietary intakes of folate 
and related B-vitamins, substantially improved 
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corresponding biomarker status, and was associ-
ated with a reduced risk of depression (by 50%) 
in those who consumed fortified foods on a daily 
basis compared to non-consumers.

Osteoporosis: Evidence implicating a role for 
folate and related B-vitamins in osteoporosis is 
typically focussed on hyperhomocysteinemia, 
arising from historical case reports on patients 
with homocystinuria, a rare autosomal recessive 
disease characterized by very high concentrations 
of plasma homocysteine (>100 μmol/L). Among 
the clinical features described in these patients 
were skeletal abnormalities, lower bone mineral 
density (BMD), and early onset osteoporosis.

The moderately elevated homocysteine con-
centrations found within the general population 
(and characteristic of low folate status) is also 
associated with an increased risk of osteoporosis, 
a crippling bone disease with major health and 
economic consequences. Potential mechanisms 
to explain this relationship link elevated homo-
cysteine with increased bone resorption and bone 
fragility or a disturbance in collagen cross- 
linking. Thus, large cohort studies from various 
high-income countries report strong positive 
associations between homocysteine concentra-
tions and risk of osteoporotic fracture or lower 
BMD [34, 35]. Correspondingly, a higher risk of 
hip fracture was reported in Norwegian women 
with lower (<2.9  nmol/L) compared to higher 
(>6.6 nmol/L) serum folate concentrations [35].

Cancer: Human and animal studies link defi-
cient folate status with the development of vari-
ous cancers, most notably of the colorectum [36]. 
The proposed mechanisms by which folate defi-
ciency may promote malignant transformation 
are based on folate’s role in one-carbon metabo-
lism, and specifically DNA methylation and the 
de novo synthesis of pyrimidines and purines, 
nucleotides required for DNA replication and 
repair. Low folate status may thus alter gene 
expression through defective cytosine methyla-
tion, or lead to catastrophic cycles of aberrant 
DNA repair [37]. Controversially, however, there 
is also evidence that folic acid at high doses may 
have adverse effects on carcinogenesis. Historical 
evidence of the potential for such effects lies in 

the fact that drugs such as methotrexate, whose 
mechanism of action is to block folate metabo-
lism, are effective chemotherapeutic agents. 
Clinical studies have more recently raised the 
concern that high dose folic acid may promote 
colorectal tumorigenesis in patients with pre- 
existing lesions [38].

Thus, whereas higher folate status within the 
dietary range is considered to be protective 
against certain cancers, some remain concerned 
that exposure to excessively high folic acid 
intakes could increase the growth of pre-existing 
neoplasms. Such concerns in relation to cancer 
risk have impacted public health policy in coun-
tries worldwide, with many governments delay-
ing decisions to implement population-wide folic 
acid fortification, despite the widespread recog-
nition of the benefits of such policy in preventing 
NTD.

 Vitamin B12 Deficiency

 Metabolic Role of Vitamin B12

Vitamin B12, also known as cobalamin, plays 
important roles in one-carbon metabolism and in 
mitochondrial metabolism.

In the form of methylcobalamin, vitamin B12 
interacts closely with folate by acting as a cofac-
tor for the folate-dependent enzyme, methionine 
synthase, which is required in the synthesis of 
methionine from homocysteine. Methionine, 
once formed, is activated by ATP to form 
S-adenosylmethionine, a methyl group donor 
used in many biological methylation reactions, 
including the methylation of a number of sites 
within DNA, RNA, and proteins [39].

In the form 5-deoxyadenosylcobalamin, vita-
min B12 is required as a cofactor for the mito-
chondrial enzyme, methylmalonyl CoA mutase. 
This enzyme catalyzes the conversion of methyl-
malonyl CoA to succinyl-CoA, an intermediate 
step in the conversion of propionate to succinate, 
which in turn plays an important role in the 
metabolism of odd-chain fatty acids and keto-
genic amino acids.
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 Causes of B12 Deficiency

Pernicious anemia is the clinical condition of 
severe deficiency of vitamin B12. This arises 
from an autoimmune gastritis characterized by 
B12 malabsorption owing to loss of intrinsic 
factor [40]. Much more commonly, however, a 
less severe depletion of vitamin B12 can arise 
from food-bound B12 malabsorption as a result 
of mild atrophic gastritis leading to reduced gas-
tric acid production (hypochlorhydria), thereby 
diminishing B12 absorption from food because 
of the essential role of gastric acid in the release 
of B12 from food proteins during digestion. 
Food-bound B12 malabsorption commonly 
occurs in older adults and can lead to sub-clini-
cal deficiency, where there is metabolic evi-
dence of deficient status but without the classical 
hematological or neurological deficiency signs 
[41].

Vitamin B12 is present only in animal foods, 
including meat, poultry, fish and to a lesser extent 
eggs, milk, and dairy products. The deficient B12 
status commonly found in older adults in high- 
income countries is rarely attributable to low 
dietary intakes, which are typically found to 
exceed dietary recommendations, but rather is 
the result of malabsorption related to atrophic 
gastritis as outlined above, and/or the use of pro-
ton pump inhibitors (e.g., omeprazole) and other 
gastric acid suppressant drugs, commonly pre-
scribed for conditions such as simple heartburn 
or gastroesophageal reflux disease. Notably, one 
large community study in the US (of over 25,000 
B12 deficient cases and nearly 200,000 controls) 
found that the long-term use of PPIs was associ-
ated with a 25–65% greater risk of vitamin B12 
deficiency [42]. In addition, metformin usage in 
Type 2 Diabetes can also result in vitamin B12 
deficiency and in turn a greater risk of cognitive 
dysfunction [43].

In low-income countries, however, B12 defi-
ciency is largely the result of low dietary intakes, 
typically in regions where vegan diets or limited 
animal foods are consumed, but gastrointestinal 
infections and infestations, along with host–
microbiota interactions, may also be contributory 
factors [44].

 Detection of Deficient B12 Status

Vitamin B12 status can be assessed using up to 
four biomarkers, both direct and functional bio-
markers. The direct measurement of serum total 
vitamin B12 (using microbiological assay or 
automated competitive protein binding assays) 
has been the standard clinical test for many years, 
with B12 deficiency generally identified at B12 
concentrations <148 pmol/L, albeit this can vary 
between laboratories [44]. The sensitivity of total 
B12 assays has caused some concern, however, 
with false normal results reported in patients with 
pernicious anemia [41]. About 80% of total vita-
min B12 is metabolically inert, therefore mea-
surement of holotranscobalamin (holoTC), or 
“active B12,” is theoretically attractive because it 
represents only the metabolically active fraction 
(20%) of total B12 that is available for cellular 
processes. Although widely considered to be a 
robust biomarker of B12 status, serum HoloTC is 
not generally available in clinical settings.

The metabolites of B12-dependent reactions can 
be measured in blood to provide functional indica-
tors of vitamin B12 status. With vitamin B12 deple-
tion, the activity of the B-12 dependent enzyme 
methionine synthase is impaired, in turn leading 
to elevated homocysteine. Plasma homocysteine is 
however influenced by other vitamins (particularly 
folate) and non-nutrient factors (including renal 
function); therefore, it is not specific to vitamin 
B12 thus limiting its use as a biomarker of B12 
status. Also, with B12 depletion, the activity of 
the second B-12 dependent enzyme in humans—
methylmalonyl CoA mutase—is reduced, leading 
to an accumulation of the by- product methylma-
lonic acid (MMA). Measurement of MMA, unlike 
homocysteine, provides a specific and sensitive 
biomarker of B12 status, but limitations include the 
fact that it is greatly influenced by renal dysfunc-
tion and genetic variation, along with high running 
costs [44].

Given the limitations of each of the direct and 
functional B12 biomarkers, there is general agree-
ment that two or more biomarkers should be used 
to more accurately diagnose B12 deficiency so 
that early intervention can be implemented, and 
any adverse health consequences prevented [45].
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 Consequences of Deficient B12 Status

Vitamin B12 deficiency in humans results in 
impaired activities of the two vitamin B12 depen-
dent enzymes. The extent of functional deficiency 
and related adverse health outcomes that may 
arise will depend on the extent of B12 depletion.

 Severe Deficiency: Anemia 
and Neuropathy
Severe vitamin B12 deficiency causes anemia 
which is reversible with treatment, and irrevers-
ible neurological disease leading to death if 
untreated.

Hematologically, a deficiency of B12 will be 
manifested as megaloblastic anemia, character-
ized by megaloblasts in the bone marrow and 
macrocytes in peripheral blood, and reflecting an 
underlying biochemical defect of impaired DNA 
synthesis. The explanation as to why the clinical 
sign of megaloblastic anemia is identical for a 
deficiency of either folate or vitamin B12 is 
because DNA synthesis will be impaired in either 
case. In B12 deficiency, folate recycling becomes 
impaired because of a decrease in the activity of 
the B12-dependent enzyme methionine synthase, 
therefore 5-methyltetrahydrofolate cannot be 
converted to tetrahydrofolate. Thus, folate cofac-
tors becomes “trapped” in a form that cannot be 
used for DNA synthesis and, as a result, DNA 
synthesis becomes impaired—just like in folate 
deficiency. The mechanism to explain the occur-
rence of an identical anemia with folate or B12 
deficiency is referred to as the “methyl trap 
hypothesis.”

In addition to megaloblastic anemia, B12 defi-
ciency affects the nervous system resulting in 
demyelination of peripheral and central neurons 
and neurological complications, including neu-
ropathy and subacute combined degeneration of 
the spinal cord [40]. The progression of neuro-
logical complications is generally gradual and 
not reversible with treatment. The neurological 
manifestations of B12 deficiency can precede the 
appearance of hematological changes and may 
even occur in the absence of hematological com-
plications [44].

 Other Manifestations of Insufficient 
B12 Status
Emerging evidence indicates that low, though not 
necessarily deficient, vitamin B12 status is asso-
ciated with increased risk of various diseases of 
aging including CVD (as discussed above), neu-
ropsychiatric dysfunction, and osteoporosis.

Neuropsychiatric dysfunction: The reported 
neuropsychiatric effects of folate deficiency are 
remarkably similar to those described for vitamin 
B12 deficiency [31]. Both vitamins are required 
for the activity of methionine synthase, thus pro-
viding methyl groups for numerous central ner-
vous system (CNS) reactions, and may therefore 
have overlapping roles in the prevention of disor-
ders of CNS development and mood disorders, 
and in older people, cognitive dysfunction, and 
dementia (i.e., Alzheimer’s disease and vascular 
dementia). Vitamin B12 deficiency, like folate 
deficiency, leads to decreased synthesis of 
S-adenosylmethionine thereby adversely affect-
ing methylation reactions essential for the metab-
olism of components of the myelin sheath of 
nerve cells as well as for synthesis of neurotrans-
mitters [44]. Randomized trials show that inter-
vention with vitamin B12  in combination with 
folic acid and vitamin B6 can help to prevent 
cognitive decline in aging, and slow the rate of 
brain atrophy in older patients with mild cogni-
tive impairment [3, 29, 30]. As observed in folate 
deficiency, low B12 status is also associated with 
an increased risk of depression [31], and both 
vitamins may have roles in the long-term man-
agement of depression [46].

Osteoporosis: Low vitamin B12 status is 
linked with poor bone health, with evidence from 
large cohort studies showing lower than average 
BMD in middle-aged adults with low plasma 
B12 concentrations <148 pmol/L [47, 48]. One 
meta-analysis reported a modest association of 
lower B12 concentrations with a higher fracture 
risk [49]. As with folate, mechanisms to explain 
the relationship of B12 with bone health may be 
via homocysteine, higher concentrations of 
which are linked with increased bone resorption 
and interference with collagen cross-linking. 
Vitamin B12 may also have a direct effect on 
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bone, with evidence that osteoblast activity is 
dependent on B12 and bone metabolism may be 
adversely affected by B12 deficiency [50].

 Other B-Vitamins Implicated 
in Anemia

Apart from folate and B12, the B-vitamins most 
commonly implicated in anemia, riboflavin is 
another, often overlooked, B-vitamin that when 
deficient can lead to anemia. Riboflavin, in its 
cofactor forms flavin mononucleotide (FMN) 
and flavin dinucleotide (FAD), is essential for 
numerous oxidation-reduction reactions and 
plays a fundamental role in the metabolism of 
energy and in supporting cellular antioxidant 
potential. Also, riboflavin-dependent metabolism 
involves interaction with many other nutrients 
that are implicated in anemia, including iron, 
folate, and vitamin B6.

 Interaction of Riboflavin with Iron

Riboflavin deficiency can alter iron metabolism 
though various mechanisms, such as impairing 
iron absorption, increasing intestinal loss of iron, 
and/or reducing the utilization of iron for the syn-
thesis of hemoglobin. Riboflavin deficiency can 
thus contribute to iron deficiency anemia; for 
example, riboflavin supplementation of young 
women was shown to enhance circulating hemo-
globin concentrations and improve the response 
of iron deficiency anemia to iron therapy [51]. 
Additionally, a randomized trial conducted in 
pregnant women with anemia in China showed 
that the inclusion of riboflavin (along with reti-
nol) decreased the prevalence of anemia com-
pared to supplementation with iron and folic acid 
only [52].

 Interaction of Riboflavin with Folate

Riboflavin deficiency could contribute to mega-
loblastic anemia through its interaction with 
folate. Specifically, riboflavin acts as a cofactor 

for the key folate metabolizing enzyme methy-
lenetetrahydrofolate reductase (MTHFR). The 
importance of riboflavin in folate metabolism is 
perhaps most evident in individuals homozygous 
for the C677T polymorphism in MTHFR, result-
ing in a thermolabile enzyme with reduced activ-
ity, thus impairing folate recycling. The 
homozygous variant MTHFR 677TT (“TT”) gen-
otype affects about 10% of people globally, but 
this figure is much higher in some countries, 
including Mexico where a reported 32% of the 
population are affected by the TT genotype [53].

Although the health concerns in relation to 
this polymorphism have predominantly focussed 
on homocysteine as the well described pheno-
type, arguably of greater relevance to public 
health is the more recent emergence of a blood 
pressure phenotype, and a modulating role of 
riboflavin (as the MTHFR cofactor), in determin-
ing the risk of hypertension in affected individu-
als [53]. Three randomized trials to date in 
hypertensive patients showed that intervention 
with low-dose riboflavin (1.6 mg/day) results in 
lowering systolic blood pressure (by 
6–14 mmHg), specifically in those with the vari-
ant TT genotype in MTHFR [53]. Moreover, very 
recent evidence from a large cohort of over 6000 
Irish adults showed that the variant TT genotype 
in MTHFR was associated with higher blood 
pressure and an increased risk of hypertension 
from 18 years, whilst better biomarker status of 
riboflavin reduced this genetic risk [54]. The 
impact of this gene-nutrient effect may be par-
ticularly relevant in preventing adverse preg-
nancy outcomes, including gestational 
hypertension and preeclampsia, linked with this 
common folate polymorphism [17], but this 
remains to be demonstrated.

Riboflavin deficiency is a significant prob-
lem in low-middle income countries. Across the 
developed world also, deficient riboflavin status 
may be widespread, but this is largely undocu-
mented as biomarker status is rarely measured 
in population-based studies [3]. The UK is in 
fact one of the very few countries worldwide to 
include a riboflavin biomarker as part of its rolling 
national nutrition survey. Riboflavin deficiency 
in pregnancy may be a particular concern across 
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countries globally and, given its importance in 
both iron and folate metabolism, further research 
is needed investigating riboflavin- related anemia 
in pregnancy and the potential role of riboflavin 
in hypertensive disorders of pregnancy.

 Interaction of Riboflavin 
with Vitamin B6

The conversion of vitamin B6 to the metaboli-
cally active form in tissues, pyridoxal 5′-phos-
phate (PLP), is dependent on riboflavin in the 
cofactor form FMN. Riboflavin is thus an impor-
tant determinant of vitamin B6 status throughout 
the lifecycle, with recent evidence indicating that 
riboflavin may be the limiting nutrient for main-
taining PLP in older people [55]. PLP, in turn, 
functions as a coenzyme of 5-aminolevulinic 
acid synthase, which is involved in the synthesis 
of heme, the iron-containing component of 
hemoglobin. Vitamin B6 deficiency may thus 
impair hemoglobin synthesis and lead to micro-
cytic anemia.

 Public Health Measures to Address 
B-Vitamin Insufficiency and Related 
Policy

Reduction of anemia is one of the World Health 
Assembly Global Nutrition Targets for 2025 [1]. 
There are particular concerns regarding tackling 
anemia in women of reproductive age and preg-
nant women, and a recent WHO report (2020) 
has reiterated the critical importance of address-
ing anemia in these target groups and particularly 
in low-middle income countries.

 Addressing Folate Insufficiency

Advice for individuals: For the prevention of 
NTD, women globally are recommended to take 
400 μg/day folic acid as a supplement from pre-
conception until the end of the first trimester of 
pregnancy. Some women are considered to be at 
higher risk (e.g., those with a previous pregnancy 

affected by NTD; those taking certain anticon-
vulsant drugs) and thus are recommended to take 
higher folic acid doses (4–5 mg/day).

Folic acid supplements provide a highly effec-
tive means to optimize folate status in individual 
women who take their supplements as recom-
mended. However, supplementation is not an 
effective public health strategy for populations 
because in practice very few women correctly 
follow the recommendations, as discussed below.

Folic acid-fortified foods, like folic acid sup-
plements, are highly effective as a means of opti-
mizing folate status in women who are regular 
consumers of fortified foods. In countries with 
voluntary fortification in place, folic acid- 
fortified foods such as breakfast cereals are found 
to have very significant impacts on dietary intakes 
and folate biomarkers [56].

Public health challenges: Implementation of 
current folic acid policy to prevent NTD is prob-
lematic. For over 25 years, policy in many coun-
tries has been based on recommending women to 
take a supplement containing folic acid (0.4 mg/
day) from before conceiving until the 12th week of 
pregnancy. As a sole public health measure (as is 
the case in European countries), however, supple-
mentation has had little or no impact in preventing 
NTD, despite active health promotion campaigns 
over many years. The lack of success of this mea-
sure is primarily because women typically start 
taking folic acid after the period of neural tube clo-
sure (i.e., the 3rd to 4th week of pregnancy) [3]. 
This has resulted in unacceptably high rates of 
NTD in Europeans countries, estimated to be 1.6 
times higher than in regions of the world with man-
datory folic acid fortification policies in place [57].

 Food Fortification

Food fortification is the process of adding essen-
tial micronutrients to foods. Food fortification 
can be conducted on a mandatory (i.e., regulated) 
or a voluntary (i.e., at the discretion of individual 
food manufacturers) basis. When folic acid forti-
fication is undertaken via mandatory fortification 
of staple foods, it has resulted in a population-
wide increase in folate status and decreased prev-
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alence of anemia [2]. Over 85 countries 
worldwide to date (including North America, 
most of South America and Australia) have 
implemented mandatory folic acid fortification. 
In such countries, folate status is found to be opti-
mal and this is reflected in, not only a much lower 
prevalence of anemia, but also a lower risk of 
NTD, with evidence that rates of NTD have 
declined by between 27 and 50% in the US, 
Canada and Chile in response to mandatory folic 
acid fortification [57].

Although the UK and Ireland have led the way 
in Europe in terms of considering folic acid forti-
fication on a mandatory basis, for more than a 
decade both governments have delayed decisions 
to introduce mandatory fortification due to con-
cerns relating to possible health risks. However, 
two extensive government-commissioned reports 
from Ireland and UK recently provided the basis 
for reforming folic acid policy [58, 59], with the 
balance of scientific evidence in both reports 
indicating that there are no health risks associ-
ated with the low levels of folic acid being pro-
posed. Of note, rates of NTD in Ireland are 
among the highest in the world and there is par-
ticular concern that NTD trends have been 
increasing in recent years [58]. Although volun-
tary folic acid fortification is permitted in Ireland 
and appears to be beneficial in terms of reducing 
NTD to some extent, the benefit will only be 
achieved by consumers who choose to eat forti-
fied food products. Mandatory folic acid fortifi-
cation, in contrast, would reach all women, 
including those who have not planned their preg-
nancy, will not be taking FA supplements in early 
pregnancy and therefore are not protecting 
against NTDs in their babies. Moreover, an expert 
international panel tasked with reviewing all 
aspects of folate biology, recently concluded that 
the proven benefits of folic acid fortification 
would outweigh any potential risks [2].

 Summary and Recommendations

Severe deficiency of either folate or vitamin B12 
leads to megaloblastic anemia. Insufficiency of 
either of these vitamins, even if not severe enough 

to cause anemia, can be a major cause of ill health 
globally, especially for women of reproductive 
age (folate) and older adults (B12). Much less 
well recognized is that riboflavin deficiency can 
also contribute to anemia through adversely 
affecting the metabolism of iron and folate.

Folate is essential in one-carbon metabolism 
and is thus required for critical biological pro-
cesses. A large body of evidence links folate insuf-
ficiency with adverse health outcomes from early 
to late life, however, the driver of public health 
policy worldwide relates to NTD where folic acid 
supplementation of mothers before and in early 
pregnancy has a proven preventative effect. 
Despite this, preventable NTDs are not being pre-
vented in many countries. Implementation of a 
policy of mandatory folic acid fortification of sta-
ple foods would be highly effective in preventing 
NTD in regions without such policy in place.

Metabolically, vitamin B12 interacts closely 
with folate, and deficiency manifests in an identi-
cal anemia, along with irreversible neuropathy. In 
addition to these clinical signs of deficiency, B12 
insufficiency is associated with increased risk of 
diseases of aging including CVD, neuropsychiat-
ric dysfunction, and osteoporosis.

Riboflavin has several essential roles, includ-
ing in folate metabolism. Deficiency is wide-
spread but goes undetected in almost all countries. 
The recent emergence of a novel interaction 
between a common folate polymorphism and 
riboflavin status with impacts for blood pressure 
is potentially important in preventing hyperten-
sion in sub-populations globally, and may offer 
new insights into mechanisms linking impaired 
folate with disease outcomes throughout life.

In summary, folate, vitamin B12, and ribofla-
vin are important throughout the lifecycle. More 
rigorous assessment and prevention of insuffi-
cient status of these nutrients should be priori-
tized and based on measurement of biomarkers 
rather than relying on dietary data only. In older 
populations, routine monitoring of vitamin B12 
status will identify those with deficiency and 
enable early intervention. Fortified foods provide 
a bioavailable source of folate and other 
B-vitamins and offer a practical and highly effec-
tive means of improving status.
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 Coexistence of Anemia and Zinc 
Deficiency

Zinc is an essential mineral that is required in 
nearly every stage of cellular and systemic 
metabolism [1]. Zinc has structural, regulatory, 
and catalytic roles in hundreds of transcription 
factors and enzymes involved in cell division, tis-
sue growth, and immune function. Because less 
is known about zinc storage in the body com-
pared to other essential minerals, a regular thresh-
old of adequate dietary zinc intake is thought to 
be necessary to support and maintain normal 
metabolism and immune system function. Failure 
to maintain a regular threshold of adequate 
dietary zinc intake can lead to zinc deficiency, 
which manifests in complex ways that are not 
easy to measure, yet have clear effects on many 

aspects of metabolism [1]. Zinc deficiency ulti-
mately reduces the ability of the individual to 
thrive.

There are uncertainties around who and how 
many people are deficient in zinc [2–4]. To date, 
country-level plasma/serum zinc data for any 
population group exist for only 26 countries [2]. 
Much of the world population is also at risk for 
anemia, with the latest estimates from the World 
Health Organization (WHO) suggesting that ane-
mia affects around 800 million children and 
women [5]. Although there are presently no 
direct country-level comparisons of anemia and 
zinc deficiency available, the latest available data 
reveal considerable overlap at country level, with 
countries in sub-Saharan African, South and 
Southeast Asia, and Latin America generally 
showing the highest prevalence of both anemia 
and inadequate zinc intake. Wessells and Brown 
estimate inadequate zinc intake in 17.3% of the 
global population [6]. The latest estimates of ane-
mia from WHO range from 29.0% in non- 
pregnant women of reproductive age to 42.6% in 
preschool-age children [5].

Measurement of serum or plasma zinc con-
centration is considered the best biomarker for 
assessing population-level zinc deficiency [1], 
and for confirming suspected zinc deficiency 
based on estimates of inadequate zinc intake [7]. 
The International Zinc Nutrition Consultative 
Group (IZiNCG) considers zinc deficiency as 
serum or plasma zinc concentration <65 μg/dL 
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(<10 μmol/L), and this cut-point is used by most 
countries [2]. The WHO Micronutrient Database 
contains the most recent country-level data on 
low serum or plasma zinc concentrations [3]. 
Additionally, a recent paper by Gupta and 
 colleagues presents plasma zinc concentrations 
for women of reproductive age and/or children in 
25 countries [8]. For children, the prevalence of 
zinc deficiency was >20% in all but 7 of the 24 
countries with data [8]. For the 18 countries that 
collected data on women of reproductive age, all 
but one (Fiji) had a prevalence of zinc deficiency 
>20% [8]. The International Zinc Nutrition 
Consultative Group (IZiNCG) website features a 
map with data for preschool-age children in 24 of 
these countries, and planned updates to the map 
will include data from other countries, including 
Nepal and India [2]. As measurement of serum or 
plasma zinc concentration increasingly becomes 
a component of national nutrition surveys, addi-
tional country-level data on plasma or serum zinc 
concentrations will permit further study of the 
relationship between zinc and anemia.

Despite the lack of available country-level 
data, several studies confirm the coexistence of 
anemia and zinc deficiency in a number of coun-
tries. For example, a systematic review of iron 
and zinc status and intakes in children and ado-
lescents aged 0–19  years in Ethiopia, Kenya, 
Nigeria, and South Africa revealed a prevalence 
of anemia ranging from 25 to 53% and zinc defi-
ciency ranging from 32 to 63%, as assessed by 
serum zinc concentration <65 μg/dL [9]. Another 
study that mapped micronutrient deficiencies in 
five Southeast Asian countries (Cambodia, 
Indonesia, Lao PDR, Thailand, and Vietnam) 
found high levels of anemia in all five countries, 
despite low levels of iron deficiency in Cambodia, 
and high levels of zinc deficiency, as assessed by 
serum zinc concentration, in the four countries 
where it was measured [10]. In summary, there is 
documented coexistence of zinc deficiency and 
anemia, suggesting a potential role for zinc in the 
etiology of anemia.

 Associations Between Zinc 
Deficiency and Anemia

Analysis of data from a number of studies has 
revealed associations between plasma or serum 
zinc concentrations and hemoglobin, with zinc 
being one of the most statistically significant pre-
dictors of anemia in some cases. These associa-
tions between zinc deficiency and anemia have 
been found in school-age children in Cambodia 
[11] and New Zealand [12], and in pregnant 
women in Ethiopia [13]. A recent analysis of data 
from preschool-age children (PSC) and women 
of reproductive age (WRA) in 13 countries found 
that zinc concentrations were independently and 
positively associated with hemoglobin concen-
trations in 7 out of 13 countries for PSC and 5 out 
of 12 countries for WRA [14]. In roughly half the 
countries studied, there was an association 
between zinc and hemoglobin concentrations, 
even when controlling for iron status. 
Additionally, zinc deficiency was significantly 
associated with a higher prevalence of anemia in 
5 out of 13 countries (for PSC) and 4 out of 12 
countries (for WRA). Furthermore, in women of 
reproductive age, the association between zinc 
and hemoglobin concentrations was stronger 
when the overall anemia prevalence in the coun-
try was lower [14]. By way of explanation, the 
authors posited that the contribution of zinc defi-
ciency to overall anemia prevalence might 
become more important if other causes of ane-
mia, especially iron deficiency, are less 
prevalent.

Other studies have found positive associations 
between anemia and zinc deficiency in children 
in Turkey [15], in pregnant women in China [16] 
and Ethiopia [17], and in adults in Turkey [18]. 
When comparing a group of children with iron 
deficiency anemia to a group of controls, Ece and 
colleagues found that mean serum zinc concen-
tration was significantly lower in children with 
iron deficiency anemia [15]. In a study of a large 
population of pregnant women in China, mar-
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ginal zinc deficiency (defined as serum zinc con-
centration <70  μg/dL) was found in 51% of 
anemic and 45% non-anemic women in their 
third trimester [16]. Additionally, serum zinc 
concentration increased in this population as 
hemoglobin increased [16]. Gebremedhin and 
colleagues also found hemoglobin and serum 
zinc levels to be positively correlated in pregnant 
women in southern Ethiopia, and the association 
persisted after adjustments for potential nutri-
tional and non-nutritional confounders [17]. In 
Turkey, a case-control study comparing adult 
patients with iron deficiency anemia to gender- 
matched healthy controls also found lower serum 
zinc levels in the anemic patients [18].

Three additional studies support associations 
between zinc status and anemia. A recent study in 
Guatemala found a strong association between 
zinc deficiency and anemia in infants/toddlers 
aged 6–24 months: The odds of anemia were >3 
times greater for infants and toddlers with zinc 
deficiency (OR = 3.40; 95% CI [1.54, 7.47]) [19]. 
Another recent study in schoolchildren in Turkey 
that examined the relationship between zinc sta-
tus, ferritin and hemoglobin, together with other 
estimates of anemia, found that zinc deficiency 
was the strongest predictor of observed anemia 
[20]. Using regression analysis, zinc was a stron-
ger predictor of anemia than ferritin in the school 
children studied. In another study in pregnant 
women, Shamim and colleagues [21] found that 
zinc status had a positive association with hemo-
globin concentration. The increase in hemoglo-
bin was greatest when comparing the lowest to 
the upper quartiles of zinc status. The authors 
posited that there might be a level above which 
the role of zinc in hematopoiesis is minimized.

 How Could Zinc Deficiency 
Contribute to Anemia?

Although it is unclear how zinc deficiency could 
induce anemia, there are several interesting con-
nections between zinc metabolism and the syn-
thesis or regulation of hemoglobin, as shown in 
Fig.  14.1. The following examples illustrate 
potential connections between zinc and hemoglo-

bin production, but should not be considered an 
exhaustive list of all possibilities. In fact, only a 
few of these associations have been assessed 
in  vivo, and it is possible that at least some of 
these essential zinc-dependent metabolic func-
tions are likely to be conserved even during a 
shortage of zinc from the diet [22]. Therefore, the 
following sections serve primarily as suggestions 
for further research.

 Direct Mechanisms

 Heme Synthesis
Heme synthesis is a complex eight-step process 
that takes place predominantly within bone mar-
row and liver cells [23]. Synthesis begins in the 
mitochondria, continues in the cytoplasm, then 
returns to the mitochondria for the incorporation 
of iron into the protoporphyrin ring. The mature 
heme is then transported back to the cytoplasm to 
be complexed with the globin protein subunits 
before assembly into the target heme-proteins, 
including hemoglobin. The second enzyme in the 
synthetic pathway is known as aminolevulinate 
dehydratase (ALAD) or porphobilinogen syn-
thase (EC 4.2.1.24) and catalyzes the condensa-
tion of two 5-aminolevulinate molecules to create 
porphobilinogen [23]. ALAD from archaea, 
yeast, and metazoa (including humans) all con-
tain essential zinc cofactors at the active site of 
function [24]. Because the active form of ALAD 
in humans is an octomer, eight zinc ions are 
required for each single holoenzyme and thus 
could be sensitive to a drop in zinc concentration. 
However, it has not yet been shown if decreases 
in zinc status can result in loss of ALAD 
activity.

 Superoxide Dismutase
Zinc is an integral cofactor in Cu-Zn superoxide 
dismutase (EC 1.15.1.1), also known as superox-
ide dismutase 1 (SOD1) [25]. SOD1 is one of 
three SOD isoforms in human physiology with a 
major role in detoxifying superoxide radicals in 
the cytoplasmic and mitochondrial intermem-
brane space compartments of most cell types. 
Because heme synthesis is coordinated with both 
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Fig. 14.1 Zinc has numerous roles in the regulation of 
hemoglobin synthesis. This illustration highlights some of 
the pathways in which zinc (green circles and arrows) is 
required within the cellular pathways that control hemo-
globin production. Directly, zinc (green circles) is required 
for proper function of many proteins (blue semi-circles) 
including transcription factors, signaling kinases, oxidant 
defense proteins, and the heme biosynthetic enzyme, 
ALAD. Key regulatory proteins like hepcidin and erythro-
poietin (Epo) also require zinc for both their own upstream 

regulatory mechanisms and downstream signalling cas-
cades. Indirectly, zinc availability (green arrows) influ-
ences many metabolic states that alter cellular function, 
including inflammation, iron transport, oxidative stress, 
and membrane fragility. Abbreviations and details for spe-
cific pathways are defined in the text. Note that this illus-
tration is not intended to represent a specific cell type or 
show all steps involved in hemoglobin synthesis; the fig-
ure is simply meant to depict some of the ways in which 
zinc availability might influence anemia

mitochondrial and cytoplasmic enzymes, main-
taining proper redox balance within each cellular 
compartment is essential [25]. Decreases in 
SOD1 activity within erythrocytes have been 
shown to disrupt hemoglobin synthesis and ulti-
mately cause anemia [26]. However, it has not yet 
been shown if decreases in zinc availability can 
result in loss of SOD1 activity.

 Erythropoietin
Erythropoietin (Epo) is an essential cytokine for 
maintaining adequate levels of hematopoiesis, 
predominantly in response to changes in oxygen 

availability [32]. Two key transcription factors 
that regulate Epo production are GATA-binding 
factor 2 (GATA-2) and hypoxia-inducible factor 
1 (HIF-1) [33]. GATA-2 has two zinc-finger 
structural motifs essential for function, and HIF-1 
is regulated by several zinc-finger proteins, 
including PDH2 and PDHZFHX32. Thus, it is 
plausible that changes in zinc availability could 
affect the activity of these transcription factors 
and their downstream targets. However, it has not 
yet been shown if decreases in zinc availability 
can result in loss of GATA-2 or HIF-1 associated 
protein activities. In addition, Epo receptors com-
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municate through the Janus kinases (JAK) and 
signal transducer and activator of transcription 
proteins (STAT) intracellular protein kinase cas-
cade, collectively called the JAK-STAT pathway. 
The JAK-STAT cascade requires zinc as a cofac-
tor for signal transduction.

 Hepcidin
The hepatic peptide hormone hepcidin is the cen-
tral regulator of systemic iron homeostasis. It 
regulates iron absorption and controls iron release 
from cells that recycle or store iron [27]. Hepcidin 
exerts its effect by binding to the major iron 
export protein, ferroportin (FPN1), resulting in 
decreased iron absorption and trapping iron 
within macrophages and liver cells [28]. Knez 
and colleagues have proposed that zinc availabil-
ity can modulate hepcidin levels through the 
upstream protein TMPRSS6, which requires zinc 
cofactors to function [29]. Low concentrations of 
zinc could depress the activity of TMPRSS6 so 
that a key regulatory protein, hemojuvelin, is not 
activated, resulting in increased hepcidin synthe-
sis and consequently reduced iron uptake. In 
addition, zinc deficiency has been shown to 
enhance the acute phase response through the 
JAK-STAT pathway, which directly regulates 
hepcidin expression [30]. These are possible 
ways in which zinc could regulate iron availabil-
ity and subsequently hemoglobin concentration, 
but neither mechanism has yet been shown to 
result in anemia due to dietary zinc deficiency.

 Indirect Mechanisms

 Iron Absorption
Divalent metal transporter 1 (DMT1) and FPN1 
are essential metal transporters in human physi-
ology that play a major role in absorption of iron 
into the body and tissues, shuttling ionic iron 
through cellular and organelle membranes. 
Reduced levels of DMT1 and FPN1 can result in 
reduced iron status or trapped iron in sequestered 
stores. The concentration of zinc within the cell 
has been shown to influence the expression of 
DMT1 and FPN1, at least partially through metal 

transcription factor-1 (MTF1), which is sensitive 
to cellular zinc concentration [31]. Several stud-
ies have shown that animal models or human 
cells placed in zinc-deficient conditions have 
reduced concentrations of both zinc and iron 
[31]. However, it has not yet been shown if 
decreases in zinc availability can cause anemia 
through this mechanism.

 Oxidative Stress and Membrane 
Fragility
Along with SOD1, zinc ions are important in a 
number of protein systems involved in reduction 
of oxidative stress and repair of oxidative damage 
to cellular macromolecules [34]. Additionally, 
zinc has been shown to have a structural role in 
the boundary between the membrane and cyto-
plasmic compartments, including the membranes 
of erythrocytes [35]. Some of the membrane- 
associated zinc might actually be bound to the 
cytoskeletal proteins like actin and vimentin that 
support the erythrocyte membrane [36]. Loss of 
this zinc might result in reduced erythrocyte pli-
ability and increased likelihood of rupture [37]. 
However, it has not yet been shown if decreases 
in zinc availability can specifically cause changes 
in oxidative stress and membrane fragility that 
results in anemia.

 Inflammation
Immune function is arguably the best-studied 
role of zinc within the body. When zinc availabil-
ity decreases, immune tone becomes compro-
mised, allowing inflammation to become more 
easily established [38]. Inflammation is a well- 
known trigger for alterations in iron homeostasis, 
with body iron stores shifted into storage as fer-
ritin to make it inaccessible to potentially patho-
genic bacteria [39]. If the inflammation is severe 
or persists in a chronic state, this mechanism is 
known to cause anemia [40]. However, the path-
ways leading from reduced zinc availability to 
inflammation to anemia are complex and not so 
easily demonstrated. This topic is covered exten-
sively in other literature [41], as well as in Chap. 
5 of this book, The Effect of Inflammation on the 
Biomarkers of Nutritional Anemia.
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 Zinc Supplementation

 Animals and Cell Culture

To test whether zinc availability could be a con-
tributing factor to anemia, a few studies have 
examined the effects of zinc supplementation on 
hemoglobin production. Chen and colleagues 
found that exogenous zinc stimulated hematopoi-
esis in several different species of fish [42]. The 
same group later found that supplemental zinc 
also stimulated hematopoiesis in phenylhydrazine- 
treated anemic rats [43]. When bone marrow 
from these rats was cultured ex  vivo in serum- 
free media, supplementation with exogenous 
zinc and transferrin was sufficient to induce a 
1.6-fold proliferation of new red blood cells after 
1 day [43]. Thus, zinc appears to stimulate hema-
topoiesis in different animal and cell models.

 Humans

A number of systematic reviews and meta- 
analyses examined the results of zinc supplemen-
tation trials in humans. In a 2009 review, Brown 
and colleagues examined the effect of zinc sup-
plementation on hemoglobin concentration in 
children from 11 zinc supplementation trials with 
doses ranging from 1 to 70 mg per dose (median 
10  mg, with one dose unknown) in which the 
supplements differed only by the presence or 
absence of zinc [44]. They found no overall effect 
of zinc supplementation on change in hemoglo-
bin concentrations. Additionally, zinc supple-
mentation was not associated with changes in 
iron status, including serum or plasma ferritin 
concentrations.

Other literature showed that receiving 
10–20 mg doses of zinc for extended durations 
had no significant effect on hemoglobin concen-
tration in children [45]. Mayo-Wilson and col-
leagues examined preventive zinc 
supplementation for children and found no evi-
dence of an effect of zinc supplementation on 
hemoglobin (27 trials) or on prevalence of ane-

mia (13 trials) [46]. The daily doses, where 
reported, were 0–5 mg (5 studies), 5–10 mg (19 
studies), 10–15  mg (30 studies), 15–20  mg (8 
studies), and 20  mg or more (12 studies) [46]. 
Furthermore, Petry and colleagues found that 
iron and zinc given together to older infants and 
young children, resulted in smaller increases in 
serum ferritin compared with giving iron alone 
[47]. Only studies where the daily iron dose for 
children did not exceed 15 mg and the daily zinc 
dose did not exceed 10 mg were included in this 
analysis [47]. The effect of zinc intake on hemo-
globin concentrations or anemia was not assessed 
in this review, but the ferritin findings did not 
support the idea that zinc supplementation would 
increase hemoglobin or reduce anemia. Finally, a 
2018 review of systematic reviews of effective 
approaches for addressing micronutrient defi-
ciencies in children aged 0–5  years found that 
neither zinc supplementation nor zinc fortifica-
tion had a significant effect on hemoglobin, 
serum ferritin, or the risk of anemia [48]. Zinc 
supplementation alone resulted in a lower mean 
hemoglobin and higher risk of anemia compared 
with combined iron and zinc supplementation 
[48].

Since those four reviews were published, 
more recent findings from studies in Lao PDR 
[49] and Tanzania [50] support the idea that zinc 
supplementation does not increase hemoglobin 
concentrations or reduce anemia prevalence in 
humans. In the Lao PDR study, neither therapeu-
tic zinc treatment nor preventive zinc supple-
ments showed significant increases in hemoglobin 
or reductions in anemia over 32–40 weeks, com-
pared with a control or a micronutrient powder 
containing iron and zinc [49]. Only the micronu-
trient powder containing both iron and zinc was 
found to marginally improve iron status and 
reduce anemia, and this was observed only in 
children who were anemic at baseline. In the 
Tanzania study, participating pregnant women 
who received zinc actually had a significant 
reduction in their mean hemoglobin concentra-
tion compared with those who received no zinc 
[50].
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 Conclusion

In principle, zinc could play a mechanistic role in 
the regulation of hemoglobin concentrations 
in vivo. However, there are at present not enough 
data to demonstrate a clear causal role of zinc in 
the etiology of anemia in humans. The studies 
showing an association between zinc availability 
and hemoglobin concentrations in experimental 
animal and cell models are intriguing and warrant 
further investigation.
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 Introduction

Vitamin D deficiency and anemia are common 
conditions worldwide [1, 2]. Vitamin D defi-
ciency and anemia often coexist in populations, 
suggesting that vitamin D deficiency may play a 
role in the etiology of anemia [3]. The leading 
theory is that vitamin D is an essential regulator 
of hepcidin, a key hormone involved in systemic 
iron metabolism [4]. Here we explore the emerg-
ing role of vitamin D in anemia, starting with a 
brief overview of vitamin D, an examination of 
the mechanistic evidence linking vitamin D to 
anemia, followed by a review of the human 
observational studies and randomized control tri-
als of vitamin D and anemia and related 
biomarkers.

 Vitamin D

Vitamin D can be obtained exogenously from a 
few foods, such as oily fish, eggs, and mush-
rooms where it is found naturally, and fortified 
foods such as milk and vitamin supplements [5]. 
However, most people are dependent on endoge-
nous synthesis for vitamin D, when ultraviolet 
(UV) light from the sun converts 
7- dehydrocholesterol in the skin into vitamin D 
[6]. Anything that limits the amount of UV light 
reaching and penetrating the skin will affect vita-
min D status, including season, latitude, time of 
day, the amount of melanin in the skin, and 
amount of skin exposed to the sun (e.g., covering 
up for religious or cultural regions). Regardless 
of the source, vitamin D is hydroxylated in the 
liver, forming 25-hydroxyvitamin D (25OHD), 
the primary circulating form of vitamin D and the 
best biomarker of status [7, 8]. However, there is 
considerable disagreement about the appropriate 
cut-off (20–100 nmol/L), which explains, in part, 
the vastly different prevalence estimates for vita-
min D deficiency.

The best described role of vitamin D is main-
taining serum calcium concentrations within a 
narrow range. When serum calcium levels drop, 
parathyroid hormone (PTH) is released, which 
activates 25OHD-1α-hydroxylase in the kidney, 
converting 25OHD to 1,25-dihydroxyvitamin D 
(1,25OH2D) [8]. This active form of vitamin D 
increases intestinal calcium absorption, calcium 
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release from bone, and calcium reabsorption in 
the kidney, thereby increasing serum calcium 
concentration and shutting off the process. 
1,25OH2D binds to a vitamin D receptor on the 
plasma membrane of cells in the intestine, bone, 
and kidney, forming a complex that binds to the 
vitamin D responsive element (VDRE) in the 
promoter region of target genes to exert genomic 
effects [8]. The vitamin D receptor is expressed 
in many other tissues and cells, including hema-
topoietic and immune cells, indicating that vita-
min D has roles beyond calcium homeostasis. 
Some of these cells also express the enzyme 
25OHD-1α-hydroxylase, suggesting an autocrine 
or paracrine role for vitamin D [7].

 Vitamin D and Anemia Mechanisms

Vitamin D may influence hemoglobin through an 
effect on erythropoiesis. Vitamin D, as 1,25OH2D, 
has been shown to increase erythropoiesis by 
promoting the proliferation of erythroid precur-
sors and augmenting the impact of erythropoietin 
[9, 10]. In kidney disease, an elevated PTH con-

centration leads to decreased erythropoiesis and 
reduced hemoglobin concentration. Thus, vita-
min D may promote erythropoiesis by suppress-
ing PTH production [11]. However, the leading 
theory is that vitamin D protects against anemia 
by reducing inflammation. It is proposed that 
vitamin D is an essential regulator of hepcidin, a 
key hormone involved in systemic iron metabo-
lism [12] (Fig.  15.1). Chronic inflammation 
caused by infection, autoimmune disease, cancer, 
obesity, or even lifestyle factors such as smoking 
and alcohol use can decrease hemoglobin synthe-
sis due to a lack of available iron [13]. Vitamin D 
may counter the effect of inflammation by reduc-
ing levels of proinflammatory cytokines and hep-
cidin, the primary regulator of systemic iron 
homeostasis. Cytokines, released in response to 
inflammation, particularly interleukin 6, suppress 
erythropoiesis, diminish the effect of erythropoi-
etin, and reduce erythrocyte survival time. 
Interleukin 6 also induces the transcription of the 
hepcidin gene through Janus kinase (JAK)2/sig-
nal transducer and activator of transcription 
(STAT)3 pathway, increasing hepatic hepcidin 
synthesis [14]. Hepcidin binds to a receptor on 

a b

Fig. 15.1 Potential mechanisms by which vitamin D 
modifies anemia of inflammation. Panel (a): In inflamma-
tion, cytokines released, especially interleukin 6 (IL-6), 
bind to the promoter region of the gene encoding for hep-
cidin, causing an increase in hepatic hepcidin production. 
Hepcidin binds to ferroportin, found on the plasma mem-
brane of macrophages, enterocytes, and hepatocytes, 
blocking iron release into serum. Consequently, the 
amount of iron available for erythropoiesis in the bone 
marrow reduces red blood cell count and anemia. Panel 

(b): Vitamin D, as 1,25 dihydroxyvitamin D (1,25OH2D), 
may promote erythropoiesis by reducing cytokine produc-
tion or stimulating red blood cell synthesis in the bone 
marrow. The prevailing theory is that 1,25OH2D binds to 
a vitamin D receptor on the plasma membrane, forming a 
complex that binds to the promoter region on the hepatic 
hepcidin gene, inhibiting hepcidin synthesis. A decrease 
in hepcidin allows iron export from ferroportin, increasing 
serum iron, making iron available for erythropoiesis
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ferroportin, the sole cellular transmembrane iron 
exporter, blocking the export of iron from the 
cell. Hepcidin binds to ferroportin on the plasma 
membranes of enterocytes, macrophages, and 
hepatocytes and reduces the amount of iron 
released into circulation, limiting the amount of 
iron available for erythropoiesis [13]. Vitamin D, 
specifically 1,25OH2D, binds to a VDRE located 
in the promotor region of the hepcidin gene and 
downregulates hepcidin transcription, reducing 
hepcidin, allowing ferroportin to export iron, 
making it available for erythropoiesis [15].

 Iron and Inflammation Indices

Iron-deficiency anemia occurs in stages starting 
with depleted iron stores, characterized by high 
serum soluble transferrin receptor (sTfR) and low 
ferritin and hepcidin [16, 17]. Once stores are 
depleted, erythropoiesis becomes impaired; 
serum transferrin increases, and serum iron and 
transferrin saturation drops [16]. As iron defi-
ciency progresses, hemoglobin synthesis is 
reduced, leading to anemia. In contrast, anemia 
of inflammation is characterized by high serum 
ferritin and hepcidin, low serum iron and trans-
ferrin saturation, and a normal sTfR. The anemia 
of iron deficiency is microcytic and hypochro-
mic, whereas the anemia of inflammation is nor-
mocytic and normochromic [13]. Studies of 
vitamin D and iron biomarkers are difficult to 
interpret, particularly when iron deficiency and 
inflammation coexist. For example, serum ferri-
tin is typically low in individuals with iron defi-
ciency and elevated in the presence of 
inflammation.

 Observational Studies

 Observational Studies in Children 
and Adolescents

Anemia rates were higher in children/adolescents 
with lower 25OHD in population-representative 
surveys conducted in the USA, South Korea, and 
Tehran [18–20] (Table 15.1). In the US National 

Health and Nutrition Examination Survey 
(NHANES) 2001–2006, children and adoles-
cents (1–21  years) with a 25OHD <75  nmol/L 
were at a twofold greater risk of anemia than 
those with a higher 25OHD [18, 19]. Anemia 
prevalence was seven times higher in “Blacks” 
than “Whites” (14% vs. 2%); yet, in “Blacks,” 
only a 25OHD less than 30 nmol/L was associ-
ated with lower hemoglobin. In “Whites,” this 
threshold was 50 nmol/L [18]. Similar racial vari-
ation in 25OHD cut-offs has been observed for 
other health outcomes between “Blacks” and 
“Whites” [21]. In the Korean NHANES 2010–
2012, adolescents (10–20 years) with a 25OHD 
<37.5 nmol/L versus ≥50 nmol/L had a 1.8- and 
2.3-fold greater risk of anemia and iron defi-
ciency anemia (ferritin <12 μg/L and transferrin 
saturation <16% with anemia), respectively [19]. 
Yet when data were stratified by sex, these asso-
ciations remained significant for females only, 
possibly because anemia rates were higher in 
females than males (6.8% versus 1.4%) [19]. In 
pregnant American adolescents, anemia was 
eightfold higher at delivery in those with a 
25OHD <50 nmol/L compared with ≥50 nmol/L 
[22].

In both NHANES studies, 25OHD was 
inversely associated with hemoglobin concentra-
tions [18, 19, 23]. The magnitude of the associa-
tion was small in both studies; in the US study, 
for example, there was only a 2  g/L difference 
between the top three quartiles of 25OHD com-
pared with the lowest quartile (<50 nmol/L) [18]. 
Moreover, the relationship between hemoglobin 
and 25OHD was not continuous; above a 25OHD 
of 50  nmol/L, further increases in hemoglobin 
were not observed. In contrast, 25OHD was 
inversely associated with hemoglobin concentra-
tion in a population-based survey of German ado-
lescents (11–17  years), with the authors 
suggesting an inhibitory effect of vitamin D on 
erythropoiesis [24]. In a study of pregnant ado-
lescents in the USA, hemoglobin at delivery was 
9 g/L higher in women with a ≥50 compared to 
<50  nmol/L [22]. Plasma volume increases in 
late pregnancy; therefore, this large difference in 
hemoglobin may reflect differences in hemodilu-
tion [25].

15 The Role of Vitamin D in Anemia
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Table 15.1 Observational studies of vitamin D status and anemia, hemoglobin, biomarkers of iron and inflammation 
in children and adolescents

Study/
country Survey/sample/age Comparison/adjustment Results
Atkinson, 
US [18]

NHANES (2001–2006). 
N = 10,410/1–21 years

25OHD and anemia risk by logistic 
regression adjusted for age, sex, 
race, obesity, CRP, serum B12, and 
folate

25OHD <75 nmol/L associated with 
increased risk of anemia, OR 1.9 
(95% CI, 1.2–3.1), p = 0.006, and 
<25 nmol/L, OR 1.5 (95% CI 
1.1–1.9), p = 0.004

Doudin, 
Germany 
[24]

Nationally 
representative sample. 
N = 5066/11–17 years

Correlations between 25OHD and 
Hb, sTfR, or ferritin. Multinomial 
regression with adjustment for age, 
sex, BMI, socioeconomic status, and 
self-rated total quality of life

25OHD was inversely associated with 
Hb (r = −0.04, p = 0.003), and sTfR 
(r = −0.1, p < 0.001) but was not 
associated with ferritin (r = 0.02, 
p = 0.172). Multinomial regression 
indicated similar findings

Lee, Korea 
[19]

NHANES (2010–2012). 
N = 2526/10–20 years

25OHD and anemia (WHO 
cut-offs), iron deficiency (ferritin 
<12 μg/L and transferrin saturation 
<16%), and IDA (ID + anemia). 
Adjusted for age, BMI, and low 
household income

Vit D deficiency associated with 
increased risk for anemia, OR 1.8 
(95% CI, 1.1–2.9), p = 0.013, ID OR 
1.94 (95% CI, 1.3–3.0), p = 0.002 and 
IDA OR 2.3 (95% CI, 1.2–4.2), 
p = 0.01

Moran- 
Lev, US 
[26]

Hospitalized Patients. 
N = 90/1–16 years

Children were divided into three 
groups: acute infection with anemia 
(n = 32), acute infection without 
anemia (n = 30), and controls 
(n = 28; no infection). Blood was 
obtained within 72 h of admission, 
and biomarkers were measured

Hepcidin, ferritin, IL-6 were 
significantly higher, and 25OHD, 
serum iron and transferrin were 
significantly lower in those with 
infection and anemia

Nikooyeh, 
Iran [20]

A random sample of 60 
schools in Tehran 
grades 4 and 5. 
N = 937/9–12 years

The difference in 25OHD in anemic 
and nonanemic children (Hb 
<115 g/L). Vit D def (25OHD 
<25 nmol/L) and risk of anemia 
after adjustment for sex, age, BMI, 
and PTH

Mean ± SD 25OHD lower in anemic 
vs. nonanemic (19.6 ± 13.3 vs. 
24.0 ± 23.1 nmol/L; p = 0.003). Vit D 
deficient children were more likely to 
be anemic; OR 3.5 (95% CI, 1.2–9.8)

Thomas, 
US [22]

A prospective 
longitudinal study of 
pregnant adolescents. 
N = 158/<19 years

Maternal 25OHD, hemoglobin 
adjusted for maternal race and age at 
enrolment

Anemia was 8.0 times greater in 
adolescents with delivery 25OHD 
concentrations, <50 nmol/L than in 
those with 25OHD concentrations 
≥50 nmol/L (p < 0.001)

Abbreviations: 25OHD 25hydroxyvitamin D; BMI body mass index; CI confidence interval; CRP C-reactive protein; 
Hb hemoglobin; IDA iron deficiency anemia; IL-6 interleukin 6; OR odds ratio; PTH parathyroid hormone; sTfR soluble 
transferrin receptor; NHANES National Health and Nutrition Examination Survey; Vit D Vitamin D; WHO World Health 
Organization

Only two studies have included measures of 
iron and inflammation biomarkers with mixed 
results. Thomas found no association between 
25OHD and ferritin, sTfR, or hepcidin in preg-
nant adolescents [22]. Moran-Lev et al. divided 
hospitalized children into three groups: acute 
infection with anemia (n  =  32), acute infection 
without anemia (n = 30), and controls (n = 28; no 
infection) [26]. Serum 25OHD was lower, and 
interleukin 6 (IL-6), hepcidin, and ferritin con-
centrations were higher in the anemic children 

with infectious disease, consistent with vitamin 
D’s purported role as immunomodulator anemia 
chronic disease.

 Observational Studies in Adults

Findings in adults were similar to children and 
adolescents. In the US NHANES (2001–2006), 
individuals (≥17 years) with a 25OHD concen-
tration <50 nmol/L were 1.6 times more likely to 
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be anemic [27] (Table 15.2). In a large group of 
predominately adult patients (>17 years), mem-
bers of an integrated health plan in the USA, 
25OHD <75 nmol/L was associated with a nearly 
2-times increase in anemia; however, 65% of 
patients had chronic kidney disease [28]. Sim 
et  al. reported a significant modifying effect of 
race on the relationship between anemia and 
25OHD.  There was no relationship in White 
Americans, but African-Americans with a 
25OHD <50 versus ≥50 nmol/L had a 6.4 times 
higher risk of anemia. Black Americans with a 

25OHD <50  nmol/L were at 8.4 times greater 
risk if they had anemia with inflammation [29]. 
There was an inverse association between hemo-
globin and 25OHD concentration up to 
50  nmol/L.  In the Korean NHANES (2010–
2011), hemoglobin concentration began to 
decrease in adults (>20  years) as 25OHD fell 
below 66 nmol/L [30]. When the association was 
analyzed by sex and menstrual status, the corre-
sponding 25OHD concentrations were 69, 30, 
and 34 nmol/L for males, premenopausal wmen, 
and postmenopausal women, respectively. 

Table 15.2 Observational studies of vitamin D status and anemia, hemoglobin, biomarkers of iron and inflammation 
in adults

Study/country Survey/sample/age Comparison/adjustment Results
De la Cruz, 
Mexico [32]

A convenience sample of 
older adults. 
N = 783/>60 years

Tertile of the log of hepcidin by 
25OHD <25 nmol/L; adjusted for 
sex, age, inflammation, ferritin, 
sTfR, BMI, renal disease, anemia, 
frailty, and smoking

Hepcidin tertile was not 
associated with vitamin D 
deficiency; OR 0.74 (95% CI, 
0.42–1.28)

Han, Korea 
[23]

NHANES (2010–2011). 
N = 11,206/>20 years

A generalized additive model was 
used to examine Hb and 25OHD, 
adjusted OR for anemia by quartile 
of 25OHD. Examined overall and by 
sex and menstrual status

Hb decreased linearly when 
25OHD <69, 30, and 
34 nmol/L for males, pre- and 
postmenopausal females, 
respectively. Anemia risk 
associated with 25OHD in 
females only

Malczewska, 
Poland [31]

Female professional athletes. 
N = 219/14–34 years

Logistic regression 25OHD 
<75 nmol/L and ID (ferritin 
<16 μg/L) or IDA (ferritin <16 μg/L, 
sTfR >8.3 mg/L, TIBC >390 μg/dL, 
and Hb <120 g/L) adjusted for 
length of time spent outdoors, and 
age

Having a 25OHD <75 nmol/L 
was associated with an 
increased risk of ID, OR 2.7 
(95% CI, 1.3–5.6), p = 0.007 
and IDA, OR 4.2 (95% CI, 
1.8–11.7), p < 0.01

Monlezun, 
US [27]

NHANES (2001–2006). 
N = 5456/≥17 years

Regression analysis, adjusted for 
age, sex, race, BMI, presence of 
kidney disease, CRP, ferritin, 
vitamin B12, folic acid, and iron 
levels

Adults with 25OHD 
<50 nmol/L were more likely 
to be anemic; OR 1.6 (95% 
CI, 1.1–2.5), p = 0.03

Sim, US [28] Patients from an integrated 
health plan with hemoglobin 
and 25OHD measurement; 
N = 554/>17 years

Hb was stratified by 25OHD using 
logistic regression, adjusted for age, 
gender, erythrocyte-stimulating 
agent, and chronic kidney disease

25OHD <75 vs. ≥75 nmol/L 
was associated with increased 
risk of anemia) OR 1.9 (95% 
CI, 1.3–2.7)

Smith, US 
[29]

A convenience sample of 
healthy adults working at a 
university. 
N = 638/>17 years

Multivariate logistic regression to 
determine the association between 
anemia and 25OHD (<50 vs. 
≥50 nmol/) stratified by race. 
Further analysis by anemia of 
inflammation (CRP >3 mg/L or IL-6 
>1.76 pg/mL)

No association in whites. 
Anemia by 25OHD in 
African-Americans, OR 6.4 
(95% CI, 1.9–22.0). Anemia 
including infection by 25OHD 
OR 8.3 (95% CI, 2.0–36.2)

Abbreviations: 25OHD 25hydroxyvitamin D; BMI body mass index; CI confidence interval; CRP C-reactive protein; 
Hb hemoglobin; ID iron deficiency; IDA iron deficiency anemia; IL-6 interleukin 6; OR odds ratio; sTfR soluble trans-
ferrin receptor; Vit D Vitamin D
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Women, but not men, in the lowest quartile of 
25OHD were at greater risk of anemia.

The association between 25OHD and iron 
deficiency, iron deficiency anemia, and biomark-
ers of iron has not been well studied. In profes-
sional female athletes, a 25OHD <75 nmol/L was 
not associated with anemia but was associated 
with a 2.7- and a 4.2-fold higher risk of iron defi-
ciency and iron-deficiency anemia, respectively 
[31]. In a large study (n  =  783) of 783 older 
Mexican adults (>60 years), there was no associ-
ation between 25OHD and hepcidin. Although 
anemia was high (36%), less than 10% of partici-
pants had a 25OHD <50 nmol/L [32].

Overall, evidence from the observational stud-
ies in children, adolescents, and adults suggests 
that 25OHD is associated with anemia. The mag-
nitude of difference in hemoglobin between the 
high and low 25OHD is small, with a threshold 
effect for 25OHD ~50 nmol/L. This association 
is influenced by the prevalence of vitamin D defi-
ciency and anemia. Other factors are possibly 
involved, including the criteria to define anemia, 
the cut-off used for 25OHD, and the method used 
to measure 25OHD and hemoglobin. The com-
plex relationship between iron and inflammation 
biomarkers in iron deficiency anemia and anemia 
of chronic disease complicates the interpretation 
of studies. There is a suggestion that higher 
25OHD is associated with lower hepcidin in a 
population with an increased burden of inflam-
mation, but this is not consistent. Ferritin is not 
related to 25OHD, but is a biomarker of iron sta-
tus and inflammation.

 Randomized Control Trials

Ultimately, randomized control trials (RCTs) are 
required as it is impossible to rule out residual 
confounding and infer causation from observa-
tional studies (Table 15.3).

 Anemia

Nine studies were found in which participants 
were randomized to vitamin D supplementation 
or placebo with anemia, hemoglobin, or related 
biomarkers as outcomes [30, 33–40]. Three stud-
ies were in healthy participants [29, 36, 37], 
including one study in pregnant women [30]; one 
trial in iron-deficient women [33] and another 
study in anemic patients [40]; three studies were 
in populations with chronic disease [34, 35, 41], 
and one study was in mechanically ventilated 
critically ill patients [39]. The number of partici-
pants in the trials ranged from 28 to 250 [37, 38] 
and were between 1  week [38] and 3  years in 
duration [42]. Vitamin D was given as oral vita-
min D3 and in daily doses from 10 to 250 μg up to 
a single bolus dose of 15,000 μg given intramus-
cularly [40]. Most studies report a higher 25OHD 
at follow-up between those receiving vitamin D 
than placebo.

In the RCTs that included hemoglobin as an 
outcome, two trials reported that hemoglobin was 
higher in those randomized to vitamin D supple-
mentation than placebo [33, 39], four trials did 
not [34, 35, 40]. In one study, women (n = 50) 
with marginal iron deficiency were asked to con-
sume an iron-fortified breakfast cereal containing 
9 mg of elemental iron for 8 weeks and random-
ized to receive 38 μg/day vitamin D3 or placebo. 
The women who received vitamin D had a 7 g/L 
higher hemoglobin. In contrast, adding a single 
bolus intramuscular vitamin D to parenteral iron 
in Indian patients with iron deficiency anemia did 
not result in higher hemoglobin at 12-weeks fol-
low- up. Likewise, participants (n = 251) with low 
25OHD from North Africa, South and South-East 
Asia, and living in Norway in the winter were 
randomized to one of three groups: 10 or 25 μg 
vitamin D or placebo. Neither group receiving 
vitamin D had a higher mean hemoglobin after 
16  weeks compared to placebo. Ernst et  al. 
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Table 15.3 Randomized control trials of vitamin D supplementation and anemia, hemoglobin (Hb) biomarkers of iron 
and inflammation in adults

Study/
country Participants Intervention Outcomes
Ahmad, UK 
[33]

Premenopausal women with 
marginal iron deficiency 
(ferritin <20 μg/L), 
N = 50/19–49 years

Iron-fortified breakfast cereal 
(15 mg/100 g) with and 
without 38 μg vitamin D3/day 
for 8 weeks

Significant mean ± SD increase in 
Hb from baseline in D3 group vs. 
placebo 4 ± 7 vs. −3 ± 12, 
p = 0.037. No effect on ferritin 
and hepcidin

Braithwaite, 
UK [30]

Pregnant women. 
N = 195/30 ± 5 years

25 μg/day vitamin D3 vs. 
placebo from ~14 weeks 
gestation until delivery

At 34 weeks gestation, no 
differences in hepcidin, ferritin, 
CRP, and α1-acid glycoprotein

Ernst, Austria 
[35]

Patients with heart failure. 
N = 200/>18 years

70 μg/day vitamin D3 vs. 
placebo for 8 weeks

No effect on Hb

Ernst, 
Germany [34]

Patients with heart failure. 
N = 172/>18–79 years

100 μg/day vitamin D3 vs. 
placebo for 3 years

No effect on Hb

Kasprowicz, 
Poland [36]

Male ultra-marathon runners. 
N = 20/41 ± 5 years

250 μg vitamin D3 vs. placebo 
daily for 2 weeks before a 
100 km ultra-marathon. Blood 
was collected at baseline, pre-, 
post, and 12 h post-run

There were no differences among 
hepcidin, IL-6, sTFR, TIBC, or 
ferritin groups

Madar, 
Norway [37]

Healthy adults of South Asian, 
Middle Eastern, and African 
descent living in Norway. 
N = 251/18–50 years

10 μg D3, or 25 μg vitamin D3 
vs. placebo daily for 16 weeks 
during winter

No difference in mean Hb −2 
(95% CI, −12, 9) g/L; ferritin 1.9 
(95% CI, −3.2, 7.0) μg/L; 
between those receiving vitamin 
D3 versus placebo

Smith, US 
[38]

Healthy adults. 
N = 28/18–65 years

6250 μg D3 as single bolus vs. 
placebo

Mean (95%CI) hepcidin was 
lower in the vitamin D3 group 
than placebo at 1 week, 73% 
(95% CI, 4–92%), p = 0.04. No 
difference in ferritin or cytokines 
between groups

Smith, US 
[39]

Critically ill, ventilated adults. 
N = 30/>18 years

1250 or 2500 μg vitamin D3 vs. 
placebo daily for 5 days. Blood 
was collected at baseline and 
weekly for 4 weeks

At 3 weeks mean Hb was higher 
in 2500 μg/day versus placebo 
113 (9, 14) vs. 82 g/L [7, 9], 
(p = 0.03)]. Hepcidin was lower 
in the 2500 μg D3 group 
(p = 0.007). No effect of 1250 μg

Sooragonda, 
India [40]

Adults with iron deficiency 
anemia (ferritin <15 μg/L and 
anemia) N = 30/41 ± 11 years

Intravenous iron with bolus 
Vitamin D3 (15,000 μg) or 
placebo administered 
intramuscularly. Follow-up 
after 12-weeks

No difference between 
mean ± SD Hb between groups 
(118 ± 15 vs. 121 ± 15 g/L, 
p = 0.6). No difference in ferritin 
or 25OHD between groups

Abbreviations: 25OHD 25hydroxyvitamin D; BMI body mass index; CI confidence interval; CRP C-reactive protein; 
Hb hemoglobin; ID iron deficiency; IDA iron deficiency anemia; IL-6 interleukin 6; OR odds ratio; sTfR soluble trans-
ferrin receptor; TIBC total iron binding capacity; Vit D Vitamin D

showed no effect of vitamin D on hemoglobin in 
two studies of patients with cardiovascular dis-
ease [34, 35]. One of these two studies included 
172 participants with heart failure who received 
100  μg/day vitamin D3 or placebo for 3  years 
[34].

 Iron Status and Inflammation Indices

Vitamin D lowered hepcidin in 2 of 5 studies 
reporting changes in hepcidin as an outcome. 
Plasma hepcidin was lower in healthy adults 
(n = 28) randomized to a single bolus of vitamin 
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D3 (6250 μg/day) than placebo after 1 week [38]. 
In a small study, 30 critically ill ventilated sub-
jects were randomized to 1250 μg/day, 2500 μg/
day, or placebo for 1  week. After 4-weeks, 
patients receiving 2500  μg/day vitamin D3 but 
not 1250 μg/day had lower hepcidin and higher 
hemoglobin than those receiving the placebo 
[39]. However, only four patients remained in 
the study after 4 weeks. Anemia is common in 
elite athletes, potentially due to exercise-induced 
inflammation, and vitamin D might improve 
hemoglobin by decreasing inflammation and 
lowering hepcidin. However, in a study of male 
marathon runners (n = 20) training for an ultra-
marathon, 250  μg/day vitamin D3 for 2  weeks 
prerace did not reduce inflammatory cytokines 
or hepcidin concentrations compared to placebo 
post-race [36]. Braithwaite et  al. [30] random-
ized pregnant women to 25 μg/day vitamin D3 or 
placebo at ~14  weeks gestation. In late preg-
nancy, there was no difference between the two 
groups in hepcidin, ferritin, and inflammatory 
markers.

Overall, RCTs conducted to date do not sup-
port a role for vitamin D in improving hemoglo-
bin. Most studies were small and underpowered 
and had heterogeneity in participant characteris-
tics, vitamin D dose, duration of supplementa-
tion, and follow-up. Several RCTs were 
conducted against a low background rate of ane-
mia and vitamin D deficiency. Given that obser-
vational studies suggest a 25OHD concentration 
above which no further increases are not associ-
ated with higher hemoglobin, an improvement in 
hemoglobin with vitamin D supplementation 
should not be expected. If vitamin D improves 
anemia by decreasing hepcidin, then an improve-
ment in anemia would only be expected in those 
with anemia of inflammation. Careful consider-
ation should be given to the design of future stud-
ies. Populations with a high background of 
inflammation and anemia and low 25OHD that 
are sufficiently powered are most likely to show 
an effect of vitamin D.

 Conclusions

Vitamin D deficiency and anemia frequently 
coexist in populations. There is mechanistic evi-
dence to support a role for vitamin D supplemen-
tation in anemia reduction, most likely through 
vitamin D’s anti-inflammatory role as a regulator 
of the hepcidin-ferroportin axis. Most observa-
tional studies in children and adults show an 
association between 25OHD and hemoglobin. 
Still, the effect size is small and is modified by 
sex, ethnicity, and background rates of inflamma-
tion and anemia. RCT evidence does not support 
giving vitamin D to reduce anemia, but current 
trial evidence is insufficient.

Blanket iron supplementation is often recom-
mended for women of reproductive age and chil-
dren under five in low-resource countries where 
the background prevalence of anemia is high 
[43]. However, iron deficiency and inflammation 
often coexist [44]. Iron supplementation will not 
reduce anemia unless inflammation is reduced. 
Vitamin D supplementation may help reduce 
inflammation, thereby making more iron avail-
able for erythropoiesis, but more robust RCT evi-
dence is required.
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16Oxidative Stress and Vitamin E 
in Anemia

Maret G. Traber and Afaf Kamal-Eldin

Abbreviations

AVED  Ataxia with isolated vitamin E 
deficiency

Hb Hemoglobin
HIV/AIDS  Human immunodeficiency virus/

acquired immunodeficiency 
syndrome

met-Hb Met-hemoglobin
NAD(P)H Reducing equivalents
O2 Oxygen
PEM Protein energy malnutrition
R Carbon centered radical
RBC Red blood cell/erythrocyte
ROO Peroxyl radical
ROOH Lipid hydroperoxides
ROS Reactive oxygen species
α-TO⋅ α-Tocopheroxyl radical
α-TOH α-tocopherol
α-TTP α-tocopherol transfer protein

 Introduction

Anemia is characterized by a low number of 
healthy circulating erythrocytes/red blood cells 
(RBCs) due to inadequate production or exces-
sive destruction. Anemia can result from nutri-
tional deficiencies (e.g., iron deficiency, vitamin 
B12 deficiency, and vitamin E deficiency), inher-
ited disorders (hemolytic anemia), and/or from 
infections or exposure to certain toxins and medi-
cations (aplastic anemia). Hemolytic anemia, 
prevalent in inherited diseases such as sickle cell 
anemia, thalassemia, glucose-6-phosphate dehy-
drogenase (EC 1.1.1.49) deficiency, and superox-
ide dismutase-2 (EC 1.15.1.1) deficiency, occur 
due to destruction of premature or defective 
RBCs. Aplastic anemia occurs when the bone 
marrow capacity to produce RBCs is compro-
mised due to viral infections and/or exposure to 
toxic chemicals, radiation, or medications (such 
as antibiotics, antiseizure drugs, and some cancer 
treatments). Anemia can lead to a variety of 
health problems, since the oxygen required by 
the body is carried by RBCs and because oxida-
tive stress can be generated by the iron released 
from damaged RBCs. Oxidative distress, caused 
by overproduction of reactive oxygen species 
(ROS) and impaired antioxidant potential, is 
associated with anemia. Several enzymatic and 
nonenzymatic components, including vitamin E, 
are protective against oxidative stress.
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 Oxidative Distress and Anemia

 Oxidative Distress Definition, Free 
Radicals, and Reactive Oxygen 
Species

The term oxidative distress denotes a disturbance 
in the prooxidant-antioxidant balance in favor of 
the former. ROS include several free radical and 
nonradical molecular species generated during 
normal oxygen metabolism leading to damage in 
“oxidative distress” [1]. Examples of ROS 
include triplet oxygen (.↑O=O↑.), singlet oxygen 
(.↑O=O↓.), hydrogen peroxide (H2O2), and super-
oxide anion (O2

.–) and hydroxyl (HO.) radicals 
(Fig.  16.1). Transition metal ions, such as iron 
and/or copper, can act as catalysts, generating 
radicals from lipid hydroperoxides, for example, 
via the Fenton reaction. Free radicals and ROS 
react and cause damage and dysfunction of lip-
ids, proteins, and DNA nucleotides. Lipid peroxi-
dation is especially dangerous as it creates more 
radicals, causes a chain reaction, damages numer-
ous polyunsaturated fatty acids, and generates 
toxic aldehydes.

 Oxidative Distress and Destruction 
of Erythrocytes

RBCs are particularly prone to oxidative damage, 
and related complications, because of their high 
concentrations of polyunsaturated fatty acids, 
iron, and oxygen. ROS cause the oxidation of 
RBCs membrane lipids leading to their deforma-
tion and destruction, but α-tocopherol is the vita-
min E enriched in these membranes. During the 
binding of oxygen to hemoglobin (Hb) iron to 
form oxy-hemoglobin, an electron is transferred 
from iron to the bound oxygen and a ferric- 
superoxide anion complex is formed [2]. If this 
electron is not returned to iron during deoxygen-
ation, the oxygen will transform to a superoxide 
anion radical (O2

.–) and Hb will adopt a met- 
hemoglobin status (met-Hb):

 Hb Fe O met-Hb Fe O2
2

3
2

+ +( ) ® ( ) + -.  

This reaction affects 0.5–3% of Hb daily and is 
followed by dismutation of the O2

.– to H2O2, which 
may react with met-Hb to form a hypervalent ferryl-
Hb radical that is able to initiate lipid oxidation:

L-Arginine

GSHGSNO NO.

O=N-OO-

O2·- H2O2

·≠O=OØ·

·≠O=O≠·

·OH
+

Catalase

Oxidation of
Lipids

Proteins
Carbohydrates

Tyrosine
Nitration

Protein-S-
Nitrosylation

Reactive Oxygen Species (ROS)
Reactive Nitrogen Species (RNS)

Fe2+ Fe3+

Photosensitizer

Fenton Reaction

SOD

H2O

Fig. 16.1 Reactive oxygen species (ROS) and reactive 
nitrogen species (RNO) and their oxidative damage to lip-
ids, proteins, and carbohydrates. ROS can be formed from 
singlet oxygen (.↑O=O↓.) and RNS from the oxidation of 
l-arginine. The antioxidant enzymes, superoxide dis-
mutase (SOD) and catalase, neutralize the superoxide 

anion radical (O2
.–) and hydrogen peroxide (H2O2), 

respectively. In the presence of iron and other transition 
metal ions, hydrogen peroxide is split into very reactive 
hydroxyl radicals (HO.) that react instantaneously with 
lipids, proteins, and carbohydrates
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 met-Hb Fe H O Hb Fe O H O3
2 2
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2

+ +( ) + ® - ( ) = +.  
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Fig. 16.2 Vitamin E structures. The term “vitamin E” is 
usually meant to include molecules with a chromanol 
head and a phytyl tail (tocopherols) or an isoprenoid tail 
(tocotrienols). Eight molecules form the family (α-, β-, γ-, 
and δ-tocopherols and α-, β-, γ-, and δ-tocotrienols) based 
on the number of methyl groups on the chromanol ring, as 
indicated

met-Hb is also produced by the attack of Hb 
by other oxidants including H2O2, NO., and 
.OH.  Several antioxidant systems exist in the 
RBC to protect them against oxidation [3]:

• Antioxidant molecules, namely, glutathione, 
ascorbic acid (vitamin C), and α-tocopherol 
(vitamin E).

• Sources of the redox equivalents NADH and 
NADPH, that is, the pentose phosphate cycle 
and glucose-6-phosphate dehydrogenase.

• Antioxidant enzymes including superoxide 
dismutase, catalase (EC 1.11.1.6), glutathione 
peroxidase (EC 1.11.1.9), and peroxiredoxins 
(EC 1.11. 1.15).

If the antioxidant machinery fails to combat 
the ROS generation, production of met-Hb and 
its participation in further oxidation reactions 
will lead to oxidative distress. The disruption of 
membrane phospholipids enhances the exposure 
of phosphatidylserine on the outer cell surface 
[4], enabling its engulfment by macrophages 
having phosphatidyl serine-specific receptors, 
which will lead to RBC destruction. During these 
processes, met-Hb undergoes slow denaturation 
generating hemichromes that form tight associa-
tions with the cytoplasmic domain of the major 
erythrocyte membrane protein. This process 
results in oxidation and clusterization and finally 
the triggering of phagocytosis-mediated erythro-
cyte removal [2]. Importantly, increased RBC’s 
α-tocopherol concentrations decrease phosphati-
dyl serine externalization and their procoagula-
bility [5].

 Vitamin E Antioxidant Activity

 Vitamin E Definitions

Vitamin E is the collective name for plant- 
synthesized molecules having a chromanol head 
and a phytyl tail (tocopherols) or an isoprenoid 

tail (tocotrienols), all scavenging peroxyl radi-
cals and exhibiting the antioxidant activity of 
α-tocopherol [6]. Eight molecules (α-, β-, γ-, and 
δ-tocopherols and α-, β-, γ-, and δ-tocotrienols) 
vary in the number of methyl groups on the chro-
manol ring (Fig.  16.2). Unlike most other vita-
mins, chemically synthesized α-tocopherol is 
not identical to the natural form synthesized by 
plants, that is, RRR-α-tocopherol (on labels: d-α- 
tocopherol), is only one of the eight stereoiso-
mers present in synthetic all-rac-α-tocopherol. 
The Food and Nutrition Board [7] defined vita-
min E for human requirements as only 2R-α-
tocopherol; thus, only half of the stereoisomers 
in all-rac-α-tocopherol meet the vitamin E 
requirement. With regard to human nutrition, nat-
ural α-tocopherol (RRR or d form) is provided by 
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foods or supplements, while all-rac- α-tocopherol 
(or d,l-α-tocopherol) is obtained by food fortifi-
cation or supplementation.

 Antioxidant Functions

Vitamin E, particularly α-tocopherol, functions 
in vivo as a lipid-soluble peroxyl radical scaven-

ger and chain-breaking antioxidant [8]. 
α-Tocopherol (TOH) reacts with peroxyl radicals 
(ROO.) 1000-times faster than polyunsaturated 
fatty acids (RH) and, thus, protects these acids 
from auto-oxidation. The phenolic group of the 
chromanol ring reacts with the ROO. to form cor-
responding hydroperoxides and the vitamin E 
radical (TO.):

Radical
attack in the
presence of

oxygen

LIPID
PEROXIDATION

LOOH

LOO·

VITAMIN E
CYCLE

VITAMIN C
CYCLE

GLUTATHIONE
CYCLE

NAD(P)H
CYCLE

NAD(P)H

NAD(P)+GSH

GSSGAA-a-TO·

a-TOH A·-

DH-A

Fig. 16.3 Vitamin E, antioxidant network, and mem-
brane lipid oxidation. As part of the antioxidant network, 
α-tocopherol (α-TOH) forms a tocopheroxyl radical 
(α-TO.) when it intercepts a peroxyl radical (LOO.) in a 
cell membrane. In the absence of vitamin E, these LOO. 
can abstract a hydrogen from polyunsaturated fatty acids 
(LH) and generate both a hydroperoxide (LOOH) and 
another carbon centered radical (L.), which in the pres-
ence of oxygen (O2) will form an LOO. and thus a lipid 

peroxidation chain reaction occurs. If α-TOH is present, it 
intercepts the radical 1000 times faster than the radical 
reacts with polyunsaturated fatty acids, and both an 
ROOH and an α-TO. are formed. This α-TO. radical can 
be detoxified and α-TOH regenerated by intracellular 
antioxidants including vitamin C, glutathione, and reduc-
ing equivalents (NAD(P)H) derived from oxidative 
metabolism

 
In the presence of vitaminE: ROO TOH ROOH TO× + ® + ×

 

 In the absence of vitaminE: ROO RH ROOH R× + ® + × 

 R O ROO× + ® ×2  

TO. Is recycled back to tocopherol with ascor-
bate (vitamin C), thiols especially glutathione, or 
other reductants serving as hydrogen donors 
(AH) [9].

 TO AH TOH A× + ® + ×  

The regeneration of tocopherol from the 
tocopheroxyl radical in the RBC membrane 

(Fig. 16.3) is especially relevant to the discussion 
of oxidative distress, causing RBC destruction 
and ultimately anemia. A number of antioxidant 
enzymes, including superoxide dismutase, gluta-
thione peroxidase, and catalase, are also involved 
in the protection of RBCs against oxidative stress 
and the sparing of vitamin E [10].
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 Vitamin E Deficiency Symptoms 
in Humans

Low serum or plasma vitamin E concentrations 
are indicative of vitamin E deficiency. The Food 
and Nutrition Board of the US Institute of 
Medicine [7] defined the lower limit of plasma 
α-tocopherol at 12 μmol/L for normal, healthy, 
adult humans. However, measurements of 
plasma α-tocopherol levels alone may be insuf-
ficient for patients with cholestatic liver disease. 
These patients have elevated serum lipids and 
α-tocopherol concentrations in the apparently 
“normal” range, but these may not be sufficient 
to protect tissues due to abnormal lipoprotein 
metabolism [11]. Calculation of effective 
plasma vitamin E concentrations needs to take 
into account these high lipid (sum of plasma 
total cholesterol and triglyceride) levels. 
Patients with cholestatic liver disease, charac-
terized by extraordinarily high lipid levels, also 
had neurologic symptoms related to vitamin E 
deficiency while plasma α-tocopherol concen-
trations were in the normal range [11]. There is 
a controversy with respect to the adequacy of 
α-tocopherol/lipids; if circulating lipid levels 
are low, there is insufficient lipoprotein carrier 
for vitamin E. In this case, the absolute plasma 
α-tocopherol concentrations may be a more reli-
able biomarker of vitamin E status than their 
lipid ratio. Certainly, it is worthwhile to present 
both forms of the data.

Tocopherol levels in RBCs are generally lower 
than those observed in plasma. For example, 
plasma α- and γ-tocopherol concentrations in 
healthy Japanese university students (n  =  12) 
were 19.6 and 0.12 μmol/L compared with 2.2 
and 0.02  μmol/L in packed RBC, respectively 
[12]. Kinetic studies have shown that newly 
absorbed α-tocopherol is enriched in the RBC 
with a maximum occurring in less than 24 h after 
dosing compared to about 12 h in plasma [13].

A major vitamin E deficiency symptom in 
humans was described as a peripheral neuropathy 
characterized by the degeneration of the large 
caliber axons in the sensory neurons of persons 
with fat malabsorption syndromes [14]. This neu-

rodegeneration is apparently the cause of the 
ataxia with vitamin E deficiency (AVED), [15] 
which results from α-tocopherol transfer protein 
(α-TTP) genetic defects [16]. In α-tocopherol 
deficiency, anemia occurs as a result of free radi-
cal damage to erythrocyte membranes [17]. 
Similarly, peripheral neuropathy is likely due to 
α-tocopherol depletion and subsequent free radi-
cal damage to the nerves [18].

Underconsumption of fruits and vegetables, 
evaluated in 702 school children (4–10 years) in 
the western Brazilian Amazon, was found in 5% 
of the children, along with 9% vitamin E defi-
ciency and incidences of 6.3% anemia and 33% 
multiple nutritional deficiencies. Anemia is not 
the only consequence of vitamin E deficiency. 
Chronic underconsumption of vitamin E will 
lead to overt vitamin E deficiency symptoms if 
the α-tocopherol levels in target tissues (e.g., 
peripheral nerves) are depleted [18]. Thus, chil-
dren historically have been the susceptible popu-
lation in which vitamin E deficiency has been 
observed, for example, one quarter of the new-
borns in the tropical region of northeastern Brazil 
are vitamin E deficient [19]. In Algeria, both 
small for gestational age and large birth weight 
newborns have increased oxidative stress and low 
vitamin C and E concentrations compared with 
average weight newborns [20]. There is an 
increasing appreciation of oxidative distress in 
the newborn [21] but no clear approaches to 
improve their antioxidant status. As shown in 
basic science studies using a zebrafish embryo 
model, vitamin E and α-TTP are critical for brain 
development [22, 23]. Moreover, inadequate 
vitamin E availability during this critical devel-
opmental window results in long-term cognitive 
deficits [24]. It is unclear if the same is true for 
human embryos and if low vitamin E status 
causes increased anemia. Importantly, a 
micronutrient- enriched spread (with 143% the 
vitamin E DRI), not one lacking micronutrients, 
was shown to reverse anemia and stunting in 
Saharawi refugee children (n  =  374) aged 
3–5 years [25]. These findings emphasize that a 
combination of micronutrients, not just vitamin 
A and iron, may be necessary to reduce anemia.
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 Vitamin E Deficiency Syndromes

In addition to genetic defects in α-TTP [15], vita-
min E deficiency can occur secondary to fat mal-
absorption, because intestinal vitamin E 
absorption requires biliary and pancreatic secre-
tions. Failure of micellar solubilization and mal-
absorption of dietary lipids leads to vitamin E 
deficiency in children with chronic cholestatic 
hepatobiliary disorders, including disease of the 
liver and anomalies of intrahepatic and extrahe-
patic bile ducts [14]. Children with cystic fibrosis 
can also become vitamin E deficient, because the 
impaired secretion of pancreatic digestive 
enzymes causes steatorrhea and vitamin E mal-
absorption, even when pancreatic enzyme sup-
plements are administered orally [14]. It should 
be emphasized that any disorder that causes 
chronic fat malabsorption can lead to vitamin E 
deficiency. Thus, generally poor intake of nutri-
ents in combination with chronic diarrhea in chil-
dren could lead to vitamin E deficiency, if the fat 
malabsorption is sufficiently severe and the child 
has low α-tocopherol body stores.

 Vitamin E Deficiency Caused by 
Defects in Lipoprotein Synthesis

Vitamin E deficiency is also caused by genetic 
defects in lipoprotein synthesis that result in fat 
malabsorption. Studies of patients with 
 hypobetalipoproteinemia or abetalipoproteinemia 
(low to nondetectable circulating chylomicrons, 
very low-density lipoprotein, or low-density lipo-
protein) have demonstrated that lipoproteins con-
taining apolipoprotein B are necessary for 
effective absorption and plasma transport of lip-
ids, especially vitamin E [26]. Clinical features 
include retarded growth, acanthocytosis, retinitis 
pigmentosa, and a chronic progressive neurologi-
cal disorder with ataxia. The acanthocytosis is a 
spicule shape to the erythrocytes, likely due to 
abnormal cholesterol distribution in the mem-
brane. Nonetheless, it is important to note that this 
disorder, which is associated with poor vitamin E 
status, is also associated with abnormalities in 
erythrocyte function. Clinically, persons with 

hypobetalipoproteinemia or abetalipoproteinemia 
can become vitamin E deficient and develop a 
characteristic neurologic syndrome, a progressive 
peripheral neuropathy, if they are not given large 
vitamin E supplements (approximately 10 g/day) 
[26]. Despite low plasma concentrations, adipose 
tissue α-tocopherol concentrations reach normal 
levels in patients given large (10 g/day) vitamin E 
doses [27].

 Vitamin E Malnourishment

Vitamin E status in humans is compromised dur-
ing anemia as a result of the oxidative distress 
caused by RBC hemolysis. Antioxidant mole-
cules and enzymes, mentioned above, critically 
maintain the redox balance in the erythrocytes 
that contain high hemoglobin-bound iron con-
centrations. Anemia, especially during release of 
free iron in hemolytic anemia, increases the oxi-
dative stress and iron toxicity [28].

 Protein Energy Malnutrition (PEM)

Vitamin E deficiency symptoms were reported in 
children with severely limited food intake, which 
limits the vitamin E available for absorption, as 
well as the amino acids required to synthesize the 
hepatic α-TTP necessary for regulation of plasma 
α-tocopherol (Table 16.1). PEM patients, having 
low plasma α-tocopherol concentrations and low 
α-tocopherol/lipid ratios, had neurologic abnor-
malities characteristic of vitamin E deficiency 
[29]. Remarkably, 92% of the children with neu-
rologic abnormalities had plasma α-tocopherol 
concentrations of 8  μmol/L or less, a value 
observed in many children with PEM [30]. In a 
follow-up study with 6 weeks of vitamin E sup-
plementation, the subjects’ circulating 
α-tocopherol levels were normalized and their 
neurologic abnormalities were improved [31].

The degree to which vitamin E deficiency is 
associated with kwashiorkor and/or marasmus is 
not clear, because evaluation of vitamin E status 
in malnourished children is difficult. Although 
plasma triglycerides are sometimes increased and 
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Table 16.1 Plasma α-tocopherol in children with protein energy malnutrition (PEM, e.g., kwashiorkor or marasmus)

Country
(median, mean, or 
range, error) Age, n Status

α-tocopherol 
(μmol/L)

α-tocopherol/lipids 
(units) Ref.

India 3–8 years, n = 50 Control 9.5 ±  2.1 0.72 ± 0.12 mg/g [29]
(mean ± SD) 3–8 years, n = 100 PEM 6.0 ± 2.6 0.47 ± 0.14 mg/g [29]
Nigeria 22 months, n = 18 Control 7.4 0.70 mg/g [85]
(median) 24 months, n = 12 Kwashiorkor 3.8 0.48 mg/g [85]

14 months, n = 8 Severe marasmus 6.9 0.70 mg/g [85]
17 months, n = 15 Marasmus 5.3 0.66 mg/g [85]

Nigeria
(mean ± SD)

24 months, 1–4 years, 
n = 10

Control 17.4 ± 4.0 1.8 ± 0.4 mg/g [86]

15 months, 1–4 years, 
n = 26

Marasmus 8.8 ± 0.5 1.0 ± 0.2 mg/g [86]

28 months, 1–4 years, 
n = 11

Marasmic- 
kwashiorkor

7.9 ± 1.0 0.8 ± 0.2 mg/g [86]

36 months, 1–4 years, 
n = 10

Kwashiorkor 10.7 ± 3.4 1.2 ± 0.4 mg/g [86]

Kenya 3.4 ± 1.3 years, n = 39 Control 11.6 ± 4.2 1.6 ± 0.3 mmol/mol [87]
(mean ± SD) 3.1 ± 1.5 years, n = 30 Kwashiorkor 4.6 ± 4.2 1.1 ± 0.7 mmol/mol [87]

2.5 ± 1.1 years, n = 16 Marasmus 9.3 ± 4.2 1.4 ± 0.8 mmol/mol [87]
Sudan 21 months, n = 14 Marasmus 9.4

(5.0–17.7)
1.0
(0.5–1.7)
mg/g

[88]

(median, range) 24 months, n = 11 Marasmic- 
kwashiorkor

8.5
(1.6–9.9)

0.86
(0.2–1.3)
mg/g

[88]

24 months, n = 5 Kwashiorkor 9.1
(4.9–26.5)

0.87
(0.4–3.0)
mg/g

[88]

Egypt
(mean ± SE)

13 ± 2 months, n = 22 Control 16.5 ± 0.8 – [89]

13 ± 2 months, n = 26 Kwashiorkor 11.6 ± 0.7 – [89]
12 ± 1 months, n = 20 Marasmus 11.5 ± 1 – [89]

sometimes not, children with kwashiorkor uni-
formly appear to have low plasma cholesterol 
concentrations [32]. Moreover, elevated circulat-
ing triglycerides and fatty liver of PEM appear to 
be a result of dysregulation of lipid metabolism 
[32]. Protein depletion in PEM can be so severe 
that there is insufficient protein for synthesis of 
lipolytic enzymes to digest fat, which compli-
cates evaluation of vitamin E nutrition. The trans-
port and delivery of vitamin E is critically 
dependent on the hepatic secretion of lipopro-
teins and their uptake by peripheral tissues. 
Indeed, if α-tocopherol is trapped in triglyceride- 
rich lipoproteins that cannot be effectively catab-
olized, then the α-tocopherol is not available to 
the target tissues and oxidative distress can ensue. 

Indeed, lipid peroxidation can lead to further 
damage and a damaging chain reaction can occur 
in membranes, such as RBCs.

 Iron Deficiency Anemia

Inadequate nutrition is also associated with iron 
deficiency anemia. This disorder is associated 
with decreased production of hemoglobin (Hb) 
and other iron-containing proteins such as myo-
globin, catalase, peroxidase, and cytochromes. 
The RBC membranes, with their high polyun-
saturated fatty acid concentrations, are also 
more susceptible to oxidative damage during 
iron  deficiency anemia [33]. Studies in Nigeria 
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have shown that RBCs from school children 
with iron deficiency anemia have increased lipid 
peroxidation and decreased antioxidant enzyme 
capacity [34].

Iron supplementation to iron-deficient indi-
viduals was found to increase the oxidative stress 
[i.e., increased malondialdehyde (MDA) levels 
and compromised antioxidant enzyme activities] 
[35]. Indeed, high levels of free iron may enhance 
radical production via the Fenton and Haber- 
Weiss reactions. Importantly, treatment of iron- 
deficient patients with a combination of iron and 
vitamins A, C, and E proved effective in normal-
izing the oxidative distress [35].

 Oxidative Distress in Anemia 
Caused by Inherited 
and Transmitted Diseases

 Thalassemia and Sickle Cell Anemia

Thalassemia and sickle cell diseases are inherited 
blood Hb disorders that cause anemia with wide 
variability according to the heterogeneity of the 
disease [36]. The mild to severe anemia associ-
ated with the different types of thalassemia 
results from oxidative distress that damages 
erythrocyte membranes resulting in decreased 
deformability and hemolysis, as well as to 
increased recognition and removal by immune 
cells [37]. These erythrocytes contain a lower 
ratio of unsaturated- to-saturated fatty acids, a 
50% decrease in titratable-thiol groups, as well as 
decreased plasma concentrations of vitamins A, 
C, E and carotenoids. Compared with healthy 
controls, α-thalassemic patients had lower 
(P  <  0.001) plasma vitamin C (13.2  ±  1.2 vs. 
6.7  ±  1.4  μg/mL), vitamin E (7.8  ±  0.5 vs. 
6.6 ± 0.2 μg/mL), and vitamin A concentrations 
(76 ± 5 vs 56 ± 4 μg/dL) [37]. The mechanisms 
responsible for increased oxidative distress in 
thalassemia and sickle cell anemia have been par-
tially explored [38]. Patients with thalassemia 
had significantly decreased NADPH/NADP 
ratios, catalase activities, and glutathione con-
centrations similar to the case of severe glucose-
6-phosphate dehydrogenase-deficiency anemia 

[39]. RBC vitamin E in α-thalassemic patients 
was lower than in controls (56 vs. 67  μg/dL, 
respectively). Increased protein oxidation in both 
Eβ- and β-thalassemic patients leads to protein 
degradation as reflected by increased tyrosine 
release [40]. Thalassemia is also characterized by 
decreased catalase, glutathione peroxidase, and 
glutathione reductase and elevated superoxide 
dismutase activities that were all normalized by 
vitamin E treatment [40].

Patients with sickle cell anemia are more 
prone to oxidative stress, because (i) Hb S oxi-
dizes at a higher rate than Hb A and Hb F, (ii) the 
activity of xanthine oxidase activity in their aor-
tic endothelium is increased, and (iii) they have 
higher number of leucocytes that produce higher 
fluxes of superoxide than healthy individuals 
[41]. Increased production of ROS leads to 
inflammation, endothelial dysfunction, and 
erythrocyte adhesion to blood vessel walls. Thus, 
sickle cell disease is a chronic inflammatory dis-
ease characterized by elevated levels of tumor 
necrosis factor-α and interleukin-6. Sickle cell 
RBCs are unstable and produce large amounts of 
ROS as a result of Hb deoxygenation and subse-
quent RBC rupture. Compared with healthy con-
trols, individuals with sickle cell disease may 
have higher levels of homocysteine, which also 
contributes to oxidative stress. As a result, low 
levels of antioxidant vitamins C and E and carot-
enoids have been reported in sickle cell disease. 
Notably, patients with sickle cell anemia [42] and 
β-thalassemia [43] have lower serum lipids than 
healthy controls. Nonetheless, low plasma vita-
min E levels are highlighted here, because vita-
min E supplements appear to counteract the 
sickling process [44]. However, in a more recent 
study, plasma vitamins E and C increased with 
supplementation, but anemia did not decrease 
[45]. Vitamin E supplementation raises plasma 
α-tocopherol concentrations, but the extent of the 
increase is largely dependent upon the starting 
vitamin E status (Table 16.2). In one study, sup-
plementation of sickle cell anemic children with 
vitamin E was shown to reduce sickled erythro-
cytes, to increase their resistance to lysis, and to 
enhance Hb concentration [46]. If the subject is 
severely nutritionally compromised, then vitamin 
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Table 16.2 Plasma α-tocopherol concentrations in children and adults with thalassemia and sickle cell disease

Country
(mean, range, 
error) Age, n Status

α-tocopherol 
(μmol/L) Ref.

India n = 6 Normal 4.0 ± 0.4 [40]
(mean ± SE) n = 9 Eβ-thalassemia 2.7 ± 0.4 [40]

4 week vitamin E supplementation 5.1 ± 0.4 [40]
n = 8 β-thalassemia 2.9 ± 1.5 [40]

4 week vitamin E supplementation 2.9 ± 1.4 [40]
Egypt 9 ± 4 years, 

2–18 years, n = 63
Control 14.0 ± 3.8 [90]

(mean ± SD) 9 ± 5 years, 
2–18 years, n = 64

Thalassemia 11.9 ± 3.3 [90]

Saudi Arabia
(mean ± SD)

30 ± 13 years, n = 25 Severe sickle cell anemia 4.7 ± 1.7 [91]

29 ± 8 years, n = 25 Control 10.0 ± 2.3 [91]
Nigeria
(mean ± SE)

23 ± 1 years, n = 10 Sickle cell anemia 4.0 ± 0.2 [92]

Netherlands 
(mean ± SD)

9 ± 5 years, n = 13 Sickle cell disease, baseline 13.9 ± 4.8 [93]

8 month supplementation 1 (460 mg 
α-tocopherol + others),

23.1 ± 8.5 [93]

Followed by 7 month supplementation 2 
(400 mg mixed α-tocopherol + others)

25.7 ± 7.4 [93]

E supplementation may have to be accompanied 
by a strong dietary program to achieve the opti-
mal outcome [47].

Thalassemia and sickle cell disease are treated 
in some cases by blood transfusion, which leads 
to iron overload and to oxidative distress inter 
alia in RBC [48]. A study from Thailand showed 
that 20 children with β-thalassemia major who 
received packed red cells blood transfusions 
without iron chelation therapy had low vitamin C 
and vitamin E levels and high oxidative stress 
[49]. They recommended supplementation of 
β-thalassemia patients with both nutrients [49].

 Glucose-6-Phosphate Dehydrogenase 
Deficiency

Glucose-6-phosphate dehydrogenase, the enzyme 
that catalyzes the rate-limiting step in the hexose 
monophosphate pathway, is an important enzyme 
for RBC functionality. Glucose-6-phosphate 
dehydrogenase deficiency is an inherited defect, 
with a great variability, that affects about 400 
million people worldwide, mainly in tropical 
areas [50]. Glucose-6-phosphate dehydrogenase 

is associated with oxidative stress because of its 
involvement in the production of NAD(P)H, 
which is important for maintaining adequate 
redox levels of glutathione and other sulfhydryl 
groups (Fig.  16.4). Glucose-6-phosphate dehy-
drogenase deficiency leads to Hb oxidation to 
methemoglobin, Heinz body formation, 
 membrane damage, and anemia due to increased 
removal of damaged erythrocytes from the circu-
lation. Vitamin E administration restored the 
inactivation of glucose-6-phosphate dehydroge-
nase activity due to nicotine administration in 
various rat tissues in  vivo and in  vitro [51]. In 
glucose-6-phosphate dehydrogenase–deficient 
subjects with a history of hemolysis, a 16-week 
course of oral vitamin E therapy (800  IU/day) 
increased plasma vitamin E concentrations, 
improved blood Hb levels, and decreased reticu-
locytosis and hemolysis [52].

 Superoxide Dismutase-2 Deficiency

Genetic superoxide dismutase-2 deficiency 
causes a persistent hematopoietic anemia similar 
to morphologic sideroblastic anemia and is pri-
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Fig. 16.4 Role of glucose-6-phosphate dehydrogenase in 
oxidative stress. Glucose-6-phosphate dehydrogenase 
(G6PD) regenerates NAD(P)H using glutathione (GSH) 

and therefore is important in the deactivation of reactive 
oxygen species such as hydrogen peroxide (H2O2) and 
other hydroperoxides (ROOH)

marily manifested in reticulocytes and in imma-
ture erythrocytes. Superoxide dismutase-2 
deficiency leads to severe mitochondrial dysfunc-
tion characterized by impaired activity of the 
oxidation-sensitive iron-sulfur cluster enzyme 
complexes I and II and the tricarboxylic acid 
cycle enzyme, aconitase [53]. Superoxide dis-
mutase- 2–deficient erythrocytes contain high 
levels of a number of chaperone-like proteins 
involved inter alia in redox regulation and ade-
nosine triphosphate (ATP) synthesis. Superoxide 
dismutase/catalase antioxidant therapy led to 
extended erythrocyte lifespan [54]. Vitamin E 
supplementation was found to counteract super-
oxide dismutase deficiency and improve the Hb 
levels [55].

 Malaria

Malaria is a common disease in the tropics, annu-
ally accounting for 500 million episodes and 
about 2.7 million deaths [56]. In 50 children with 
severe and 50 with mild malaria along with 50 
age- and sex-matched control subjects, the con-
centrations of glutathione, α-tocopherol, retinol, 
and carotenoid were lower in the patients than in 
the controls (P < 0.001) [57]. Malaria alone was 
reported to exert greater influence on plasma 
antioxidants than does malnutrition [58]. 
Although plasma α-tocopherol concentrations 
may not change, erythrocyte concentrations are 
markedly depleted during malarial episodes [59]. 
Similarly, plasma ascorbic acid levels were lower 
in children infected with malaria compared with 
healthy children [60].

According to Sherman et al. [61], the human 
malaria parasite, P. falciparum, causes the eryth-
rocyte to age. The malaria-infected cell is osmoti-
cally fragile and more permeable to a wide 
variety of molecules. There are declines in sialic 
acid, reduced glutathione, α-tocopherol, and ATP 
levels. Interestingly, α-tocopherol may have a 
critical role in regulating cell responses by regu-
lating the externalization of phosphatidyl serine, 
a key step in the initiation of apoptosis [5]. 
Although ascorbic acid or α-tocopherol do not 
inhibit P. falciparum growth in  vitro [62], they 
can reduce malaria-associated endothelial dam-
age by neutrophil secretory products [63]. 
Paradoxically, malaria resistance in mice is 
increased with vitamin E deficiency [64], while 
the opposite appears to occur in people. In 
humans, antioxidant status decreases with 
increased disease severity and the decrease in 
plasma α-tocopherol declines with recovery from 
disease [65, 66]. A potential explanation for the 
decline in plasma α-tocopherol observed in many 
studies during malarial episodes arises from stud-
ies by Guha et al. [67] who found that malarial 
infection induces hepatic apoptosis through aug-
mentation of oxidative stress. Importantly, the 
hepatic dysfunction will further cause diminution 
of the secretion of α-tocopherol from the liver 
[68], causing further limitations in plasma and 
tissue antioxidant defenses with increasing sever-
ity of the disease [69, 70].

Interestingly, antimalarial drugs function by 
forming complexes with free heme; these com-
plexes disturb the redox equilibrium and can kill 
the parasite [71]. Moreover, chloroquine treat-
ment does not only increase the oxidative stress 
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but also diminishes the antioxidant enzymes [72]. 
The parasite reacts by producing extra glutathi-
one to counter the oxidative stress [71]. Drugs 
that reduce cellular glutathione levels enhanced 
the antimalarial action of chloroquine in mice 
[73]. Hence, a level of oxidative stress may be 
important during treatment although it contrib-
utes negatively to the general health, possibly 
inducing anemia as a result of RBC destruction. 
The infected individual, suffering from enhanced 
oxidative stress during the incubation period and 
the malaria episode as well as during treatment, 
may benefit from a posttreatment vitamin E 
supplementation.

 HIV and AIDS

Human immunodeficiency virus/acquired immu-
nodeficiency syndrome (HIV/AIDS) is associ-
ated with numerous hematologic disorders, 
especially anemia [74]. A Cochrane review of 
clinical trials suggested that currently, there are 
no useful therapeutic strategies to decrease ane-
mia in HIV/AIDS patients [75].

Reactive oxygen species (ROS) are believed 
to play a critical role in the activation of NF-κB 
transcription factor and the stimulation of HIV 
infections [76, 77]. HIV-positive patients in 
Toronto experienced increased oxidative distress 
and reduced plasma antioxidants compared with 
healthy subjects, suggesting chronic oxidative 
stress caused by infection [77]. The role of mal-
nutrition in immune function has been suggested 
to be important in viral infections by affecting the 
patient’s health and influencing virus virulence 
[78]. Immune function was found to improve 
with vitamin E supplementation in elderly insti-
tutionalized humans [79, 80].

 Concluding Remarks

Although anemia was an early classic symptom 
of vitamin E deficiency in children [81], it is clear 
that neurologic abnormalities, especially ataxia, 
are now considered the first unequivocal symp-
tom of vitamin E deficiency in humans [7]. It is 

likely that if neurologic testing were carried out 
in more children, then more children would be 
found with obvious vitamin E deficiency symp-
toms. The complication in evaluating vitamin E 
status during malnutrition is the difficulty in eval-
uating α-tocopherol intakes because of the vari-
ability in oil vitamin E contents, as well as the 
limitation in accurate food vitamin E measure-
ments. The problem of low vitamin E status may 
not be solely due to a limitation in α-tocopherol 
intakes, for example, severe PEM is associated 
not only with poor vitamin E status but also with 
essential fatty acid deficiency [82].

The formulation of a nutritional supplement 
containing the unoxidizable vitamin E form, 
α-tocopheryl acetate, may be critical, because 
vitamin E is not well absorbed in the absence of 
dietary fat [83]. Remarkably, Faber et  al. [84] 
reported on anemia in infants aged 6–12 mo 
(n = 361), who were randomly assigned to receive 
maize-meal porridge for 6 months that was either 
unfortified (control group) or fortified with 
β-carotene, iron, zinc, ascorbic acid, copper, sele-
nium, riboflavin, vitamin B6, vitamin B12, and 
vitamin E. The proportion of infants with anemia 
decreased from 45% to 17% in the fortified- 
porridge group, whereas it remained >40% in the 
control group. These findings suggest that the 
combination of nutrients as a supplement to food 
may be the best strategy for ameliorating anemia 
in at risk children.

Taken together, many of the various types of 
anemia reported herein seem to be accompanied 
by low vitamin E status that may be also associ-
ated with neurologic symptoms characteristic of 
α-tocopherol deficiency. While the α-tocopherol 
deficiency in malnutrition may be caused by 
inadequate food intakes, other anemias related to 
genetic malfunctions or viral infections may 
result in a α-tocopherol deficiency caused either 
by impaired vitamin E absorption, or increased 
oxidative distress. In the latter cases, α-tocopherol 
deficiency may occur in the absence of deficien-
cies of other nutrients. In any case, the severity of 
the neurologic abnormalities that result from 
α-tocopherol deficiency, as well as the immuno-
logic dysregulation reported to occur with inade-
quate α-tocopherol intakes, emphasizes the 
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critical need not only for vitamin E supplementa-
tion but also adequate dietary support with 
respect to all nutrients.
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 Introduction

An intact iron metabolism is an integral part of a 
healthy living organism as balanced iron ensures 
many biological processes, while iron distur-
bances are accompanied with several diseases. 
Adequate iron homeostasis is required for eryth-
ropoiesis, various enzymatic functions, cell via-
bility, and proliferation. The largest part of total 
body iron (3–4 g) is stored in hemoglobin as part 
of erythroid cells. Only 1–2 mg is daily absorbed 
in the duodenum from the diet to compensate for 

iron loss due to epidermal desquamation. The 
bone marrow requires 25 mg of iron every day 
for production of erythrocytes, which originates 
from iron recycling of senescent red blood cells 
(RBCs) by splenic and circulating macrophages 
[1].

The master iron regulator is the hepatic hor-
mone hepcidin. It can bind to the only known cel-
lular iron exporter ferroportin (FPN1), which 
leads to its internalization and lysosomal degra-
dation. As FPN1 is densely present in duodenal 
enterocytes and in macrophages, the hepcidin- 
FPN1 interaction regulates iron absorption and 
iron efflux. Under steady-state conditions, hepci-
din expression is regulated in response to circu-
lating iron levels by bone morphogenetic proteins 
(BMPs), specifically BMP6 and BMP2, produced 
by hepatic iron-sensing sinusoidal endothelial 
cells [2]. Erythroid requirement for iron or 
hypoxia can suppress hepcidin expression by 
mechanisms involving inhibition of BMP6 sig-
naling pathway via the hormone erythroferrone 
(ERFE), platelet-derived growth factors 
(PDGF-BB) or hypoxia-inducible factor 1 (HIF- 
1) [3, 4].

The two major hepcidin signaling routs are the 
iron-dependent BMP-SMA and mothers against 
decapentaplegic (SMAD) pathway and the 
inflammatory interleukin-6 – janus kinase/ signal 
transducer and activator of transcription  – 3 
(IL-6 - JAK/STAT3) pathway [2]. Inflammatory 
cytokines, such as interleukin (IL)-6 or IL-1β, 
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activate JAK1/2 to phosphorylate STAT3, which 
subsequently binds to the promoter region of 
hepcidin and induces subsequent hepcidin 
expression [2]. By stimulating hepcidin expres-
sion, inflammatory signals cause iron retention in 
macrophages and reduce dietary iron absorption 
[5]. In addition, cytokines and bacterial products 
affect macrophage iron retention and FPN1 
expression by hepcidin-independent transcrip-
tional and posttranscriptional pathways [6–8].

 Alterations of Iron Homeostasis 
in Inflammation and Infection

 Regulating Iron Metabolism During 
Infection

Most of the human-pathogenic microbes, like 
bacteria, certain viruses, parasites, and fungi, 
need a sufficient supply of iron for their metabo-
lism, multiplication, and pathogenicity. Hence, 
beside an active immune response by the host, 
further resistance mechanisms exist to prevent 
pathogens from accessing necessary nutrients, 
thereby limiting microbial growth and virulence, 
a process called “nutritional immunity” [9]. To 
limit the availability of free reactive toxic iron in 
the plasma, iron-binding proteins (IBPs) like 
transferrin and lactoferrin have a low saturation 
to immediately buffer and bind iron entering the 
system. In the case of an infection, this mecha-
nism withdraws iron from pathogens [9–11]. 
Likewise, host’s haptoglobin and hemopexin are 
acute phase proteins and scavenge extracellular 
hemoglobin and labile heme in the plasma [9, 
11].

To maintain their fitness and pathogenicity, 
invading pathogens are strongly dependent on 
iron acquisition. A direct bacterial iron acquisi-
tion mechanism is the uptake of host IBPs. 
Staphylococcus aureus has a specific hemoglobin 
receptor (IsdB), Escherichia coli has a heme 
receptor that binds and promotes heme degrada-
tion, [12] and Neisseriaceae, Pasteurellaceae, and 
Moraxellaceae express transferrin receptors [13]. 
In addition, bacteria can acquire either ferrous or 
ferric iron via specific transporters [10, 14]. 

Moreover, Gram-negative bacteria or fungi can 
secrete peptides called hemophores to acquire 
heme, or siderophores to obtain molecular iron 
from their environment. Notably, both can be 
taken up by ferric-chelate-specific transporters. 
In a further mechanism, the ferric iron of these 
structures is reduced to ferrous iron, being picked 
up by membranous ferrous transporters [14].

The host’s general reaction to bacterial infec-
tions is to reduce serum iron in order to keep it 
away from invading pathogens. It is an effective 
reaction against extracellular pathogens, but 
increased intracellular iron could enhance the 
growth of intracellular bacteria like Salmonella, 
Chlamydia, Legionella, and Mycobacterium [14, 
15]. Of interest, iron overload was associated 
with a worse outcome in infections (e.g., malaria 
and tuberculosis) [14, 15], and iron supplementa-
tion in endemic areas with a high burden of infec-
tion showed an increase in morbidity and 
mortality [16, 17]. On the contrary, iron defi-
ciency and anemia have a negative effect on pro-
liferation and differentiation of T cells and 
immune cell proliferation, which may result in an 
adverse clinical course of infections [18], whereas 
mild anemia could even be protective against 
clinical malaria [19]. Further, intracellular iron 
concentrations can modulate macrophage polar-
ization, specifically their response to interferon 
gamma (IFN-γ), a central cytokine for coordinat-
ing host responses to infection [15].

 Differences in Infections with Intra- 
and Extracellular Pathogens

 Modifications of Iron Metabolism 
Against Extracellular Pathogens

The induction of hypoferremia by upregulating 
cellular iron import and downregulating its export 
is the main strategy to reduce iron accessibility to 
extracellular pathogens (Fig.  17.1). Hepcidin is 
capable of reducing iron export and is either pro-
duced by hepatocytes for systemical use [20] or, in 
small quantities, autocrine by macrophages [21]. 
Beside the posttranscriptionally regulation of 
FPN1 by hepcidin, IFN-γ can repress FPN1 tran-
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Fig. 17.1 Modifications of iron metabolism against 
extracellular pathogens. (1) High levels of hepatic hepci-
din inhibit cellular iron export by ferroportin (FPN1) deg-
radation. (2) The proinflammatory cytokine interleukin 
(IL)-6 binds to its receptor and stimulates autocrine hepci-
din and ferritin production. (3) The anti-inflammatory 
cytokines IL-4, IL-10, IL-13 upregulate transferrin recep-
tor (TfR) and ferritin expression and therefore support the 
cellular iron uptake and storage to reduce extracellular 

iron concentration. (4) Interferon gamma (IFN-γ) signal-
ing increases the expression of the divalent metal trans-
porter 1 (DMT1) and represses FPN1 expression. (5) 
Lactoferrin (LF) has a dual role as it can scavenge iron 
and has a direct antimicrobial effect. (6) Lipocalin-2 
(LCN2) is a secreted protein that binds bacterial sidero-
phores and is taken up by the LCN2 receptor (LCN2-R) of 
the host cell. Siderophores are peptides secreted and taken 
up by bacteria to scavenge extrabacterial iron

scription in macrophages [6]. The iron regulatory 
protein–iron responsive element (IRP – IRE) sys-
tem is able to posttranslationally regulate iron 
uptake, storage, and export [2]. With high intracel-
lular iron levels, the binding of IRPs to IREs is 
inhibited, resulting in supported iron export and 
suppressed iron import. Nitric oxide (NO), which 
is produced in excess during infection by the 
enzyme inducible NO synthase (iNOS), can cir-
cumvent this mechanism and increase the binding 
affinities of IRPs to IREs on the mRNA of genes 
like transferrin receptor (TfR), ferritin, and FPN1, 
thereby promoting iron accumulation in the mac-
rophages [22, 23]. Further, IFN-γ is capable of 
inducing expression of divalent metal transporter 
(DMT1), which acts as an iron importer [6]. 
Likewise, other cytokines like IL-4, IL-10, and 
IL-13 are able to upregulate TfR and ferritin and 
promote cellular iron retention [24].

A further resistance mechanism against extra-
cellular bacteria is the secretion of lactoferrin by 

macrophages, monocytes, or neutrophil granulo-
cytes. Lactoferrin is a member of the transferrin 
family and binds iron with an even higher affinity 
than transferrin. Hence, it reduces the accessibil-
ity of extracellular iron to pathogens, beside its 
direct antimicrobial effect [25].

Lipocalin (LCN2 or NGAL), a carrier pro-
tein, is produced by macrophages, monocytes, 
and neutrophil granulocytes, and can bind cat-
echol type siderophores secreted by bacteria. 
Due to siderophore sequestration by LCN2, 
iron availability for bacteria decreases. The 
LCN2- siderophore complex is delivered to the 
LCN2 receptor and taken up by the host cell. 
Of note, LCN2 contributes to systemic iron 
regulation and controls host immune responses 
[26].
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 Modifications of Iron Metabolism 
Against Intracellular Pathogens

Infections with intracellular pathogens lead to an 
opposite mechanism, with induction of cellular 
iron export and decreased iron import (Fig. 17.2). 
An important protein for this strategy is the natu-
ral resistance–associated macrophage protein 1 
(NRAMP1), a divalent metal exporter of the late 
phagosome. By reducing the amount of iron in 
the late phagosome, it can suppress growth of 
bacteria like Salmonella, Mycobacterium, and 
parasites like Leishmania [27]. NRAMP1 has a 
direct impact on the local immune reaction of 
infected macrophage as it increases the produc-
tion of TNF-α and NO and suppresses the pro-

duction of IL-10 by promotion of cellular iron 
egress [28].

In addition, NO formation by macrophages 
stimulates nuclear factor erythroid 2-related fac-
tor 2 (Nrf2) expression, which induces the tran-
scription of FPN1, resulting in cellular iron 
export and improved control of infection with 
intracellular Salmonella [29].

For an effective IFN-γ signaling in macro-
phages, intracellular iron levels need to be low or 
“normal,” as its accumulation represses IFN-γ 
receptor signaling. Therefore, low intracellular 
iron concentration promotes IFN-γ-driven proin-
flammatory activations of iNOS, TNF-α, IL-6, 
and IL-12 expression [15, 24]. This is a double 
positive effect for the host as reduced intracellu-
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Fig. 17.2 Modifications of the iron metabolism against 
intracellular pathogens. (1) Hepatic hepcidin levels 
remain relatively low; therefore, cellular iron export via 
ferroportin (FPN1) is not affected. (2) Interferon gamma 
(IFN-γ) signaling increases the expression of proinflam-
matory cytokines like tumor necrosis factor alpha (TNF- 
α), interleukin (IL)-6, IL-12, and the inducible nitric 
oxide-synthase (iNOS). (3) The iNOS product nitric oxide 
(NO) activates the transcription factor nuclear factor ery-
throid 2-related factor 2 (Nrf2), which further enhances 
FPN1 expression. (4) Furthermore, IFN-γ signaling inhib-
its the transferrin receptor (TfR) expression but activates 
the production of lipocalin-2 (LCN2). (5) The late endo-

some, where bacteria like Salmonella are localized, 
expresses the iron transporter natural resistance–associ-
ated macrophage protein 1 (Nramp1), which exports iron 
from the compartment and therefore reduces iron avail-
ability for the pathogen. Nramp1 functionality indirectly 
increases NO, TNF-α and suppresses the production of 
the anti-inflammatory cytokine IL-10 via modulating cel-
lular iron levels. (6) Bacteria in the late endosome can 
secrete siderophores to scavenge extrabacterial iron and 
these siderophores are neutralized when bound by LCN2. 
(7) The host cell can also secrete LCN2 and therefore par-
ticipate in iron export
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lar iron content on the one hand starves the patho-
gen and, on the other hand, drives pro 
inflammatory events. Further IFN-γ stimulates 
the production of LCN2, which was primarily 
identified as a secreted antimicrobial protein that 
binds siderophores from pathogens, but it may 
also affect cellular iron homeostasis upon bind-
ing mammalian siderophores [11]. In addition, 
IFN-γ limits iron access to intracellular microbes 
by reducing TfR expression [30].

While the host developed mechanisms to 
starve and fight pathogens, microbes build vari-
ous strategies to counteract them. Salmonella 
preferentially targets macrophages that phagocy-
tose erythrocytes, as they carry more iron [31]. 
This may be linked to the fact that iron-loaded 
macrophages present a niche for the bacteria to 
have access to the nutrient iron, whereas bacteria 
may also benefit from immune-deactivating 
effects of iron [15]. The latter is in line with the 
observation that phagocytosis of RBCs can 
impair the ability of phagocytes to kill intracel-
lular pathogens, as shown in infection-associated 
hemophagocytic syndromes [32].

Infectious organisms may find a way to evade 
immune surveillance, but they cannot escape 
their basic iron requirement for growth. If the 
host can scavenge iron from particular niches, the 
resulting inhibition of pathogen growth may 
allow time for immunity to develop and control 
infections before rapid microbial replication 
overwhelms the host. In addition, several other 
mechanisms contribute to alterations of iron 
homeostasis and immune controls of infection 
with various pathogens, which have been recently 
nicely reviewed [14, 15].

 Anemia of Inflammation with or 
without Combined Iron Deficiency

 Definition, Etiology, 
and Epidemiology

Anemia is a highly prevalent condition that 
affects around 30% of the world’s population. 
Among them, pregnant women, children, and the 
elderly are at higher risk [33]. It is an important 

determinant of morbidity and has been associated 
with worsened outcomes in several diseases, 
such as cancer, renal failure, and heart failure 
(not including myocardial infarction) [34]. 
Among its different causes, iron-deficiency ane-
mia (IDA) is the most common, accounting for 
more than half of all anemias. Its prevalence 
decreased between 1990 and 2010, mainly due to 
lower numbers in North America and Western 
Europe. This suggests that IDA is a major issue in 
third world countries, correlating with malnutri-
tion and poor health [35]. The second most fre-
quent is anemia of inflammation (AI) with a 
prevalence of 40%, being the main cause of ane-
mia in hospitalized patients [36].

IDA results from low levels of total body iron, 
leading to iron-restricted erythropoiesis. It can be 
a consequence of inadequate iron intake, impaired 
absorption, increased iron demand, or excess iron 
loss (primarily due to urogenital or gastrointesti-
nal bleeding) [37].

Iron deficiency (ID) results in insufficient iron 
supply for erythropoiesis and thus anemia. 
However, ID also causes impaired metabolic 
activity, reduced mitochondrial respiration, and 
decrease in cell proliferation [37]. Therefore, ID 
can occur without anemia, having prognostic 
implications in cardiovascular diseases and being 
independently associated with all-cause mortal-
ity [1, 38].

AI develops along with inflammatory stimuli, 
and it is common in immune-mediated diseases, 
malignancies, inflammatory diseases, and infec-
tions (Fig. 17.3). In these cases, pro- inflammatory 
cytokines like IL-6 and IL-1β activate the JAK/
STAT3 hepcidin signaling pathway. Due to 
increased hepcidin and lower FPN1 expression, 
iron is retained in macrophages and is less 
absorbed from the diet by duodenal enterocytes. 
In addition, IL-1, IL-6, IL-10, and TNF-α pro-
mote iron acquisition into macrophages and its 
storage within ferritin, while IFN-γ and lipopoly-
saccharide (LPS) block the transcription of FPN1 
and further reduce iron efflux [36]. The major 
source of iron in inflamed macrophages, how-
ever, is the increased phagocytosis of damaged 
RBCs due to immune activation. Consequently, 
hypoferremia and hyperferretinemia develop and 
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Fig. 17.3 Mechanisms of anemia of inflammation (AI). 
During infection or inflammation, many cytokines such as 
interleukin (IL)-6, IL-1β, IL-10, tumor necrosis factor 
alpha (TNF-α), interferon gamma (IFN-γ) are produced in 
order to orchestrate the immune response, which can have 
a great impact on iron homeostasis. (1) IL-6 and IL-1β 
stimulate hepcidin production in the liver. (2) Hepcidin 
promotes iron accumulation in macrophages and less iron 
absorption in the duodenum by degrading ferroportin 
(FPN1), thus causing hypoferremia. (3) Further, IL-6, 
IL-1β, IL-10, and TNF-α promote iron acquisition into 
macrophages, while IFN-γ and lipopolysaccharide (LPS) 
diminish iron export by FPN1. (4) A major source for 
increased iron acquisition by macrophages is the phago-

cytic ingestion of senescent and immune radical damaged 
erythrocytes. These mechanisms lead to increased intra-
cellular iron levels, reflected by hyperferritinemia, and 
low circulating iron, termed as hypoferremia. (5) IL-1β 
and TNF-α further inhibit the formation of erythropoietin 
(EPO) in the kidney. (6) Moreover, the interaction between 
erythropoietin receptor (EpoR) and Scribble is compro-
mised by erythroid iron deficiency. (7) IL-1β and IL-6 
negatively affect signaling via EpoR, thereby contributing 
to EPO hyporesponsiveness. (8) Production of erythrofer-
rone (ERFE) in response to EPO is diminished, thus lead-
ing to higher hepcidin levels and iron retention. Finally, 
cytokines exert various negative effects on proliferation 
and differentiation of erythroid progenitors

the iron restriction for erythroid progenitors 
impairs the production of RBCs. Moreover, the 
biological activity of erythropoietin (EPO), a 
hormone produced by the kidney that induces the 
differentiation of erythroid progenitors, is 
reduced in the setting of inflammation [36]. 
Inflammatory cytokines such as IL-1 and tumor 
necrosis factor alpha (TNF-α) inhibit EPO for-
mation, while IL-1, IL-6, or IFN-γ cause EPO-
receptor (EpoR) hyporesponsiveness [1]. 
Moreover, Scribble is a receptor control element 
important for maintaining surface presentation of 
EpoR on erythroid progenitors. Upon iron defi-
ciency, Scribble is less available for EpoR bind-
ing, leading to reduced activation of the EPO 

signaling pathway [39]. The reduced EPO activ-
ity also blunts ERFE formation, thereby increas-
ing hepcidin expression and further limiting iron 
access for erythroid cells [36, 40].

Due to the nonaccessibility of body iron, AI 
characterizes with functional ID. Often, absolute 
and functional IDs (AI/IDA) coexist, such as in 
patients with malignancies or autoimmune dis-
eases associated with gastrointestinal or urogeni-
tal bleeding [36]. Table  17.1 summarizes 
pathophysiology and consequences of ID, IDA, 
AI, and AI/IDA.

Despite the documented high prevalence and 
association of AI with disease progression, the 
involvement of anemia in the underlying disease 
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Table 17.1 Main pathophysiological mechanisms and 
consequences in ID, IDA, AI, AI/IDA

Pathophysiology
ID
(absolute 
ID)

•  Insufficient iron availability relative to 
the body’s need due to increased iron 
losses (bleeding), increased iron needs 
(growth, pregnancy), or reduced iron 
absorption (e.g., dietary, genetic, 
achlorhydria, celiac disease)

•  Impaired metabolic and cellular 
functions despite efficient 
erythropoiesis

IDA
(absolute 
ID)

•  Same mechanism as in ID
•  More severe ID leading to insufficient 

iron for erythropoiesis and 
development of microcytic and 
hypochromic anemia

AI
(functional 
ID)

•  Inflammatory cytokines induce 
hepcidin expression, synergistically 
causing iron retention in the RES and 
reduced dietary iron absorption with 
limited iron availability for 
erythropoiesis

•  Diminished biological activity of EPO
•  Reduced erythrocyte half-life via 

enhanced erythrophagocytosis
•  Cytokine-mediated antiproliferative 

effects on erythroid progenitors
AI/IDA
(functional 
and 
absolute ID)

•  Same mechanism as in AI
•  Additional iron absolute ID due to 

chronic urogenital or gastrointestinal 
bleeding (e.g., menstruation, 
gastrointestinal lesions in inflammatory 
bowel disease, carcinoma, duodenal 
ulcers; helminth infestations), 
iatrogenic blood losses (e.g., dialysis), 
or inefficient iron absorption

ID iron deficiency, IDA iron deficiency anemia, AI anemia 
of inflammation, EPO erythropoietin, RES reticuloendo-
thelial system

is yet not fully understood, leading to the ques-
tion if AI is a marker or a causative factor of dis-
ease severity and progression. As nutritional 
immunity causes iron retention in order to restrict 
its access to pathogens, it is a major component 
of AI during acute and chronic infections [14, 15, 
36]. AI’s prevalence increases in individuals 
affected with other comorbidities, being higher 
among hospitalized patients (40–45%), patients 
in intensive care unit (ICU) (up to 100%), sub-
jects suffering from tuberculosis (62%), and also 
individuals hospitalized for severe COVID-19 
infection [41]. Mild ID and IDA may be protec-
tive against malaria’s development and associ-

ated death, while a more severe anemia in the 
course of infection correlates with a worse prog-
nosis [1]. All these factors bring about the com-
plex interaction between iron, infection, and 
immunity and the open questions on the best 
management of anemia when associated with 
infectious and inflammatory diseases.

 Diagnosis

Due to the high prevalence of anemia and ID and 
its association with morbidity, a correct diagnosis 
of the specific type of anemia is mandatory. In 
particular, differentiation between AI and AI/IDA 
is of importance due to divergent subsequent 
diagnostic steps and therapeutic strategies. On 
the one hand, iron misbalances in AI can act as a 
host defense strategy, in which iron supplementa-
tion may be harmful to the progression of the 
underlying disease, specifically in the case of 
infections and possibly also in association with 
cancer. On the other hand, individuals with coex-
isting absolute ID (AI/IDA) may benefit from 
repletion of iron stores, as they need iron for their 
intracellular basic metabolic pathways. Several 
laboratory markers are available to help with the 
diagnosis (Table 17.2) although there is no single 
marker that can differentiate these two features in 
an easy and precise form [36, 37].

Absolute ID is characterized by low ferritin 
levels, low serum iron, and often reduced trans-
ferrin saturation (TfS). In addition to these, IDA 
presents with low hemoglobin, microcytic and 
hypochromic RBCs, and often increased trans-
ferrin levels. In contrast, AI shows low serum 
iron and TfS, but high ferritin and low transferrin 
levels, whereas mean corpuscular volume (MCV) 
and mean corpuscular hemoglobin (MCH) are 
mostly normal. AI/IDA also presents with low 
TfS and low serum iron, while serum ferritin can 
be normal, MCV and MCH can be normal or 
slightly reduced. A number of other markers and 
indices have been proposed and introduced into 
clinical practice to help with the differential diag-
nosis, such as reticulocyte hemoglobin content 
(CHr), sTfR ferritin index, or hepcidin levels. 
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Table 17.2 Available parameters for establishing differential diagnosis among ID, IDA, AI, and AI/IDA

Parameters Normal values ID IDA AI AI/IDA
Hb (g/dl) Men: >13

Women: >12
Normal Low Low Low

MCV (fl) 80–95 Normal to low Low Normal Low to normal
MCH (pg) 27–34 Normal to low Low Normal Low to normal
Serum iron (μmol/L) 10–30 Low Low Low Low

Ferritin (μg/L) Men: 40–300
Women: 20–200

Low Low Normal to high Low to normal

Transferrin (mg/dl) 220–400 Normal to high High Low Low to normal
TfS (%) >16 to <45 Normal to low Low Low Low
sTfR (mg/L) 2–5 Normal to high High Normal Normal to high
Hepcidin Variablea Low Low High Low to normal
CHr (pg) 31.2 ± 1.6 Low Low Low to normal Low
sTfR-F indexb Variable NA High Low High

IDA iron deficiency anemia, AI anemia of inflammation, Hb hemoglobin, MCV mean corpuscular volume, MCH mean 
corpuscular hemoglobin, TfS transferrin saturation, sTfR soluble transferrin receptor, CHr reticulocyte hemoglobin 
content, sTfR-F index soluble transferrin receptor – ferritin index
a Hepcidin and sTfR-F index values vary according to the method used
b sTfR-F index: sTfR/log ferritin

However, none of these can be independently 
used for that purpose [36, 37].

 Current and Emerging Treatment 
Strategies

Anemia as well as ID result in a number of symp-
toms including fatigue, reduced physical activity, 
impaired cardio-pulmonary performance, or 
impaired cognitive function.

The initial approach is the identification of the 
underlying cause of anemia and its correction, if 
possible. Only in severe and life-threatening 
cases of anemia with hemoglobin levels below 
8  g/dl, immediate correction by blood transfu-
sions may be justified. This includes patients 
with acutely developing anemia, hemodynamic 
instability, and/or with comorbidities, such as 
coronary heart disease or advanced pulmonary 
dysfunction. However, transfusions have been 
associated with increased mortality and risk for 
postsurgical infections in several studies [1, 42]. 
A restrictive rather than liberal use of RBC trans-
fusion was correlated with lower mortality in 
patients at ICU and after surgery or trauma [42].

In subjects with ID and IDA, and no patholo-
gies impairing iron absorption, replenishment of 
iron stores is performed by iron supplementation. 

In AI, curing the underlying disease would 
mostly lead to resolution of anemia over time, 
with normal iron redistribution once inflamma-
tory stimuli diminish. However, when cure of the 
disease associated with AI cannot be achieved, 
treatment of AI or AI/IDA is warranted [36, 43].

Generally, repletion of iron stores is obtained 
with oral or intravenous (i.v.) iron supplementa-
tion. This decision is based on many elements, 
like type and severity of anemia, the underlying 
disease, the degree of inflammation, the costs and 
availability of the drugs, as well as the conve-
nience to the patient. Oral iron is cheap and easy 
to administrate, although it may cause undesired 
gastrointestinal side effects. As mentioned above, 
hepcidin inversely controls intestinal iron absorp-
tion. The latter increases with iron deficiency but 
lowers upon inflammation [5]. While oral iron 
supplementation is effective to treat absolute ID 
and IDA, its efficiency in AI decreases with more 
advanced inflammation. However, in AI with 
mild inflammation, due to lower hepcidin levels, 
and in AI/IDA, where the ID-mediated hepcidin 
inhibition overcomes the inflammation-driven 
hepcidin stimulation, this treatment may be suc-
cessful in ameliorating anemia [1, 36, 43].

Indications of i.v. iron include undesired side 
effects and ineffective treatment with oral com-
pounds, besides severe anemia needing urgent 
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iron repletion. Parenteral iron bypasses the hepci-
din blockage in the duodenum. However, macro-
phages phagocytose iron-carbohydrate 
complexes, which accumulate in the reticulo- 
endothelial system (RES), being once more sus-
ceptible to the hepcidin-FPN1 interaction. 
Therefore, the efficiency of IV iron is likewise 
higher in AI/IDA and AI with mild inflammation. 
It is not completely comprehended how the iron 
accumulation in the RES may influence the 
underlying disease or if it can have an impact on 
the risk to infections. Limitations of i.v. iron 
preparations are a higher price, the need for i.v. 
administration and potential side effects, such as 
hypophosphatemia or an infrequent risk for ana-
phylaxis [1, 43].

Once iron supplements are no longer efficient, 
adding erythropoiesis-stimulating agents (ESAs) 
becomes an alternative to improve hematopoie-
sis. The efficiency of ESAs is built upon iron 
stores, and thus, both treatments are often com-
bined. However, its administration can downreg-
ulate proinflammatory immune pathways and 
may be associated with increased thromboem-
bolic events, specifically with higher dosages [1, 
36]. Of interest, there is a lack of evidence con-
cerning the use of iron supplementation and 
ESAs upon chronic and acute infections, as most 
data originate from studies in autoimmune dis-
eases, such inflammatory bowel disease (IBD), 
chronic kidney disease (CKD), or congestive 
heart failure [1].

Since hepcidin is the major controller of iron 
homeostasis and responsible for iron efflux, new 
therapies to AI intend to target this hormone 
mainly aiming redistribution of iron trapped in 
the RES.  Therapeutics include antibodies 
directed against hepcidin or drugs and antibodies 
either against components of the BMP-SMAD 
pathway (mostly BMP6) or adjunct molecules, 
such as hemojuvelin. Furthermore, antibodies 
that stabilize FPN1 are an interesting approach to 
neutralize hepcidin activity. Such therapies may 
be combined with ESAs in order to achieve a bet-
ter therapeutic efficacy with reduced side effects, 
as hepcidin-modifying strategies increase iron 
availability and thus may decrease the needed 
ESAs dosages [36, 43, 44].

Notably, preservation of HIF-1 promotes EPO 
production and impacts on iron homeostasis [4]. 
The novel therapy with HIF-prolyl hydroxylase 
inhibitors (HIF-PHIs), which stabilizes HIF thus 
ameliorating anemia, is currently in phase 3 clini-
cal trials [36, 43].

There are still many aspects to consider con-
cerning anemia treatment during inflammation 
and infection. On the one hand, several studies 
showed association between iron supplementa-
tion and increased risk of infections (tuberculo-
sis, malaria, brucellosis), infection-related 
hospitalization and mortality, diarrhea, change in 
microbiota and fecal metabolites [16, 45–48]. On 
the other hand, high iron levels in the gut may 
reduce virulence to specific bacteria, such as 
Citrobacter [49]. Further, the location of iron in 
the cell and its traffic during infection and inflam-
mation can play an essential role for the risk of 
infections or their exacerbation with extra- and 
intracellular bacteria [11, 50]. In addition, we 
lack information from in  vivo studies on the 
thresholds of iron availability for immune func-
tion and antimicrobial host responses. Further, 
the influence of anemia and/or ID on the course 
of underlying disease is insufficiently known. 
This gives rise to the complexity of iron supple-
mentation and redistribution in the setting of 
inflammation and infection, including cause of 
the disease and character of the pathogen, high-
lighting the importance of precise diagnosis and 
an individual approach [36].

 Outlook and Perspectives

Anemia and ID are frequently associated with 
inflammatory diseases and infections, leading to 
higher morbidity and mortality. The human body 
holds several mechanisms in order to avoid and 
control infections, a major one termed nutritional 
immunity, by which the host retains iron and lim-
its its availability for pathogens. Meanwhile, 
microbes developed numerous mechanisms that 
evade the host’s iron restriction to assure their 
growth and proliferation. While we have acquired 
important knowhow over the last years regarding 
the mechanisms of these interactions, there is still 
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a large lack of knowledge related to diagnosis of 
different forms of anemia in these settings and 
their optimal therapy. More specifically, differen-
tiating AI from AI/IDA gains importance due to 
its different treatment approaches, while reliable 
biomarkers to precise iron homeostasis in the set-
ting on anemia and inflammation are missing. In 
addition, there is much knowledge to acquire con-
cerning information on the optimal start and end 
points of therapy and on the influence of treat-
ment toward the underlying inflammatory disease 
or infection. Taking into account the prevalence of 
these iron disturbances and its detrimental conse-
quences to patients´ quality of life, further scien-
tific investigations are urgently needed and of 
major importance for human health.
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 Introduction

 Iron Is Essential But Potentially Toxic

The balance of iron is essential to all forms of life, 
as iron-containing proteins play a role in oxygen 
transport, electron transfer, DNA synthesis, enzy-
matic processes, and cellular metabolism. In its 
free state, iron participates in redox reactions. 
Excess free iron can lead to an uncontrolled pro-
duction of free radicals, which may damage cel-
lular membranes, proteins, or DNA.  Therefore, 
iron homeostatic mechanisms have evolved to 
avoid potential toxicity and to tightly control the 
iron content at a cellular level. Similar mecha-
nisms also keep the uptake of iron from the envi-
ronment, its recycling by macrophages, and its 
storage in macrophages or hepatocytes in sys-
temic balance. Various factors of genetic, physio-

logical, or environmental nature may disrupt these 
highly organized and regulated pathways, and 
lead to the development of either iron overload or 
iron deficiency (ID) conditions [1].

 Iron Deficiency Can Cause Anemia

Anemia is characterized by a decreased total 
amount of red blood cells (RBCs) in terms of vol-
ume or number, or a reduced hemoglobin (Hb) 
content and thus entails a reduced ability of the 
blood to carry oxygen. The consequences of ane-
mia are as diverse as its underlying causes, and 
they depend, besides gender and age, on individ-
ual factors and on the severity of anemia. Subtle 
signs and symptoms of anemia include reduced 
oxygen and energy metabolism, which often 
cause tiredness, fatigue and loss of energy, diffi-
culty concentrating, and decreased work capacity 
[2]. Severe anemia, however, impairs the func-
tion of vital organs such as the brain and the heart 
and may become life-threatening, especially 
when the decline in Hb levels comes fast and 
remains uncorrected.

 Absolute and Functional Iron 
Deficiency Differs from Each Other

Two major forms of ID exist, absolute and func-
tional ID. Absolute ID, defined as depleted body 
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iron stores, results from low intake or impaired 
assimilation of iron, high iron demand, or chronic 
blood—and thus iron—loss. The second most 
prevalent form, functional ID, occurs in several 
chronic diseases, including chronic kidney dis-
ease, chronic heart failure, cancer, autoimmune 
disease, and other inflammatory diseases. These 
chronic conditions are associated with 
inflammation- driven retention of iron in innate 
immune cells, which inevitably leads to iron- 
limited erythropoiesis. When persisting, pro-
longed immune activation thus causes anemia of 
inflammation (AI), which is globally the second 
most frequent anemia and the most frequent ane-
mia in hospitalized and chronically ill patients. 
Furthermore, absolute ID often coexists with 
other chronic disorders, which have an inflamma-
tory component. Therefore, the interactions of 
these causes and conditions, especially 
inflammation- driven ones, make the differential 
diagnosis of ID challenging [3].

 Basic Principles of Iron Deficiency 
and Iron Deficiency Anemia

ID occurs when body iron levels are low or insuf-
ficient to maintain normal physiologic functions. 
Unrecognized or untreated ID may finally lead to 
ineffective erythropoiesis and smoothly transit 
into anemia. Strict division between absolute and 
functional ID is difficult as various combinations 
exist.

Absolute ID usually develops when release of 
recycled iron from senescent erythrocytes and the 
absorption of dietary iron in the gut cannot reim-
burse for growing iron needs (e.g., during growth, 
frequent blood donations, bleedings, or infec-
tions). This leads to decreased or exhausted body 
iron stores, and finally results in IDA [4], which 
develops slowly [2, 5].

In contrast, functional ID occurs when body 
iron stores in the form of iron-laden ferritin (Ft) 
present in the macrophages of the liver, spleen, 
and bone marrow are normal or increased. In this 
scenario, iron is barely mobilized from stores as 
the immune system is activated, triggered by dan-
ger signals derived from damaged tissues or from 

pathogens. Moreover, the trafficking of iron from 
enterocytes and macrophages to the circulation is 
terminated, which leads to its accumulation 
within macrophages, for example, as a result of 
chronic inflammation and infections. When these 
functional disturbances persist, they subsequently 
lead to AI. Furthermore, states of increased eryth-
ropoiesis, such as during therapy with 
erythropoiesis- stimulating agents (ESAs) or after 
major blood loss followed by an endogenous 
erythropoietin (EPO) response, might create 
divergent states between iron demand and its 
supply [6].

 Causes and Consequences of Iron 
Deficiency and Iron Deficiency 
Anemia

The causes of IDA vary based on gender, age, 
and socioeconomic status. ID may result from 
low nutritional iron intake, insufficient absorp-
tion, or blood loss (Table 18.1). Genetic variants 
or defects, with or without inflammation, might 
be another cause (Table 18.2). In western societ-
ies, healthy individuals may be susceptible to ID 
due to special eating habits (e.g., vegan diet), 
dietary restrictions, or frequent blood donations. 
Most of all, chronic bleeding, often in combina-
tion with reduced iron absorption, is another 
common cause of ID in high-income countries 
[2, 7].

In low- and middle-income countries (LMICs), 
ID and IDA typically result from malnutrition or 
diets poor in bioavailable iron and are often asso-
ciated with infections with parasites (e.g., hook-
worm infestation or schistosomiasis), causing 
hemorrhages [8].

While ID is most prevalent, and sometimes 
severe, in young children and women of repro-
ductive age, it is also a concern for elderly peo-
ple. It is assumed that 50% of pregnant women 
and 40% of preschool children in LMICs are iron 
deficient [9]. Infants and young children have 
increased iron needs during rapid growth periods. 
In these groups, IDA is related to poorer cogni-
tion, along with delayed motor and cognitive 
development, and all of these conditions are 
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Table 18.1 Common causes of absolute and functional 
iron deficiency (ID) are shown [2, 6, 7, 19]

Common causes of ID
Absolute ID/
IDA

Depletion of iron stores

High iron 
demand

•  Pregnancy (second and third 
trimester) due to mutual expansion 
of erythroid mass

•  Fast-growing infants/children
Low nutritional 
iron intake

•  Malnutrition (due to poverty; 
developing countries)

•  Vegetarian and vegan diet
•  Eating disorder

Insufficient 
iron absorption
In the gut

•  Environmental enteric dysfunction
•  Antinutritional factors (phytate, 

tannins, caffeine)
•  Surgery (duodenal/gastric bypass, 

gastrectomy, bariatric surgery)
•  Medical conditions/instances 

(helicobacter pylori, atrophic 
gastritis, autoimmune gastritis)

•  Parasitic infection
•  Proton pump inhibitors and H2 

blockers
Protracted and 
chronic blood 
loss

•  Menstruation
•  Genito-urinary bleeding
•  Frequent donation of blood
•  Elite athletes
•  Gastrointestinal bleeding (e.g., 

hookworms, esophagitis, intestinal 
cancer, drugs like anticoagulants 
and antiplatelet compounds, peptic 
ulcers)

•  Intravascular hemolysis 
(paroxysmal nocturnal 
hemoglobinuria (PNH), 
autoimmune hemolytic anemia, 
damaged heart valves)

•  Systemic blood loss due to defects 
of hemostasis

Functional ID/
AI

Sequestration of iron in stores, iron 
supply is inadequate

Inflammation •  High levels of hepcidin due to, e.g., 
autoimmune diseases, chronic 
infections, cancer, chronic kidney 
disease (CKD), chronic heart failure 
(CHF), chronic pulmonary disease 
(CPD), inflammatory bowel disease 
(IBD)

•  Parasitic infection
Chronic 
diseases

•  Chronic kidney disease (CKD), 
chronic heart failure (CHF), chronic 
pulmonary disease (CPD)

Table 18.2 Additional causes of iron deficiency (ID) are 
shown [2, 6, 19]

Other causes of ID
Genetic reasons 
leading to impaired 
signaling pathways

•  Impaired genes involved in 
uptake, mobilization, and 
utilization, like DMT1 
(SLC11A2), ceruloplasmin 
(CP), transferrin (TF)

•  IRIDA (iron-refractory iron 
deficiency anemia) leading to 
high hepcidin levels

ESA (erythropoiesis- 
stimulating agents) 
therapy

•  Massive erythropoiesis 
leading to impaired iron 
demand

Obesity •  Reduced iron absorption
•  Immune-driven dysregulation 

of iron metabolism due to 
hepcidin and adipocytokines

Postoperative state •  Intraoperative blood loss
•  Immune-driven dysregulation 

of iron metabolism after 
surgery

Aging •  Low intake and reduced 
absorption

•  Gastrointestinal blood loss 
(drugs and unintended drug 
interactions, ulcers, cancer)

highly prevalent in LMICs [10]. Efforts to avoid 
such developmental defects in children aim to 
supplementing iron. Importantly, the unbiased 

treatment with iron supplements in tropical 
regions resulted in a significant increase in mor-
bidity and mortality from infectious diseases [11, 
12]. These unexpected yet detrimental effects of 
iron substitution supplementation programs 
might be due to the relevance of the metal to the 
lifecycle of parasites or the proliferation of bacte-
ria [13]. Conversely, infants and pregnant women 
with mild ID were shown to be partly protected 
from malaria, which might be linked to starving 
circulating pathogens from the nutrient iron, an 
reduced susceptibility to infection or an effect of 
iron on immune response and remains an impor-
tant clinical question [14, 15].

Intriguingly, anemia also affects the develop-
ment of the immune system as shown in a study 
with young children living in Tanzania and 
Mozambique. The immune system dynamically 
changes during the first years of life, when 
maternal- derived immune mediators such as anti-
bodies are lost and the thymus takes over its key 
role in the development of T lymphocytes and 
thus in the immune response. Anemia in infants 
is related to altered composition of the immune 
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system, as affected children showed lower recent 
thymic emigrant CD4+ T cells, IgG+ memory B 
cells, as well as lower production of antibodies 
and plasmablasts compared to nonanemic chil-
dren. This is directly linked to the bioavailability 
of iron and to comorbidities and nutritional sta-
tus, causing anemia [16]. Furthermore, data sug-
gest a negative effect on the development of the 
adaptive immune cells in children suffering from 
anemia [17].

In western societies, the number of patients 
with absolute ID is increasing as a result of 
enhanced life expectancy and as a consequence 
of comorbidities and, possibly, medications. The 
causes of anemia in the elderly are manifold. 
Specifically, age-related disorders such as coro-
nary artery disease, congestive heart failure 
(CHF), type 2 diabetes mellitus, chronic kidney 
disease (CKD), and chronic obstructive pulmo-
nary disease (COPD) are linked to absolute ID, 

which is associated with increased risk of hospi-
talization and morbidity [18]. Furthermore, cog-
nitive decline and increased risk of dementia in 
elderly have associations with ID and IDA [19].

Taken together, the causes of IDA can vary 
depending on gender, age, and socioeconomic 
circumstances, because IDA can result from low 
nutritional iron intake, insufficient absorption, 
blood loss, inflammation/infections, or rare 
genetic defects.

 Pathophysiology of Iron Deficiency 
and Iron Deficiency Anemia

Iron metabolism (Fig. 18.1) is tightly regulated, 
to avoid both iron excess and ID and as a conse-
quence IDA.  Hepcidin acts as the liver-derived 
master regulator to control the entry of iron into 
the circulation. This is achieved by modulating 

Fig. 18.1 Maintenance of systemic iron homeostasis and 
mechanism of iron deficiency anemia (IDA). (a) Cells 
involved in systemic iron regulation are shown. Dietary 
iron absorption starts at the brush-border membrane of 
duodenal enterocytes. Ferric iron (Fe3+) is reduced to fer-
rous (Fe2+) iron by duodenal cytochrome B (DcytB) and is 
transported across the membrane via divalent metal trans-
porter 1 (Dmt1). Ferroportin (Fpn) at the basolateral 
membrane cooperates with hephaestin (Hp) that oxidizes 
Fe2+ to Fe3+. Ferric iron circulates in the blood bound to 
transferrin (Tf). Tf-bound iron supplies all cells with iron 
by binding to the transferrin receptor1 (TfR1) and subse-
quent endocytosis. Fe2+ in the cytosol is collectively 
referred to as the “labile iron pool” (LIP). Hepatocytes 
and macrophages store high amounts of iron in ferritin. 
When required, iron is exported from the LIP via Fpn 
back to circulation (after reoxidation of Fe2+ to Fe3+ by 
ceruloplasmin (CP)). Iron of old erythrocytes is recycled 
from macrophages via heme oxygenase 1 (HO-1). Upon 
iron loading, bone morphogenetic protein 6 (BMP6) 
secreted by endothelial cells stimulates hepcidin expres-
sion in the hepatocytes. BMP6 binds to the BMP receptor 
(BMPR)/hemojuvelin (HJV) complex, phosphorylates 
SMAD proteins, and trans-activates the promoter of the 
Hamp (for hepcidin gene). The HFE protein/transferrin 
receptor 2 (TfR2) complex is involved in iron sensing. 
Hepcidin produced by hepatocytes decreases cellular iron 
export by binding to Fpn and inducing its endocytosis, 
resulting in decreased intestinal iron absorption and iron 
release from macrophages. TfR1 is highly expressed on 
erythroblasts. Iron from erythrocytes is recycled by mac-

rophage via HO-1 and Fpn. Under iron sufficient condi-
tions, TH1 cells expansion is promoted as is the secretion 
of cytokines like IFN-γ and TNF [26]. (b) Mechanisms of 
adaptation to iron deficiency are displayed. In mild iron 
deficiency, TfR2 is lost from the erythroblast surface, 
thereby increasing EPO sensitivity. In addition, iron defi-
ciency and hypoxia increase Epo, which enhances eryth-
ropoiesis. This in turn suppresses the generation of 
hepcidin through erythroferrone (ERFE) produced by 
erythroblasts. ERFE antagonizes BMP signaling in hepa-
tocytes, thus lowering circulating hepcidin levels and 
enabling iron to be transferred from the gut to the blood 
[1]. Anemia per se stimulates the proliferation of ery-
throid progenitors and ERFE [49]. Several cofactors 
expressed on the hepatocyte cell membrane such as HFE, 
hemojuvelin (HJV), or TfR2 impact on hepcidin expres-
sion via the BMP-SMAD pathway [25]. Low liver iron 
content increases transmembrane protease serine 6 
(TMPRSS6), which cleaves iron-sensing complexes to 
reduce the expression of hepcidin. HJV exists, beside its 
membrane-bound form, also in a circulating soluble form 
(sHJV), which acts as an antagonist of BMP signaling and 
was shown to be increased in vivo during iron deficiency 
[50]. Histone deacetylase 3 (HDAC3) participates in hep-
cidin suppression by erasing activation markers at the 
Hamp locus [51]. Iron is released by Fpn into the circula-
tion. If iron stores are exhausted, iron availability remains 
low, which consequently prevents the uptake of iron by all 
cells and organs (e.g., heart, skeletal muscle) [52]. Under 
limited iron supply, TH2 cells will expand and secrete IL-4 
and IL-13 [26]
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the expression of ferroportin (Fpn) on phagocytes 
that recycle iron from aged red blood cells 
(RBCs) and on duodenal enterocytes that absorb 
dietary iron from the intestinal lumen. Iron circu-
lates bound to transferrin (Tf) to different cells; 
yet, most iron is used by the bone marrow to syn-
thesize Hb in RBC precursors, which possess 
high levels of transferrin receptor 1 (TfR1). Cell 
types, such as hepatocytes and macrophages of 
the mononuclear phagocyte system (MPS), are 
considered to be major iron storage sites. To meet 
physiological requirements, iron is released from 
the stores to maintain plasma iron levels and sup-
ply the erythron. During ID (Fig.  18.1), or 
increased erythropoietic needs (as in childhood, 
pregnancy, or in hypoxic conditions, e.g., at high 
altitude), adaptive mechanisms aim to optimize 
the usage of iron for erythropoiesis and to maxi-
mize its absorption [1].

 Functional Iron Deficiency 
Due to Inflammatory Processes

Inflammatory signals evoked by pathogens, auto-
immune tissue damage, or cancer-induced altera-
tions in systemic iron fluxes, especially in the 
MPS, are regulated by systemic iron levels and 
culminate in increased requirements and seques-
tration of iron in innate immune cells. The func-
tional ID that results is thus characterized by the 
presence of adequate or increased iron stores but 
insufficient iron mobilization, two of the hall-
marks of the AI. The underlying pathophysiology 
of AI is more complex, though, and comprises at 
least three main pathways: (a) iron retention in 
the MPS, (b) suppression of erythropoiesis com-
bined with a reduction of the activity of the hor-
mone EPO, and (c) diminished erythrocyte 
survival [6].

Specifically, interleukin 6 (IL-6) and IL-1β, as 
well as lipopolysaccharide (LPS), present in the 
cell wall of Gram-negative bacteria, induce Ft 
and hepcidin to counterregulate Fpn-mediated 
iron export from the MPS. Therefore, in the sys-
temic circulation, increased Ft and hepcidin lev-
els can be found as both markers of AI and 
mediators of macrophage iron retention. 

However, inflammatory cytokines such as IL-1 
and tumor necrosis factor (TNF) not only alter 
iron distribution, but also directly impair the 
renal production of EPO and thus erythropoiesis. 
In physiologic conditions, EPO stimulates cell 
proliferation and differentiation of erythroid pro-
genitors. However, in AI, erythroid EPOR expres-
sion and EPOR-mediated signaling are inhibited 
by different cytokines [1, 6].

Moreover, erythrocytes have been shown to 
have a shortened survival during inflammation in 
general, and in certain infections, specifically. 
Inflammation-born radicals damage lipids in the 
RBC membrane, thus enhancing erythrophago-
cytosis [6]. A range of pathogens directly target 
RBC as well. On the one hand, malaria and babe-
siosis are characterized by infection of RBC and 
the presence of intracellular microbes [20]. On 
the other hand, Gram-positive bacteria such as 
Staphylococci and Streptococci produce hemoly-
sins that damage or destroy RBC [21].

In summary, the combination of many 
immune-mediated regulatory effects leads to iron 
retention in monocytes and macrophages, shown 
by low Fpn expression and increased Ft levels in 
the cells and in the systemic circulation.

 Iron and the Immune System

 Iron and the Innate Immune System

Iron is an essential nutrient for both humans and 
pathogens. Therefore, iron deprivation serves as 
an innate immune mechanism against invading 
microbes. On the other hand, pathogens have 
evolved refined strategies to obtain iron and other 
micronutrients from the host [22, 23]. Not only 
do macrophages play a key role in iron homeo-
stasis, they also form an indispensable part of the 
innate immune control against pathogens and 
both functions appear to be linked. Macrophages 
can be exposed to different microenvironmental 
conditions such as the inflammatory cytokine 
milieu, damaged RBCs, living pathogens, and 
iron gradients. As a result, macrophages can 
embrace different functions and phenotypes, 
many more than the dichotomous model of proin-
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flammatory (M1-like) and anti-inflammatory 
(M2-like) populations would suggest. Monocytes 
and macrophages fulfill a spectrum of functions 
including RBC and iron recycling. Nevertheless, 
M1-like and M2-like macrophages not only dif-
fer in their molecular signature, these phagocytic 
cells were also shown to observe distinct patterns 
of iron gene expression [3].

Classically activated M1-like cells secrete 
proinflammatory cytokines and favor iron 
sequestration via Fpn repression and Ft heavy 
chain induction. Possibly, this phenotype aims at 
limiting the availability of the essential metal for 
circulating pathogens [3]. At the same time, 
however, macrophage iron retention may directly 
be involved in the pathogenesis of chronic 
inflammatory and autoimmune diseases [24]. 
Moreover, the cytokine milieu can directly mod-
ulate iron metabolism in immune cells including 
macrophages. This is facilitated in a coordinated 
fashion to reduce the size of the intracellular 
labile iron pool (LIP) via reduction of TfR1 on 
the cell surface and increased synthesis of Ft for 
iron storage. Then again, small amounts of hep-
cidin are also produced by immune cells and can 
exert autocrine or paracrine functions, which are 
mediated by fine-tuning of the intracellular LIP, 
too [25].

In contrast, M2-like macrophages exert anti- 
inflammatory functions in tissues. Moreover, 
these cells have a lower iron content but are 
highly specialized for iron recycling from senes-
cent erythrocytes [17]. Thereby, they represent 
the key cellular system responsible for supplying 
iron essential for erythropoiesis and may them-
selves be unable to store iron. In vitro, 
M2-polarized macrophages show high Fpn and 
lower Ft levels, thereby allowing iron recircula-
tion and support of iron expensive tissue-healing 
processes [3]. Many other functions of macro-
phages, however, critically depend on the pro-
duction of specific effector molecules such as 
antimicrobial peptides and toxic radicals.

Iron handling by macrophages is bidirection-
ally linked to the production of reactive nitrogen 
intermediates, above all NO. NO has high affinity 
for iron and was shown to control intracellular 
iron trafficking by regulating critical genes of 

iron metabolism via the cytoplasmatic iron sen-
sors—the iron regulatory proteins (IRPs). The 
formation of NO by macrophages is negatively 
regulated by iron and is very important for 
immune control of infections and cancer. 
Interestingly, the iron exporter of the phagolyso-
some, known as natural resistance associated 
macrophage protein-1 (Nramp1), lowers the 
intracellular labile iron pool of macrophages, 
thus promoting NO production [13].

During ID, the bactericidal activity of macro-
phages is reduced, although phagocytosis is unaf-
fected. Furthermore, neutrophils show lower 
killing activity under low iron conditions due to 
reduced activity of the iron containing enzyme, 
myeloperoxidase [3]. In summary, monocytes 
and macrophages have key functions in systemic 
iron homeostasis. Additionally, the intracellular 
iron content in these phagocytic cells has direct 
effects on their immune functions and thus needs 
to be tightly regulated by IRPs, NO, hepcidin, 
Nramp1, and other pathways for adequate host 
response to infections and other insults [13].

 Iron and the Adaptive Immune 
System

T cells, together with antibody-producing B cells, 
are the two major lymphocyte populations and 
the main components of the adaptive immune 
system. Lymphocytes express a range of iron 
proteins, because their development and prolif-
eration requires iron, whose uptake is mainly 
mediated via TfR1. As a consequence, reduced 
transferrin iron saturation may lower cell- 
mediated immune responses [3, 26].

More recently, it was shown that lymphocytes 
express hepcidin and that its production increases 
after activation. Hepcidin controls lymphocyte 
iron homeostasis in an autocrine and paracrine 
loop. Low hepcidin expression impairs normal 
lymphocyte proliferation [25]. TfR1 associates 
with HFE, which is a nonclassical MHC-I mole-
cule and yet another candidate through which 
iron homeostasis affects T cell functions. The 
classical HFE mutation, C282Y, results in quanti-
tative and functional alterations of T cell subsets 
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and the iron storage disorder hereditary hemo-
chromatosis [26]. Poly(rC)-binding protein 1 
(Pcbp1), which may function as iron-stabilizing 
cytoplasmatic chaperone, is linked to T cell func-
tion as well. Concretely, intracellular iron stabi-
lizes Pcbp1 protein and, in turn, prolonse 
translation of IL-2 and of granulocyte macro-
phage colony–stimulating factor (GM-CSF) [27]. 
Vice versa, iron depletion diminishes the produc-
tion of these two cytokines associated with TH1 
and TH17 type responses and counteracts autoim-
munity in a model of multiple sclerosis [28]. 
Similarly, the absence of TfR1 on CD4+ T cells 
protects from autoimmunity due to reduced pro-
duction of IL-2, GM-CSF, and IFN-γ [3].

In line with these observations in mice, muta-
tions in TFRC gene, encoding TfR1, in human 
subjects result in an inherited immune deficiency 
syndrome characterized by impaired function of 
T and B lymphocytes [1].

B lymphocyte function is largely dependent 
on signals from T lymphocytes and is influenced 
by iron, too. At the same time, resting B cells 
express lower levels of TfR1 than T cells and 
their proliferation and differentiation to plasma 
cells is less affected by iron. On the other side, 
iron seems to inhibit cytidine deaminase, an 
important enzyme involved in immunoglobulin 
class switching . ID may therefore facilitate IgE 
class switching in the presence of TH2-associated 
cytokines like IL-4 and IL-13. B-cells have also 
been shown to be stimulated by TGF-β to secrete 
IgA. Furthermore, the iron-binding protein lacto-
ferrin, known to participate in host defense 
against microbial pathogens, is also able to initi-
ate class-switching to IgA and IgG2b [29]. 
Human subjects with ID show preserved anti-
body production in response to immunization 
with various antigens. In contrast, IDA may result 
in significantly weakened antibody responses to 
vaccination [22, 30, 31].

Taken together, evidence is accumulating that 
the iron content of the microenvironment sur-
rounding T cells and iron uptake via Tfr1 shape T 
cell immunity. Low serum iron could further-
more limit the ability of lymphocytes to acquire 
iron to support clonal expansions and the devel-
opment of adaptive responses.

 The Effect of the Hosts Iron Status 
on Vaccination Success

Every year, more than five million children in 
LMICs die before the age of five. Most fatalities 
are due to preventable causes including infec-
tions, as children do not have access to medica-
tion or immunization [32]. Vaccination programs 
against diseases, like diphtheria, pertussis, polio, 
and measles, significantly contribute to reducing 
childhood morbidity and mortality [30]. Immune 
responses to vaccines and natural antigen chal-
lenges may differ between lower- and higher- 
income countries. In low-income countries, a 
strong link of inadequate nutritional status, 
including ID, to poor vaccination response exists 
[10]. In African infants, IDA at the time of vac-
cination was associated with reduced response to 
diphtheria, pneumococcal, and pertussis vac-
cines. In contrast, infants who received iron at the 
time of measles vaccination had higher concen-
trations of anti-measles IgG and IgG avidity [31]. 
In high-income countries, antibody production to 
influenza vaccine was independent of inflamma-
tion and iron status in dialysis patients but was 
associated with previous vaccination and age 
[33]. Still, treatment with iron during vaccination 
might be seen critical, as iron promotes the 
growth of pathogens like Mycobacterium tuber-
culosis and was shown to contribute to an 
increased risk of tuberculosis (TB) or a worsened 
TB outcome [22].

In summary, a better understanding of the 
interconnections of iron homeostasis and immune 
response to vaccination may help to increase the 
efficacy of programs, especially in LMICs, and 
should be taken into account in future vaccine 
studies.

 Iron in Viral Infections

Iron is involved in many fundamental biological 
processes including DNA and RNA synthesis or 
ATP generation. As viruses exploit these meta-
bolic pathways in infected cells, the iron content of 
host cells critically determines the course of viral 
infection (Fig. 18.2). This has been demonstrated 
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Fig. 18.2 Putative effects of iron deficiency (ID) on the 
course of viral infections. Parvovirus B19 mainly infects 
cells of the erythroid lineage and thus depends on EPO for 
survival and replication [53]. Hepatitis C virus (HCV) 
alters iron metabolism by reducing the level of hepcidin, 
leading to iron accumulation in hepatocytes and is related 
to production of reactive oxygen species (ROS) and liver 
damage [54]. Cytomegalovirus (CMV) facilitates iron 
accumulation in the tissue via degradation of HFE, a com-
petitor of the transferrin Receptor 1 (TfR1) [55]. Severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
causes hyperinflammation with cytokine storm and sys-
temic iron dysregulation. Reported intracellular ferritin 
excess, due to iron overload, leads to generation of ROS 
and finally to ferroptosis and is linked to tissue damage 
and organ failure [35]. SARS Virus and SARS-CoV2 are 

likely to use host metabolic pathways and enzymes, which 
depend on iron [37]. Iron is required for Human defi-
ciency Virus (HIV) replication [34]. The virus is known to 
infect T cells via interaction with CD4 receptor [34]. 
Putative effects of ID during virus infection (shown in 
red) might limit the iron availability for the invading virus 
and reduce the deleterious effects of excess intracellular 
iron via ROS production and inflammation. Reduction of 
intracellular iron by chelation is known to have an inhibi-
tory effect on the production of TNF and other cytokines 
involved in hyperinflammation [35]. Additionally, IFN-γ 
modulates the iron pool and immune functions by promot-
ing the synthesis of nitric oxide and might thereby con-
tribute to an antiviral effect of this cytokine. Therefore, 
mild iron deficiency may reduce viral replication [13]

for human immune deficiency virus (HIV) infec-
tion and viral hepatitis, but is also suggested for 
coronavirus disease-2019 (COVID-19) [34, 35].

In HIV-1 infection, iron is involved in several 
key steps of viral reproduction [34]. For example, 
the ATPase involved in assembly of the HIV cap-
sid binds iron. Strikingly, also the ATP hydro-

lases necessary to unwind the severe acute 
respiratory syndrome coronavirus (SARS-CoV) 
and Middle East respiratory syndrome coronavi-
rus (MERS-CoV) [36] genome during viral repli-
cation bind iron [37].

Importantly, interactions between iron homeo-
stasis and the course of viral infection not only 
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exist at the cellular level, but also at the systemic 
levels with clinical implications. For instance, 
iron accumulation and alterations in the mito-
chondrial electron transport system have been 
observed in patients with chronic hepatitis C 
virus (HCV) infection. The liver injury is related 
to the production of reactive oxygen species 
(ROS), ROS-induced mitochondrial damage, and 
iron-derived hydroxyl radical production via the 
Fenton reaction [38]. Many studies explored the 
connection between iron and HCV life cycle with 
controversial results. Some studies show that iron 
promotes HCV replication, while others found 
that iron suppresses HCV replication [38–40]. 
Some reports also indicate that anemia is associ-
ated with poor outcome of HIV infection [34].

Conversely, data from patients with hepatitis 
B virus (HBV) and HCV infection link condi-
tions of iron overload to a poor prognosis [41]. In 
accordance with this, increased liver iron is com-
monly observed in HCV infection and may 
become a driver of disease progression, because 
increased iron accumulation in hepatocytes is 
associated with alterations in iron metabolism 
and reduced levels of hepcidin [38]. This is in 
line with the increased mortality from HIV-1 
infection reported in another study. Changes in 
iron metabolism toward iron overload are also 
achieved by cytomegalovirus (CMV) where the 
viral protein US2 leads to degradation of HFE 
protein after binding to it. Similarly, during HIV 
infection, Nef protein important for the progres-
sion to AIDS downregulates HFE, a competitor 
of TfR1 to bind Tf, thereby increasing iron accu-
mulation [34]. Besides, TfR1 was identified as 
the cellular receptor for some of the New World 
hemorrhagic fever arenaviruses [42].

Regarding parvovirus B19 (B19V), known to 
mainly infect erythroid progenitor cells, little is 
known in context of iron metabolism. B19V can 
cause a variety of mild to severe hematological 
disorders, including aplastic crisis in patients 
with hemolytic anemia or persistent anemia in 
immunosuppressed patients. Interestingly, EPO/
EPOR signaling, regulated by hypoxia, is not 
only essential for differentiation and develop-
ment of erythroid progenitors and the production 
of mature RBCs, but is also crucial for B19V 

DNA replication. While the underlying mecha-
nisms have not systematically been explored, it is 
tempting to speculate that the EPO response to 
B19V-induced anemia stimulates TfR1 expres-
sion, iron uptake, and thus virus replication in 
erythroid cells [43].

Recently, SARS-CoV-2 has been shown to 
cause a severe respiratory illness known as 
COVID-19, which leads to a worldwide pan-
demic starting in 2020. In susceptible cohorts, 
SARS-CoV-2 can rapidly cause high mortality 
rates due to hypoxemia and multiorgan failure 
[35]. In a closely related disorder, SARS, 
increased levels of proinflammatory cytokines 
including IL-1β, IL-6, and IFN-γ have been 
shown to be coupled to pulmonary inflammation 
and respiratory failure. In accordance with this, 
data from patients with COVID-19 show that 
hyperinflammation, and the resulting cytokine 
storm with massive IL-6 production, are linked to 
the pathogenesis of multiorgan failure [44]. 
Further, hyperferritinemia is a second hallmark 
of severe COVID-19 and reported to increase 
patients’ mortality risk [35]. Vice versa, low 
serum iron was, in the face of comparable Ft lev-
els, associated with low lymphocyte numbers and 
severe hypoxemia in critically ill COVID-19 
patients, and again it remains unidentified if ID is 
a risk factor for impaired immunity against 
SARS-CoV-2 or a surrogate indicating poor clin-
ical course in COVID-19 patients [45]. However, 
hyperinflammation, in association with altered 
iron homeostasis, has been suggested to play a 
key role in the pathogenesis of inflammatory dis-
eases including viral infections [34, 38].

IL-6 is well known as key mediator of 
inflammation- driven iron management, thereby 
inducing hepcidin, which regulates iron trans-
port. Inflammation therefore leads to functional 
ID as reflected by hyperferritinemia and low 
serum iron levels. Especially severe COVID-19 
causes prolonged alterations of iron homeostasis, 
also at systemic levels with persisting lung 
pathologies and impaired physical performance, 
as was shown in an observational study. In addi-
tion, hyperferritinemia and increased expression 
of hepcidin and inflammation markers, such as 
IL-6 and C-reactive protein, were still found 
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2  months after COVID-19 onset in a pertinent 
proportion of these patients [46]. Mechanistic 
suggestions link hyperferritinemia and altera-
tions in hepcidin regulation to iron toxicity, 
which may lead to end-organ damage in 
COVID- 19 [35]. This is supported by data dem-
onstrating that inflammation induces ferroptosis, 
an iron-dependent cellular pathway that finally 
leads to cell death that involves iron-dependent 
accumulation of lipid peroxides [47].

As treatment for severe disease is still subop-
timal, uncovering the role of iron homeostasis 
and ferroptosis in multiple organ involvement 
could open avenues to new treatment strategies.

A plethora of enzymatic processes require 
iron and viruses exploit such cellular pathways 
for their entry into host cells or replication 
therein, implying that iron metabolism affects 
viral diseases. While much progress has been 
made to characterize the interconnections 
between iron homeostasis and viral infections at 
a molecular level, we are only just beginning to 
understand what these interconnections mean for 
clinical outcome or how we can manipulate iron 
levels to treat infections with known or emerging 
viruses. For example, treatment with iron chela-
tors like deferiprone inhibited virus proliferation 
and induced apoptosis in HIV infection [34, 38]. 
Thus, depriving iron supply might also be a 
promising therapeutic option in COVID-19 [35].

 Iron and Allergy as Immune- 
Mediated Disease

Allergies are immune-mediated diseases caused 
by a hypersensitivity of the immune system 
towards exogenous, usually harmless antigens 
derived from animal dander, house dust mites, 
insect venom, and pollen as well as from food 
components. In particular, in western societies, 
the prevalence of allergy seems to increase, with 
approximately 20% of adults in Germany being 
currently affected by at least one allergy [29].

Several studies associate ID and IDA with the 
development of allergic diseases and the onset of 
allergy. As such, poor iron status of mother and 
child can increase the risk of developing allergic 

diseases, for instance, wheezing and asthma [29]. 
Immune activation under low iron status may 
result in the expansion of TH2 cells due to their 
larger intracellular iron pool, the induction of 
class-switching in B cells, and a reduction in the 
anti-inflammatory role of M2-like macrophages 
[26]. Moreover, both the use of iron fortification 
and supplementation and the incidence of aller-
gies are increasing, implying that the intercon-
nections between iron metabolism and TH2 
immunity are incompletely understood. 
Furthermore, diverse allergens have lipocalin- 
like protein folds, and were shown to bind iron 
via siderophores [29].

Furthermore, atopic diseases like food aller-
gies might lead to avoidance of suspected food 
and thus might lead to malnutrition. Together 
with chronic inflammation and use of systemic 
immunosuppressant medications, these factors 
are associated with IDA [29].

In conclusion, despite the increasing preva-
lence of allergies in high-income countries, little 
is known about how iron homeostasis and the dif-
ferent types of hypersensitivity reactions are 
interconnected.

 Summary and Outlook

ID is a frequent clinical condition and, if long- 
lasting and severe, has a plethora of systemic 
consequences, which are not limited to the eryth-
ropoietic system, extending to the immune sys-
tem as well. Therefore, a complex network exists 
that links iron homeostasis and the function of 
the immune system. The interconnections are 
reciprocal and relevant for both cellular path-
ways and clinical outcomes. In the last decades, 
we have characterized the key players of iron 
homeostasis and the main effects that immune 
activation has on systemic iron metabolism. 
Recently, we have also begun to investigate the 
interconnections between cellular iron and 
energy metabolism and how this affects the func-
tion of immune cell populations, for instance, 
during infections [48].

While new pathogens, which dysregulate iron 
homeostasis, such as SARS-CoV-2, are entering 
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the field, we still lack a fundamental understand-
ing of how altered iron metabolism affects the 
pathophysiologic processes of inflammatory dis-
eases. In order to better fight off invading patho-
gens and malignant cells, we need to learn how to 
pharmacologically fine-tune host iron metabo-
lism so that the clinical course of infectious and 
neoplastic diseases can be improved in affected 
individuals. The pathophysiology and pharma-
cology of AI are excellent examples, since we 
have an increasing armamentarium of iron- 
targeting therapies at hand, but we know little 
about their potential effects on the disorders, 
which underlie the AI.
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19Genetic Hemoglobin Disorders 
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Biomarkers of Nutritional Anemia

Crystal D. Karakochuk, Aviva I. Rappaport, 
and Brock A. Williams

 Hemoglobin and its Structure, 
Function and Synthesis

Hemoglobin is a protein molecule in red blood 
cells (RBCs) that primarily functions to carry 
oxygen from the lungs to the tissues, and conse-
quently, to carry carbon dioxide from the tissues 
back to the lungs [1].

Hemoglobin has a quaternary protein structure 
containing four globin proteins (also referred to as 
globin chains) and four iron-containing heme 
molecules [2]. Normal adult hemoglobin (called 
hemoglobin A, depicted as α2β2) is composed of 
two α-globin proteins, two β-globin proteins and 

four heme molecules (Fig. 19.1). Across the lifes-
pan, other forms of hemoglobin can also exist. For 
example, in fetuses and infants, the hemoglobin 
molecule contains two α-globin proteins and two 
γ-proteins (called fetal hemoglobin or hemoglo-
bin F, depicted as α2

Gγ2) [2]. As the infant grows, 
the γ-globin proteins are gradually replaced by 
β-globin proteins, forming the adult hemoglobin 
structure. There are also other less common spe-
cies of hemoglobin that exist in humans, either 
during early intrauterine life (e.g. Gower 1, 
Portland 1) or adulthood (hemoglobin A2).
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 Genetic Hemoglobin Disorders

The α-globin and β-globin proteins of hemoglo-
bin are encoded by four α-genes and two 
β-genes, respectively. Deletions and/or point 
mutations in these α- and/or β-genes can result 
in a decreased production of hemoglobin or 
structurally variant forms of hemoglobin, that 
are collectively referred to as genetic hemoglo-
bin disorders or hemoglobinopathies. Genetic 
hemoglobin disorders are generally categorized 
as either structural hemoglobin variants or thal-
assemia (Table 19.1) [3].

Genetic hemoglobin disorders can result from 
one or multiple combinations of point mutations, 
insertions, or deletions that occur in single, com-

pound, and/or coinherited forms, thus, character-
izing the abnormalities of globin gene synthesis 
can be complicated. The consequences of point 
mutations (alterations of a single nucleotide) var-
ies widely and can result in no effect on the amino 
acid sequence, or can have varying impact on the 
characteristics of the hemoglobin molecule, 
depending on the site of the mutation [2].

Genetic hemoglobin disorders can result in 
diverse clinical outcomes depending on the 
inheritance pattern and severity of the disorder. 
Genetic hemoglobin disorders are autosomal- 
recessive conditions, which means they are 
passed down from parent(s) to their offspring. 
Individuals who inherit an affected chromo-
some from only one parent are termed heterozy-
gous, also referred to as carriers or traits (e.g., 
sickle cell trait or α-thalassemia minor), whereas 
individuals who inherit affected chromosomes 
from both parents are termed homozygous (e.g., 
sickle cell disease or β-thalassemia major). 
Homozygous disorders result in a more severe 
phenotype (e.g., more severe anemia and associ-
ated complications). The clinical outcomes of 
these disorders can range from relatively asymp-
tomatic (e.g., α-thalassemia minor) to extremely 
severe (e.g., Bart’s Hydrops Fetalis) [4]. Some 
individuals with severe homozygous disorders 
(e.g., β-thalassemia major) require life-long 
blood transfusions to prevent further morbidity 
and/or mortality [5].

 Laboratory Methodologies 
for Diagnosis

The diagnosis of genetic hemoglobin disorders 
can be complex and often require more than 
one technique for detection and/or diagnosis. A 

Table 19.1 Two major types of genetic hemoglobin 
disorders

Structural 
hemoglobin 
variants Thalassemias

Pathophysiology A point mutation 
in one or more 
genes encoding the 
α-globin or 
β-globin protein

A deletion or 
duplication in 
one or more 
genes encoding 
the α-globin or 
β-globin protein

Consequence(s) Structurally altered 
hemoglobin 
molecule; potential 
and varying effect 
on stability, 
oxygen affinity, 
solubility or other 
critical 
characteristic of 
the hemoglobin 
molecule

Impaired or 
reduced rate of 
synthesis of one 
or more of the 
globin protein 
molecules

Examples Hb S (sickle cell), 
Hb E, Hb C, Hb 
Constant Spring, 
Hb Paksé

α-or 
β-thalassemia

C. D. Karakochuk et al.
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genetic DNA test is often required for defini-
tive diagnosis. High-performance liquid chro-
matography (HPLC) is an automated and 
high- throughput technique that can identify 
many variant hemoglobin types from normal 
hemoglobin. However, this method requires an 
established laboratory, expensive equipment 
and reagents, and skilled technicians. 
Hemoglobin electrophoresis and isoelectric 
focusing are other common methods to detect 
structural hemoglobin variants. Some small 
automated benchtop equipment provide a high-
throughput option for hemoglobin electropho-
resis, including specialized programs to 
differentiate between hemoglobin molecules. 
For example, use of the Sebia MINICAP ana-
lyzer and a specialized Hemoglobin E program 
can detect both normal hemoglobin and hemo-
globin variants (e.g., E, H, Constant Spring), 
and has an additional advantage of being able 
to differentiate between Hb A2 and E, both of 
which are common in some areas of Southeast 
Asia. Polymerase chain reaction (PCR) assays 
can also be used to detect α-or β-thalassemia in 
samples of extracted DNA; however, these 
techniques can be complex and require skilled 
technicians and established laboratories. 
Relatively easy-to-use kits have also been 
developed (StripAssay Kit, Vienna-Lab 
Diagnostics) that can detect multiple different 
gene deletions and point mutations on test 
strips that generate test results by enzymatic 
color reaction that are visible to the naked eye 
for diagnosis of α-or β-thalassemia. Lastly, 
some simplified solubility tests exist for the 
detection of Hb sickle cell and are available in 
commercially available, relatively easy-to-use 
kits. Ultimately, the detection and diagnosis of 

genetic hemoglobin disorders remains a chal-
lenge in many low-resource countries due to 
limited access to specialized laboratory meth-
ods, skilled technicians, and the high-cost of 
many of these techniques.

 Global Distribution of Genetic 
Hemoglobin Disorders

Genetic hemoglobin disorders are one of the 
most common monogenic disorders in the world. 
The high gene frequencies for these disorders are 
attributable to the theory of natural selection. 
Many types of these genetic mutations conferred 
protection against severe malaria, this “natural 
selection” is the predominant reason for the high 
prevalence observed in historically malaria- 
endemic areas of the world [6]. Although these 
genetic disorders have historically been most fre-
quent in tropical regions, increased global migra-
tion has translated to an increasing disease burden 
worldwide.

Certain genetic hemoglobin disorders are 
more common in different regions of the world. 
For example, sickle cell disease is one of the 
most common disorders, with an estimated 
300,000 affected infants born each year globally 
[7]. Table  19.2 summarizes the global distribu-
tion of some of the more common genetic hemo-
globin disorders worldwide. The prevalence of 
Hb S (sickle cell) and many of the other hemo-
globin disorders are highest in sub-Saharan 
Africa, although accurate global and national 
estimates of all the hemoglobin disorders are dif-
ficult to obtain due to inherent limitations in 
 diagnostic testing and reporting in low- and mid-
dle-income countries.
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Table 19.2 Pathophysiology and global distribution of some common genetic hemoglobin disordersa

Type Pathophysiology Global distribution References
Hb S (sickle 
cell)

Point mutation in a β-gene 
encoding the β-globin protein 
of hemoglobin, causing 
reduced solubility and a 
sickle-shaped hemoglobin 
molecule

Three well-known β-globin haplotypes are thought 
to have arisen in Africa: Senegal, Central African 
Republic and southern Africa (Bantu or CAR type), 
and Benin, Central, West and North Africa (Benin 
type). Migration from sub-Saharan Africa has led to 
high prevalence of Hb S in certain parts of Africa 
(Nigeria and DR Congo), India, the Middle East, the 
Mediterranean, the Caribbean, Europe, and the 
Americas. Hb S an also be coinherited with the Hb 
C (Hb SC), commonly found in north-west African 
regions

Bain et al.  
[2]
Piel et al. 
[8]
Wastnedge 
et al. [9]

Hb E Point mutation in a β-gene 
encoding the β-globin protein 
of hemoglobin, causing a 
reduced rate of synthesis of 
β-globin and an unstable 
hemoglobin molecule

Most common in South-East Asia; highest 
prevalence found in Thailand, Cambodia, and Laos 
but also detected in South Asia (India, Sri Lanka, 
Pakistan, Bangladesh) and other parts of South-East 
Asia (the Philippines, Indonesia) and Europe 
(Turkey)

Bain et al. 
[2]
Rees et al. 
[10]

α-Thalassemia Typically due to a deletion or 
duplication of one or more 
genes, gene fusion, or loss of a 
gene that cause a reduced rate 
of synthesis of α-globin

α-Thalassemia deletions are highly prevalent 
worldwide. Most common are the -α3.7 and -α4.2, 
affecting populations in Africa, the Middle East, 
parts of Europe (Cypress, Greece, Italy), the 
Caribbean (Jamaica), South Asia (Pakistan, Nepal, 
India), South East Asia (Thailand, Cambodia, Laos) 
in varying prevalence rates
Certain types of other α-thalassemia mutations are 
specific to certain ethnic groups (e.g., −-SEA, −-FIL

, 
and --THAI are common in South-East Asia and 
southern China, and --MED is more common in the 
Mediterranean and Middle East)

Bain et al. 
[2]
Piel et al. 
[11]

β-Thalassemia Typically due to point 
mutations, or a deletion or 
duplication of one or more 
genes that cause a reduced rate 
of synthesis of β-globin

β-Thalassemia deletions are rarer than 
α-thalassemia, and can be found in India, the 
Mediterranean, Middle East (Saudi Arabia), 
South-East Asia, Africa, and parts of Europe 
(Greece, Cypress, Italy)

Bain et al. 
[2]
Kattamis 
et al. [12]

a Genetic hemoglobin disorders can be coinherited; thus, individuals with these genetic disorders can carry more than 
one, resulting in different phenotypes and biological/clinical implications

 Genetic Hemoglobin Disorders 
and their Association 
with Hemoglobin Concentration

It is well established that individuals with some 
genetic hemoglobin disorders have lower hemo-
globin concentrations, regardless of iron status. 
The impact of a hemoglobin disorder on hemo-
globin concentration typically correlates with the 
severity of the disorder (heterozygous vs. homo-
zygous) and the physiological consequence of 

the disorder on the synthesis, structure, and/or 
function of hemoglobin. Genetic hemoglobin 
disorders can cause a reduced rate of synthesis of 
the hemoglobin molecule (leading to lower con-
centrations) or cause a dysfunctional hemoglobin 
structure that has a shorter lifespan. For example, 
in one study in Cambodia, hemoglobin concen-
trations were significantly lower among 
Cambodian women with the homozygous Hb EE 
disorder (n = 31, 109 ± 7.3 g/L) as compared to 
women with the normal (wildtype) hemoglobin 

C. D. Karakochuk et al.
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genotype (n = 195, 130 ± 8.9 g/L; p < 0.05) [13]. 
This is an important consideration from a 
 nutrition and public health perspective, as in indi-
viduals with genetic hemoglobin disorders, ane-
mia may persist regardless of iron status, and iron 
or other nutritional interventions may not be 
effective to reduce, treat, or prevent anemia in 
these individuals.

 Genetic Hemoglobin Disorders 
and their Association 
with Biomarkers of Nutritional 
Anemia

Certain genetic hemoglobin disorders can cause 
higher red blood cell turnover, due to chronic 
hemolysis and increased erythropoiesis seen in 
hereditary hemolytic conditions. Requirements 
of nutrients involved in erythropoiesis, including 
iron, soluble transferrin receptor (sTfR), zinc, 
folate, vitamins B6 and B12, and riboflavin are 
therefore thought to be increased in individuals 
with genetic hemoglobin disorders, especially if 
dietary intake is marginal. Conversely, deficien-
cies of these micronutrients can contribute to sig-
nificant alterations in erythropoiesis. Deficiencies 

of folate, vitamins B6 and B12, and riboflavin can 
affect nucleic acid synthesis decreasing hemo-
globin concentrations and cellular proliferation, 
and causing megaloblastic anemia [14]. This 
highlights the complex interplay among micro-
nutrient deficiencies, hemoglobin disorders, and 
anemia, all of which may coexist in the same 
individual.

We systematically reviewed the literature 
for studies that measured ferritin, sTfR, zinc, 
folate, vitamin B12, vitamin B6, and riboflavin 
concentrations in individuals with genetic 
hemoglobin disorders as compared to controls. 
Full details of the search strategies and flow 
charts of inclusion are found in Online 
Supplementary File 1. Included studies are 
summarized below in Tables 19.3, 19.4, 19.5, 
19.6, 19.7, 19.8, and 19.9: the arrows and sym-
bols in these tables indicate whether or not the 
study populations in each of the listed studies 
demonstrated significantly higher or lower 
mean or median concentrations of each nutri-
tional biomarker (or no significant difference) 
as compared to control subjects. Full citations 
for each listed reference in Tables 19.3, 19.4, 
19.5, 19.6, 19.7, 19.8, and 19.9 are found in 
Online Supplementary File 2.

Table 19.3 Ferritin concentrations in study populations with genetic hemoglobin disorders compared to controlsa

Genetic hemoglobin 
disorder Study population Fasted?

Ferritin 
concentrations Referencesb

Hb SS (sickle cell 
disease)

Pediatric, USAc

Pediatric, Nigeria
Adult, Indiad

↑
↑
↑

Lulla et al. (2010)
Akodu et al. (2013)
Mohanty et al. (2017)

Hb AS (sickle cell 
trait)

Pregnant women, The 
Gambia
Pediatric, Cameroon
Pediatric, Kenya

↑
↑
–

Menendez et al. (1995)
Engle-Stone et al. (2017)
Byrd et al. (2018)

Mixed SCD 
genotypes

Adult, USA
Pediatric, UK
Pregnant women, Nigeria
Adult, Nigeria
Adult, Nigeria
Adult, UK
Adult, Nigeria
Pediatric, Benin

Yes ↑
↑
–
↑
↑
↑
↑
↑

Peterson et al. (1975)
Hussain et al. (1978)
Oluboyede et al. (1980)
Oluboyede et al. (1983)
Abudu et al. (1990)
Ezeh (2005)
Sani et al. (2015)
Gomez et al. (2016)

(continued)
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Table 19.3 (continued)

Genetic hemoglobin 
disorder Study population Fasted?

Ferritin 
concentrations Referencesb

Hb AE 
(heterozygous)

Pregnant women, Thailand
Pediatric, Cambodia
Pediatric, Thailand

↑
–
–

Sanchaisuriya et al. (2007)
George et al. (2012)
Nanta et al. (2021)

Hb EE 
(homozygous)

Pediatric, Thailand
Pregnant women, Thailand
Pediatric, Cambodia
Adult, Cambodia
Adult, Thailand

Yes

↑
↑
–
↑
↑

Thurlow et al. (2005)
Sanchaisuriya et al. (2007)
George et al. (2012)
Karakochuk et al. (2015)
Jamnok et al. (2020)

α-thalassemia trait Pregnant women, Yemen/
UAE/Oman
Adult, Spain
Pediatric, Kenya
Pediatric, Cambodia
Adult, Thailand

Yes

–

↑
–
–
↑

White et al. (1986)

Vaya et al. (2011)
Byrd et al. (2018)
George et al. (2012)
Jamnok et al. (2020)

Homozygous 
α-thalassemia

Pediatric, Vanuatu – Rees et al. (1998)

Hb E trait/α-
thalassemia trait

Pregnant women, Thailand
Pediatric, Cambodia

↑
–

Sanchaisuriya et al. (2007)
George et al. (2012)

Heterozygous 
β-thalassemia 
(minor)

Adult, UK
Pediatric, Greece
Pregnant women, Yemen/
UAE/Oman
Adult, India
Adult, Iran
Adult, Thailand
Pediatric, Turkey
Adult, Georgia

Yes

Yes

↑
↑
↑

–
–
↑
↑
↑

Hussein et al. (1976)
Lagos et al. (1980)
White et al. (1986)

Madan et al. (1996)
Hashemi et al. (2007)
Zimmermann et al. (2008)
Canatan et al. (2012)
Asadov et al. (2016)

Homozygous 
β-thalassemia 
(major)

Pediatric, Italy,
Pediatric, Indiad

Adult, Melanesia
Adult, Indiad

Pediatric & Adult, Germanyd

Pediatric, Egypt  
Pediatric, Tunisiad

Pediatric, India
Pediatric, Egyptd

Pediatric, Turkey
Pediatric, Indiad

Pediatric, Iran
Adult, Brazil
Pediatric, Iran
Pediatric, India
Pediatric, Egyptd

Pediatric, Egypt
Adult, Gazad

Pediatric, Egypt
Pediatric, Indonesia

Yes

Yes

Yes

Yes

–
↑
–
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑

Galanello et al. (1980)
Saraya et al. (1985)
Bowden et al. (1987)
Mehta et al. (1987)
Cario et al. (2000)
Ragab et al. (2002)
Kassab-Chekir et al. (2003)
Naithani et al. (2006)
Shehata et al. (2010)
Canatan et al. (2012)
Bhagat et al. (2013)
Shahramian et al. (2013)
Guimaraes et al. (2015)
Jahromi et al. (2015)
Behera et al. (2014)
Hagag et al. (2016)
Kaddah et al. (2017)
Ayyash et al. (2018)
Ismail et al. (2019)
Susanah et al. (2021)

β-thalassemia/HbE Adult, Thailand
Pediatric, India

Yes ↑
↑

Zimmermann et al. (2008)
Chakraborty et al. (2010)

a↑ symbol indicates that concentrations in those with the disorder were significantly higher as compared to control 
subjects; – symbol indicates no significant difference in concentration between case and control subjects
bFull citations for each listed reference are found in Online Supplementary File 2
cIn comparison to Hb AS (heterozygous) genotype
dStudy participants receiving red blood cell transfusions
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Table 19.4 Soluble transferrin receptor (sTfR) concentrations in study populations with genetic hemoglobin disorders 
compared to controlsa

Genetic hemoglobin 
disorder Study population Fasted?

sTfR
concentrations Referencesb

Hb SS (sickle cell 
disease)

Pediatric, Jamaica
Adult, USA
Adult, Brazil
Pediatric, USAc

Adult, Nigeriad

Pediatric, Benind

Pediatric, DR Congoc

↑
↑
↑
↑
–
↑
↑

Singhal et al. (1993)
Croizat et al. (1999)
Grotto et al. (1999)
Lulla et al. (2010)
Sani et al. (2015)
Gomez et al. (2016)
Barker et al. (2017)

Hb AE 
(heterozygous)

Pediatric, Cambodia
Adult, Cambodia
Pregnant women, Thailand

Yes
↑
↑
↑

George et al. (2012)
Karakochuk et al. (2015b)
Uaprasert et al. (2019)

Hb EE (homozygous) Pediatric, Thailand
Pediatric, Cambodia
Adult, Cambodia
Adult, Cambodia

Yes
Yes

↑
↑
↑
↑

Thurlow et al. (2005)
George et al. (2012)
Karakochuk et al. (2015a)
Karakochuk et al. (2015b)

HB CS Adult, Cambodia
Adult, Cambodia

Yes
Yes

↑
↑

Karakochuk et al. (2015a)
Karakochuk et al. (2015b)

α-Thalassemia trait Pediatric, Vanuatu
Pregnant women, Thailand
Pediatric, Cambodia
Adult, Cambodia Yes

↑
–
↑
–

Rees et al. (1998)
Uaprasert et al. (2009)
George et al. (2012)
Karakochuk et al. (2015a)

Homozygous 
α-thalassemia

Pediatric, Vanuatu
Adult, Cambodia Yes

↑
–

Rees et al. (1998)
Karakochuk et al. (2015a)

Hb E trait/α-
thalassemia trait

Pregnant women, Thailand
Pediatric, Cambodia
Adult, Cambodia

–
↑
–

Uaprasert et al. (2009)
George et al. (2012)
Karakochuk et al. (2015a)

Heterozygous
β-thalassemia (minor)

Pediatric, Turkey
Pediatric, Egypt
Adult, Greece
Pediatric, Turkey
Adult, Malaysia
Adult, USAc,d

Adult, Italy
Pediatric, Italy
Pediatric, Greece
Pediatric, Egypt
Adult, Iran
Adult, Italy

↑
↑
↑
↑
–
↑
↑
↑
–
↑
–
↑

Polat et al. (2002)
Ragab et al. (2002)
Skarmoutsou et al. (2003)
Demir et al. (2004)
Jayaranee et al. (2006)
Origa et al. (2007)
Camberlein et al. (2008)
Danise et al. (2008)
Chouliaras et al. (2009)
Montaser et al. (2011)
Jalali et al. (2012)
Ricchi et al. (2012)

Homozygous 
β-thalassemia (major)

Pediatric, Italy
Adult, Italyd

Adult, Italy
Pediatric, Thailand
Adult, Thailandd

Pediatric, Egypt
Adult, Italy
Pediatric, Egyptd

Pediatric, Egypt
Adult, Italy

Yes

↑
↑
↑
↑
↑
↑
↑
↑
↑
↑

Musto et al. (1993)
Dore et al. (1996)
Bianco et al. (2000)
Bhokaisawan et al. (2002)
Dedoussis et al. (2002)
Ragab et al. (2002)
Camberlein et al. (2008)
Shehata et al. (2010)
Montaser et al. (2011)
Ricchi et al. (2012)

β-thalassemia/HbE Pediatric, Thailand ↑ Bhokaisawan et al. (2002)
HbH (Hb Bart) Pediatric, Greece ↑ Papassotiriou et al. (1998)

a↑ symbol indicates that concentrations in those with the disorder were significantly higher as compared to control 
subjects; – symbol indicates no significant difference in concentration between case and control subjects
bFull citations for each listed reference are found in Online Supplementary File 2
cIn comparison to heterozygous genotype
dStudy participants receiving red blood cell transfusions
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Table 19.5 Plasma or serum zinc concentrations in study populations with genetic hemoglobin disorders compared to 
controlsa

Genetic hemoglobin 
disorder Study population Fasted?

Serum/plasma zinc 
concentrations Referencesb

Hb SS (homozygous 
sickle cell)

Adult, USA
Adult, USA
Adult, USA
Adult, USA
Pediatric, Netherlands
Pediatric, USA
Pediatric, USA
Adult, Turkey
Pediatric, USA
Pediatric, USA
Pediatric, Jordan
Adult, Turkey
Pediatric, Brazil
Adults, Saudi Arabia
Pediatric, USA
Adult, USA
Pediatric, Nigeria
Pediatric, Nigeria
Pediatric, Democratic 
Republic of the Congo
Pediatric, Iraq
Pediatric, Nigeria
Pediatric, Nigeria

Yes

Yes

Yes

↓
↓
↓
↓
↓
↓
–
–
–
↓
↓
↓
↓
–
–
↓
↓
↓
↓
↓
↓
↓

Karayalcin et al. (1974)
Prasad et al. (1975)
Prasad et al. (1976)
Niell et al. (1979)
Muskiet et al. (1984)
Prasad et al. (1984)
Daeschner et al. (1985)
Donma et al. (1986)
Abshire et al. (1988)
Phebus et al. (1988)
Bashir et al. (1995)
Arcasoy et al. (2001)
Oliveira et al. (2001)
Hasanato et al. (2006)
Kuvibidilia et al. (2006)
Bao et al. (2008)
Temiye et al. (2011)
Onukwuli et al. (2017)
Sungu et al. (2018)
Yousif et al. (2018)
Emokpae et al. (2019)
Kudirat et al. (2019)

Hb SC (heterozygous 
sickle cell)

Adult, USA
Pediatric, Brazil

↓
↓

Karayalcin et al. (1974)
Oliveira et al. (2001)

Heterozygous
β-thalassemia (minor)

Adults, Turkey Yes ↓ Arcasoy et al. (2001)

Homozygous 
β-thalassemia (major)

Pediatric, USA
Pediatric, Turkey
Pediatric, Jordan
Pediatric & adult, Turkey
Pediatric, Tunisia
Pediatric, Iran
Pediatric, Pakistan
Pediatric, India
Pediatric, Sri Lanka
Pediatric, Egypt

Yes
Yes
Yes

Yes

Yes

↓
↓c

↓
↓
↓c

↓c

–c

↓c

↓c

↓c

Prasad et al. (1965)
Arcasoy et al. (1987)
Bashir et al. (1995)
Arcasoy et al. (2001)
Kassab-Chekir et al. (2003)
Mashhadi et al. (2014)
El Missiry et al. (2014)
Nidumuru et al. (2017)
Karunaratna et al. (2018)
Sherief et al. (2014)

a↑ symbol indicates that mean/median concentrations in those with the disorder were significantly higher as compared 
to control subjects; “–“symbol indicates no significant difference in concentration between case and control subjects; ↓ 
symbol indicates that concentrations in those with the disorder were significantly lower as compared to control 
subjects
bFull citations for each listed reference are found in Online Supplementary File 2
cStudy participants receiving red blood cell transfusions

C. D. Karakochuk et al.



257

Table 19.6 Folate concentrations in study populations with genetic hemoglobin disorders compared to controlsa

Genetic hemoglobin 
disorder Study population Fasted?

Serum/plasma 
folate 
concentrations Referencesb

Hb SS (homozygous 
sickle cell)

Pediatric & adult, USA
Pediatric, USA
Adult, USA
Pediatric, Nigeriac

Pediatric, USA
Pediatric, Curaçao
Pediatric, USA
Pediatric, Curaçaod

Pediatric, USA
Pediatric, Ghanac

Adult, Saudi Arabia

Unknown
Unknown
Unknown
Unknown
Unknown
Yes
Unknown
Yes
Yes
Unknown
No

↓
↓
↓
↑
–
–
–
↓
–
↑
–

Pearson et al. (1964)
Liu (1974)
Liu (1975)
Osifo et al. (1984)
Gray et al. (1992)
van der Dijs et al. (1998)
Rodriguez-Cortes et al. 
(1999)
van der Dijs et al. (2002)
Segal et al. (2004)
Adjei et al. (2020)
Kamal et al. (2021)

Hb SC (heterozygous 
sickle cell)

Pediatric, Curaçao Yes – van der Dijs et al. (1998)

Hb AS (sickle cell 
trait)

Pediatric, USA
Adult, USA

Unknown
Unknown

↓
–

Liu (1974)
Liu (1975)

Mixed SCD 
genotypes

Adult, USAc

Adult, USAc,e

No
Unknown

↑
↑

Lowenthal et al. (2000)
Ajayi et al. (2013)

Hb EE (homozygous) Pediatric, Thailand No – Thurlow et al. (2005)
Hb AE 
(heterozygous)

Pediatric, Thailand No – Thurlow et al. (2005)

Homozygous 
β-thalassemia (major)

Pediatric & adult, India
Pediatric & adult, Iranf

Pediatric & adult, 
Turkeyc,f

Pediatric, Egyptc,f

Adult, Brazil

Unknown
Unknown
Yes
Yes
Yes

↓
–
↑
↑
↓

Kumar et al. (1985)
Mojtahedzadeh et al. 
(2006)
Ozdem et al. (2008)
Sherief et al. (2014)
Paniz et al. (2020)

Heterozygous
β-Thalassemia 
(minor)

Adult, Italy
Pediatric & adult, India
Pediatric & adult, Brazil
Adult, Italy

Yes
Unknown
Yes
Unknown

↓
↓
–
–

Castaldi et al. (1983)
Saraya et al. (1984)
Silva et al. (1989)
Gallerani et al. (1990)

β-thalassemia/HbE Pediatric & adult, 
Thailand

Unknown ↓ Vatanavicharn et al. (1979)

HbH (Hb Bart) Pediatric & adult, 
Thailand

Unknown ↓ Vatanavicharn et al. (1979)

Genetic hemoglobin 
disorder Study population Fasted?

RBC folate 
concentrations Referencesb

Hb SS (homozygous 
sickle cell)

Pediatric, USA
Adult, USA
Pediatric, Nigeriac

Pediatric, USA
Pediatric, USA
Pediatric, Curaçaod

Pediatric, USA
Pediatric, USA

Unknown
Unknown
Unknown
Unknown
Unknown
Yes
Yes
Yes

–
↑
↑
–
–
–
↑
–

Liu (1974)
Liu (1975)
Osifo et al. (1984)
Gray et al. (1992)
Rodriguez-Cortes et al. 
(1999)
van der Dijs et al. (2002)
Balasa et al. (2002)
Segal et al. (2004)

Hb AS (sickle cell 
trait)

Pediatric, USA
Adult, USA

Unknown
Unknown

–
–

Liu (1974)
Liu (1975)

Hb EE (homozygous) Pediatric, Thailand No – Thurlow et al. (2005)
Hb AE 
(heterozygous)

Pediatric, Thailand No – Thurlow et al. (2005)

Homozygous 
β-thalassemia (major)

Pediatric & adult, India Unknown ↑ Kumar et al. (1985)

(continued)
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Table 19.7 Plasma or serum vitamin B12 concentrations in study populations with genetic hemoglobin disorders 
compared to controlsa

Genetic hemoglobin 
disorder Study population Fasted?

Vitamin B12
concentrations Referencesb

Hb SS (homozygous 
sickle cell)

Pediatric, Nigeria
Pediatric, Nigeria
Adult, Nigeria
Pediatric, Curaçaoc

Pediatric, Curaçaoc

Pediatric, USA
Adult, Saudi Arabia

Unknown
Unknown
Unknown
Yes
Yes
Yes
No

↓
↓
↓
–
–
–
↓

Osifo et al. (1983)
Osifo et al. (1984)
Osifo et al., (1989)
van der Dijs et al. (1998)
van der Dijs et al. (2002)
Segal et al. (2004)
Kamal et al. (2021)

Hb SC (heterozygous 
sickle cell)

Pediatric, Curaçao Yes ↓ van der Dijs et al. (1998)

Mixed SCD 
genotypes

Pediatric & adult, Saudi 
Arabia
Adult, USA
Adult, USA
Adult, USAd

Unknown
No
No
Unknown

↓
–
–
↓

Al-Momen (1995)
Lowenthal et al. (2000)
Kamineni et al. (2006)
Ajayi et al. (2013)

Hb EE (homozygous) Pediatric, Thailand No – Thurlow et al. (2005)
Hb AE 
(heterozygous)

Pediatric, Thailand No – Thurlow et al. (2005)

Homozygous 
β-thalassemia (major)

Pediatric, India
Pediatric & adult, 
Turkeye

Pediatric, Egypte

Adult, Brazil

Unknown
Yes
Yes
Yes

↑
–
↓
–

Kumar et al. (1985)
Ozdem et al. (2008)
Sherief et al. (2014)
Paniz et al. (2020)

Heterozygous
β-Thalassemia 
(minor)

Pediatric & adult, India
Pediatric & adult, Brazil
Adult, Italy

Unknown
Yes
Unknown

↓
–
–

Saraya et al. (1984)
Silva et al. (1989)
Gallerani et al. (1990)

a↑ symbol indicates that mean/median concentrations in those with the disorder were significantly higher as compared 
to control subjects; – symbol indicates no significant difference in concentration between case and control subjects; ↓ 
symbol indicates that concentrations in those with the disorder were significantly lower as compared to control 
subjects
bFull citations for each listed reference are found in Online Supplementary File 2
cIn comparison to individuals with Hb SC genotype
dParticipants treated with hydroxyurea (hydroxycarbamide)
eStudy participants receiving red blood cell transfusions

Table 19.6 (continued)

Heterozygous
β-thalassemia (minor)

Adult, Italy
Pediatric & adult, India
Pediatric & adult, Israel

Yes
Unknown
Unknown

↓
↓
–

Castaldi et al. (1983)
Saraya et al. (1984)
Froom et al. (1985)

β-thalassemia/HbE Pediatric & adult, 
Thailand

Unknown ↓ Vatanavicharn et al. (1979)

HbH (Hb Bart) Pediatric & adult, 
Thailand

Unknown – Vatanavicharn et al. (1979)

a↑ symbol indicates that mean/median concentrations in those with the disorder were significantly higher as compared 
to control subjects; – symbol indicates no significant difference in concentration between case and control subjects; ↓ 
symbol indicates that concentrations in those with the disorder were significantly lower as compared to control subjects. 
RBC, red blood cells; SCD, sickle cell disease
bFull citations for each listed reference are found in Online Supplementary File 2
cMajority (>50%) of participants supplemented with routine folic acid (1–5 mg/d)
dIn comparison to individuals with Hb SC genotype
eSignificant number of participants treated with hydroxyurea (hydroxycarbamide)
fStudy participants receiving red blood cell transfusions

Genetic hemoglobin 
disorder Study population Fasted?

RBC folate 
concentrations Referencesb
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Table 19.8 Plasma or whole blood vitamin B6 concentrations in study populations with genetic hemoglobin disorders 
compared to controlsa

Genetic hemoglobin 
disorder Study population Fasted?

Vitamin B6
concentrations Referencesb

Hb SS (homozygous 
sickle cell)

Pediatric & adult, 
USA
Pediatric, Curaçaoc

Pediatric, Curaçaoc

Pediatric, USA
Pediatric, USA

Yes (cases)
Yes
Yes
Yes
Yes

↓
↓
–
↓
↓

Natta et al. (1984)
van der Dijs et al. (1998)
van der Dijs et al. (2002)
Balasa et al. (2002)
Segal et al., (2004)

Hb SC (heterozygous 
sickle cell)

Pediatric, Curaçao Yes – van der Dijs et al. (1998)

Mixed SCD genotypes Pediatric, USA Unknown – Flores et al. (1988)
a↓ symbol indicates that mean/median concentrations in those with the disorder were significantly lower as compared to 
control subjects; – symbol indicates no significant difference in concentration between case and control subjects
bFull citations for each listed reference are found in Online Supplementary File 2
cIn comparison to individuals with Hb SC genotype

Table 19.9 Riboflavin coefficients in study populations with genetic hemoglobin disorders compared to controlsa

Genetic hemoglobin disorder Study population Fasted?
Riboflavin (EGRac) 
coefficients Referencesb

Hb SS (homozygous sickle 
cell)

Pediatric, Nigeria
Pediatric, Nigeria

Unknown
Unknown

–
↑

Adelekan et al. (1987)
Adelekan et al. (1989)

Hb EE (homozygous) Adult, Cambodia Yes ↑ Williams et al. (2020)
Hb AE (heterozygous) Adult, Cambodia Yes – Williams et al. (2020)
α-thalassemia trait Adult, Cambodia Yes – Williams et al. (2020)

Hb E trait/α-thalassemia trait Adult, Cambodia Yes – Williams et al. (2020)
Heterozygous
β-thalassemia (minor)

Adult, Italy Unknown ↑ Anderson et al. (1989)

a↑ symbol indicates that values in those with the disorder were significantly higher as compared to control subjects; – 
symbol indicates no significant difference in values between case and control subjects. EGRac erythrocyte glutathione 
reductase activation coefficient
bFull citations for each listed reference are found in Online Supplementary File 2

 Ferritin Concentrations

We found 27 studies in children and adolescents 
and 22 studies in adults, and 1 study in children 
and adults, which compared mean or median fer-
ritin concentrations in study populations with 
genetic hemoglobin disorders compared to study 
controls (Table 19.3). Twenty-two of the 27 stud-
ies in children and adolescents and 18 of the 22 
studies in adults demonstrated that study popula-
tions with genetic hemoglobin disorders had 
higher mean or median ferritin concentrations as 
compared to study controls; the remaining stud-
ies showed no difference between the two groups 
and no studies showed that ferritin concentra-

tions were lower among those with genetic hemo-
globin disorders compared to study controls.

Ferritin concentrations may be elevated in 
individuals with certain genetic hemoglobin dis-
orders for several reasons. Some severe forms of 
hemoglobin disorders are associated with altered 
iron metabolism, induced by chronic erythropoi-
etic stimuli, where hepcidin concentrations, the 
main regulator of iron metabolism, are lowered 
[15]. This can result in iron overload and/or high 
ferritin concentrations. Inflammation may also be 
a factor that is contributing to higher ferritin con-
centrations in those with certain genetic hemo-
globin disorders where inflammation may 
coexist. In these cases, the inflammatory response 
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stimulates the production of hepcidin, which 
binds to and degrades ferroportin, a transport 
protein on the wall of the macrophage, sequester-
ing iron in the macrophage and preventing it from 
being accessible for red blood cell synthesis [16]. 
This results in “functional iron deficiency” and is 
thought to be a protective mechanism to prevent 
pathogenic organisms from using iron in circula-
tion, and can also potentially contribute to 
increased ferritin concentrations (iron stores) 
[17]. For example, in sickle cell disease, the 
inflammatory process can often be initiated in 
individuals as a consequence of the associated 
comorbidities of the disease (e.g., vaso- occlusion, 
acute chest syndrome, pulmonary hypertension, 
leg ulcers) [18]. It is well established that ferritin 
concentration increases in the presence of inflam-
mation [19]. Thus, in some cases, individuals 
with certain genetic hemoglobin disorders may 
have increased ferritin concentrations as a result 
of inflammation that is associated with comor-
bidities of the genetic disorder itself. Ultimately, 
it is important to note that in individuals with 
some genetic hemoglobin disorders, ferritin con-
centrations may not accurately represent an indi-
vidual’s iron status and that iron deficiency may 
be underestimated in populations with a high 
prevalence of hemoglobin disorders and/or 
inflammation. In some cases, provision of iron to 
individuals with genetic hemoglobin disorders 
may in fact be harmful, as iron absorption may be 
inopportunely increased, and excess iron can 
cause oxidative stress and cell damage [20]. 
Population-level iron interventions should always 
be cautiously assessed with both safety and 
potential impact in consideration [21, 22].

 Soluble Transferrin Receptor 
Concentrations

We found 17 studies in children and adolescents 
and 15 studies in adults which compared mean or 
median sTfR concentrations in study populations 
with genetic hemoglobin disorders compared to 
study controls (Table  19.4). Sixteen of the 17 

studies in children and adolescents and 12 of the 
15 studies in adults demonstrated that study pop-
ulations with genetic hemoglobin disorders had 
higher mean or median sTfR concentrations as 
compared to study controls; the remaining stud-
ies showed no difference between the two groups 
(no studies showed that sTfR concentrations 
were lower among those with genetic hemoglo-
bin disorders compared to study controls).

STfR is an indicator of iron status that reflects 
the demand for iron or increased erythropoietic 
activity [23]. STfR is also thought to be influ-
enced by the presence of inflammation, but to a 
lesser degree than ferritin [19]. STfR can be ele-
vated in individuals with hemolytic conditions, 
which may be associated with some genetic 
hemoglobin disorders or inherited conditions 
(e.g., sickle cell disease or glucose-6-phosphate 
dehydrogenase deficiency) [8, 24, 25]. Similarly 
to ferritin, it is important to note that in individu-
als with some genetic hemoglobin disorders, 
sTfR concentrations may not accurately repre-
sent an individual’s iron status and that 
population- level iron deficiency may be overesti-
mated when sTfR is used to assess iron status in 
populations with a high prevalence of hemoglo-
bin disorders and/or inflammation.

 Zinc Concentrations

We found 23 studies in children and adolescents 
and 8 studies in adults, which compared either 
plasma or serum zinc concentrations in study 
populations with genetic hemoglobin disorders 
compared to study controls (Table 19.4). Nineteen 
of the 23 studies in children and adolescents and 
6 of the 8 studies in adults demonstrated that 
study populations with genetic hemoglobin dis-
orders had lower mean or median serum or 
plasma zinc concentrations as compared to study 
controls; the remaining studies showed no differ-
ence between the two groups (no studies showed 
that zinc concentrations were higher among those 
with genetic hemoglobin disorders compared to 
study controls).
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Zinc is a negative acute phase protein; thus, it 
is decreased in the presence of inflammation [26]. 
Thus, in some cases, individuals with certain 
genetic hemoglobin disorders may have decreased 
zinc concentrations as a result of inflammation 
that is associated with comorbidities of the genetic 
disorder itself. Similarly to the markers of iron 
status, it is important to note that in individuals 
with some genetic hemoglobin disorders, zinc 
concentrations may not accurately represent an 
individual’s zinc status and that population- level 
zinc deficiency may be underestimated when 
serum or plasma zinc is used to assess zinc status 
in populations with a high prevalence of hemoglo-
bin disorders and/or inflammation.

 Folate Concentrations

Of the B vitamins involved in the folate and 
methionine cycles (folate, riboflavin, vitamin B6 
and vitamin B12), folate is the most widely stud-
ied micronutrient in relation to hemoglobinopa-
thies. Evidence of folate deficiency in individuals 
with sickle cell disease emerged in case studies 
as early as the 1950s [27–29] and many studies 
since have illustrated the association between 
sickle cell disease and decreased folate concen-
trations (Table  19.6). Studies in the 1960s and 
1970s illustrated that increased rates of folate 
deficiency were seen in populations with sickle 
cell disease not supplemented with folic acid 
(synthetic folate), either through diet or pharma-
ceutical supplements [30–32].

We found a total of 25 studies (11 in in chil-
dren and adolescents, 6 in adults, and 8 in both 
children and adults), which compared either 
serum/plasma or RBC folate concentrations in 
study populations with genetic hemoglobin dis-
orders compared to study controls (Table 19.6). 
Since the earlier studies in the 1960s and onward, 
many changes in food systems and clinical care 
for individuals with hemoglobinopathies have 
occurred. It is now widely common clinical 
practice to recommend that individuals with 
sickle cell disease and other hemolytic anemias 

receive daily folic acid supplementation of 
1–5  mg/d. Additionally, the introduction of 
national programs of folic acid fortification of 
refined grains in many countries around the 
world has also contributed to increased dietary 
intake of folate.

There is now emerging evidence of high folate 
concentrations and detectable levels of unmetab-
olized folic acid (folic acid that circulates in 
plasma when enzymatic capacity is limited or 
when the liver is fully saturated with folate), in 
individuals with hemoglobinopathies receiving 
high-dose folic acid supplementation [33–35], 
especially in populations that have national pro-
grams of refined-grain folic acid fortification [14, 
36]. Thus, suggesting that some folic acid- 
supplemented individuals with hemoglobin dis-
orders may receive excess amounts of folic acid, 
although the health consequences of this are not 
fully elucidated [37, 38].

Beyond the association of lower folate concen-
trations in individuals with sickle cell disease, this 
association has also been demonstrated among 
individuals with β-thalassemia, β-thalassemia/Hb 
E, and Hb H genotypes (Table 19.6).

 Vitamin B12 and B6 and Riboflavin 
Concentrations

A similar association has also been shown 
among sickle cell disease, β-thalassemia, and 
decreased plasma concentrations of vitamins B12 
(Table  19.7) and B6 (commonly measured as 
concentrations of pyridoxal 5′-phosphate, the 
coenzyme form of B6) (Table  19.8). Both of 
these B-vitamins, in addition to riboflavin, are 
needed in adequate amounts for folate cycle 
activity, one-carbon metabolism, and methyla-
tion reactions. Despite evidence of decreased 
concentrations of plasma vitamin B12 in individ-
uals with SCD and β-thalassemia, there is lim-
ited evidence of a corresponding increase in the 
rates of vitamin B12 deficiency [39–41]. On the 
other hand, decreased concentrations of vitamin 
B6 have been associated with poorer B6 status in 
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individuals with hemoglobinopathies [39, 42], 
likely due to increased oxidative stress and oxi-
dative damage [43]. There is also a small but 
inconclusive body of evidence regarding the 
association between deficiencies of thiamin [39] 
and riboflavin (commonly determined by eryth-
rocyte glutathione reductase activation coeffi-
cients, a functional measure of riboflavin status) 
(Table  19.9) and hemoglobinopathies in adults 
[44–46].

Continuing advancements in the medical care 
for individuals with hemoglobinopathies may 
further alter B-vitamin requirements. In sickle 
cell disease, for example, the prophylactic use of 
hydroxyurea (hydroxycarbamide), a medication, 
which significantly extends the average lifespan 
of red blood cells through the promotion of fetal 
hemoglobin (Hb F) [47], transfusion medicine, 
and emerging gene therapies, may decrease the 
need for B-vitamins, especially folate, due to 
reduced red blood cell production and turnover. 
As medical care advances, continued reassess-
ment of routine B-vitamin supplementation prac-
tices will be warranted and the association 
between genetic hemoglobin disorders and bio-
markers of nutritional anemia may change.

 Newborn Genetic Screening 
Programs

Newborn genetic screening programs have been 
initiated in many regions of the world and can 
identify babies with treatable genetic disorders 
with use of a small blood sample collected at the 
time of birth. Early detection of these disorders 
allows for early intervention treatment that may 
prevent severe morbidity, mental handicap, 
growth faltering, and/or sudden infant death [48]. 
Newborns screened positive for severe sickle cell 
hemoglobinopathies are referred to health facili-
ties for confirmation of diagnosis and long-term 
follow-up. For example, the province of British 
Columbia in Canada implemented a newborn 
screening program in 2000 that screens for 22 
different disorders, including sickle cell, cystic 
fibrosis, and other certain endocrine and meta-
bolic disorders [49]. A heel-prick blood sample is 

collected onto a blood spot card typically within 
1–2  days of birth. Sickle cell hemoglobinopa-
thies are detected using isoelectric focusing and 
results are recorded in a provincial database. 
Similar newborn screening programs have been 
established in many countries worldwide [50, 
51]. These are critical public health programs 
that have the potential to reduce morbidity and 
mortality early in life in individuals with severe 
hemoglobinopathies.

 Other Inherited Blood Disorders

In addition to genetic abnormalities in the hemo-
globin molecule, other inherited blood disorders 
can also contribute to anemia and have serious 
hematological and clinical consequences for 
affected individuals. Some examples of these 
conditions include.

Glucose-6-phosphate dehydrogenase defi-
ciency (G6PD): It is an X-linked, hereditary 
genetic defect due to one or more mutations in 
the G6PD gene, which encodes an enzyme 
responsible for a critical reaction in the pentose 
phosphate pathway. G6PD deficiency is the most 
common human enzyme defect worldwide [25]. 
Over 140 different mutations have been identi-
fied, which lead to a varying severity of clinical 
phenotypes [25]. G6PDA–, the most common 
type in sub-Saharan Africa, is characterized by 
the coinheritance of two variants (A376G and 
G202A). A common clinical manifestation of 
G6PD deficiency is acute hemolytic anemia, 
which is usually triggered by an external event 
(e.g., ingestion of fava beans, infection, or certain 
medications). Individuals with G6PD deficiency 
may have anemia regardless of iron status and 
their biomarkers of iron status may not accurately 
reflect their nutrition status. In a study in the DR 
Congo, Barker et al. found that two G6PD variant 
genotypes were associated with elevated sTfR 
concentrations in Congolese children, which lim-
its the accuracy of sTfR as a biomarker of iron 
status in this population [52].

Fanconi anemia: It is the most frequent hered-
itary cause of bone marrow failure [53]. Bone 
marrow is the soft tissue in the center of bones 
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that functions to produce blood cells and plate-
lets. Fanconi anemia has been characterized by 
15 different variant genes to date and leads to a 
decreased production of all types of blood cells. 
Fanconi anemia is the most common inherited 
form of aplastic anemia (a condition when the 
bone marrow does not synthesize adequate blood 
cells). Individuals with Fanconi anemia are also 
at an increased risk of acute myeloid leukemia as 
a result of this genetic disorder [53].

Thrombotic thrombocytopenic purpura (TTP): 
It is a rare blood disorder that increases the risk of 
blood clots forming in small blood vessels [54]. 
TPP causes an increased red blood cell turnover 
and leads to hemolytic anemia. TPP can be 
hereditary (caused by a variant in the ADAMTS13 
gene) or acquired (triggered by certain condi-
tions, events, or exposures such as medicines or 
infections) [54]. Common symptoms include 
blood clots, anemia, jaundice, low platelet count, 
or damaged red blood cells.

Hereditary spherocytosis: It is an inherited 
disorder associated with a variety of mutations 
that lead to defects in RBC membrane proteins 
[55]. A classic morphologic sign is the micro-
spherocyte, which is caused by a loss of RBC 
membrane surface area. Individuals with heredi-
tary spherocytosis have a varying range of clini-
cal phenotypes, from asymptomatic conditions to 
severe hemolytic anemia.

Congenital pernicious anemia: It is a rare con-
genital disorder where infants are born lacking 
the ability to adequately synthesize the gastric 
intrinsic factor, which is critical for the absorp-
tion of vitamin B12 [56]. This disorder is charac-
terized by vitamin B12 deficiency and 
megaloblastic anemia, and can result in severe or 
long-lasting pernicious anemia that can damage 
the heart, brain, and other organs in the body.

 Conclusions

Individuals with genetic hemoglobin disorders 
may have anemia, regardless of iron status. 
Iron or other nutritional interventions may not 
be effective to reduce, treat, or prevent anemia 

in these individuals. Further, in individuals 
with some genetic hemoglobin disorders, bio-
markers of nutritional anemia may not accu-
rately represent an individual’s nutritional 
status and nutritional deficiency prevalence 
may be falsely underestimated or overesti-
mated in populations with genetic hemoglobin 
disorders.
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 Introduction

Iron absorption from the diet, iron-fortified foods, 
or oral iron supplements is tightly regulated in 
humans, because there is no active pathway for 
iron excretion and excess body iron can be harm-
ful [1, 2]. Circulating non-transferrin-bound iron 
can generate toxic free radicals, which can cause 
tissue damage [3] or be more available to infec-
tious organisms than iron sequestered in transfer-
rin [4]. Iron absorption from iron-fortified foods 
or oral iron supplements is generally low, with a 
fractional absorption typically <10% [5, 6]. In 
population groups with a high burden of infec-
tions, such as in rural African populations, iron 
absorption is likely to be even lower, as inflam-
mation increases plasma hepcidin, which reduces 

iron absorption [7]. Thus, the majority of iron 
from oral iron supplements or fortificants passes 
unabsorbed into the colon where the iron is avail-
able to gut microbes and may potentially affect 
the gut microbiome. This chapter begins with a 
broad introduction on bacterial iron acquisition 
and metabolism. Thereafter, the main focus is on 
human studies examining the effects of oral iron 
on the gut microbiota. At the end, a short outlook 
is given on promising strategies to diminish the 
potentially harmful side effects of iron on the gut 
microbiota.

 Iron Acquisition Is a Determinant 
of Bacterial Growth and Virulence

The ability of enteropathogens to acquire suffi-
cient iron to support their growth and prolifera-
tion is an important virulence determinant [8, 
9]. Gut bacteria have evolved a variety of mech-
anisms (including siderophores, Feo-uptake 
systems, and metal-transporting binding-pro-
tein-dependent ABC systems) to acquire iron 
even under conditions of limited iron availabil-
ity [8–10]. Iron plays a crucial role in replica-
tion and virulence (e.g., adhesion, invasion, and 
induction of virulence factors) of many enteric 
Gram-negative bacteria (e.g., Salmonella, Shi-
gella, or pathogenic Escherichia coli) [8, 9]. 
During iron-limiting conditions, such as during 
an inflammation when the host limits free extra-
cellular iron, pathogenic bacteria can secrete 
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iron-scavenging siderophores that bind iron 
with a much higher affinity than the host’s iron- 
binding proteins [11, 12]. As an example of the 
substantial bacterial genomic investment in iron 
capture and metabolism, approximately 7% of 
the Salmonella typhimurium genome is directly 
or indirectly regulated by iron [13]. The iron- 
sensing transcriptional repressor Fur is central 
to iron homeostasis in most Gram-negative bac-
teria such as Salmonella [9]. During iron defi-
ciency, lack of iron-bound Fur allows 
transcription of genes for iron uptake and stor-
age [14]. Fur- mediated regulation of virulence 
genes contributes to the enhancement of Salmo-
nella virulence in iron-rich conditions [15]. 
Another example of how the virulence of gut 
pathogens is enhanced by iron is the recent 
observation that cholera toxin enhances the 
growth of Vibrio cholera in the gut lumen by 
facilitating its iron acquisition [16]. Similar 
adaptations to iron deficiency occur in Gram-
positive bacterial pathogens. The genome of 
Clostridium difficile encodes multiple ferric, 
ferrous, and siderophore-bound iron uptake sys-
tems that are Fur-regulated and highly respon-
sive to changes in iron supply [17, 18]. The 
presence of these redundant iron-uptake sys-
tems highlights the importance of iron acquisi-
tion for clostridial growth. Low-iron conditions 
evoke a stress response in C. difficile, mediated 
through iron-binding sites for Fur [17]. This 
binding alters expression of iron transporters 
and increases iron uptake. C. difficile also modi-
fies its cell wall in response to iron deficiency; 
this may protect it from other microbes or host 
immune responses [18].

Mammalian hosts have evolved several mech-
anisms to counter bacterial iron uptake in the gut. 
Recently, host production of calprotectin, a man-
ganese/zinc-chelating protein and a marker of gut 
inflammation [19], was shown to limit bacterial 
iron acquisition via its capacity to bind iron [20]. 
The host can also produce the innate defense pep-
tide lipocalin-2, which binds the ferric- 
siderophore complexes, thereby preventing its 
uptake by bacteria [21]. However, several patho-
genic bacteria including S. typhimurium, patho-
genic E. coli, Klebsiella, and Shigella can evade 

this host defense mechanism by the production of 
“stealth siderophores” (e.g., salmochelin and 
aerobactin), structurally modified siderophores 
that resist binding by host lipocalin-2 [8].

Notably, beneficial commensal gut bacteria, 
such as Bifidobacteriaceae and Lactobacillaceae, 
that provide an important barrier against coloni-
zation by enteropathogens, require very little or 
no iron [22, 23]. Several Bifidobacterium species, 
including B. bifidum, B. longum, B. breve, B. 
pseudolongum, and B. pseudocatenulatum, all 
species commonly found in the infant gut, grow 
well under iron-depleted conditions [23]. The 
ability of Bifidobacterium to grow in low iron 
conditions and efficiently sequester any available 
iron, thereby further limit iron available to gut 
pathogens, may provide a competitive advantage 
against enteropathogens [23, 24]. Lactobacilli do 
not produce siderophores to sequester iron and 
their growth is similar in media with and without 
iron [25]; they instead rely on manganese for 
growth [22]. Other commensal bacteria are also 
particularly well adapted to outcompete entero-
pathogens for iron in low-iron conditions. The 
nonpathogenic E. coli Nissle has multiple iron 
acquisition pathways and can secrete enterobac-
tin, salmochelin, yersiniabactin, and aerobactin, 
allowing it to effectively acquire iron at the 
expense of Salmonella [26, 27]. Furthermore, E. 
coli Nissle specifically targets the uptake of 
siderophore- bound iron by pathogenic entero-
bacteria by secreting antibacterial molecules that 
damage enteropathogens by binding to their sid-
erophore receptors [28].

Recent data on locally produced hepcidin in 
the intestinal mucosa further supports the impor-
tance of iron in determining microbial pathoge-
nicity in the gut [29]. Systemically, 
hepcidin-mediated iron sequestration withholds 
iron from invading microorganisms and plays a 
key role in innate immune responses to infection 
[30]. Hepcidin production by mucosal dendritic 
cells sequesters iron into colonic myeloid cells, 
limiting increases in free iron released during gut 
inflammation and tissue damage. Failure to 
sequester iron locally resulted in dysbiosis, 
increased microbial translocation, and more 
severe gut inflammation [29].
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 The Gut Microbiota May Modulate 
Host Iron Absorption 
and Metabolism

When placed on a low-iron diet, compared to 
conventional mice, germ-free mice show milder 
iron deficiency-induced anemia, suggesting more 
efficient iron uptake in the absence of gut micro-
biota that may compete with the host for iron 
uptake [31]. Certain Lactobacilli sp. reduce host 
iron uptake through the production of small mol-
ecule metabolites, such as 1,3-diaminopropane 
(DAP), which inhibits HIF2 alpha and expression 
of iron uptake proteins in the enterocyte. 
Production of DAP by Lactobacilli was increased 
during dietary iron deficiency, suggesting the gut 
microbiota may modulate gut iron homeostasis 
and luminal iron availability [31]. In addition, the 
gut microbiota may affect the systemic inflam-
matory response, and thereby influence hepcidin 
synthesis, dietary iron absorption, and systemic 
hypoferremia [32].

 The Effect of Increasing Iron Intake 
and the Human Gut Microbiota

 Controlled Studies of Iron 
Fortification and Supplementation 
in Infants

The WHO recommends iron fortification with 
iron-containing micronutrient powders (MNPs) 
in infants aged 6–23 months [33]. Because iron 
absorption in African infants from these MNPs is 
only 4–8% [5], they are usually formulated to 
provide a high dose of iron (12.5 mg). The first 
studies investigating the effects of in-home forti-
fication with iron-containing MNPs on the infant 
gut microbiota were two double-blind random-
ized controlled trials in 6-month-old infants in 
south coast Kenya (n = 115) [34]. Infants in the 
first trial consumed either an MNP containing 
12.5  mg iron as ferrous fumarate or an MNP 
without iron daily for 4  months. Infants in the 
second trial consumed either a new low-iron dose 
MNP containing 2.5 mg iron as sodium iron eth-
ylenediaminetetraacetate (NaFeEDTA) or an 

MNP without iron daily for 4  months. Overall, 
Bifidobacteriaceae was clearly the predominant 
bacterial family in these infants’ gut microbiota. 
Interestingly, the authors reported an overall high 
prevalence of potential enteropathogens in the 
fecal samples (65% tested positive for entero-
pathogenic E. coli (EPEC), 49% for enterotoxi-
genic E. coli producing heat-labile toxin (ETEC 
LT), 7% for ETEC producing heat-stable toxin 
(ETEC ST), 10% for enterohemorrhagic E. coli 
producing shiga-like toxin 1 (EHEC stx1), 9% 
for EHEC producing shiga-like toxin 2 (EHEC 
stx2), 57% for C. difficile, 90% for members of 
the Clostridium perfringens group, and 22% for 
Salmonella) [34]. During the intervention, in the 
iron, compared to the no iron groups, there was a 
significant increase in enterobacteria, particularly 
Escherichia/Shigella, the enterobacteria/bifido-
bacteria ratio, and Clostridium spp. Moreover, 
there was a significant treatment effect on patho-
genic E. coli, with higher abundances in the iron 
compared to the no iron groups at endpoint 
(Fig. 20.1). In addition, at endpoint of the study, 
fecal calprotectin was significantly higher in the 
iron compared to the no iron control group [34] 

P = 0.029

-FeMNP
3

4

5

P
at

ho
ge

ni
c 
E
.c
ol
i (

lo
g 

ge
ne

 c
op

ie
s/

g 
fe

ce
s)

6

7

+FeMNP

Fig. 20.1 Abundance of pathogenic E. coli at endpoint, 
by group in Kenyan infants (n = 115) receiving daily for 
4  months a micronutrient powder containing either no 
iron (-FeMNP), or 2.5  mg or 12.5  mg iron (+FeMNP). 
Univariate general linear models with baseline values as 
covariates were used to estimate the intervention effect. 
Adapted from [34]
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(Fig.  20.2). These controlled studies demon-
strated for the first time that provision of iron- 
containing MNPs to African infants causes an 
adverse shift in the gut microbiota composition, 
increases abundances of enteropathogens and 
levels of gut inflammation.

A subsequent 4-month, controlled, double- 
blind trial in the same study area investigating the 
effects of a new MNP containing 5 mg of iron on 
the infant gut microbiota reported similar results 
[35]. Infants aged 6.5–9.5 months (n = 155) were 
randomly assigned to receive daily (a) an MNP 
without iron (control group); (b) the identical 
MNP but with 5 mg iron (2.5 mg as NaFeEDTA 
and 2.5 mg as ferrous fumarate) (Fe group); or (c) 
the identical MNP as the Fe group but with 7.5 g 
galacto-oligosaccharides (GOS) (FeGOS group) 
[35]. The effects of coprovision of GOS (FeGOS 
group) are detailed later in this chapter. Similar to 
the studies described above [34], iron treatment 
(Fe group) had a major impact on the infant gut 
microbiota composition. After 4 months of inter-
vention in the Fe group, compared to the control 
group, there were lower abundances of 
Lactobacillus and Bifidobacterium but higher 
abundances of Clostridiales and 
Enterobacteriaceae (Fig.  20.3a). Colonization 
rate of the infant gut with enteropathogens at 
baseline was high: EPEC was detected in 63%, 
ETEC LT in 26%, ETEC ST in 21%, EHEC 
stx2 in 18%, EHEC stx1 in 8%, C. perfringens in 
65%, C. difficile in 35%, and Salmonella spp. in 
4%. In the control group, there was a decrease in 
the sum of virulence and toxin genes (VTGs) of 
all these pathogens from baseline to 4  months, 
while there was no significant change in the Fe 
group over time [35] (Fig.  20.4). In contrast to 
the trial using a 12.5 mg iron dose daily [34], the 
5 mg iron dose used in this study did not signifi-
cantly increase fecal calprotectin [35].

A small study in 6-month-old infants living in 
rural western Kenya reported similar findings 
[36]. Infants received either an MNP without iron 
(-FeMNP group, n  =  13), an MNP containing 
12.5  mg iron as ferrous fumarate (+FeMNP 
group, n = 13), or a placebo (control group, n = 7) 
daily for 3 months [36]. While the relative abun-
dance of Escherichia/Shigella decreased from 
baseline to 3 months in the -FeMNP and the con-
trol groups, it did not decrease in the +FeMNP 
group. Moreover, Bifidobacterium abundance 
decreased in the +FeMNP and the control group 
but not in the –FeMNP group. In contrast to the 
results of the trial using the same iron dose of 
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Fig. 20.2 Fecal calprotectin levels at baseline and 
4 months, by group in Kenyan infants (n = 115) receiving 
daily for 4  months a micronutrient powder containing 
either no iron (-FeMNP); or containing 12.5  mg iron 
(+FeMNP). Differences were investigated using general 
linear models and baseline variables as covariates. 
Boxplots are shown with the 10–90th percentiles. Adapted 
from [34]
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Fig. 20.3 Differences in the gut microbiota composition 
among Kenyan infants (n = 155) after receiving daily for 
4 months a micronutrient powder without iron (Control 
group), with 5 mg of iron (Fe group), or with 5 mg iron 
and 7.5  g galacto-oligosaccharides (FeGOS group). 
Circles represent different taxa; the circle-sizes corre-
spond to the relative taxa abundance (%), the green 
circle- borders represent the level of statistical signifi-
cance. The fold difference is calculated as the 2log of the 

ratio of the relative abundance between groups (repre-
sented with the different circle-filling; yellow filling 
meaning more abundant in the group standing on the 
right side of the arrow in the legend, blue filling meaning 
more abundant in the group standing on the left side of 
the arrow in the legend). Mann-Whitney U test was used 
for statistical comparisons. (a) Control versus Fe group; 
(b) FeGOS versus Fe group; (c) Control versus FeGOS 
group. Adapted from [35]

12.5 mg [34], in this study, there was no between 
group difference or change over time in fecal cal-
protectin [36].

Besides diet, antibiotics are another factor that 
can have major impact on the infant gut micro-
biota. Antibiotics are prescribed to infants early 

and often; in low-resource settings, children 
<2 years of age receive an average of 4.9 antibi-
otic courses per child year [37]. Peak antibiotic 
use is between 6 and 12 months of age [37]; the 
age when many infants also receive iron fortifi-
cants to treat or prevent iron deficiency anemia 
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Fig. 20.4 Abundances of the sum of virulence and toxin 
genes of 10 pathogens at baseline (0 wks), 3  weeks (3 
wks), and 4 months (4 mo), by group in Kenyan infants 
(n = 155) consuming daily a micronutrient powder con-
taining either no iron (control); 5 mg of iron (Fe); or 5 mg 

of iron and 7.5  g of galacto-oligosaccharides (FeGOS). 
Significance is expressed as the p value of a Wilcoxon 
rank-sum test, *p  <  0.05, **p  <  0.01. Boxes show the 
median and 25th and 75th percentiles; whiskers show the 
range. Adapted from [35]

[38]. Therefore, the potential interaction between 
iron and antibiotics on the gut microbiota is 
important in these settings. A controlled interven-
tion trial conducted in rural Kenya (n = 29) inves-
tigated the effects of this interaction in infants 
consuming MNPs with (+FeMNP) or without 
iron (–FeMNP) [39]. The trial showed that in 
infants receiving antibiotics and the –FeMNP, 
there was a significant decrease in abundance of 
pathogenic E. coli after antibiotic treatment, sug-
gesting efficacy of antibiotics against potential 
enteropathogens. In contrast, in infants receiving 
antibiotics and the +FeMNP, there was no signifi-
cant decrease in pathogenic E. coli after antibi-
otic treatment, suggesting iron fortification 
blunted the efficacy of the antibiotic to reduce 
potential enteropathogens [39], possibly because 
the increase in colonic iron supported continued 
growth of enteropathogens. Moreover, in infants 

receiving antibiotics and the +FeMNP, there was 
a significant decrease in abundance of 
Bifidobacterium, while infants receiving antibiot-
ics and the -FeMNP maintained greater abun-
dance of Bifidobacterium [39]. This study was 
limited by a low sample size and needs confirma-
tion by larger trials.

Contrasting data came from a study in 
6-month-old Malawian infants (n  =  213) who 
were randomly assigned to receive (a) no inter-
vention, (b) micronutrient-fortified corn-soya 
blend (providing 5.5  mg iron/day), (c) 
micronutrient- fortified lipid-based nutrient sup-
plements with milk protein base (providing 
6.0  mg iron/day), or (d) micronutrient-fortified 
lipid-based nutrient supplements with soya pro-
tein base (providing 6.0 mg iron/day) [40]. This 
trial showed no significant differences between 
the four intervention groups in the gut microbiota 
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composition after 12  months of intervention. 
Recently another trial from rural Malawi showed 
only moderate effects of iron on the gut microbi-
ota [41]. In this trial, pregnant women (n = 869) 
were randomized to receive daily either: (a) a 
multiple micronutrient supplement (MMN 
group); (b) an iron and folic acid supplement 
(IFA group); or (c) a lipid-based nutrient supple-
ment (LNS group) daily during pregnancy and 
6 months postpartum [41]. Infants from mothers 
in the LNS group received daily LNS (6 mg iron/
day) from 6–18 months of age; infants from the 
other two groups did not receive supplements. 
There were no differences in the infant microbi-
ota alpha-diversity (alpha diversity quantifies 
richness, evenness, and diversity within a sam-
ple) or microbiota maturation (defined as 
microbiota- for-age z scores (MAZ)) between the 
IFA and MMN groups. However, infant microbi-
ota alpha-diversity was significantly higher in the 
LNS group at 18  months compared to the IFA 
and MMN groups together [41]. These studies in 
rural Malawi did not investigate specific VTGs of 
enteropathogens nor fecal calprotectin. Therefore, 
it is uncertain whether baseline colonization of 
the infant gut microbiota and gut inflammation 
were as high as in the infant studies conducted in 
Kenya [34, 35]. In addition, age-related differ-
ences in the gut microbiota composition, differ-
ences in complementary feeding patterns, iron 
dose and iron compound given, intervention 
duration as well as methodological differences in 
characterization of the gut microbiota may have 
contributed to the different findings from the 
studies.

Two studies looking at the effect of iron forti-
fication or supplementation on the gut microbiota 
have been done in high-income countries. One 
study investigated the effect of iron fortification 
or supplementation on the gut microbiota in 
healthy, iron- sufficient Swedish infants [42]. Six-
month- old infants were randomized to receive 
daily for 45  days either low- iron- fortified for-
mula (1.2  mg iron/day; n  =  24), high-iron- 
fortified formula (6.6  mg iron/day, n  =  24), or 
no-added- iron formula with liquid ferrous sulfate 
(FeSO4) supplementation (iron drops, 6.6  mg 

iron/day; n = 24). In agreement with the Kenyan 
infant studies, consumption of high-iron formula 
for 45 days was associated with decreased rela-
tive abundance of Bifidobacterium (p  <  0.001). 
Moreover, in the iron drops group after the inter-
vention, there were lower abundance of 
Lactobacillus (8% vs. 42%, p < 0.007) but higher 
abundance of Clostridium (25% vs. 9%, p < 0.05) 
and of Bacteroides (1.2% vs. 0.9%, p  <  0.02) 
compared to the high-iron formula group. 
However, there was no effect on abundance of 
pathogenic bacteria or on fecal calprotectin [42]. 
Of note, all formulas in this study contained 
3.3 g/L of GOS, which may have partially miti-
gated the adverse effects of iron on the gut micro-
biota (discussed below) and may have protected 
from an increase in pathogenic bacteria and fecal 
calprotectin.

The second study was a small trial in US 
infants and toddlers aged 9–24  months [43]. 
Participants were randomized to receive FeSO4 
syrup alone (6 mg iron/kg/day) (n = 22) or with 
vitamin E (18 mg/d) (n = 14) for 2 months [43]. 
There were no significant changes over time or 
between groups in gut inflammation as assessed 
by fecal calprotectin. In both intervention 
groups, there was a decrease in the abundances 
of Escherichia spp. over time with no group 
differences and there was no decrease in bene-
ficial commensals, such as Lactobacillus spp. 
[43]. However, both intervention groups 
received iron, making it difficult to draw con-
clusions on the effects of iron on the gut 
microbiota.

In contrast to the findings from Kenya, these 
studies in Swedish and US infants found no effect 
of additional dietary/supplemental iron on 
enteropathogens or on fecal calprotectin. Thus, it 
appears the adverse effects of iron may be par-
ticularly pronounced in settings with poor 
hygiene and a high burden of infection and 
inflammation, such as in rural Africa. Notably, 
baseline mean calprotectin concentrations were 
ca. 50 μg/g in the study in US infants [43], while 
in the Kenyan infants, the mean baseline calpro-
tectin concentration was much higher, at 200–
300 μg/g [34, 35].
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 Controlled Studies of Iron 
Fortification and Supplementation 
in Children

Two trials conducted in African school chil-
dren investigated the effect of iron fortification 
and supplementation on the gut microbiota. 
The first was a randomized, double-blind, con-
trolled trial in 6–14-year-old children (n = 139) 
in Côte d’Ivoire [44]. Children consumed 
either iron- fortified biscuits containing 20 mg 
iron as electrolytic iron/day (iron group) or 
nonfortified biscuits (control group) 4 times/
week for 6 months. After 6 months of interven-
tion, there was a significant increase in the 
number of enterobacteria (p  <  0.005) and a 
decrease in the number of Lactobacilli 
(p < 0.0001) in the iron group, compared to the 
control group [44]. Moreover, in the iron 
group, compared to the control group, there 
was a significant increase in fecal calprotectin 
(p  < 0.01) [19] (Fig.  20.5), which also corre-
lated with the increase in the abundance of 
enterobacteria (p < 0.05) [44]. The study was 
conducted in a setting with poor hygiene con-
ditions, which likely explained the unfavorable 
ratio of enterobacteria to bifidobacteria and 
lactobacilli at baseline that was aggravated by 
iron fortification [44].

The second study was a randomized, placebo- 
controlled intervention trial examining the effects 
of higher dose iron supplementation on the gut 
microbiota and gut inflammation in 6–11-year- 
old children living in South Africa. In this study, 
the children were randomized to receive either 
oral tablets containing 50  mg iron as FeSO4 
(n = 22) or placebo (n = 27) for 38 weeks [45]. At 
the end of the intervention, there were no signifi-
cant group differences in the gut microbiota com-
position and inflammation (as measured by fecal 
calprotectin) [45]. Compared to the setting in the 
Côte d’Ivoire study [44], this study was con-
ducted in an area with improved water supply, 
better hygiene, and a lower risk of contaminated 
foods.

The contrasting findings of these two studies 
[44, 45] suggest that the adverse effects of iron 
on the gut microbiota of children may be context- 
specific and more pronounced in settings with 
poor hygiene conditions where the gut microbi-
ota is colonized by opportunistic enteropatho-
gens. The two studies did not analyze the gut 
microbiota for specific VTGs of enteropathogens, 
which would have provided insight into their 
findings. To our knowledge, there are no studies 
published looking at the effects of iron on the gut 
microbiota of school aged children living in high- 
income countries with high hygienic standards.
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 Controlled Studies of Iron 
Fortification and Supplementation 
in Adults

Women of reproductive age (nonpregnant and 
pregnant) are at risk of developing iron deficiency 
anemia. Although the WHO recommends daily 
oral iron supplementation for nonpregnant 
women of reproductive age in settings with a 
prevalence of anemia ≥40% and for pregnant 
women [46], little is known on its effects on the 
gut microbiota. A recent study in pregnant 
women examined the effect of iron supplements 
comparing a low-iron group with intakes of 
0–10 mg iron per day (n = 94) versus a high-iron 
group with intakes ≥60 mg iron per day (n = 65) 
[47]. There were no between-group differences 
in microbiota alpha-diversity or in gut microbiota 
taxa [47]. However, the gut microbiota of the 
women consuming the low-iron supplements had 
higher abundances of bacteria producing short- 
chain fatty acids (SCFAs); the authors suggested 
this may be beneficial to maintain gut barrier 
integrity [47]. A recent study reported the gut 
microbiota of lactating women living in rural 
Kenya, an area with poor hygiene conditions, 
was highly colonized by enteropathogens [48]. 
This unfavorable gut microbiota composition 
might be particularly vulnerable to adverse 
effects of iron supplements. Studies in women of 
reproductive age and particularly in pregnant 
women living in low-resource settings would 
therefore be valuable.

Iron deficiency anemia is common in patients 
with inflammatory bowel disease (IBD) and often 
requires oral or intravenous iron therapy [49]. A 
recent open-labeled trial in adults with and with-
out IBD assessed the impact on the gut of 300 mg 
FeSO4 tablets given twice a day for 3  months 
compared to intravenous iron therapy [50]. Iron 
did not have a major effect on the gut microbiota 
composition in patients with IBD and did not 
overrule sample clustering based on IBD, charac-
terized by a significant drop in taxa richness, ver-
sus healthy patients [50]. However, results 

suggested the gut microbiota of IBD patients was 
more sensitive to iron: phylogenetic distances 
(distances between within-subject samples before 
and after therapy) were greater in patients with 
IBD than in healthy controls [50]. Comparing 
oral and intravenous iron therapy, after oral iron 
treatment, there were lower abundances of 
Colinsella aerofacies, Faecalibacterium praus-
nitzii, Ruminococcus bromii, and Dorea spp., but 
higher abundances of Bifidobacterium. The 
authors concluded that intravenous iron therapy 
may be preferable for patients with IBD with an 
unstable gut microbiota [50].

 Increasing Iron Intakes and Risk 
of Diarrhea

Provision of iron supplements and iron- 
containing MNPs to infants and children in low- 
resource settings may increase risk of diarrhea. A 
recent systematic review reported a 15% 
increased risk of diarrhea (RR 1.15; 95% CI: 
1.06–1.26) with iron supplementation or MNP 
fortification when providing at least 80% of the 
WHO recommended dietary allowance (daily 
iron dose for 6–24-month-old infants: 12.5 mg; 
and for 2–5-year-old children: 20 mg) [51]. This 
is concerning, considering diarrheal disease is 
among the two leading causes of mortality among 
children under 5  years of age, accounting for 
17% of the 10.4 million deaths among children 
under 5 years of age [52]. A recent review sum-
marized the evidence linking oral iron to diarrhea 
[53]. The adverse effects of iron on the infant gut 
microbiota described above, and particularly the 
increase in Escherichia/Shigella spp. and patho-
genic E. coli with iron fortification, provide a 
plausible mechanism that may explain the 
increase in diarrhea. The Global Enteric 
Multicentre Study investigating the etiology of 
diarrhea in infants in developing countries 
reported ETEC and Shigella to be two of the four 
pathogens that were significantly associated with 
diarrhea [54].

20 Iron and the Human Gut Microbiota



276

 Strategies to Balance the Need 
for Iron and the Risk of Adverse 
Effects

One approach to mitigate the adverse effects of 
iron on the gut microbiota could be to reduce the 
amount of unabsorbed iron entering the colon by 
decreasing the iron dose given and increasing its 
bioavailability to maintain efficacy. This effect is 
evident in recent studies in Kenyan infants com-
paring the effects of MNPs containing 5 mg iron 
and 12.5  mg of iron. The 5  mg iron dose was 
clearly efficacious in reducing iron deficiency 
anemia, and the improvement of hemoglobin lev-
els and decrease of anemia prevalence [35] com-
pared favorably to results from a 12.5  mg iron 
dose [38]. Although the 5  mg iron dose nega-
tively affected the infant gut microbiota [35], the 
adverse effects were less pronounced compared 
to a dose of 12.5  mg [34]. In contrast to the 
12.5  mg iron dose, the 5  mg iron dose did not 
increase the abundance of the sum of all entero-
pathogens and pathogenic E. coli and did not 
increase fecal calprotectin levels, suggesting a 
lower iron dose might not trigger gut inflamma-
tion [34, 35].

Another promising strategy to reduce the 
adverse effects of iron on the gut microbiota is 
the coprovision of prebiotic GOS.  As nondi-
gestible carbohydrates, prebiotics enter the 
colon intact, where they can selectively enhance 
the growth of beneficial commensal bifidobac-
teria and lactobacilli [55]. Prebiotics may pro-
tect from colonization and overgrowth of 
potential enteric pathogens by increasing colo-
nization resistance, increasing production of 
SCFAs, and decreasing intestinal luminal pH 
[56, 57]. A 4-month trial in Kenyan infants 
(study design is described earlier in this chap-
ter) showed that the addition of GOS to a low-
dose iron MNP (5 mg iron) mitigated most of 
the adverse effects of iron on the infant gut 
microbiota [35]. After 4 months of intervention, 
compared to the Fe group, in the FeGOS group, 
there was higher abundance of Bifidobacterium 
and Lactobacillus and lower abundance of 
Clostridiales (Fig.  20.3b). Remarkably, there 
were no significant differences in the abun-

dances of Bifidobacterium, Lactobacillus, 
Enterobacteriaceae, Clostridiales, and 
Bacteroidetes between the control and FeGOS 
groups (Fig. 20.3c). After 3 weeks of interven-
tion, there were lower abundances of the sum of 
VTGs of all pathogens in the FeGOS group 
compared with both the control and Fe group 
(Fig. 20.4). Also there were significantly lower 
abundances of the sum of VTGs of pathogenic E. 
coli in the FeGOS group compared to the control 
group. While there was a significant decrease in 
the abundances of pathogens from baseline to 
4 months in the FeGOS group, there was no sig-
nificant change in the Fe group (Fig.  20.4). At 
4  months, plasma intestinal fatty acid-binding 
protein (I-FABP, a biomarker of enterocyte dam-
age) was significantly higher in the Fe group 
compared to the control group but was not higher 
in the FeGOS group when compared to the con-
trol group [35]. Another study that suggests pre-
biotic GOS may be protective against the adverse 
effects of iron was conducted in Swedish infants 
described above [42]. While the authors reported 
effects of iron fortification and supplementation 
on abundances of Bifidobacterium, Lactobacillus, 
Clostridium, and Bacteroides, there were no 
effects on pathogenic bacteria or on fecal calpro-
tectin [42]. All formulas contained 3.3  g/L of 
GOS and the authors suggested that the coprovi-
sion of GOS might have partially mitigated the 
adverse effects of iron on gut pathogens and 
fecal calprotectin.

 Conclusions and Perspectives

More research is needed to better understand the 
underlying mechanisms and the effects of dietary 
iron on the gut microbiota in infants, school-aged 
children, and adults from low- and high-income 
countries. In low-income countries, future 
research should define the lowest effective doses 
of iron and GOS (and other prebiotics) that can 
be added to MNPs to offset the adverse effects of 
iron. The use of lactoferrin in iron-fortified infant 
formula is associated with a reduced incidence 
and duration of diarrhea [58]. The benefits of 
adding this iron-binding protein to iron- 
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containing MNPs to mitigate the adverse effects 
of iron on the infant gut warrant investigation. In 
industrialized countries, the effect of high- versus 
low-iron formulas on the infant gut microbiota 
should be studied, while defining more clearly 
the potential benefits of addition of GOS in these 
settings.
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 Introduction

As a general class, iron compounds are probably 
the most widely distributed pharmacological 
intervention worldwide, with the need for ther-
apy most commonly indicated by anemia. For 
individual patients, the physician should investi-
gate and treat the underlying cause of iron defi-
ciency (ID) and iron deficiency anemia (IDA), 

administer supplemental iron together with 
dietary advice, and monitor the response to treat-
ment. At the community level, a similar pathway 
would be desirable but is often not feasible, thus 
requiring more general approaches to each of the 
steps including population assessment of preva-
lence, general assumptions about likely etiologi-
cal factors, community-wide treatment of 
underlying causes in vulnerable subgroups (e.g., 
mass deworming of children), community-wide 
efforts to improve dietary iron supply and uptake, 
and group-wide administration of iron (e.g., to 
pregnant women, children, and adolescent girls).

Among the range of possible interventions 
against iron deficiency, there tends to be a reci-
procity between efficacy and safety. One the one 
hand, promotion of dietary diversity is safe but 
constrained by the cost and availability of iron- 
rich foods and by cultural norms. Biofortification 
to create iron-rich staples is a highly promising 
innovation but will never be a complete solution 
by itself. Nationally mandated iron fortification 
of staple foods is constrained by the high cost of 
the best absorbed forms of iron, poor absorption 
of cheaper versions, and by the pro-oxidant 
effects of iron on food. Delayed cord-clamping is 
efficacious and safe but requires further advocacy 
to encourage its use in clinical practice in most 
settings. Water, sanitation, and hygiene interven-
tions (WASH) are safe but hard to implement and 
of modest efficacy against ID and anemia. On the 
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other hand, direct administration of supplemental 
iron is affordable and implementable, and is gen-
erally more efficacious. However, supplementa-
tion has been associated with worrying evidence 
of adverse outcomes in several randomized trials 
leading to more generalized safety concerns, a 
conundrum for international policy makers, and a 
challenge for national health departments. These 
concerns are most prominent in low-income 
countries where the burden of iron deficiency 
(ID), and its consequent anemia (IDA), is high-
est. Extensive reviews of safety issues pertaining 
to iron administration in pregnancy [1] and child-
hood [2] are published elsewhere.

In this chapter, we briefly review the biochem-
ical pathways contributing to the host-pathogen 
battle for iron, and summarize the published evi-
dence for adverse outcomes in humans together 
with the implications for the design of interven-
tions that could circumvent the safety risks. We 
restrict our review to exclude studies of paren-
teral administration of iron. We conclude that 
concerns about the safety of iron supplementa-
tion are real, but can be ameliorated, and that the 
benefits of combatting ID and IDA generally out-
weigh the concerns in many settings. The risk- 
benefit balance could be made even more 
favorable by the design of future iron supple-
ments and supplementation regimens with fewer 
side effects and greater efficacy while remaining 
affordable for low-income countries. These aims 
constitute a persisting challenge for the field.

 Mechanisms by Which Iron May 
Promote Infections

Iron requirements by microorganisms and 
viruses: Like humans, virtually all bacteria, 
fungi, protozoa, and helminths need iron for 
basic biochemical processes [3]. For example, 
iron is an indispensable cofactor for enzymes that 
are critical in nucleic acid synthesis and oxidative 
phosphorylation, the metabolic pathway used by 
almost all aerobic organisms to produce adenos-

ine triphosphate (ATP) as the primary intracellu-
lar source of energy. In contrast, viruses do not 
inherently have their own metabolism. They rep-
licate only inside living cells of their host organ-
ism, and require these cells to be iron-replete to 
allow copying of the viral genome and synthesis 
of viral proteins. Some viruses use transferrin 
receptors expressed on the outer surface of cell 
membranes as a portal to recognize and enter 
host cells [4].

Sources of iron for microorganisms: In the 
natural environment, microorganisms must 
access iron that is ubiquitous but occurs mostly 
precipitated as insoluble ferric oxides or ferric 
complexes. Invading microbes also need access 
to iron bound to tissue- or site-specific host pro-
teins, that is, hemoglobin (blood); myoglobin 
(skeletal muscle); transferrin, haptoglobin, 
hemopexin (plasma); ferritin and hemosiderin 
(intracellularly, particularly in hepatocytes and 
macrophages); and lactoferrin (secretory fluids 
such as milk, saliva, tears, nasal and vaginal 
secretions, and extracellular fluids where lacto-
ferrin is deposited by neutrophils as part of the 
innate immune response).

In the human gut, microorganisms compete 
for dietary iron that occurs as heme (virtually all 
animal-derived) or in nonheme forms (mostly 
bound to phytates from plant seeds, and to a 
lesser extent incorporated in ferritin from liver 
and other animal sources). In contrast, iron from 
oral supplements or food fortificants is in forms 
that do not occur naturally (or at least in these 
amounts) with a normal diet: ferrous salts (e.g., 
ferrous sulfate, ferrous fumarate, ferrous gluco-
nate), ferric salts (e.g., ferric citrate, ferric sodium 
ethylenediaminetetraacetate [NaFeEDTA]), or 
the elemental metal (e.g., electrolytic iron, 
hydrogen- reduced iron). Much supplemental iron 
or fortificant iron (typically >80%) is unabsorbed 
in the duodenum and passes into the large intes-
tine. Industrial iron fortification is probably safer 
than iron supplementation, because the lower 
amount of iron added to industrially fortified 
foods is closer to the physiological situation [5]. 
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Point-of care fortificants recommended by the 
World Health Organization contain iron in 
amounts similar to the daily dose of iron recom-
mended for oral supplementation in children 
aged 4–23 months (10–12.5 mg).

Iron acquisition mechanisms in microor-
ganisms: Fig.  21.1 summarizes some of the 
complex mechanisms by which microorganisms 
acquire iron. Microorganisms have evolved sev-
eral mechanisms to scavenge host iron [13]. 
More than 90% of the iron in mammals occurs 
intracellularly and is not accessible for extracel-
lular pathogens unless it can be liberated from 
host cells. Bacterial toxins cause cell lysis or 
damage, leading to the release of hemoglobin or 
ferritin from host cells. Most bacteria and fungi 
secrete and resorb small proteins (siderophores) 
that bind extracellular iron in the environment 
or competitively “steal” iron from host proteins. 
The soluble siderophore–Fe3+ complexes thus 
formed are recognized by receptors at the bacte-
rial surface and taken up by active transport 
mechanisms. Some bacteria are able to utilize 
siderophores that are produced by other bacte-
rial species (xenosiderophores). Other bacterial 
pathogens and some parasites (e.g., 
Trypanosoma brucei, Trichomonas vaginalis, 
Schistosoma mansoni) acquire iron through 
receptor-mediated uptake of transferrin, lacto-
ferrin, hemopexin, hemoglobin, or hemoglobin- 
haptoglobin complexes.

Many pathogenic species have evolved multi-
ple iron acquisition systems that allow them to 
occupy a variety of niches within the host, with 
diverse amounts and forms of available iron. For 
example, Staphylococcus aureus is a commensal 
Gram-positive bacterium that is found in normal 
skin flora, in the nostrils, and in the lower repro-
ductive tract of women. Upon breaching the epi-
thelium, it can also become an opportunistic 
extracellular pathogen colonizing nearly every 
organ, being a common cause of skin infections 
and abscesses but also causing bacteremia, pneu-
monia, osteomyelitis, endocarditis, and septic 
shock. To survive in these varied host environ-

ments, S. aureus can obtain iron from circulating 
or transudated transferrin or lactoferrin using sid-
erophores (staphyloferrin A and B) or it can obtain 
hemoglobin iron in blood or abscesses by lysing 
erythrocytes through the secretion of hemolysins. 
To prevent oxidative damage and to limit iron 
availability to pathogens, the host counters by 
binding free hemoglobin to haptoglobin in 
plasma. S. aureus is nonetheless able to access 
this iron by stripping heme from the haptoglobin- 
hemoglobin complex by hemoprotein receptors 
on the surface of the cell wall, followed by recep-
tor-mediated transport across the cell wall, pro-
tein-mediated transport across the cell membrane, 
and intracellular release of iron by heme-degrad-
ing enzymes [14]. The extraordinary molecular 
tools that are available to bacteria and their hosts 
in this example illustrate and result from their 
ongoing evolutionary battle for iron.

Host’s iron-withholding response to infec-
tions: Following infection, plasma iron concen-
trations rapidly decrease, a mechanism that 
probably developed evolutionarily to deny host 
iron to invading extracellular pathogens. As part 
of the host response, which is mediated by hepci-
din under influence of proinflammatory cytokines 
([15] and Chap. 2), both iron recycling by macro-
phages from phagocytosed senescent erythrocytes 
and intestinal absorption of iron are impaired. 
This leads in turn to a reduced supply of iron to 
bone marrow erythroid precursors and reduced 
erythropoiesis. The resulting anemia of inflamma-
tion is a “price” paid by the host for the protection 
offered by the iron-withholding response. By 
diverting iron from serum toward macrophages, 
however, the host provides an iron- rich intracel-
lular environment that possibly favors the prolif-
eration of pathogens for which replication in 
macrophages is a predominant or critical compo-
nent of the species’ pathogenic lifestyle [16]. 
Bacteria in this group encompass diverse species 
of great public health importance such as 
Mycobacterium tuberculosis (causing tuberculo-
sis), Salmonella species (typhoid fever, gastroen-
teritis), Brucella melitensis (brucellosis), Coxiella 
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Fig. 21.1 Iron availability and acquisition by microorgan-
isms in natural and various host environments. Under aero-
bic conditions as prevailing in the natural environment, iron 
occurs mostly precipitated as insoluble ferric oxides or ferric 
complexes. Microorganisms can access this iron by secret-
ing small iron-chelating compounds (“siderophores”) into 
the environment. The Fe3+-siderophore complex is then 
actively re-internalized by transport across the cell mem-
brane through specific receptors and transporters and 
released as a nutrient for the microorganism. In food, iron 
mostly occurs as ferric iron bound to phytate (in plant foods) 
or contained in ferritin (mostly animal foods), or ferrous iron 
bound to hems in hemoglobin or myoglobin (animal foods). 
In the stomach, gastric acid and ascorbic acid promote 
release and solubilization of ferric iron from dietary plant 
sources, or of ferrous iron from poorly soluble supplemental 
ferrous salts (e.g., ferrous fumarate; [6]). In the duodenum, 
the prevailing pH favors the reduction of ferric iron to the 
ferrous form, and the reformation of Fe2+- or Fe3+-ligand 
complexes. The entry of elemental iron and Fe3+-salts from 
iron supplements and fortificants into the common nonheme 
iron pool is limited by their solubility. Supplemental ferrous 
salts given in doses to prevent or treat iron deficiency anemia 
produce a bolus of soluble ferrous iron that does not nor-
mally occur with food sources. Ferrous iron can be acquired 
by bacteria through several mechanisms, including uptake 
by Feo proteins [7]. In the colon, the Fe3+-phytate and Fe3+-
ferritin complexes can be made accessible by enzymatic 
degradation or removal of iron by siderophores [8]. As part 
of the immune response to infection, the host can produce 
proteins (“siderocalins”) that specifically bind to a particular 
siderophore, thus preventing its use for bacterial iron acqui-

sition. Several bacteria species outmaneuver this host 
immune response by producing structural variant sidero-
phores (“stealth siderophores”) that are not recognized and 
thus preclude binding by siderocalin (e.g., [9–11]). Invading 
microbes need access to iron bound to tissue- or site-specific 
host proteins: hemoglobin (blood); myoglobin (skeletal 
muscle); transferrin, haptoglobin, hemopexin (plasma); fer-
ritin and hemosiderin (intracellularly, particularly in hepato-
cytes and macrophages); and lactoferrin (secretory fluids 
and extracellular fluids where lactoferrin is deposited by 
neutrophils). Most iron occurs intracellularly and is not 
accessible for extracellular pathogens unless it can be liber-
ated from host cells. Bacterial toxins cause cell lysis or 
damage, leading to the release of hemoglobin or ferritin 
from host cells. In blood plasma, hemoglobin that is 
released as a result of natural lysis or bacterial toxin-
induced lysis of erythrocytes is oxidized into met-hemoglo-
bin, which then further disassociates into free heme along 
with the globin chains. Free hemoglobin or heme are toxic 
and are rapidly sequestered to the host proteins haptoglobin 
and hemopexin, respectively. Bacterial pathogens and some 
parasites acquire iron through receptor-mediated uptake of 
transferrin, lactoferrin, hemopexin, hemoglobin, or hemo-
globin-haptoglobin complexes. In addition, microbes use 
siderophores to “steal” iron from host proteins. Some bac-
teria are able to utilize siderophores that are produced by 
other bacterial species (“xenosiderophores”). Secreted 
hemophores, which show functional analogy with sidero-
phores, can remove heme from heme-binding proteins 
(hemoglobin, hemopexin, or hemoglobin-haptoglobin) and 
deliver it to bacterial cells through binding with hemophore 
receptors [12] 
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burnetii (Q fever), Burkholderia pseudomallei 
(melioidosis), Listeria monocytogenes (gastroen-
teritis, bacteraemia), and Chlamydia trachomatis 
(trachoma, pelvic inflammatory disease).

In mucosal tissues, iron is bound to lactoferrin 
and, to a lesser degree, by transudated transferrin 
and ferritin. Lactoferrin has unusually strong 
affinity for iron. In breast milk, where it consti-
tutes 15–20% of protein, lactoferrin is largely 
unsaturated with iron [17]. Human milk has a 
powerful bacteriostatic effect on Escherichia 
coli, which is abolished if the iron-binding pro-
teins are saturated with iron [18]. The iron- 
binding capacity of lactoferrin is enhanced in 
weakly acidic environments. This property 
 facilitates the transfer of iron from transferrin to 
lactoferrin during inflammation, when the pH in 
tissues decreases due to accumulation of lactic 
acid and other acids [19]. Lactoferrin works in 
tandem with Lactobacilli to protect the female 
genital tract from pathogenic infections [20].

 Iron and Risk of Malaria Infection

We start with malaria, since this is the infection 
that has driven policy uncertainty in the past 
15 years, following the premature termination of 
a large trial on Pemba Island, Tanzania, due to an 
excess of serious adverse events (SAEs) in the 
two trial arms that were receiving iron [21]. A 
very similar concurrent trial in a nonmalarious 
region of Nepal found no such association; so, 
despite there being uncertainty about the precise 
causes of the SAEs in Pemba, it was assumed that 
malaria (Plasmodium falciparum) was key. Much 
has been written about this trial and the policy 
aftermath [22]. What follows is a brief update on 
subsequent research and the best evidence on 
which current policy can be based.

There is now good epidemiological and 
experimental evidence that anemia protects 
against P falciparum malaria in both children 
(e.g., [23]) and pregnant women (e.g., [24]). In 
addition to the Pemba Trial, there is evidence 
from other trials indicating that administration of 

iron can increase the risk of malaria (e.g., [25]) 
though these associations are by no means uni-
versal [22].

The Pemba results stimulated numerous stud-
ies searching for the specific mechanism by 
which iron stimulated malaria infections. 
Candidate mechanisms included increased iron 
supply to hepatocytes and/or red blood cells 
(RBCs) [22], and increased levels of unbound 
plasma iron [26], but strong experimental evi-
dence proved elusive.

Our group developed novel bar-coded FACS 
methods to study the in  vitro invasion, growth, 
and sporozyte formation of P. falciparum in fresh 
RBCs drawn from Gambian mothers and chil-
dren with different grades of anemia, and their 
response to iron supplementation [27, 28]. 
Figure  21.2 summarizes some of these results. 
The upper left panel shows that in RBCs from 
children, parasite growth was strongly inhibited 
by anemia when compared to the growth in RBCs 
from nonanemic controls. The panel below shows 
that parasite growth was greatly increased after 
49 days of oral iron supplementation. The right-
hand panels replicate these data in pregnant 
women and show that growth was stimulated 
after only 14 days of iron therapy (note that the 
children were not sampled at 14 days). Our prior 
work had shown that, as was already known for P. 
vivax, P. falciparum preferentially invades young, 
large erythrocytes, especially reticulocytes [27]. 
We believe that this is the primary mechanism by 
which iron supplementation promotes the risk of 
malaria.

These results have clear policy implications. 
Given that correction of anemia will always 
require an increase in reticulocyte production, 
any effective hematological response to iron will 
inevitably create a period of vulnerability to 
malaria. Fortunately, the reticulocytosis is tran-
sient and hence that elevated malaria risk is also 
transient (see Fig.  21.3). These findings align 
with the WHO advice that, in malarious areas, 
iron supplements should be accompanied by 
effective measures to prevent, detect, and treat 
malaria [30].
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Fig. 21.2 In vitro growth of P. falciparum in fresh RBCs 
drawn from Gambian mothers and children with different 
grades of anemia and their response to iron supplementa-
tion. Upper panels show relative parasite growth rates 

according to levels of anemia. Lower panels show 
response to iron supplementation. Data redrawn from Bah 
et al. [29] and Goheen et al. [28]

A. M. Prentice et al.



287

0 weeks

Fe Fe

Relative susceptibility to malaria

Microcytic, iron-deficient RBC
Reticulocyte

Normal RBC

Fe

6 weeks 12 weeks 16 weeks

Fig. 21.3 Schematic representation of increased susceptibility to P. falciparum malaria caused by the transient reticu-
locytosis caused by iron supplementation in individuals with iron deficiency anemia (after [28])

 Iron and Other Infections

There is widespread evidence that “iron-loaded” 
individuals (e.g., as a consequence of hemochro-
matosis) are more susceptible to infections, espe-
cially bacterial infections [16]. Patients with 
disturbed iron redistribution as a consequence of 
infections and inflammation also appear to have 
poor outcomes. For instance, high iron status at 
the time of entry into a longitudinal cohort of 
Gambian HIV patients independently predicted a 
greater likelihood of incident TB and of acceler-
ated mortality [31, 32]. These and other studies 
confirm that excess body iron can drive infec-
tions, but do not directly address the issue of iron 
supplementation.

Animal studies conducted over many decades 
show that sublethal inoculation with numerous 
pathogenic bacteria become rapidly lethal if 
coadministered with iron (from various sources) 
[33, 34]. More recent studies have revealed an 
important role for hepcidin in protecting against 
bacterial infections; hepcidin-deficient mice are 

highly susceptible to a range of organisms that 
are well tolerated by wild-type mice (see Chap. 2 
and associated citations).

In humans, ex  vivo studies using “sentinel” 
bacteria representative of different modes of iron 
acquisition clearly demonstrate that iron-loaded 
serum in the hours following oral iron supple-
mentation supports a much faster rate of bacterial 
growth. Experiments in adult men showed that 
oral iron did not affect the growth in postdose 
plasma of Staphylococcus aureus, a species that 
preferentially scavenges heme iron, but led to 
markedly elevated growth of Escherichia coli, 
Yersinia enterocolitica, Salmonella enterica 
serovar Typhimurium, and Staphylococcus epi-
dermidis [35]. However, in pregnant women, the 
growth of S. aureus was augmented as well as the 
growth of E. coli and S. enterica [29]. Similar 
experiments in young Gambian children showed 
no increase in the growth of S. aureus, E. coli, or 
S. enterica after 49 of iron supplementation, but 
the plasma was drawn 24  h after the last iron 
dose. On Day 84 of supplementation, when 
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plasma was drawn 4 h after the last iron dose, the 
growth of E. coli and S. enterica was significantly 
faster [36].

In vivo observations in humans support the 
contention that iron administration can enhance 
the growth of a wide range of potentially patho-
genic organisms. The Parisian physician Armand 
Trousseau is credited with publishing the first of 
these observations in 1872, when he reported that 
supplementing iron in the diets of TB patients 
hastened their death [37]. This topic was reawak-
ened a century later by another quasi- 
interventional study in Somali nomads reporting 
that iron administration re-activated pre-existing 
malaria, brucellosis, and tuberculosis [38].

Formal RCTs in which iron is administered 
(with or without additional micronutrients) have 
yielded variable results both with respect to 
malaria (see above) and other infections. Perhaps 
the most concerning results emerged from a large 
cluster-randomized trial in Pakistan which 
reported that episodes of chest indrawing (indica-
tive of pneumonia) in children aged 6–18 m was 
higher in the two intervention groups receiving 
food fortified with iron-containing micronutrient 
powders than in the nonsupplemented control 
group [39]. In children aged 18–24 months, there 
were too few episodes to establish whether this 
pattern was maintained. This trial also reported 
an increase in the number of episodes of bloody 
diarrhea (see below for discussion).

While many iron-supplementing RCTs reveal 
no evidence of safety concerns, there are suffi-
cient instances of trials that do flag safety signals 
to warrant attention and caution. For example, in 
a cluster-randomized trial among Ghanaian chil-
dren aged 6–35  months, point-of-care fortifica-
tion of foods with iron-containing micronutrient 
powers resulted in a 23% increase in the number 
of hospital admissions during the 5  months of 
active intervention [40]; this may have been 
attributable to diarrhea. A post-hoc analysis of a 
physician-prescribed RCT of an iron-containing 
multiple micronutrient supplement in 1100 
Gambian children revealed an excess of return 
clinic visits in the first few weeks after the sup-
plements were issued compared to the placebo 
group [41]. In these and other instances (see 

above for malaria), it is noteworthy that the 
adverse outcomes seem to appear in the first few 
weeks of iron administration, although the 
reverse was true in the Pemba trial [21].

Additional instances of adverse safety signals 
arising from the gut and vaginal microbiome are 
discussed below.

 Iron Interventions and the Gut 
Microbiome

Several studies suggest that iron supplementation 
and iron fortification can lead to changes in the 
gut microbiome and increase the abundance and 
virulence of enteric pathogens (see also Chap. 18 
in this volume, and [42]). In a randomized trial 
among Ivorian children aged 6–14  years [43], 
consumption of biscuits fortified with poorly sol-
uble electrolytic iron (4 times per week for 
6 months) resulted in an increase in the number 
of enterobacteria and a decrease in the 
Lactobacilli population. The Enterobacteriaceae 
include, along with many commensal and non-
pathogenic symbionts (e.g., non-pathogenic E. 
coli), many pathogens such as Salmonella, patho-
genic E. coli, Shigella, and Klebsiella. After 
6 months, the prevalence of Salmonella coloniza-
tion in the iron group was higher than in the con-
trol group (23.3% vs. 16.6%), but the statistical 
evidence was weak (p > 0.05). Iron fortification 
also led to marked increases in fecal calprotectin 
concentrations, which were also associated with 
changes in the number of enterobacteria, suggest-
ing that the iron-associated increases in entero-
bacteria may have contributed to an increase in 
gut inflammation.

In two randomized placebo-controlled trials 
among 6-month-old Kenyan infants consuming 
maize porridge daily for 4 months, point-of-care 
fortification with iron (2.5 mg as NaFeEDTA or 
12.5  mg iron as ferrous fumarate) increased 
enterobacteria as assessed by pyrosequencing, 
particularly Escherichia/Shigella, the enterobac-
teria/bifidobacteria ratio, and Clostridium spp. 
[44]. Using qPCR, iron fortification led to 
increased pathogenic E. coli strains. Iron fortifi-
cation almost doubled fecal calprotectin concen-
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trations [44]. There was no compelling evidence 
that iron fortification increased the frequency of 
diarrhea.

In contrast, a randomized trial in iron-deficient 
South African children aged 6–11 years adminis-
tered oral supplements for 4 days per week for 
38 weeks containing either 50 mg iron as ferrous 
sulfate or placebo (see Chap. 18). Iron supple-
mentation improved iron status in iron-deficient 
children, but there was no evidence that it 
increased fecal calprotectin concentration, or that 
it affected the change in fecal bacterial load over 
time, or fecal concentrations of short-chain fatty 
acids.

Nonanemic or mildly anemic, predominantly 
breastfed, Kenyan infants aged 6  months were 
randomized to consume foods that were fortified 
with micronutrient powders containing 12.5 mg 
iron, micronutrient powders without iron, or no 
micronutrient powders (daily, for 3 months) (see 
Chap. 18). There were some indications that iron 
may have adversely affected the colonization of 
beneficial microbes and attenuated the decrease 
of potential pathogens, but the study was small, 
and comparisons were done within groups over 
time instead of between-intervention groups.

In healthy, nonanemic Swedish infants, con-
sumption of high-iron formula was associated 
with reduced abundance of bifidobacteria com-
pared with low-iron formula, and administration 
of liquid ferrous sulfate as drops, even in an iron 
dose comparable with the daily iron requirement 
and for a short time, led to decreased relative 
abundance of Lactobacilli [45]. There was some 
but conflicting evidence that it resulted in 
increased susceptibility to bacterial infection, 
and no statistical support for increased fecal cal-
protectin concentration.

A small trial in Kenyan infants (n = 28) indi-
cated that iron fortification can reduce the effi-
cacy of concurrently administered broad-spectrum 
antibiotics against potential enteropathogens, 
particularly pathogenic E. coli, and may increase 
risk for diarrhea (see Chap. 18).

In an open-label randomized trial among ane-
mic Nigerian toddlers, there was no evidence that 
consumption of 200–600  mL multinutrient- 
fortified dairy-based drink supplying 2.2  mg, 

4.5 mg, and 6.7 mg of iron as ferrous sulfate per 
day caused an increase in the pathogenic gut bac-
teria [46]. Likewise, in a trial among Bangladeshi 
children, there was no evident difference in gut 
microbiota profile/composition between children 
who received daily micronutrient powder supple-
mentation with low-iron (2.5  mg) versus 
standard- dose iron (12.5 mg) [47].

An analysis of stool samples collected at 12 
and 24 m from a small subset of children in the 
aforementioned cluster-randomized trial by Soofi 
et al. [39] in Pakistan provides preliminary evi-
dence that iron and/or vitamin may promote dis-
ruptive protozoal and fungal communities in the 
gut, an effect ameliorated by zinc [48].

A normal gut microbiome composition is 
highly effective in resisting colonization by 
potentially pathogenic invaders. Loss of the nor-
mal microbiota or a shift in the balance of these 
microorganisms can lead to their replacement by 
Gram-negative aerobic bacteria or other patho-
genic organisms. From this perspective, it is of 
concern that several studies suggest that supple-
mentation or fortification with iron can lead to 
such disturbances, or to growth of pathogenic 
taxa in vulnerable populations. These results 
should nonetheless be interpreted with caution, 
for several reasons.

First, contrary to high-income countries, 
asymptomatic gut infections by pathogenic 
microorganisms are extremely common in many 
low-income countries, from a young age onward. 
For example, in GEMS, a large study in seven 
sites in Africa and Asia, the prevalence of 
Shigella, Cryptosporidium, and heat-labile 
enterotoxigenic E. coli by qPCR was 27%, 21%, 
and 29% in controls without diarrhea in the sec-
ond year of life [49]. A large birth cohort study at 
eight sites in Africa, Asia, and South America 
(MAL-ED) showed similar results [50]. Thus, the 
question arises to what extent a mild or moderate 
increase in enteropathogen carriage, as suggested 
by some studies that evaluated the effect of iron, 
will lead to increased morbidity and mortality 
associated with diarrhea. For many of these 
enteropathogen infections, current knowledge 
about their epidemiology in various settings and 
subpopulations in low-income country is inade-
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quate to answer that question. Intensive commu-
nity surveillance for diarrhea in the MAL-ED 
study showed no evidence that three frequently 
detected pathogens (entero-aggregative E. coli, 
Giardia species, and atypical enteropathogenic 
E. coli) were associated with diarrhea for any age 
group, site, or diarrheal syndrome. Evidence 
from epidemiological studies indicates that coin-
fections involving G. duodenalis may even be 
associated with a protective effect against 
enteropathogen- driven diarrhea in low-income 
countries, as indicated by several reports that 
children infected with Giardia present with 
reduced frequency of diarrheal illness and 
reduced serum inflammatory scores [51].

A second reason for caution is that any effect 
of iron, if extant, may be trivial in comparison to 
disturbances in gut microbiota composition and 
effects on enteropathogens caused by the fre-
quent use of antibiotics. Nationally representa-
tive facility-based and household-based surveys 
in eight low-income countries showed that chil-
dren received on average 24.5 antibiotic prescrip-
tions for respiratory tract infection or fever during 
their first 5 years of life (range: 7·1 in Senegal to 
59·1 in Uganda), and most of these prescriptions 
were deemed inappropriate [52]. The actual num-
ber of antibiotic treatments is likely to be even 
higher, because a substantial proportion of antibi-
otic treatments are purchased from private pro-
viders, without prescription (e.g., [53]).

 Iron Interventions and Diarrhea

Increased iron intakes can theoretically increase 
the risk of diarrhea by causing a dysbiosis of the 
gut microbiome (including enteropathogen coloni-
zation and invasion) or through other mechanisms 
such as increased permeability of the small intes-
tine, formation of free radicals and increased oxi-
dative stress in the intestinal lumen, or by impairing 
the immune response to pathogens [42]. In a sys-
tematic review of 19 randomized controlled trials 
of oral iron supplementation or iron fortification 
that reported diarrheal outcomes in children aged 
4–59  months, most studies (12 of 19) failed to 

show an effect of iron on diarrheal incidence or 
found such an effect only within a specific sub-
group of the population (3 studies), while only 4 
studies showed an increase in overall diarrhea inci-
dence [54]. Absent or variable case definitions for 
diarrhea made meta-analysis impossible. Two 
studies [39, 55] suggest that iron can lead to an 
increased incidence of acute bloody diarrhea (dys-
entery). Although alarming, it cannot be excluded 
that these effects were due to prescription of cef-
dinir, an antibiotic that produces a red color when 
coadministered with iron [54]. The reasons for 
which different meta- analyses draw different con-
clusions as to whether iron supplements increase 
the incidence of diarrhea have been the topic of 
recent debate (e.g., [56]).

 Iron Interventions and the Vaginal 
Microbiome

Increased iron availability can theoretically dis-
turb the delicate equilibrium within the vaginal 
microbiome, and lead to a microbiota composi-
tion that is associated with premature birth, pel-
vic inflammatory disease, and acquisition of 
sexually transmitted infections such as HIV [57, 
58]. To our knowledge, however, compelling 
in vivo evidence for these effects is yet to be pro-
vided. In a randomized controlled trial among 
healthy nulliparous, nonpregnant women aged 
15–24  years in Burkina Faso, iron-deficient 
women were more likely to have normal vaginal 
flora at baseline than their iron-replete peers [59]. 
There was no evidence that weekly iron influ-
enced the prevalence of bacterial vaginosis and T. 
vaginalis and microbiota profiles at trial end- 
points (first scheduled antenatal visit for women 
who become pregnant, and at 18  months for 
women remaining nonpregnant). On the other 
hand, iron-supplemented nonpregnant women 
received more antibiotic treatments for nongeni-
tal infections (mainly gastrointestinal infections), 
antifungal treatments for genital infections and 
analgesics, even though there was no evidence 
that iron supplementation affected the prevalence 
of iron deficiency [59].
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 Administration of Iron 
with Prebiotics and Probiotics

There is some evidence, mostly from animal 
studies, that gut microbiota modulation through 
intake of prebiotics (food compounds that induce 
the growth or activity of beneficial microorgan-
isms) and probiotics (live microorganisms that 
provide health benefits when ingested, generally 
by improving or restoring gut microbiota compo-
sition) can increase iron absorption. Thus, when 
administered in conjunction with iron, prebiotics 
and probiotics can theoretically improve iron sta-
tus while mitigating potential adverse effects of 
oral iron on pathogenic infections and gut inflam-
mation (see Chap. 18 in this volume which 
includes human studies).

 Conclusions

While by no means universal, there is widespread 
evidence ranging from cellular mechanistic 
research, through animal studies, and to large- 
scale real-life human intervention studies that the 
administration of iron can cause a range of adverse 
outcomes ranging from the inconvenient (gastric 
pain) to death. National and regional decision-
making must try to assess the net benefit or harm 
that will accrue in any given setting. Pasricha 
et al. [60] attempted to model the cost- benefit bal-
ance in 78 countries using microsimulation. They 
concluded that there could be net benefit in 54 
countries, but net harm in 24 (22 of which were in 
Africa). Though limited by the available data for 
conducting such simulations (e.g., there was an 
absence of data on potential benefits on cognitive 
function), this analysis emphasizes that context is 
critical in assessing the optimal route to amelio-
rating iron deficiency. It is not possible to provide 
a universal prescription except to recommend that 
iron administration is an important intervention 
and can be given safely if other relevant precau-
tions are taken. This remains the current approach 
recommended by WHO [30].
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22Novel Approaches to Oral Iron 
Supplementation

Diego Moretti and Nicole U. Stoffel

 Iron Deficiency

Anemia affects more than one billion people 
globally, a substantial part of which is caused by 
iron deficiency [1]. Iron deficiency anemia devel-
ops when requirements for growth and basal 
metabolism cannot be met by the amount of iron 
absorbed from the diet [2]. Iron deficiency with-
out anemia is even more common [3]. The con-
cepts of functional and absolute iron deficiency 
[4] allow the differentiation between individuals 
with low total body iron (absolute iron defi-
ciency) and individuals with adequate total body 
iron, but impaired metabolic iron mobilization, 
such as during infection and inflammation (func-
tional iron deficiency). In low and middle-income 
countries, absolute iron deficiency is common, 
caused by insufficient iron in the diet, and the 
inability to cover the requirements due to basal 
metabolism, growth as well as potential losses. In 

this case, the first-line treatment is oral iron, 
while preventive approaches include optimizing 
dietary iron intake and bioavailability and treat-
ing/minimizing losses (e.g., intestinal parasites) 
or malabsorption [4]. Absolute iron deficiency 
often coexists with functional iron deficiency 
both in high-income and low-income countries: 
in these more complex situations, treatment of 
the underlying disease should be prioritized and 
iron should be provided when indicated [4].

Although iron deficiency anemia is a leading 
cause of morbidity worldwide, the first cause for 
disability in women [3], and one the most fre-
quent conditions found in hospitalized popula-
tions [5], there is a lack of agreement on the 
optimal treatment schedules for oral iron supple-
mentation. In this chapter, we will focus on set-
tings where oral iron administration is clearly 
indicated, analyze factors that may affect iron 
bioavailability and side effects, and discuss 
recent studies and guidelines.

 Balancing Iron Absorption 
and Tolerability

When iron deficiency is diagnosed [6], the first- 
line treatment usually is oral iron supplementa-
tion [7]. Recommended oral iron 
supplementation regimens for the treatment of 
iron deficiency range from 100 to 200  mg of 
elemental iron per day either as single dose or 
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Table 22.1 Examples of iron supplements available in the United Kingdom in 2021 (adapted from [8])a

Iron compound Dose (mg)
Elemental iron 
(mg)

Relative cost per 28 
daysb

Relative 
bioavailabilityc

Ferrous sulfate tablets 200 65 1 (reference) 100 (reference)
Ferrous sulfate drops 125 mg/125 mL 25 mg/mL 60 100
Modified release tablet ferrous 
sulfate

325 105 2.6 Variable

Modified release capsule ferrous 
sulfate

150 48 3.9 Variable

Ferrous gluconate 300 37 2.2 89
Ferrous fumarate 210 69 1.3 100
Ferric maltol 30 30 47 Variable
Multivitamins with iron Variable Variable Up to 14 100

a Further compounds described in the literature include carbonyl iron, which has a relative bioavailability of 5–20 com-
pared to ferrous sulfate. Ferrous glycine chelates have been reported to elicit less side effects than ferrous sulfate
b Once daily dosing 50–100 mg iron daily
c Adapted from Stoffel et al. [17]. Relative bioavailability measured in foods may not be directly equivalent to the rela-
tive bioavailability from supplements

split into multiple doses spread over the day for 
3–6  months [7]. This corresponds to 1–4  mg 
elemental iron/day per kg body weight in adults 
[7]. Oral iron supplements differ in their chemi-
cal composition, iron concentration, and release 
mechanism (Table  22.1) which can affect bio-
availability and the gastrointestinal (GI) side 
effect profile [8].

 Bioavailability from Oral Iron 
Supplements

A common definition of nutrient bioavailability 
is the relative amount of ingested nutrient which 
is subsequently used for normal physiological 
function [9]. Iron bioavailability is defined as the 
amount of iron reaching red blood cells, the tis-
sue which contains the highest amount of iron in 
the body [3]. In an early iron bioavailability study 
in young women, fractional iron absorption from 
a 50  mg dose of ferrous sulfate was 0.5–13% 
when given with a meal consisting of rice and 
beans, but was 1.2–28% when given without 
food, depending on the subject’s iron status [10]. 
Iron bioavailability from oral iron supplements is 
low, even in fasted iron-depleted subjects using 
iron sulfate (FeSO4). Iron is predominately 
absorbed in the duodenum [2] and there is limited 
evidence for iron absorption in the distal ileum or 

the colon. It is likely that the decreasing iron sol-
ubility with increasing pH in the duodenal envi-
ronment, as well as the fact that iron must be in 
its reduced Fe(II) form to be absorbed through 
the gut mucosa, are rate limiting steps for iron 
bioavailability in general and from iron supple-
ments in particular.

 Side Effects from Oral Iron

A recent meta-analysis of randomized controlled 
trials identified a significant association between 
iron given as ferrous sulfate and GI side effects 
when compared to placebo (OR: 2.32, 95% CI: 
1.74–3.08, p < 0.0001) or to intravenous iron for-
mulations (OR: 3.05, 95% CI: 2.07–4.48, 
p < 0.0001) [11]. These GI side effects can result 
non-adherence in 30–70% of patients [11]. GI 
side effects are likely caused by gastric and duo-
denal mucosa irritation caused by soluble iron 
Fe(II) and the generation of reactive oxygen spe-
cies (ROS) mediated toxicity [3]. More recently, 
another physiological mechanism potentially 
contributing to GI side effects and a reason of 
concern in infants and young children living in 
areas with poor hygiene and sanitation has been 
reported. Unabsorbed colonic iron from iron sup-
plements and micronutrient powders (MNPs) 
causes detrimental changes in the gut microbiota 
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by promoting opportunistic pathogens at the det-
riment of commensal species [12].

The most frequently reported side effects of 
oral iron supplements are nausea, black stools, 
epigastric pain, constipation, heartburn, and diar-
rhea. A study comparing side effects using fer-
rous sulfate, −gluconate or -fumarate, or placebo 
suggests that side effects are not significantly 
influenced by the iron compound [13]. In the 
study, 22–31% of the subjects reported side 
effects [13]. A further systematic review and 
meta-analysis suggests that “slow release” for-
mulations may cause less side effects than con-
ventional formulations [14], even if substantial 
heterogeneity between the trials was identified 
[14]. This observation was not confirmed by the 
meta-analysis including only randomized, 
double- blind studies [11]. Furthermore, slow 
release formulations may have the disadvantage 
of lower bioavailability [14].

 Intermittent Iron Supplementation

A recent meta-analysis assessed the efficacy and 
tolerability of intermittent iron supplementation, 
defined as the intake of iron on non-consecutive 
days once, twice, or three times a week. 
Intermittent iron supplementation was reported 
to cause less side effects than daily iron supple-
mentation (RR 0.41, 95% CI 0.21–0.82) [15], 
with a similar response in hemoglobin, but a 
lower response in ferritin [15].

Weekly iron supplementation was originally 
thought to improve iron absorption based on the 
concept that an earlier supplement dose would 
block absorption from a following dose. This 
concept had its origins in early experiments in 
animals and suggested that the gut mucosa’s 
absorptive capacity would be blocked after an 
initial iron dose, giving raise to the “mucosal 
block.” Thus, iron from following doses could 
only be absorbed after 5–7 days, the time required 
for the gut mucosal lining to renew. The “muco-
sal block” was identified in animals and subse-
quently studied in humans, albeit with 
contradicting results [16, 17]. Cook and Reddy 

(1995) found iron absorption from a single dose 
to be 9.8% (50  mg Fe as FeSO4), while when 
supplements were given for six consecutive days 
the average absorption was 8.5% [10]. Similar 
results were reported by Olivares et al. suggest-
ing no difference in fractional absorption between 
weekly and daily iron administration [18].

 Advances in Understanding of Iron 
Biology and Iron Supplementation

Early studies in the 1960s [19, 20] suggested that 
iron absorption may be regulated by a humoral 
factor. However, there was no clear evidence 
until 2001, when three different research groups 
reported the discovery of a small peptide, synthe-
sized in the liver (hepcidin), which later became 
clearly defined as the central regulatory hormone 
for iron metabolism [21–24]. Hepcidin inhibits 
iron entry into plasma either through internaliza-
tion and degradation of ferroportin [25], the only 
known cellular iron exporter, or through occlu-
sion of the iron export site [26]. Consequently, 
hepcidin is a predictor of iron absorption [27]. 
Hepcidin is synthesized in response to iron status 
but also in response to systemic iron availability, 
following an inverse correlation with transferrin 
saturation [28]. In addition, hepcidin is increased 
in response to an oral iron challenge [28]. In 
four fasting subjects with serum ferritin between 
120 and 168 μg/L who received 60 mg iron as 
ferrous sulfate, hepcidin continuously increased 
in the following 4 h in three out of four subjects, 
while a dose of 3.5 mg Fe did not cause a sig-
nificant increase in hepcidin [27]. In another 
early small study assessing urinary hepcidin, the 
peak urinary hepcidin concentration was 
reached at 12  h after oral iron administration, 
while the hepcidin increase was detectable for 
up to 40 h in three out of six subjects [28]. These 
results are not inconsistent with the previous 
study, as urinary hepcidin is expected to peak 
later than serum hepcidin, reflecting kidney 
excretion. Furthermore, individual subject fac-
tors such as iron status may affect hepcidin 
response to an iron challenge [28].
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 Studies in Young Women 
with and without Anemia

To investigate whether the duration and magni-
tude of the iron-induced hepcidin rise would be 
relevant in the context of iron supplementation, 
we investigated these questions systematically in 
generally healthy, iron-depleted young women 
(serum ferritin <20 μg/L). Concomitantly with 
hepcidin measurements, we assessed iron 
absorption from supplemental oral iron (as 
FeSO4) doses using stable iron isotopes. Serum 
hepcidin was significantly increased at 24 h after 
the intake of ≥60 mg oral iron, but not at 48 h. 
[29]. The hepcidin increase at 24 h was associ-
ated with a significant decrease in fractional iron 
absorption by 30–45%. Our studies further 
showed that fractional iron absorption decreased 
with increasing iron dose, whereas absolute 
absorption increased: a sixfold increase in iron 
dose resulted only in a threefold increase in iron 
absorption ( [29], Fig.  22.1). These studies 

focused on single and consecutive day doses and 
while the hepcidin profiles were consistent with 
a benefit in alternate day dosing over daily dos-
ing (fractional absorption), longer term studies 
with multiple administrations were needed to 
confirm these findings [29].

Dividing high oral iron doses into multiple 
doses spread over the day is common in daily 
practice [7]. We found that administering 60 mg 
Fe in the morning, in the afternoon and on the 
following day did not benefit the total amount of 
iron absorbed [29], suggesting iron administra-
tion in the afternoon following a morning dose, at 
the time when serum hepcidin is highest [29], to 
be of limited benefit. In a follow-up study, iron 
bioavailability was similar from a single dose of 
120 mg and a twice daily dose of 60 mg iron as 
FeSO4 [30].

To investigate long-term benefit of alternate 
day administrations, iron-depleted young women 
were randomized to receive iron supplements 
(60 mg Fe as FeSO4) either daily for 14 days or 
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Fig. 22.1 Fractional (%) and total iron absorption (mg 
Fe) using single vs. consecutive day dosing in iron 
depleted fasted women (morning). Supplements were 
given either on 2 following days (consecutive dose) or as 
a single dose. Fractional iron absorption shown in the 
light bars, total iron absorption shown in the dark bars. 
The increase in hepcidin (nM) after consecutive day dos-

ing is shown by the line. Fractional and total absorption 
differed between single and consecutive day doses in all 
administered doses (P  <  0.05): Hepcidin concentrations 
differed at 80, 160, and 240  mg (P  <  0.05) but not at 
40 mg Fe doses. Please note the different scale between 
panels for 40 and 80 mg Fe and 160 and 240 mg. Adapted 
from [29]
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every other day for 28  days. All doses were 
labelled with stable iron isotopes. The average 
fractional iron absorptions (+SD, -SD) were 
16·3% (9.3, 28.8) using consecutive-day dosing 
and 21.8% (13.7, 34.6) using alternate-day dos-
ing (p  =  0.0013). The cumulative total iron 
absorption was 131.0  mg (71.4, 240.5) versus 
175.3 mg (110.3, 278.5; P < 0.01) after 14 days 
(consecutive day dosing) and 28 days (alternate 
day dosing), respectively. During the first 
14  days, serum hepcidin was increased in the 
group receiving iron supplements on consecutive 
days compared to the alternate day supplementa-
tion group (P < 0.01) [30].

A limitation of this study was that only a small 
number of the iron-deficient subjects were ane-
mic. As it is well known that hepatic hepcidin 
expression is suppressed by hypoxia and during 
increased erythropoietin stimulation (such as 
during anemia), the study was repeated in recent 
blood donors with mild iron deficiency anemia. 
Serum hepcidin was lower and there was a less 
pronounced iron-induced increase in hepcidin in 
subjects with anemia compared to non-anemic 
subjects [31]. However, even in mild anemia, 
alternate day dosing with 100 or 200 mg resulted 
a significant increase in fractional iron absorption 
by 40–50% compared to daily dosing [31]. A fur-
ther interesting finding from these studies was 
that there was no residual absorption inhibition at 
48 h post-administration, suggesting there is no 
“mucosal block” lasting up to 5 or 6 days [31].

Alternate day dosing results in a 30–50% 
increase in fractional absorption compared to 
consecutive day dosing. However, the 50% 
increase in fractional iron absorption does not 
fully offset the halving of the iron dose. To com-
pensate for the lower total iron dose per unit 
time, a potential option would be to provide 
twice the daily iron dose on alternate days [32]. 
In a secondary analysis of published studies, 
Stoffel et al. report that alternate day dosing of 
twice the daily dose resulted in higher total iron 
absorption compared to consecutive day dosing 
for total doses of 80, 120, 160, 200, and 240 mg 
(Table 22.2, [17]). Thus, this practice appears to 
compensate for the lower overall dosage of alter-

nate day administration on the total amount of 
iron absorbed. While in this analysis we did not 
detect a difference in absorption between 200 
and 2  ×  100  mg Fe [17], a study in athletes 
undergoing altitude training found a single 
nightly 200 mg Fe dose to be superior to a split 
dose (2  ×  100 mg) in increasing hemoglobin 
mass [33].

 Studies in Infants and Young 
Children

Would the iron-induced hepcidin rise be of rele-
vance also in infants and young children, and 
would it be advisable to recommend alternate day 
micronutrient powder (MNP) administration? To 
answer this question, Uyoga et al. [34] performed 
a stable iron isotope study administering maize 
porridge and MNPs containing 12  mg Fe as 
FeSO4 to 6–12-month-old Kenyan infants, which 
were predominantly iron-deficient anemic (65%). 
Hepcidin was increased beyond 24 h after a first 
oral iron dose, and iron absorption was decreased 
by 10–15%, compared to alternate day or every 
third day iron administration [34]. Overall, the 

Table 22.2 Comparison of alternated day and consecu-
tive day iron absorption modified from Stoffel et al. [17]

Total iron absorption (mg)a

Dose Alternate day Consecutive day P-valueb

2 × 40 15.4 (10.3, 22.8) 0.214
1 × 80 12.1 (9.4, 15.6)
2 × 60 16.6 (12.3, 22.3) 0.018
1 × 120 22.7 (15.5 27.9)
2 × 80 20.4 (15.0. 27.9) 0.058
1 × 160 34.6 (20.1, 59.5)
2 × 100 21.8 (12.0, 39.4) 0.496
1 × 200 20.9 (12.6, 34.9)
2 × 120 28.1 (19.7, 39.9) 0.571
1 × 240 31.7 (16.7, 60.1)

a Measured by erythrocyte incorporation of stable isotopic 
labelled FeSO4- supplements administered in the morning 
in fasting state. Data adjusted for a serum ferritin of 
15 μg/L [43]
b Probability for a difference in total iron absorbed com-
paring alternate and consecutive dosing. Tested with inde-
pendent sample t-test, except 200  mg comparison 
(dependent sample t-test)
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authors concluded that in contrast to studies in 
adults, MNP consumed with food, even at a com-
parable supplemental iron dose of 1–1.5 mg/kg 
bodyweight, appear to elicit a less pronounced 
response in hepcidin and a less dramatic decrease 
in iron absorption. This could have several rea-
sons: (1) a higher baseline hepcidin due to a 
higher prevalence of mild infections among 
Kenyan infants, which may have superseded the 
iron-induced hepcidin increase; (2) the slightly 
more pronounced anemia in the infant population 
relative to other comparable studies in adults 
conducted to date on this subject; and (3) the fact 
that MNPs are consumed with foods, blunting the 
acute increase in transferrin saturation, which is 
likely instrumental for the iron-induced hepcidin 
rise. Overall, this study suggest that in infant 
populations living in areas with a high prevalence 
of infection and inflammation, it would not 
appear to be advantageous to space dosages of 
MNPs on alternate days [34].

 Studies Investigating Side Effects 
from Intermittent and Daily Iron 
Supplementation

Whether side effects are dose dependent is uncer-
tain [11], but they may be less common at doses 
≤45  mg/day in adults [35], which is also the 
upper limit for iron intake as defined by the 
Institute of Medicine based on side effects from 
iron supplements.

It has been suggested that changing the admin-
istration schedule to alternate day supplementa-
tion bears the potential to improve the tolerability 
of iron supplements [3], and support for this 
hypothesis is provided by a recent meta-analysis 
comparing intermittent and daily iron supple-
mentation [15]. In contrast, a meta-analysis 
which included iron supplementation studies 
with a dose range of 20–222 mg of ferrous sulfate 

(median 120 mg, average 121 mg) and did only 
include randomized controlled studies, did not 
identify an effect of dose on the prevalence of 
side effects from iron supplementation [11]. In a 
study in elderly patients, Rimon et  al. reported 
different numbers of side effects between 15 mg/
day and 50  mg/day for abdominal discomfort, 
diarrhea, constipation, and darkened stools. 
When comparing iron doses of 15 and 150 mg/
day, the number of reports for abdominal discom-
fort, nausea/vomiting, diarrhea, constipation, 
darkened stools, and drop-outs were lower in the 
group receiving 15  mg/day. When comparing 
groups receiving doses of 50 mg and 150 mg iron 
per day, less cases of darkened stools and nausea/
vomiting were reported in the group receiving 
50 mg iron per day [36].

The efficacy in improving iron status and the 
side effect profile of varying iron supplementa-
tion schedules has been studied recently and is 
summarized in Table 22.3. Three studies in iron- 
deficient anemic subjects identified less side 
effects of alternate day schedules compared to 
daily schedules, and all three studies provided 
half of the iron dose during the alternate day sup-
plementation schedule. Efficacy in improving 
iron status was reported for both schedules, in 
particular regarding hemoglobin increase, while 
one study reported a higher increase in serum fer-
ritin with 2  ×  80  mg Fe given daily [37] com-
pared to alternate day schedules. One study 
reported similar efficacy in improving iron status 
when comparing similar total dose (but different 
durations of the supplementation schedule) [38]. 
Kaundal et al. [38] concluded that the choice of 
the ideal schedule should be patient specific and 
should depend on the severity of the anemia and 
the rapidity of the desired hematological 
response. A limitation of studies shown in 
Table 22.3 is that they were generally small and 
tested a variety of different iron compounds as 
supplements, without a double-blind design.
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Table 22.3 Recent studies assessing side effects of alternated day supplementation vs. consecutive day supplementa-
tion and of single vs. split dosages in prospective studies

Author Population Compound/dose Design
Results: iron 
status Results: side effects

Karakoc 
et al. [44]

Iron-deficient 
anemic 
pregnant 
women 
(n = 264)

100 mg Fe/day as 
ferrous fumarate

Open label, two 
parallel groups: 
Daily (n = 124) vs. 
alternate day 
treatment (n = 140)

Higher 
increase in Hb 
in alternate 
day group, 
comparable 
increase in SF.

Gastrointestinal side 
effects in 47 of 264 
women. Lower number 
alternate day 
supplementation 
(41.4% vs. 15.1%, 
P = 0.0057)

Kaundal 
et al. [38]

Iron-deficient 
anemic 
patients 
(n = 31 per 
arm)

120 mg Fe on 
alternate days or 
60 mg Fe twice a 
day

Randomized trial 
comparing twice 
daily iron (2 × 60 
mg) for 3 weeks vs. 
alternate day iron 
(120 mg) over 
6 weeks

Similar Hb 
between the 
groups at 
6 weeks, but 
higher Hb in 
the twice daily 
arm at 3 weeks

Increase in reports for 
nausea in the twice 
daily arm (P = 0.03)

McCormick 
et al. [45]

Athletes with 
suboptimal 
iron status 
defined as 
serum ferritin 
<50 μg/L 
(n = 31)

105 mg Fe as 
ferrous sulfate with 
500 mg of ascorbic 
acid

8-week intervention 
either on alternate 
day or daily 
supplementation

Similar 
increase in 
serum ferritin 
in both groups

Seven complaints of 
side effects in the daily 
group, 1 complaint in 
the alternate day group

Hall et al. 
[33]

Elite runners 
(n = 24), male 
(n = 8) and 
female 
(n = 14); all 
iron sufficient 
(serum ferritin 
>30 μg/L)

1 × 200 mg 
(9–10 PM) vs. 
2 × 100 mg (7–8 am 
and 9–10 pm) Fe as 
ferrous fumarate

Randomized, 
stratified by iron 
status, investigating 
effect on Hb mass 
and GI side effects 
over 3 weeks

Higher 
increase in Hb 
mass in the 
single dose 
arm 
(P = 0.048)

Overall, GI tolerability 
similar over 3 weeks. 
But higher scores for 
GI distress in weeks 1 
and 2 combined in the 
single dose treatment 
arm

Metha et al. 
[46]

Iron-deficient 
anemic 
patients 
(n = 50, 
divided in two 
groups, each 
group with 20 
subjects with 
IDA)

Oral iron 
supplements were 
given on alternate 
days and daily 
(60 mg as ferrous 
sulphate)

Assessment of 
hepcidin, 
reticulocyte Hb 
content, and Hb 
increase

Increase in Hb 
in the alternate 
day group, but 
not in the daily 
group after 
21 days

No statistically 
significant differences

Oflas et al. 
[37]

150 women 
with IDA, 
aged between 
18 and 
50 years of age

Group1: 2 × 80 mg 
vs. group 2: 80 mg /
day vs. group 3: 
80 mg every other 
day. Fe as ferrous 
sulfate: 
Supplements 
contained 
mucoproteose and 
ascorbic acid

Open label, 
randomized 1-month 
study. Total iron 
dose: Group 1: 
4800 mg; group 2: 
2400 mg; group 3: 
1200 mg

Similar 
increase in Hb 
but higher 
serum ferritin 
increases in 
the 2 × 80 mg 
group

Nausea and 
stomachache most 
frequent side effect. 
Frequency after 
1 month: Group 1: 
34/50; group 2: 12/50; 
group 3: 5/50. 
Significant difference 
between groups 
(P = 0.001)
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 Recommendations for Iron 
Supplementation

As a preventive strategy, in areas where the prev-
alence of anemia in women of reproductive age is 
>20% the WHO recommends supplementation of 
60 mg of Fe once per week, followed by 3 months 
without supplementation. In areas where anemia 
in menstruating women and adolescents is >40%, 
the WHO recommends supplementation of daily 
30–60 mg Fe to be given during three consecu-
tive months in the course of a year [39, 40].

More recent guidelines suggest that excessive 
iron supplementation doses may be 
 counterproductive by decreasing fractional iron 
absorption and increasing side effects [41]. It 
should be recommended to take iron on alternate 
days, and to avoid more than one iron dose per 
day [41]. In contrast, some patients may choose 
daily regiments for ease of use or tolerability 
[41]. Recent UK guidelines for the management 
of iron deficiency in pregnancy recommend the 
use 40–80 mg Fe as ferrous salt, employing daily 
or alternate day schedules and avoiding twice-
daily dosing [42]. The British Society of 
Gastroenterology recommends once daily dosing 
of 50–100 mg of elemental iron in case of con-
firmed iron deficiency anemia. If this dose is tol-
erated, treatment should be continued for 
3–4 months provided an adequate hematological 
response is detectable after 2–4 weeks. If not tol-
erated, alternate day supplementation should be 
recommended [8].

 Conclusion and Future Directions

Increased fractional absorption of lower iron 
dose and alternate day dosing is likely to improve 
the efficacy and the side effect profile of iron 
supplementation schedules [41]. While the WHO 
has recommended intermittent iron supplementa-
tion [39], recent data suggests that 48  h in 
between doses are sufficient in both women and 
children for absorption and hepcidin to normalize 
[31]. The practice of spacing iron doses for more 
than 48 h appears unnecessary from the point of 
view of iron bioavailability.

Doses of ≥60  mg Fe in iron depleted, non- 
anemic women and of 100  mg Fe in anemic 
women trigger a hepcidin increase that persists 
for 24  h, subsiding by 48  h. This suggests that 
optimal dosages to maximize absorption are 
≤40 mg iron as ferrous salts daily or ≥  60 mg 
iron as ferrous salts every other day [17].

Despite the fact that smaller studies suggest a 
benefit of alternate day supplementation, and the 
concept that dose reduction and spacing may 
result in less side effects [41], data from large 
prospective, randomized double-blind studies 
assessing the efficacy and side effects of alternate 
day and consecutive day schedules are needed. In 
general, patient preference and previous history 
of iron tolerability should be considered when 
defining a personalized supplementation sched-
ule, which should also consider the magnitude of 
the iron deficit and the rapidity of the response 
desired. A long-term research agenda to further 
optimize oral iron supplementation regimens 
could include [17]:

 1. Large prospective studies investigating effi-
cacy and side effects profile of alternate vs. 
consecutive day supplementation regimens, in 
different population groups, including more 
severely anemic populations and pregnant 
women.

 2. Comparing intravenous iron formulations to 
oral iron in high and lower resource settings, 
including outcomes on efficacy and 
cost-effectiveness.

 3. Even with alternate day supplementation, side 
effects to iron therapies may remain a limiting 
factor, thus the development of low-cost iron 
formulations with optimal fractional absorp-
tion but improved safety profile compared to 
ferrous sulfate appears warranted.

 4. Iron absorption is not fully explained by hep-
cidin and iron status. The interplay between 
systemic and enterocyte regulation affecting 
iron absorption during iron deficiency 
deserves further study.

 5. In Africa and other areas were malaria and 
genetic hemoglobinopathies (e.g., sickle cell 
disease or hemoglobin E variants) have been 
historically endemic, these factors may affect 
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iron status and biomarkers in ways that may 
cloud common diagnostic paradigms.

 6. The decision of giving iron is dictated by the 
diagnostic portfolio available and improving 
field-friendly diagnostic tools to identify indi-
viduals who would benefit the most from iron 
supplementation appears a key further 
priority.

References

1. Petry N, Olofin I, Hurrell RF, Boy E, Wirth JP, Moursi 
M, et  al. The proportion of anemia associated with 
iron deficiency in low, medium, and high human 
development index countries: a systematic analysis of 
national surveys. Nutrients. 2016;8(11):693.

2. Zimmermann MB, Hurrell RF. Nutritional iron defi-
ciency. Lancet. 2007;370(9586):511–20.

3. Camaschella C.  Iron deficiency. Blood. 
2019;133(1):30–9.

4. Pasricha S-R, Tye-Din J, Muckenthaler 
MU, Swinkels DW.  Iron deficiency. Lancet. 
2021;397(10270):233–48.

5. Theurl I, Aigner E, Theurl M, Nairz M, Seifert M, 
Schroll A, et  al. Regulation of iron homeostasis in 
anemia of chronic disease and iron deficiency ane-
mia: diagnostic and therapeutic implications. Blood. 
2009;113(21):5277–86.

6. Lynch S, Pfeiffer CM, Georgieff MK, Brittenham G, 
Fairweather-Tait S, Hurrell RF, et  al. Biomarkers of 
nutrition for development (BOND)—iron review. J 
Nutr. 2018;148(suppl_1):1001S–67S.

7. Brittenham G.  Iron deficiency and overload. In: 
Hematology: basic principles and practice. 7th ed. 
Philadelphia, PA: Elsevier; 2018. p. 478–90.

8. Snook J, Bhala N, Beales ILP, Cannings D, Kightley 
C, Logan RP, et al. British Society of Gastroenterology 
guidelines for the management of iron deficiency 
anaemia in adults. Gut. 2021;70(11):2030.

9. Fairweather-Tait S, Hurrell RF.  Bioavailability of 
minerals and trace elements: members of EC flair 
concerted action no. 10: measurements of micro-
nutrient absorption and status. Nutr Res Rev. 
1996;9(1):295–324.

10. Cook JD, Reddy MB. Efficacy of weekly compared 
with daily iron supplementation. Am J Clin Nutr. 
1995;62(1):117–20.

11. Tolkien Z, Stecher L, Mander AP, Pereira DIA, 
Powell JJ.  Ferrous sulfate supplementation causes 
significant gastrointestinal side-effects in adults: a 
systematic review and meta-analysis. PLoS One. 
2015;10(2):e0117383.

12. Paganini D, Zimmermann MB.  The effects of iron 
fortification and supplementation on the gut microbi-
ome and diarrhea in infants and children: a review. 
Am J Clin Nutr. 2017;106(suppl_6):1688S–93S.

13. Hallberg L, Ryttinger L, Sövell L.  Side-effects of 
oral iron therapy: a double-blind study of different 
iron compounds in tablet form. Acta Med Scand. 
1966;180(S459):3–10.

14. Cancelo-Hidalgo MJ, Castelo-Branco C, Palacios S, 
Haya-Palazuelos J, Ciria-Recasens M, Manasanch 
J, et  al. Tolerability of different oral iron supple-
ments: a systematic review. Curr Med Res Opin. 
2013;29(4):291–303.

15. Fernández-Gaxiola A, De-Regil L.  Intermittent iron 
supplementation for reducing anaemia and its associ-
ated impairments in adolescent and adult menstruat-
ing women. Cochrane Database Syst Rev [Internet]. 
2019;(1) https://doi.org/10.1002/14651858.
CD009218.pub3.

16. Hallberg L. Combating iron deficiency: daily admin-
istration of iron is far superior to weekly administra-
tion. Am J Clin Nutr. 1998;68(2):213–7.

17. Stoffel NU, von Siebenthal HK, Moretti D, 
Zimmermann MB. Oral iron supplementation in iron- 
deficient women: how much and how often? Iron 
Health Dis. 2020;75:100865.

18. Olivares M, Pizarro F, Walter T, Arredondo M, 
Hertrampf E.  Bioavailability of iron supple-
ments consumed daily is not different from that 
of iron supplements consumed weekly. Nutr Res. 
1999;19(2):179–90.

19. Fischer DS, Price DC.  A possible humoral regu-
lator of iron absorption. Proc Soc Exp Biol Med. 
1963;112(1):228–9.

20. MacDermott RP, Greenberger NJ.  Evidence for 
a humoral factor influencing iron absorption. 
Gastroenterology. 1969;57(2):117–25.

21. Park CH, Valore EV, Waring AJ, Ganz T. Hepcidin, a 
urinary antimicrobial peptide synthesized in the liver. 
J Biol Chem. 2001;276(11):7806–10.

22. Nemeth E, Valore EV, 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(7):2461–3.

23. Nicolas G, Chauvet C, Viatte L, Danan JL, Bigard X, 
Devaux I, et al. The gene encoding the iron regulatory 
peptide hepcidin is regulated by anemia, hypoxia, and 
inflammation. J Clin Invest. 2002;110(7):1037–44.

24. Pigeon C, Ilyin G, Courselaud B, Leroyer P, Turlin 
B, Brissot P, et al. A new mouse liver-specific gene, 
encoding a protein homologous to human antimicro-
bial peptide hepcidin, is overexpressed during iron 
overload*. J Biol Chem. 2001;276(11):7811–9.

25. Elizabeta N, Tuttle MS, Julie P, Vaughn MB, Adriana 
D, McVey WD, et al. Hepcidin regulates cellular iron 
efflux by binding to Ferroportin and inducing its inter-
nalization. Science. 2004;306(5704):2090–3.

26. Aschemeyer S, Qiao B, Stefanova D, Valore EV, 
Sek AC, Ruwe TA, et  al. Structure-function analy-
sis of ferroportin defines the binding site and an 
alternative mechanism of action of hepcidin. Blood. 
2018;131(8):899–910.

27. Zimmermann MB, Troesch B, Biebinger R, Egli I, 
Zeder C, Hurrell RF.  Plasma hepcidin is a modest 

22 Novel Approaches to Oral Iron Supplementation

https://doi.org/10.1002/14651858.CD009218.pub3
https://doi.org/10.1002/14651858.CD009218.pub3


304

predictor of dietary iron bioavailability in humans, 
whereas oral iron loading, measured by stable-isotope 
appearance curves, increases plasma hepcidin. Am J 
Clin Nutr. 2009;90(5):1280–7.

28. Lin L, Valore EV, Nemeth E, Goodnough JB, Gabayan 
V, Ganz T. Iron transferrin regulates hepcidin synthe-
sis in primary hepatocyte culture through hemojuvelin 
and BMP2/4. Blood. 2007;110(6):2182–9.

29. Moretti D, Goede JS, Zeder C, Jiskra M, Chatzinakou 
V, Tjalsma H, et  al. Oral iron supplements increase 
hepcidin and decrease iron absorption from daily or 
twice-daily doses in iron-depleted young women. 
Blood. 2015;126(17):1981–9.

30. Stoffel NU, Cercamondi CI, Brittenham G, Zeder C, 
Geurts-Moespot AJ, Swinkels DW, et al. Iron absorp-
tion from oral iron supplements given on consecutive 
versus alternate days and as single morning doses ver-
sus twice-daily split dosing in iron-depleted women: 
two open-label, randomised controlled trials. Lancet 
Haematol. 2017;4(11):e524–33.

31. Stoffel NU, Zeder C, Brittenham GM, Moretti D, 
Zimmermann MB.  Iron absorption from supple-
ments is greater with alternate day than with con-
secutive day dosing in iron-deficient anemic women. 
Haematologica. 2020;105(5):1232–9.

32. Schrier SL. So you know how to treat iron deficiency 
anemia. Blood. 2015;126(17):1971.

33. Hall R, Peeling P, Nemeth E, Bergland D, McCluskey 
WTP, Stellingwerff T. Single versus Split dose of iron 
optimizes hemoglobin mass gains at 2106 m altitude. 
Med Sci Sports Exerc. 2019;51(4). https://journals.
lww.com/acsm- msse/Fulltext/2019/04000/Single_
versus_Split_Dose_of_Iron_Optimizes.18.aspx

34. Uyoga MA, Mikulic N, Paganini D, Mwasi E, Stoffel 
NU, Zeder C, et al. The effect of iron dosing schedules 
on plasma hepcidin and iron absorption in Kenyan 
infants. Am J Clin Nutr. 2020;112(4):1132–41.

35. Institute of Medicine (US) Panel on Micronutrients. 
Iron. In: Dietary reference intakes for vitamin a, 
vitamin k, arsenic, boron, chromium, copper, iodine, 
iron, manganese, molybdenum, nickel, silicon, vana-
dium, and zinc [Internet]. Washington, DC: National 
Academies Press (US); https://www.ncbi.nlm.nih.
gov/books/NBK222309/

36. Rimon E, Kagansky N, Kagansky M, Mechnick L, 
Mashiah T, Namir M, et al. Are we giving too much 

iron? Low-dose iron therapy is effective in octogenar-
ians. Am J Med. 2005;118(10):1142–7.

37. Düzen Oflas N, Demircioğlu S, Yıldırım Doğan N, 
Eker E, Kutlucan A, Doğan A, et al. Comparison of 
the effects of oral iron treatment every day and every 
other day in female patients with iron deficiency anae-
mia. Intern Med J. 2020;50(7):854–8.

38. Kaundal R, Bhatia P, Jain A, Jain A, Nampoothiri RV, 
Mishra K, et al. Randomized controlled trial of twice- 
daily versus alternate-day oral iron therapy in the 
treatment of iron-deficiency anemia. Ann Hematol. 
2020;99(1):57–63.

39. World Health Organization. Intermittent iron and folic 
acid supplementation in menstruating women [inter-
net]. Geneva; 2011. https://www.ncbi.nlm.nih.gov/
books/NBK179900/

40. World Health Organization. Guideline: daily iron 
supplementation in adult women and adolescent girls 
[internet]. Geneva: World Health Organization; 2016. 
https://apps.who.int/iris/handle/10665/204761

41. Auerbach M.  Treatment of iron deficiency 
anemia in adults [internet]. UpToDate; 
2021. https://www.uptodate.com/contents/
treatment- of- iron- deficiency- anemia- in- adults

42. Pavord S, Daru J, Prasannan N, Robinson S, 
Stanworth S, Girling J, et  al. UK guidelines on the 
management of iron deficiency in pregnancy. Br J 
Haematol. 2020;188(6):819–30.

43. Cook JD, Dassenko SA, Lynch SR. Assessment of the 
role of nonheme-iron availability in iron balance. Am 
J Clin Nutr. 1991;54(4):717–22.

44. Karakoc G, Orgul G, Sahin D, Yucel A. Is every other 
day iron supplementation effective for the treatment 
of the iron deficiency anemia in pregnancy? J Matern 
Fetal Neonatal Med. 2021;1–5

45. McCormick R, Dreyer A, Dawson B, Sim M, Lester 
L, Goodman C, et al. The effectiveness of daily and 
alternate day Oral iron supplementation in athletes 
with suboptimal iron status (part 2). Int J Sport Nutr 
Exerc Metab. 2020;30(3):191–6.

46. Metha S, Bhavani S, Gulati S, Sharma N, Goyal L, 
Metha S.  A prospective, randomized, interventional 
study of Oral iron supplementation comparing daily 
dose with alternate day regimen using hepcidin 
as a biomarker in iron deficiency anemia. J Assoc 
Physicians India. 2020;68:39–41.

D. Moretti and N. U. Stoffel

https://journals.lww.com/acsm-msse/Fulltext/2019/04000/Single_versus_Split_Dose_of_Iron_Optimizes.18.aspx
https://journals.lww.com/acsm-msse/Fulltext/2019/04000/Single_versus_Split_Dose_of_Iron_Optimizes.18.aspx
https://journals.lww.com/acsm-msse/Fulltext/2019/04000/Single_versus_Split_Dose_of_Iron_Optimizes.18.aspx
https://www.ncbi.nlm.nih.gov/books/NBK222309/
https://www.ncbi.nlm.nih.gov/books/NBK222309/
https://www.ncbi.nlm.nih.gov/books/NBK179900/
https://www.ncbi.nlm.nih.gov/books/NBK179900/
https://apps.who.int/iris/handle/10665/204761
https://www.uptodate.com/contents/treatment-of-iron-deficiency-anemia-in-adults
https://www.uptodate.com/contents/treatment-of-iron-deficiency-anemia-in-adults


305

23Cognitive and Behavioral 
Consequences of Iron Deficiency

Laura E. Murray-Kolb and Amrita Arcot

Keywords

Iron deficiency · Cognition · Behavior · Affect  
Neurophysiology · Women · Children  
Neurobiology

 Introduction

Iron deficiency is the most prevalent single nutrient 
deficiency worldwide primarily affecting infants, 
children, and women of reproductive age [1]. 
Although individuals of all ages and classes are 
susceptible to iron deficiency, those who are poor 
and less educated are most vulnerable. Iron defi-
ciency has been identified as a biological risk factor 
for the failure of >250 million children in reaching 
their full developmental potential, resulting in 
reductions in economic productivity [2]. The asso-
ciation between iron status and brain functioning 
has been examined through investigations of cen-

tral nervous system biochemical changes using ani-
mal studies and through the assessment of cognitive 
functioning and behavior in humans. There is clear 
evidence from animal studies that iron is critical for 
myelination, neuronal morphology, neuronal meta-
bolic activity, and the synthesis of monoamines [3]. 
In humans, the evidence points to cognitive, motor, 
behavioral, and affective alterations in iron-defi-
cient individuals [4]. In most age groups, iron 
repletion appears to ameliorate these alterations. 
The exception is infancy where the negative conse-
quences of iron deficiency seem to persist despite 
iron repletion, perhaps indicating critical periods of 
development during which a deficiency in iron 
leads to irreversible effects.

A heterogeneous distribution of iron exists in 
the human brain with differential patterns in chil-
dren versus adults [5]. The accumulation of iron 
in different brain regions is a function of the stage 
of brain development [6]. The highest concentra-
tions of brain iron are found in the substantia 
nigra, deep cerebellar nuclei, the red nucleus, the 
nucleus accumbens, and portions of the hippo-
campus [7, 8]. Dopaminergic, serotonergic, and 
noradrenergic systems have been identified as 
sensitive to brain iron status [9].

This chapter summarizes cognitive and behav-
ioral alterations resulting from iron deficiency 
and iron deficiency anemia in children and 
women of reproductive age. Multiple reviews 
have been published on these topics [10, 11], so 
here we focus on reviewing randomized con-
trolled studies published in the past decade, 
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examining both the short- and long-term cogni-
tive and behavioral consequences of iron defi-
ciency. Studies where the control group contained 
approximately the same levels of iron as the treat-
ment group (for instance, control group given a 
multiple micronutrient (MMN) treatment or 
comparing oral iron to intravenous iron) were 
excluded from evaluation.

 Effects of Iron Deficiency 
on Cognition and Behavior 
in Children

Most studies examining the association between 
iron status and cognitive/behavioral outcomes 
have been conducted in infants and young chil-
dren. Over 40  years of accumulated evidence 
from infant studies reveals that iron deficiency 
anemia is associated with impaired performance 
on developmental tests as well as behavioral dif-
ferences such that iron-deficient anemic infants 
are more wary, hesitant, and clingy when com-
pared to their iron-sufficient counterparts [12]. 
During the preschool years, iron deficiency ane-
mia has been associated with impairments in 
learning and language acquisition; motor devel-
opment; and in school-aged children, iron defi-
ciency anemia has been shown to be related to 
impaired academic performance (especially on 
verbal and math tests) and memory [13]. Many of 
the recent studies on the association between iron 
status and cognition/behavior have focused on 
the long-term consequences of early-life iron 
treatment. The studies that we include here were 
conducted in apparently healthy children; we 
have divided the studies by primary outcome of 
interest (cognitive or behavioral outcomes).

 Effects of Iron Treatment on Child 
Cognitive Outcomes

Ten recent publications were identified in which 
children or adolescents received iron treatment or 
a true control to assess cognitive outcomes [14–
23]. Sample sizes across all ten studies ranged 
from 140 to 1933 with supplementation periods 

ranging from 4.5 to 8.5 months. As far as vehicle 
of supplementation, four provided iron supple-
ments (drops or tablets) [14, 16, 19, 21], three pro-
vided iron via infant formula [15, 22, 23], and 
three provided iron through either fortification [17, 
18] or biofortification [20] of food. Five of the 
studies assessed outcomes immediately following 
the end of the treatment period [14, 17, 18, 20, 21] 
and the other five assessed outcomes several years 
later [15, 16, 19, 22, 23]. As far as data analysis, 
eight used the original randomized groups [14–20, 
23] while two ran the analyses with children strati-
fied by iron status in infancy [22] or by iron status 
in the fetal-neonatal and infancy periods [21]. All 
studies used multiple biomarkers specific to iron 
to determine iron status although the 3.5-year fol-
low-up study conducted in Sweden [16] did not 
measure iron status. Since iron status at follow-up 
may have affected the interpretation of the find-
ings, contextualization of those results are more 
difficult. Of note, the study in China included mea-
sures of serum ferritin concentrations but did not 
collect a measure of inflammation and, therefore, 
ferritin levels were not adjusted [21].

Table 23.1 summarizes the main outcome 
variables and findings from these studies. Full 
scale intelligence quotient (IQ), memory, and 
motor function were the main outcome domains 
assessed using both manual and computerized 
tasks. Of the eight studies which used the original 
randomized groups, three reported no significant 
differences between the intervention and the con-
trol group at endline or follow-up [16, 17, 19]. 
Two of these studies provided supplementation 
(iron drops) to infants in Sweden [16, 19] while 
the other used fortified biscuits, provided to 
Moroccan school-aged children [17]. All three of 
these studies used measures of cognition that 
require highly trained administrators and that are 
subjective in nature. In addition, these measures 
were developed and standardized in a Western 
context. As such, using Western-based standard-
ized scores may not have been appropriate for the 
study conducted in Morocco. Three other studies 
which ran analyses using the original randomiza-
tion groups reported improvements in cognition 
favorable to the iron treatment group, and there 
was indication that those with a lower iron status 
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at baseline experienced the greatest gains in terms 
of cognitive scores [14, 18, 20]. It may be note-
worthy that supplementation occurred during the 
school years in these studies and not during the 
infancy period, when supplementation was not 
related to improvements in cognition [16, 19]. 
The study conducted in India [20] used comput-
erized tests which are less subjective and allow 
for a finer assessment of cognition (for instance, 
measuring time in milliseconds). Nevertheless, 
two studies [14, 18] used more subjective mea-
sures, similar to those used in the Sweden and 
Morocco studies described above and yet, 
reported significant differences after supplemen-
tation. Again, timing of supplementation may be 
at play, but it may also be important to consider 
the way in which the cognitive test scores were 
calculated. The study in Cambodia used raw 
scores for the three administered tests (Raven’s 
Colored Progressive Matrices and the Block 
Design and Picture Completion subtests from the 
Wechsler Intelligence Scale for Children III), cit-
ing that no standardized scores appropriate to that 
setting were available [18]. The study in South 
Africa used Western standardized scores for some 
of the outcomes (subscales of the Kaufman 
Assessment Battery for Children) and raw scores 
for others (where no standardized scores exist; 
Hopkins Verbal Learning Test) [14]. Interestingly, 
the differences between groups were only seen 
for tests where the authors used raw scores. 
Whether or not a lack of association when using 
Western-based standardized scores is an indica-
tion that applying these scores in these contexts is 
inappropriate is a question that remains to be 
answered. One final possibility should be men-
tioned here. The iron treatments used in the stud-
ies conducted in Cambodia [18] and India [20] 
provided higher levels of other micronutrients 
(such as vitamin B12 or zinc) compared to the 
placebo groups. The possibility that these nutri-
ents positively influenced cognition cannot be 
ruled out. Of the remaining studies that conducted 
analyses using the original randomization groups, 
both reported worse cognitive outcomes for chil-
dren who had been treated with higher iron for-
mula vs. those treated with a low iron formula 
during infancy [15, 23]. These follow-up studies 

assessed children at 10 and 16 years of age and 
used cognitive assessments that require a highly 
trained administrator. Interestingly, when 
accounting for hemoglobin levels at enrollment, 
both studies reported higher scores (for spatial 
memory assessed with the Kaufman Assessment 
Battery for Children at 10 years of age and for 
visual motor integration assessed with the Beery-
Buktenica Developmental Test of Visual-Motor 
Integration at both 10 and 16 years of age) after 
iron treatment for those children whose hemoglo-
bin was low at baseline (6  months of age) but 
lower scores after iron treatment for those chil-
dren whose hemoglobin was high at baseline.

The two studies that ran analyses based on 
iron status in infancy both reported lower scores 
(motor or language) in children who were iron 
deficient during the fetal/neonatal and/or infancy 
periods [21, 22]. One of these studies assessed 
outcomes immediately at the end of the treatment 
(9 months of age) [21] while the other assessed 
outcomes several years after the treatment ended 
(at 5.5 and 10 years of age) [22].

Overall, results from recent studies, which 
assessed the association between iron and cogni-
tion in children and adolescents, are mixed. In 
general, the studies point to an association 
between poor iron status and lower cognitive 
scores. However, the benefits of treating with 
iron on cognitive outcomes are not clearly estab-
lished. Studies that provided iron treatment dur-
ing infancy seem to indicate no benefit or even 
worse outcomes with higher doses of iron. 
Alternatively, studies that provided the iron treat-
ment during the school-age years appear to show 
a benefit of the supplementation. Given the find-
ings that early life iron deficiency may have irre-
versible effects, it appears that preventing iron 
deficiency in infancy should be a top priority. 
While a limited number of observational studies 
that assess the association between iron status in 
children and adolescents and neurophysiology 
exist, no such randomized controlled trials were 
found in our assessment of articles published in 
the past decade. Additional studies are needed to 
better understand the role of timing, duration, 
and severity of iron deficiency on cognitive out-
comes and neurophysiology as well as the effect 
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of timing, duration, dose, and vehicle of supple-
mentation on these outcomes in children. Type of 
testing conducted and manner in which the tests 
are scored may also affect the findings.

 Long-Term Effects of Iron Treatment 
in Early Life on Child Behavioral 
and Affective Outcomes

Over the past decade, seven publications were 
identified in which children had received iron 
treatment or a control during infancy and were 
then followed up at later ages during childhood to 
assess behavioral and affective (outward expres-
sion of an individual’s internal emotions) out-
comes [16, 19, 24–28]. The seven included 
studies represent follow-up from three original 
studies [29–31] with follow-up sample sizes 
ranging from 161 to 1116 and supplementation 
periods of approximately 6 months for six of the 
studies [16, 18, 25–28] and 12–20 months for one 
[24]. As far as the vehicle for supplementation, 
Chun-Ming et  al. provided a sachet of multiple 
micronutrients to be added to complementary 
foods (comparison group received a sachet of 
rice flour and vegetable oil), Berglund et al. pro-
vided iron drops (1 or 2 mg/kg body weight/day 
with comparison group receiving 0 mg/kg body 
weight/day), and Lozoff et al. provided a high or 
low-iron formula (12.7  mg/L and 2.3  mg/L, 
respectively; comparison group received a for-
mula with no added iron). Chun-Ming and col-
leagues only measured hemoglobin and, as such, 
there is no indication of whether or not the ane-
mia measured in their study was due to iron defi-
ciency. At baseline [29], no child was excluded 
due to their hemoglobin concentration while at 
follow-up [24], the authors excluded individuals 
who were anemic. The studies conducted by 
Berglund et  al. and Lozoff et  al. used multiple 
biomarkers which are specific for iron status and, 
as such, were able to classify the children as iron- 
sufficient, iron-deficient, and iron-deficient ane-
mic. Of importance, the 3.5-year follow-up [16] 
conducted by Berglund et al. did not assess iron 
status at follow-up; as such, the interpretation of 
the findings is less clear. The study conducted by 

Berglund et al. excluded anemic children at base-
line [30] and the study conducted by Lozoff et al. 
[31] was a prevention trial, randomizing children 
who were iron sufficient or iron deficient but not 
anemic but supplementing all children who were 
anemic at baseline. Age of children at follow up 
ranged from 3.5 to 17 years. Of the seven follow-
 up studies assessing behavior, four analyzed the 
data by using the original randomized groups 
[16, 19, 25, 27]. The others ran the analyses with 
the children stratified by iron status in infancy 
(iron-sufficient, iron-deficient, or iron-deficient 
anemic [26, 28] or by whether or not the defi-
ciency was corrected by the original treatment 
[24]) to assess the impact of early-life iron status 
on later behavioral outcomes.

Table 23.2 summarizes the main outcome 
variables and findings from these follow-up stud-
ies. Affect, behavior, and social difficulties were 
the three main outcome domains assessed 
through researcher observation, parental report, 
and/or child self-report, depending on the study. 
The studies that utilized the original randomiza-
tion groups in their analyses reported a higher 
prevalence of behavioral problems (overall 
behavior as assessed with the Child Behavior 
Checklist (CBCL), externalizing problems 
(CBCL), and conduct disorder (CBCL)) in the 
control group (no additional iron provided), vs. 
the groups who received iron when behavior was 
assessed through parental report [16, 19, 27], and 
more positive affect in children who received 
iron vs. those who did not when assessed via 
observer rating [25]. These studies assessed the 
children years after the original supplementation 
(at 3.5, 7, 10, and 14  years of age). However, 
when behavior was assessed through child self- 
report (at ~14 years of age), higher scores on the 
ADHD symptoms subscale were found in the 
groups who received iron vs. the group who did 
not [27]. As only one study used child self-report 
to assess behavior, this finding will need to be 
replicated in future studies before it can be prop-
erly interpreted. All of the remaining analyses 
assessed the association of early-life iron status 
to later behavioral/affective outcomes (regardless 
of randomization group although they controlled 
for group) and reported that iron deficiency ane-
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mia in infancy was related to worse affect (less 
positive affect, more dull affect) and worse 
behavior (higher externalizing problems, exces-
sive alcohol use, risky sexual behavior) even after 
controlling for possible confounders (such as 
SES, maternal education, maternal depressive 
symptoms, child sex, family stressors, the home 
environment) when compared to children who 
were iron sufficient in infancy [24, 26, 28]. One 
study compared children whose anemia was cor-
rected in infancy to those who were never anemic 
in infancy and found no differences in behavior 
or affect at the 4-year follow-up [24]. Another 
study found that children who were iron deficient 
(but not anemic) in infancy had higher adolescent 
behavior problems compared to children who 
were iron sufficient in infancy [28].

Together, these studies indicate negative con-
sequences of iron deficiency and iron deficiency 
anemia in infancy on behavior and affect, years 
later. The differences reported among adoles-
cents who were formerly iron deficient are espe-
cially troubling, given the serious potential 
consequences of the behaviors (excessive alcohol 
consumption and risky sexual behaviors). The 
finding that behavioral differences might persist 
in children who were iron deficient, but not ane-
mic, in infancy is cause for concern as the preva-
lence of iron deficiency without anemia is high 
and iron deficiency, in the absence of anemia, 
typically goes undetected. Whether or not iron 
supplementation in early life can reverse these 
negative consequences is still in question since 
few randomized controlled trials exist and most 
of the long-term studies have assessed the out-
comes based on early-life status as opposed to 
randomization group.

 Effects of Iron Deficiency 
on Cognition and Behavior 
in Women of Reproductive Age

While decades of research indicate an association 
between iron status and cognitive/behavioral out-
comes in infants and young children, few studies 
have been conducted in adults. This was due to 
the belief that the brain was resistant to changes in 

iron once the blood–brain barrier reached matu-
rity [32]. However, animal studies revealed that 
the uptake of iron into the brain is dependent on 
iron status, as there is an increased rate with low 
iron status and a decreased rate with high iron sta-
tus [33]. Furthermore, the uptake process is not 
reflective of overall blood–brain barrier permea-
bility [34, 35]. Since this knowledge emerged, 
there has been an increased interest in understand-
ing the association between iron status and cogni-
tion/behavior in adults, particularly in women of 
reproductive age, given their susceptibility to iron 
deficiency. Studies conducted prior to the past 
10  years included both observational and inter-
vention designs and most were conducted in 
developed countries. The observational studies 
suggested a relation between iron status and cog-
nition such that higher iron levels are associated 
with better cognitive functioning, specifically, 
spatial ability, attention, memory, and executive 
functioning. These studies also report a relation 
between iron status and affect such that higher 
iron levels are associated with fewer depressive 
symptoms and a higher quality of life [4]. All of 
the intervention studies assessing cognition as the 
outcome, reported an improvement in cognitive 
functioning with iron supplementation. Likewise, 
in intervention studies assessing affect as the out-
come, improvements were reported following 
iron supplementation with the greatest improve-
ments found among women who had poor base-
line iron status. However, few studies were 
randomized controlled trials and few studies spe-
cifically examined the effect of iron deficiency, in 
the absence of anemia, on cognition, behavior, or 
affect. Here, we focus on recent randomized con-
trolled studies that examined the association 
between iron supplementation and cognition/
behavior in women of reproductive age.

 Effects of Iron Treatment on Cognitive 
and Neurophysiological Outcomes 
in Women of Reproductive Age

Four manuscripts, representing three randomized 
controlled trials, of the effects of iron treatment 
on cognition in adult women of reproductive age 
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have been published over the past decade [36–
39]. Three recruited university-attending women 
as the participants [36, 38, 39] and one recruited 
women who worked on a tea plantation [37]. The 
vehicle for supplementation was beef in one 
study (comparison group received non-beef 
foods), provided for 16  weeks [36], double- 
fortified salt (comparison group received single- 
fortified salt), provided for 10 months [37], and 
biofortified beans (comparison group received 
conventional beans), provided for 18 weeks [38, 
39]. All studies included multiple iron status bio-
markers which were assessed at baseline and 
endline and the study in Rwanda was restricted to 
women with a ferritin ≤20  ng/mL at baseline. 
The studies analyzed the data using an intent to 
treat approach and also included secondary data 
analysis approaches.

Table 23.3 summarizes the main outcome 
variables and findings from these randomized 
controlled trials. The main outcome domains 
were memory and attention and one study also 
used electroencephalogram (EEG) measure-
ments to assess electrophysiology [39]. The study 
conducted in the United States did not find any 
difference in cognitive outcomes between the 
groups at endline [36]. Both groups improved 
their iron status over time but changes in cogni-
tive outcomes did not differ by group. On the 
other hand, when classifying the women as those 
who had a positive change in ferritin vs. those 
who did not, the authors report greater improve-
ments in all three cognitive domains tested 
(memory, attention, spatial planning) in the “fer-
ritin responders” vs. the “ferritin non- responders.” 
In contrast, the studies conducted in India and 
Rwanda found significant differences between 
groups at endline on the cognitive domains tested 
(memory, attention, perception) with women in 
the treatment arms having greater improvements 
[37, 38]. Although the exact tests given differed 
in these studies, all studies utilized computerized 
cognitive tests. The study in Rwanda was limited 
to women who were iron deficient at baseline, the 
study in India included only the subgroup of 
women who had the lowest ferritin values from 
the larger parent trial, and the study conducted in 
the United States did not limit enrollment based 

on ferritin concentrations. Indeed, at baseline, the 
mean ferritin concentrations of those in the US 
study were nearly four times higher than the 
mean ferritin concentrations of those in the 
Rwanda study and almost 40% higher than those 
in the India study. It is possible that women with 
a lower iron status at baseline experience a 
greater benefit of increased iron status. The 
Rwanda study also included measures of electro-
physiology and found greater improvements in 
EEG amplitude and spectral power in the group 
who consumed the biofortified beans vs. those 
who consumed the conventional beans [39]. An 
important contribution of this study is the finding 
that changes in brain activity (EEG) mediate the 
relation between changes in iron biomarkers and 
changes in cognition (memory and attention). 
Studies which use electrophysiological measure-
ments and relate the findings to changes in cogni-
tion are especially helpful in terms of providing a 
link between the mechanistic studies conducted 
with animal models and the behavioral and affec-
tive outcomes that are typically measured in 
human studies.

Recent observational studies (not reviewed in- 
depth here) are supportive of an association 
between iron status and cognitive functioning in 
women of reproductive age, indicating that better 
executive functioning and attention scores are 
found in women who are iron sufficient vs. those 
who are deficient [40–42]. Two recent observa-
tional studies have also examined the association 
between iron status and neurobiology. One 
revealed differences in left EEG alpha activity in 
prefrontal regions between iron-deficient (non- 
anemic) and iron-sufficient women of reproduc-
tive age [43]. The other study found differences 
in brain connectivity (using functional magnetic 
resonance imaging) between women who had 
been iron-deficient anemic in infancy vs. controls 
(iron sufficient or mild iron deficiency in infancy) 
[44]. Specifically, formerly iron deficient anemic 
subjects had decreased connectivity from the 
posterior Default Mode Network (DMN) to the 
left posterior cingulate cortex (PCC) and 
increased connectivity from the anterior DMN to 
the right PCC. They also exhibited differences in 
the left medial frontal gyrus.
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Although these observational studies are sup-
portive of a relation between iron and cognition 
in women of reproductive age, the number of 
recent randomized controlled trials assessing the 
effects of iron treatment on cognition in this 
 population is extremely limited. While the stud-
ies provide evidence that iron deficiency is related 
to cognitive alterations and changes in electro-
physiology, more work is needed to fully under-
stand these associations in this age group. 
Optimal cognitive functioning is necessary for 
performing day-to-day duties. Alterations in 
maternal cognitive functioning may have signifi-
cant implications for maternal–child interactions 
with subsequent negative effects on child devel-
opment, as women are often the primary care-
giver for children. It is therefore crucial that these 
types of studies continue to be conducted in 
women of reproductive age.

 Effects of Iron Treatment 
on Behavioral and Affective 
Outcomes in Women 
of Reproductive Age

Three recent randomized controlled trials were 
identified in which women of reproductive age 
received iron treatment or a control and behav-
ioral/affective variables were assessed as the out-
comes of interest [45–47]. Two of the studies 
were conducted in developed countries [45, 46] 
and the other was conducted in Iran [47], a semi- 
developed country. Sample sizes ranged from 
70–198 with intervention periods ranging from 
2 weeks (intravenous iron) to 12 weeks. As for 
the vehicle for supplementation, the study con-
ducted in Switzerland utilized intravenous iron 
(comparison group received intravenous placebo) 
while the other two provided oral iron supple-
ments as tablets (with comparison groups receiv-
ing oral placebo tablets). As far as iron status 
assessment and inclusion criteria, all of the stud-
ies included multiple iron status biomarkers 
which were assessed both at baseline and endline 
and all of the studies excluded women who were 
anemic at baseline. Additionally, the studies con-
ducted in Switzerland and France included only 

women whose baseline ferritin levels 
were ≤ 50 ng/mL and the study conducted in Iran 
included only women with postpartum depres-
sion. All of the studies analyzed the data using an 
intent to treat approach and it is important to note 
that the study conducted in France was observer 
blinded while the other studies were double 
blinded.

Table 23.4 summarizes the main outcome 
variables and findings from the randomized con-
trolled trials conducted over the past decade. The 
main outcome domains were affect (specifically, 
anxiety, depression, and quality of life) and 
fatigue. In both studies where fatigue was 
assessed, the authors found significantly larger 
decreases in fatigue in the women who received 
iron vs. those who received a placebo [45, 46]. 
For one of these studies, this association was only 
true for women whose ferritin concentrations 
were ≤ 15 ng/mL at baseline [45]. For the studies 
that assessed affect, one reported no significant 
differences between groups on measures of anxi-
ety, depression, or quality of life [46]. The other 
study reported significant improvements in 
depression scores in women who were treated 
with iron compared to those treated with placebo 
(improvement rate of 42.8% vs. 20.0% for iron 
vs. placebo treated, respectively; p = 0.03) [47]. 
Several differences exist between these studies 
which may contribute to the discrepant finding: 
(1) different instruments were used to assessed 
depression, (2) participants in the Iran study were 
all 1-week postpartum while the participants in 
France were not in the postpartum period, and (3) 
the study conducted in Iran only enrolled women 
who had been diagnosed with postpartum 
depression.

Although the number of randomized con-
trolled trials assessing iron status and behavior in 
women of reproductive age is limited, the studies 
provide evidence that iron status is related to 
behavior and that iron repletion may ameliorate 
the negative findings. Of importance, all of these 
studies excluded anemic women and, therefore, 
the findings indicate alterations in behavior in 
those who are iron deficient but not anemic. In 
other words, mild iron deficiency has behavioral 
and affective consequences in women of repro-
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ductive age. As mentioned above in our review of 
the findings in children, this is especially con-
cerning, given the lack of identification of iron 
deficiency in the absence of anemia, in most 
settings.

 Conclusion

The brief review provided in this chapter reveals 
an association between iron deficiency (with and 
without anemia) and alterations in cognition and 
behavior for both children and women of repro-
ductive age. Findings of this association in the 
absence of anemia are particularly troubling, 
given the magnitude of iron deficiency without 
anemia and the fact that it goes largely unde-
tected. The findings of long-term cognitive and 
behavioral consequences of iron deficiency in 
infancy despite iron repletion are also of particu-
lar concern. Finally, the fact that higher iron 
doses used for repletion may be related to worse 
outcomes when supplementation occurs in 
infancy needs to be further investigated. These 
findings indicate that preventing iron deficiency 
in infancy should be a top priority. The magni-
tude of cognitive and affective changes reported 
with iron deficiency vary by study but, in general, 
indicate levels that are likely to impact daily 
activities. Although studies of the functional con-
sequences of iron deficiency continue, there is a 
clear need for well-designed randomized con-
trolled studies in order to better understand the 
effects of timing, duration, and severity of the 
deficiency as well as the optimal treatment tim-
ing, duration, and dose. Studies that link changes 
in neurophysiology to changes in these cognitive 
and behavioral outcomes are especially needed.
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 Introduction

Food fortification holds strong potential for mak-
ing a major contribution to the prevention of iron 
deficiency anemia. As a broad, population-based 
intervention requiring no change in consumption 
and adding little cost to staple foods that consum-
ers are already purchasing, it is no surprise that 
over 90 countries globally have included iron in 
their wheat, rice, maize, and/or salt fortification 
standards [1].

Building on this legislative base, govern-
ments, donors, and NGOs focus their resources 
on the development and refinement of programs, 
including assessments of consumption patterns to 

ensure standards are adjusted appropriately over 
time [2], impact studies on effectiveness of forti-
fied foods [3], regulatory and industry capacity- 
building, and program evaluations [4]. Yet, 
despite the progress since the 1990s when salt 
iodization was first expanded into low- and 
middle- income countries (LMICs), fortification 
has not reached its potential, particularly for 
cereal staples.

This is due, in part, to the fact that food forti-
fication is one of the few public health interven-
tions that is largely delivered by private sector 
actors, from micronutrient manufacturers to pre-
mix suppliers, millers, wholesalers, and retailers. 
Accordingly, a market lens is needed for improv-
ing its effectiveness.

 Why Have Fortification Markets 
Largely Failed Us?

In general, markets tend to work best when strong 
demand meets a robust capacity to supply with 
appropriate government oversight. For fortified 
foods, these fundamental pillars often break 
down. Demand for added micronutrients tends to 
be missing, as consumers make their purchasing 
decisions largely based on taste, brand (as a 
proxy for quality), and/or cost. Therefore, supply 
chains lack a business incentive to comply with 
government mandates. Additionally, as low- 
margin commodities, there is little incentive to 
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develop value-added products. Further, while all 
food processors are concerned about food safety 
because it creates an immediate liability, the 
same cannot be said for sub-standard fortification 
quality. Finally, in many countries, government 
leadership does not send a strong enough signal 
on the importance of fortification for the private 
sector to invest in the necessary equipment and 
raw materials. An aggregation of coverage data 
from 16 fortification assessment coverage toolkit 
(FACT) surveys revealed that while 41% of 
households had access to fortifiable wheat flour, 
only 15% consumed fortified wheat flour, high-
lighting non-adherence to legislation [5].

Beyond weak incentives, fortification pro-
grams tend to over-rely on constrained govern-
ments systems for enforcement. A review by 
Osendarp et al. (2018) [6] found that often gov-
ernment regulatory oversight was inadequate. 
Combined with the lack of transparency around 
fortification quality, particularly of their competi-
tors, there is a perception held by industry that 
the playing field is not level and their actions to 
be good stewards of the government’s fortifica-
tion programs could result in a loss of market 
share or simply added costs without consequent 
improvement in market positioning. In a semi- 
quantitative survey with industry representatives 
from 13 countries on key barriers for fortification 
compliance, 75% cited premix prices and 60% 
competition with non-fortifying producers as two 
top barriers [7]. We posit that concerns over pre-
mix prices may recede if the latter issue—the 
lack of a level playing field—were effectively 
addressed. Studies demonstrate a price premium 
that varies between 0.5% and 4% above the cost 
of the non-fortified commodity [8–10] and is 
generally passed on to the consumer. Some stud-
ies have found that even higher premiums are tol-
erated [11].

 How Do we Make Fortification 
Markets more Functional?

Ensuring better functioning markets for fortified 
foods requires an understanding of the industry 
structures and dynamics. For iron, those tend to 

be the cereal staples, mainly rice, wheat, and 
maize due to their daily consumption, nominal 
sensory impact from low inclusion of iron rela-
tive to quantities consumed, and minimal incre-
mental costs. However, these industries in some 
cases are dominated by small- and medium-sized 
enterprises (SMEs) without the capacity for forti-
fication. Other iron-carrying vehicles are also 
emerging, such as double fortified salt (DFS), 
multiple fortified salt (MFS), bouillon cube, sea-
soning powders, and fish and soy sauces. 
Although these markets are not as fragmented, 
several technical and programmatic bottlenecks 
need addressing, including micronutrients inter-
actions and sensory changes from the enhanced 
concentrations needed for the smaller quantities 
consumed, as well as higher incremental costs for 
inclusion of iron relative to cereals [12, 13]. In 
addition, these vehicles often face political obsta-
cles, as governments are simultaneously imple-
menting sugar and salt reduction strategies to 
reduce the risk of diseases such as diabetes and 
hypertension.

Public–private partnerships (PPP) with a few 
dominant players has come to serve as the pri-
mary means by which to addresses dysfunctional 
global health markets. However, in staple cereal 
markets, these traditional structures tend to be 
used less regularly, as there is often an absence of 
dominant players to engage, and many nutrition-
ally vulnerable consumers tend to purchase from 
lower cost regional brands and local mills. 
Furthermore, partnerships with leading players 
may not create a demonstration effect for the 
SMEs. This is because SME investments in forti-
fication may not be rewarded through an improve-
ment in market position, as consumers tend to 
lack understanding and interest in fortification, 
even when promoted through social marketing 
campaigns [14, 15]. Additionally, SMEs face dif-
ferent barriers from the larger players, such as 
access to premix and dosifers. Thus, mandatory 
legislation rather than PPPs tends to be a key 
mechanism for influencing the full range of play-
ers in commodity industries, particularly in 
LMICs where there are few examples of success-
ful fortification programs without mandated 
standards.
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Industry
incentives

Technical capacity-building

Fortification mandates

• Private-private partnerships
• Level the playing field
• Government as enabler

Enhance focus

Shift focus

Continue focus

Support to mills/processors to interpret standards and
develop procedures to fortify; labs to bolster testing

capacity; government regulators to strengthen
enforcement machanisms

Enact national/regional fortification standards for highly consumed
vehicles at appropriate levels of fortification

Fig. 24.1 Layered system capabilities for the development of fortified food markets

However, the use of mandatory legislation is 
insufficient for achieving fortification goals of 
coverage and quality. It follows that governments 
and development partners tend to focus on tech-
nical approaches to achieving compliance with 
mandates, but underneath these capacity-building 
efforts is a fundamentally failed incentive struc-
ture that undermines the goals. There are weak 
incentives on both the supply and demand sides 
of the market for fortified foods, requiring a fun-
damental rethinking about how development 
partners might support the cultivation of industry 
incentives to both augment and shift the current 
approach.

As depicted in Fig.  24.1, all three elements, 
fortification mandates, technical capacity- 
building, and industry incentives have the poten-
tial to result in more functional markets. Mandates 
will continue as the bedrock of fortification pro-
grams, as they create a market pull that is difficult 
to replicate through alternative means in com-
modity markets. Technical capacity building is 
also still needed but could be provided more 
effectively by fortification input suppliers than 
governments and development partners. Finally, 
industry incentives could be directly cultivated 
through several emerging approaches: (1) broad-
ening fortification to additional private sector 
players along the value chain and encouraging 

more partnerships between them (private–private 
partnerships); (2) leveling the playing field 
through automated collection of quality data, 
transparency that engenders industry self- 
regulation, and new business innovations to 
remove barriers to fortification; and (3) reposi-
tioning government as an enabler, beyond their 
regulatory function.

 Strengthening Market Forces 
for Industry Engagement 
in Fortification

 Private–Private Partnerships 
to Broaden Business Opportunities

There is a growing interest in private–private 
partnerships as a mechanism for driving sustain-
able development goals, particularly when other 
constructs, such as traditional public–private 
partnerships, are not as well suited for the par-
ticular development challenge [16]. This concept 
applies well to fragmented commodity markets 
and may be one key to leveraging competitive 
dynamics along the value chain to enhance the 
coverage of fortified foods.

Table 24.1 below depicts various business 
incentives that could be exploited through pri-
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Table 24.1 Exploiting industry incentives to fortify 
through private–private partnerships

Current 
technical 
approach

Expanded 
industry-oriented 
approach Incentive exploited

Focus on 
industrial 
mills, where 
fortification 
takes place

Broadening 
fortification 
opportunities to 
others in the 
value chain: 
Premix suppliers, 
wholesale 
buyers, and 
retailers

Other value chain 
players can claim 
higher quality 
products and/or 
fortification- 
related services as 
an integral part of 
their business 
propositions

Capacity- 
building of 
millers is 
largely 
supported by 
NGOs and 
their donors

Creative 
partnership 
structures to 
enable premix or 
other input 
suppliers to offer 
capacity-building 
services to 
millers

New service 
offering can 
enhance the input 
suppliers’ value 
proposition to 
millers to help 
expand business

Access to 
fortified foods 
is limited to the 
production and 
distribution 
footprint of 
millers who 
fortify

Intentional 
expansion of 
fortified products 
into rural 
markets through 
retail 
partnerships

Urban retailers 
expand revenue 
opportunities to 
additional markets. 
Rural retailers 
increase foot 
traffic through 
enhanced quality 
of offerings to 
consumers

vate–private constructs. The key principle is to 
broaden active participation to other players, 
including upstream micronutrient and premix 
suppliers and downstream wholesalers and retail-
ers. Partnerships anchored in concrete business 
opportunities which can pull fortification along 
as an added benefit have a strong opportunity for 
success. For instance, to enhance their competi-
tive positioning, premix suppliers could offer 
capacity-building services to millers. In this 
emerging model, premix suppliers sign long- 
term contracts with their miller clients, which 
enables them to secure lower prices from their 
global micronutrient suppliers. They then lever-
age these savings to provide value-added services 
at no additional charge to millers. Beyond gener-

ating business value, these private–private part-
nerships may help transform the role of donors 
and development partners from capacity-builders 
of industry to catalyzers of within-industry part-
nerships, thereby increasing the chances of sus-
tainability once development partners exit.

As another opportunity, private–private part-
nerships between urban and rural retailers with 
non-overlapping markets, hold strong potential, 
as they exploit the incentive of both partners to 
cultivate new markets. For example, in India, 
many of the cereal staple commodities that are 
fortified in industrialized facilities are sold in 
urban markets, and therefore do not reach rural 
populations. This is because most wheat and rice 
commodities sold through fair price shops in 
rural areas under the country’s Public Distribution 
System tend to be those supplied by the peri- 
urban and rural millers, where it is more difficult 
to fortify. In 2015, the Government of Rajasthan 
introduced Anapurna Bhandar [17], an innova-
tive program that brokered partnerships between 
urban and rural retailers to support the pull of 
branded and healthy products, including fortified 
foods, into rural markets [18]. In the state of 
Rajasthan, there are over 26,000 fair price shops, 
from where approximately 85% of the population 
obtain their basic staples. In the pilot phase, they 
turned 5000 of these otherwise dilapidated shops 
into modern retail stores. The scheme involved 
shipping goods from urban retailers to rural fair 
price shops, where products were sold on con-
signment, with rebates associated with each sale. 
This enabled urban retailers to add branded, vita-
min A-fortified edible oil in their basket of goods 
at the same cost as unfortified oil. As a result, 
unfortified oil was eventually phased out, placing 
additional pressure on non-conforming produc-
ers to fortify [19–21]. This model worked because 
it was anchored in business fundamentals: urban 
retailers expanded into rural markets, rural retail-
ers generated additional income from increased 
foot traffic, and rural consumers were provided a 
more aspirational shopping experience without 
the added cost or travel time to urban centers.
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 Leveling the Playing Field through 
Process Data, Transparency, and New 
Business Innovations

Industry’s overriding concern is that weak gov-
ernment enforcement of mandatory standards 
may enable competitors to get away with 
 low- quality or no fortification at all, since fortifi-
cation is designed to confer no change in sensory 
attributes to the underlying staple food and is 
therefore difficult to detect without specialized 
tests. This places those who comply at a per-
ceived disadvantage in highly competitive mar-
kets. Therefore, the importance of a level playing 
field, where all entities are held to the same qual-
ity standards (i.e., rules) and have access to the 
same fortification inputs (i.e., opportunities) can-
not be overemphasized.

Table 24.2 depicts three broad approaches 
towards a level playing field. The first is a change 
in emphasis from where and by whom the quality 
data is captured. At present, government regula-
tors are responsible for quality monitoring and 
focus primarily on end-product testing at produc-
tion sites and/or through products sampled in 
markets. Both are costly and time consuming and 
therefore not frequently assessed. A paradigm- 
shift towards process data that can be captured 
through automated, digital systems within indus-
try settings and transmitted directly to govern-
ment may not only simplify government oversight 
and reduce budget pressures, but also ensure 
more immediate feedback to millers to control 
their internal quality.

Secondly, if fortification quality data were 
also made transparent to downstream buyers, 
millers may be further incentivized to fortify. 
Wholesale buyers, re-packagers, and retailers 
may select for products of higher fortification 
quality, creating a market pull for fortification 
and ultimately a self-regulating supply chain. 
Transparency would also support private–private 
partnerships around a quality advantage, as 
described in earlier. Finally, a level playing field 
requires that all players have equitable access to 
needed fortification inputs. Developing new busi-
ness innovations can serve this need, particularly 
for SMEs, who are at a significant disadvantage 

compared to the larger players due to their lack of 
access to capital.

The following sections describes each of these 
three levers in more detail and provides case 
studies of progress along these lines.

 Leveling the Playing Field through 
Process Data Captured within Industry 
Settings
Evolution from manual records to “smart dosifi-
ers or microfeeders”: Fortified foods processors 
use “micro-feeders” or “dosifiers” for dosing the 
premix into their products such as flour. To date, 
most equipment does not automatically collect or 
store fortification data on premix volume used 
during food processing. Food producers rely on a 
“systems-based approach” [22] to compliance, 
which in part involves premix reconciliation cal-

Table 24.2 Exploiting industry incentives to fortify by 
leveling the playing field

Current 
technical
approach

Expanded 
industry-oriented 
approach Incentive exploited

Focuses on 
end-product 
data (in 
production 
sites and 
markets)

Generate 
automated quality 
data within 
milling 
environments and 
transmit directly 
to government to 
enable effective 
oversight over all 
industry players

Real-time 
feedback and 
course corrections 
reduce the miller’s 
cost of 
re-fortifying 
commodities to 
meet standards

Fortification 
quality data is 
known only to 
the industry 
partner and 
government 
regulator

Stronger 
self-regulation 
made possible by 
sharing quality 
data with 
downstream 
buyers

Millers 
incentivized to 
fortify to enhance 
their competitive 
positioning with 
downstream 
buyers

Inequitable 
access to 
fortification 
inputs across 
industry not 
explicitly 
addressed

New business 
innovations that 
enable local 
access to 
high-quality, 
affordable premix 
and dosifiers

Enables SMEs to 
more effectively 
compete with 
larger players. 
Unleashes the 
competitive 
dynamics for 
quality products in 
regional markets 
that did not have 
prior access to 
fortification inputs

24 Strengthening Fortification Markets to Reduce Iron Deficiency Anemia



332

culations that are undertaken to provide an indi-
cation on whether the fortification process is 
adequately dosing the targeted levels of micronu-
trients to the volume of fortified food produced, 
in line with the country’s fortification standards. 
Errors cannot be discounted as the system 
depends on production personnel manually 
recording information correctly. Smart dosifiers, 
which automatically collect and transmit this 
data to the internet, are not in widespread use in 
fortification programs, but have been effectively 
leveraged by some development partners in lim-
ited settings. For example, in Tanzania, Sanku 
have deployed smart dosifiers in 300 small-scale 
mills and are able to monitor their usage remotely 
through a cellular link. Based on the information 
transmitted, they can arrange visits to mills if the 
premix to food commodity ratio is off, dosifiers 
are not in use/require repairs, or premix supply 
needs re-stocking. A similar concept can be 
extended to larger, industrialized mills in urban 
areas, enabling data to be written to a centralized 
database, accessible to both the individual com-
pany and government regulator that could lead to 
timely corrective action. Given regulatory 
resource constraints in LMICs and the criticality 
of credible oversight to a level playing field, 
such an approach could be one of the linchpins 
to more effective fortification programs. The 
cost of upgrading dosifiers in larger mills with 
smart functions may vary by capacity, brand and 
type of milling equipment, and other factors. At 
present, a Sanku dosifier is approximately 
US$2500 [23].

Future opportunities also exist for real time, 
in-line monitoring through Process Analytical 
Technologies (PAT). For instance, various spec-
troscopic and computer image analysis technolo-
gies can now measure various parameters in 
foods, such as total ash, moisture, protein, starch, 
fiber, and particle size in flour. Based on real-time 
data, production operators can take corrective 
action to achieve the targeted quality, reducing 
production variation, and overall costs of produc-
tion [24]. Building on current parameters ana-
lyzed, future R&D could advance solutions for 
in-process micronutrient analysis.

 Leveling the Playing Field Through 
Transparency and Self-Policing
The concept of self-policing has been used effec-
tively, albeit in limited settings, to drive an 
incentive to fortify. For example, to address low 
compliance with mandatory salt iodization legis-
lation in Kyrgyzstan in 2002, the Swiss Agency 
for Development and Cooperation (SDC) sup-
ported a program to empower retailers with rapid 
test kits (RTKs) to test for iodine in the salt they 
purchased from wholesale markets. After 
18 months, non-iodized salt was largely driven 
out and continued demand for iodized salt incen-
tivized retailers to sustain the program [11]. As 
an added benefit, the increased demand for 
potassium iodate by salt producers catalyzed its 
local availability through a national premix 
model (see Decentralized Premix Facilities sec-
tion below), further enabling access to iodized 
salt and creating a virtuous flywheel effect of 
self-perpetuation [25].

Food manufacturers could also create market 
pull by checking the fortification quality of their 
incoming raw material ingredients, such as salt, 
wheat, maize, and oil. Some nudging by third 
parties may be required to make such practices 
the norm. One such organization, Changing 
Markets Foundation (CMF) started their food 
fortification advocacy work in Mexico, which 
mandated wheat and maize fortification with 
iron, zinc, folic acid, and other B vitamins in 
1999. CMF independently purchased 61 different 
wheat and maize flour brands from the market 
and tested them through accredited labs. Results 
showed only 7% of the wheat flour while none of 
the maize samples were adequately fortified. 
Another key finding was that food processors 
were using not using recommended iron com-
pounds [26]. The work catalyzed government 
regulatory action. Such findings have the poten-
tial to also be shared with food manufacturers 
and food service businesses to encourage demand 
for fortified ingredients from their suppliers. In 
turn, this has the potential to shift focus away 
from the miller’s compliance with fortification 
standards towards their incentive to comply with 
customer requirements.
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 Leveling the Playing Field Through 
New Business Innovations
A level playing field requires that all entities that 
are mandated to comply with fortification stan-
dards have access to the necessary fortification 
inputs. New business innovations can help 
address these critical gaps, particularly for the 
less industrialized, smaller millers, which respec-
tively represent 70% of maize, 20% of wheat, and 
46% of rice processors globally [27]. In line with 
WHO/FAO guidance, small mills are classified as 
those producing less than 20MT per day [28]. 
Often, these entities do not have access to the for-
eign exchange required to purchase premix and 
dosifiers from global suppliers, the working capi-
tal to cover import lead times (e.g., can be up to 
6 weeks or more), nor the leverage to obtain vol-
ume pricing discounts on premix. Business 
incentives to fortify are also weak because none 
of the local competitors have access to fortifica-
tion inputs. Developing new business-focused 
models can remove these barriers while also cre-
ating an incentive for SME engagement. The 
medium and larger mills (>20 MTs/day) also 
benefit from new business innovations by reduc-
ing the cost and complexity of fortification, sup-
porting broader industry participation. Several 
new innovations are emerging to fill this niche, as 
described below.

Cost of goods economics: As also referenced 
in the section above, Sanku is a social enterprise 
serving the technology and business model needs 
of SME cereal producers, starting with maize 
millers in the Morogoro region of Tanzania. 
Maize consumed in the country is predominantly 
produced in small-scale mills, making it difficult 
to fortify [29]. Sanku examined the problem from 
a business lens. Specifically, they determined that 
maize flour bags were the most expensive input 
for the smaller millers, so they aggregated 
demand and negotiated a lower price point with 
the bag supplier. Millers are now able to purchase 
premix plus the bags for the same price they were 
previously paying for the bags alone. Sanku has 
also leveraged the bags for strong branding in 

bright pink lettering, signaling quality, catalyzing 
consumer demand, and incentivizing additional 
millers to engage in the program [30–32]. Since 
expansion drives economies in their model, this 
is yet another example of a flywheel effect that 
can further drive the market [25].

Decentralized premix facilities: Production of 
premixes is concentrated in a few countries in 
Asia (mainly India and China), EU, and North 
America. In Africa, the premix industry is still in 
infancy, so most countries import premix. For 
fortified food producers, premix is a recurring 
and significant cost driver for fortification. 
Various barriers exist with premix supply chains 
including quality premix, accessing suppliers and 
price volatility [33]. Other barriers include, cur-
rency volatility, foreign exchange shortages, long 
lead times, minimum order quantities (MOQs), 
and access to finance for upfront payments by 
SMEs [34].

Given these challenges, national availability 
of premix is critical for sustainable food fortifica-
tion programs. Various models are in operation or 
have shown promise in increasing local availabil-
ity and access to premix. These include: local 
revolving funds, consignment models, informal 
pooled mechanisms, commercial/sales agents, 
government exclusive supplies, and time-limited 
subsidized supply models.

As an example, in Kyrgyzstan, where salt 
iodization has been mandatory since 2001, a con-
signment model for centralized Potassium Iodate 
(KIO3) procurement was established by the 
Kyrgyz Association of Salt Producers (KASP) in 
2010. A key barrier to salt producers was consis-
tent availability of KIO3 but also appropriate 
packaging configurations for SMEs (i.e., 1  kg, 
5 kg). As shown in Fig. 24.2, in partnership with 
the GAIN Premix facility, KASP aggregates 
demand and imports KIO3 for distribution to its 
members.

Key benefits realized by KASP members 
include bulk volume discounts, just-in-time local 
supplies, price stability, access to credit, and pro-
curement in local currency.
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Potassium lodate Supply in Kyrgyzstan

Local Revolving Fund orders
premix from supplier

Premix
Supplier KASP

Large/SME
Food

Producers

Producers pay local
partner

In-Country partner
distributes
micronutrients to local
producers

Delivery lead-time to
producers: 24-48 hours

Fig. 24.2 Local premix model in Kyrgyzstan

Table 24.3 Exploiting industry incentives to fortify by 
transforming government into an enabler

Current 
technical
Approach

Expanded 
industry-oriented 
approach

Incentive 
exploited

Reliance on 
scarce human 
resource 
capacity and 
small 
government 
budgets to 
enforce 
compliance

Millers are in 
control of their 
quality data; 
government 
positioned as more 
of an evaluator than 
a collector of data

Reduces 
industry’s risk of 
a discrepancy 
with independent 
assessments of 
fortification 
quality by 
government or 
third parties

Fortification 
advanced as a 
stand-alone 
program

Fortification 
embedded into food 
quality and safety 
agenda to 
strengthen program

Millers 
incentivized to 
invest in 
equipment, raw 
materials, and 
processes if 
fortification is 
more strongly 
tied to industry 
priorities

Compliance 
with 
mandatory 
legislation as 
the primary 
means for 
government to 
engage 
industry

Shifting 
government focus 
to supporting 
communications 
campaigns and 
engaging more 
proactively with 
industry

Value-added 
services from 
government can 
lower investment 
risk for millers 
and increase 
potential for 
compliance with 
standards, even 
if only voluntary

 Government as an Enabler 
of Fortification Programs

Trust between the regulator and private sector is 
essential for program scale up and compliance. 
Regulatory authorities are empowered to apply 
penalties as outlined in law, and where necessary, 
they should be leveraged to improve industry 
compliance. However, leadership at the political, 
policy and program levels must recognize both 
the power of a stick and carrot. Beyond the regu-
latory measures, government has a crucial role as 
an enabler of fortification as a private sector- 
driven public health intervention.

Table 24.3 describes three broad mechanisms 
through which the government’s design of fortifi-
cation programs and the nature of their involve-
ment can play a strong role in industry’s incentive 
to engage. Most compliance programs rely on 
scarce human resources and small budgets. In a 
future scenario, if industry process data could be 
collected through smart dosifiers, handheld 
devices, or other IoT [35] mechanisms, they 
would be in better control of their quality data. 
Government could then shift their role to more of 
an evaluator rather than collector of data. With 
less government need for periodic market checks 
of fortification quality, industry then reduces 
their risk of a potential discrepancy and improves 
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their defense if there is one. Additionally, recog-
nizing that producers and consumers alike value 
quality over fortification per se, government 
could better integrate fortification into the food 
quality and safety agenda, so that quality is 
defined by both safety and nutrition. In turn, this 
could incentivize manufacturers to invest in 
inputs (e.g., premix, dosing, and analysis equip-
ment). Finally, at present, compliance tends to be 
the center of government and industry interac-
tion. Shifting the focus to supportive government 
policies, such as communications campaigns 
(which may elicit a stronger response from indus-
try players along the value chain than consumers 
per se), and proactive technical assistance, can 
position government as a value-added supporter 
of industry. This may further lower their invest-
ment risk and increase compliance.

The Food Safety and Standards Office of India 
(FSSAI), the government’s nodal agency for food 
fortification, is a good example of government 
that has embraced the enabler role. The FSSAI 
established the Food Fortification Resource 
Centre (FFRC) [36] as a multisector platform for 
scaling-up food fortification. Positioning them-
selves as a value-added service to industry, FFRC 
publishes a reference list of premix suppliers and 
provides a variety of technical resources, such as 
training modules, analytical methods, and 
capacity- building services to industry. They also 
launched the Eat Right India movement, which 
reinforces the importance of fortification within 
the context of a healthy diet. In short, FSSAI 
plays a dual role; as an enabler and regulator for 
fortification.

 Conclusion

Iron deficiency is one of the most pervasive nutri-
tional challenges in the developing world. To 
date, despite the proven evidence [37], food forti-
fication programs have not made a significant 
contribution to ameliorating the condition glob-
ally, particularly for rural populations whose 
access to iron-rich foods is most limited. The tra-

ditional components of fortification programs, 
including legislative mandates, technical 
capacity- building of industry, and periodic regu-
latory oversight, are unlikely to yield better 
results without due attention to industry’s incen-
tive to engage. By cultivating the right incentives 
and structures, we have the potential to leverage 
the competitive dynamics of the industry to pro-
pel us towards better functioning programs.

This approach would leverage more players 
along the value chain for fortified foods, as well 
as an expanded set of millers/processors that 
serve more regional markets. Private–private 
partnerships and new business innovations may 
help industry to leverage fortification as an added 
dimension of quality. In doing so, it could encour-
age competitors to engage and ultimately broaden 
responsibility for fortification to an expanded set 
of parties.

Fundamental shifts are also required for the 
monitoring of fortification programs. Placing the 
onus on industry for automatic collection of qual-
ity data through internet-connected devices will 
strengthen the credibility of regulatory monitor-
ing, give industry an opportunity to leverage the 
data for comparative advantage and may ulti-
mately lead to self-policing along the value chain 
if the data were made transparent by industry 
themselves or through third parties. Finally, a 
stronger government commitment to fortification 
would reduce investment risk for industry and 
increase their engagement. In combination with a 
movement towards the automatic collection of 
quality data through industry, government could 
more easily focus on their enabler role.

Fortification programs have been conceived as 
a seemingly simple intervention—adding inex-
pensive micronutrients to foods that the popula-
tion is already regularly consuming to improve 
micronutrient status and reduce the downstream 
sequela associated with these deficiencies. 
However, their implementation is anything but 
simple, and the proposed constructs are no excep-
tion. But they do lay forth a vision to better lever-
age industry incentives to drive coverage and 
compliance, and in doing so, create a virtuous 
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cycle that will ultimately better serve the most 
vulnerable populations whom fortification pro-
grams were designed to most benefit. The devel-
opment community can play a strong role in 
catalyzing this vision.
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 Introduction

Iron deficiency (ID) is the most widespread nutri-
ent deficiency and the main cause of anemia 
globally [1]. It affects population groups across 
low- and high-income countries and is linked to 
the growing problem of income inequity and the 
transition to monotonous diets, dominated by 
highly processed micronutrient-poor foods. 
Infants, young children, adolescent girls, and 
pregnant women are the predominant high-risk 
population groups because of their high dietary 

iron needs required for rapid growth and develop-
ment, and losses during menstruation [2].

There are a myriad of nutrition interventions 
that are designed to prevent and treat ID and ID 
anemia (IDA). Nutrition-specific interventions 
target the immediate causes of ID, such as poor 
diet, while nutrition-sensitive programs target the 
underlying causes, such as poverty, infection, and 
disease. Nutrition-specific intervention programs 
include supplementation, industrial fortification, 
and home fortification [3]. Nutrition-sensitive 
strategies address multi-faceted issues to support 
nutritional health, including infectious disease 
control, livelihoods and social safety net pro-
grams, early childhood development and educa-
tion programs, and agricultural interventions, 
such as biofortification and Hellen Keller’s 
enhanced Homestead Food Production (HFP) 
program [4].

This chapter will discuss the efficacy—the 
impact under ideal and controlled conditions—
of the most widely implemented food-based 
strategies that improve the availability, access to, 
and consumption of vitamin- and mineral-rich 
foods, including iron, as a means to combat ID in 
vulnerable population groups. Observational 
studies are also reviewed when no controlled 
studies are available and effectiveness studies—
the impact under “real world” settings—are ref-
erenced in the instances they have been 
completed. Specific indicators of iron status are 
described in studies where they have been mea-
sured, otherwise, anemia status or hemoglobin 
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(Hb) concentration are reported, though the fun-
damental limitations of using them as a proxy for 
ID are acknowledged.

 Review of Evidence

 Food Fortification

 Introduction
Food fortification is a nutrition-specific strategy 
designed to prevent micronutrient deficiencies by 
increasing the micronutrient content of staple 
foods and/or condiments during processing. Food 
fortification with one or more micronutrients has 
been successfully implemented globally and is 
recognized as having wider reach and greater 
return on investment than some other nutrition 
interventions, such as supplementation [5].

According to its intended reach, food fortifica-
tion is classified as “mass” (or “universal”) for 
the general population, “targeted” for specific at- 
risk groups, and “market-driven” for specific 
consumer groups [6]. This chapter addresses 
mass fortification of staple foods and condiments 
with iron, alone or in combination with other 
micronutrients.

A minimum daily dose of elemental iron 
needs to be delivered by a fortified food to 
achieve population level nutritional impact. It 
was supposed that an additional intake of at least 
60% of the estimated average requirement (EAR) 
of iron from a fortified food was needed to 
improve iron stores, and at least 90% EAR to 
decrease nutritional anemia [7]. Data from mul-
tiple efficacy studies encompassing a variety of 
fortificants was consequently used to establish 
the minimal incremental iron dose from fortified 
wheat flour required to improve women’s iron 
status: 7.1 mg iron as ferrous sulfate or fumarate, 
4.6 mg as NaFeEDTA, or 10.0 mg as electrolytic 
iron [8]. At the highest indiscernible fortification 
levels, intakes below 75  g of flour a day were 
deemed unlikely to demonstrate impact [9].

A lack of data on the prevalence and principal 
cause(s) of ID, non-normal distribution of popu-

lation iron requirements, unacceptable organo-
leptic changes to foods, and inherently poor iron 
bioavailability of some fortificants [10] make for-
tification with iron more challenging than with 
other nutrients (e.g., salt with iodine or wheat 
flour with folic acid) [11].

 Efficacy of Mass Iron Fortification

A systematic review of 60 randomized controlled 
trials (RCTs) with fortified staples and condi-
ments in predominantly low- and middle-income 
countries (LMIC) demonstrated unambiguously 
that iron-fortification reduced the risk of ID by 
52% and increased mean serum ferritin (SF) con-
centration by an average of 1.36 μg/L [12].

Yet, later systematic reviews of fortified cereal 
flour efficacy trials, with different fortificants and 
extraction grades, concluded that there is no cer-
tainty that maize flour (fortified with iron in com-
bination with other micronutrients) or wheat 
flour (fortified with iron-alone or in combination 
with other micronutrients) can reduce ID in the 
general population over 2 years of age [13, 14]. 
For wheat flour, the latest meta-analysis found 
fortification with iron, either alone or with other 
micronutrients, had little or no effect on average 
risk of ID relative to the flour without iron (iron- 
alone: RR 0.43, 95% CI 0.17–1.07; and iron + 
micronutrients vs. micronutrients without iron: 
RR 0.42, 95% CI 0.18–0.97).

Condiments are appealing vehicles for dietary 
iron: consumed extensively and regularly in vari-
ous target populations, they can be added to mul-
tiple foods or combined with fortified staple 
foods. Iron-fortified dry and wet seasonings (e.g., 
table salt [15–17], sugar [18], curry powder [19], 
and soy sauce [20]) have been shown to signifi-
canlty improve SF and reduce ID, particularly in 
populations with marginally deficient baseline 
iron status [21]. Nonetheless, favorable con-
sumption characteristics mean condiments are 
prone to overconsumption and therefore carry the 
risk of excessively increasing iron intake—a con-
cern not thoroughly assessed [11].
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 Effectiveness of Mass Iron 
Fortification Programs

Low levels of ID in industrialized nations have 
been attributed to fortified foods and improved 
overall life conditions; however, program effec-
tiveness data are scarce, especially for children of 
relevant ages.

A systematic review of 13 national cereal flour 
fortification programs (all designed and evalu-
ated prior to the 2006 World Health Organization 
(WHO) fortification guidelines) assessed iron 
status and/or anemia indicators among women of 
reproductive age (WRA) and children 2–15 years 
old [22]. Impact on children’s iron status was 
limited, and only occurred in children above 
5  years of age. In women, all relevant studies 
showed significant improvement in SF and/or ID 
prevalence.

Although the data suggest that more consis-
tent, positive benefits of fortified cereals are 
realized mainly in women, a national anemia 
control program in Costa Rica demonstrated 
significant improvements in children’s iron sta-
tus is achievable when multiple program ele-
ments are considered, including a plausible 
impact pathway, political will, rigorous moni-
toring and evaluation, and multiple appropriate 
fortification vehicles. By 2008–9, the preva-
lence of IDA in Costa Rican children 1–7 years 
old was undetectable, down from 6.5% in 1996 
[23]; ID was also reduced from 26.9% to 6.8% 
in this period. These improvements were attrib-
uted to fortified wheat flour and milk, which 
contributed equally to the delivery of 3.3  mg 
(median) elemental iron daily.

An effectiveness study of soy sauce fortified 
with iron (in the form of NaFeEDTA) in nine 
Chinese villages (n = 14,000 aged 3 years and 
older) showed that after 12 months, participants 
who consumed foods with iron-rich soy sauce 
experienced significantly higher and sustained 
SF concentration relative to baseline levels; 
however, only children aged 7–18  years and 
adult males aged 19–54 years had significantly 
higher SF concentration compared to controls 
(mean difference among male groups: +1.87–

6.79  μg/L; mean difference among female 
groups: +0.39  μg/L) [20]. However, caution 
should be applied when generalizing these find-
ings as it is challenging to estimate coverage of 
this type of predominantly market-driven condi-
ment; there are no published estimates of their 
total global reach, with the notable exception of 
iodine- fortified salt, which is mandatory in most 
LMIC [24].

 Summary

Mass fortification with iron can maintain ade-
quate iron status and prevent or decrease ID in 
children 5 years of age or older and non- pregnant, 
non-lactating WRA. When ID is the major cause 
of anemia, iron-fortified foods can also prevent 
IDA or decrease anemia prevalence. For consis-
tent and sustained impact, iron fortification inter-
ventions and programs should be designed, 
implemented, monitored, and evaluated accord-
ing to international guidelines [10] and combined 
with nutrition-sensitive agricultural interventions 
and sanitation and hygiene measures.

 Home Fortification

 Introduction

Home fortification is a direct food-based strategy 
primarily used to improve child nutrition. 
Otherwise called “at-home fortification” or 
“point-of-use-fortification,” it describes two main 
products that increase the nutrient density of 
foods and aim to prevent and treat nutritional 
anemia: micronutrient powders (MNP) and small 
quantity lipid-based nutrient supplements 
(SQ-LNS) [25, 26].

 Micronutrient Powders

MNP are single-serving packages containing a 
powdered blend of micronutrients in a dose spe-
cific to the needs of the target population. 
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Conceived in 1996 as an alternative to traditional 
iron supplementation for infants and young chil-
dren (6–23 months old) in LMIC [27], MNP are 
sprinkled on and stirred into semi-solid foods 
immediately before consumption at home, or in 
an institutional setting (e.g., school).

In 2018, 54 countries were reportedly imple-
menting MNP interventions, reaching an esti-
mated 11 million children under 5 years of age; 
more than half of these programs were national 
or subnational [28].

 Efficacy of MNP in Infants and Young 
Children

MNP have been extensively tested across popu-
lation groups, settings, and contexts [29–32]. 
Initial studies used MNP formulations with 1–5 
micronutrients (with at least iron) because of the 
known impact on nutritional anemia [33]. 
Subsequent formulations were expanded to 
address coexisting micronutrient deficiencies 
and dietary intake gaps. Most programs now use 
a mix of 15 micronutrients, including 2.5–30 mg 
of elemental iron [34].

Consistent with findings from a prior systematic 
review and meta-analysis [25], a systematic review 
of the efficacy of MNP in children 6–23 months 
old found that MNP reduced the risk of ID by 53% 
and anemia by 18% compared with placebo or no 
intervention [31]. MNP were also shown to signifi-
cantly increase mean SF concentration by an aver-
age of 12.93 μg/L and mean Hb concentration by 
an average of 2.74 g/L [31]. When compared to 
iron supplementation interventions, there were no 
significant differences in the risk of anemia or 
mean Hb concentration between the MNP and 
iron supplementation groups; however, these 
results are based on only two RCTs and thus 
should be interpreted with caution.

 Efficacy of MNP in Preschool 
and School-Aged Children

A 2017 systematic review of the effect of MNP 
on the nutritional status and health of preschool 

and school-aged children (2–12  years old) was 
conducted; however, the randomized controlled 
studies included varied greatly in the age of par-
ticipants, study duration, and MNP formulation 
used (i.e., number of micronutrients included, 
and amount and type of iron provided). 
Nevertheless, the review found that MNP were 
associated with a lower risk of ID (65%) and ane-
mia (34%), and higher average mean Hb concen-
tration (3.37 g/L) compared to no intervention or 
placebo [32]. No significant effect was observed 
for mean SF concentration.

 Efficacy of MNP in Pregnant 
and Lactating Women

The success of MNP interventions with infants 
and young children encouraged their use in 
broader populations, including pregnant women 
who have increased needs for iron for fetal 
growth and development. A systematic review 
compared the effects of MNP to the current ante-
natal standard of care (i.e., daily or intermittent 
supplementation with iron and folic acid (IFA) 
tablets containing 30-60  mg of elemental iron 
and 0.4 mg of folic acid) and to multiple micro-
nutrient supplementation (MMS) [30]. When 
compared to IFA supplementation, MNP were 
associated with a higher rate of moderate anemia 
(Hb concentration 70–99 g/L) and lower Hb con-
centration at 32 weeks’ gestation; no significant 
differences were observed for mild anemia (Hb 
concentration 100–109  g/L) or anemia of any 
severity. When compared to MMS with the same 
composition, no difference in the prevalence of 
anemia was observed between the MNP and 
MMS groups at 34  weeks’ gestation. Neither 
study reported on specific measures of iron 
status.

A subsequent cluster RCT that evaluated 
whether MNP or MMS could be used instead of 
fortified foods (Nutrivida for women and 
Nutrisano for children) to prevent anemia in 
Mexican pregnant and lactating women and 
young children found all three interventions 
reduced baseline anemia prevalence and 
increased Hb concentration; no significant group 
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differences were observed for women at 
37 weeks’ gestation, 1- or 3-months post-partum, 
or for children after 10 months of supplementa-
tion [35]. While MNP and MMS were preferred 
over fortified food by women, MNP were not as 
well liked as MMS due to difficulty with their 
preparation and unfavorable taste changes to 
some of the food in which they were mixed [36].

 Small-Quantity Lipid-Based Nutrient 
Supplements

Lipid-based nutrient supplements (LNS) are 
pastes that provide energy (mainly as fat), pro-
tein, and essential micronutrients. LNS can either 
be added to food before consumption, or con-
sumed directly by target population groups (e.g., 
infants, young children, and pregnant and lactat-
ing women) [26]. LNS, otherwise called ready-
to-use supplementary foods, were initially used 
to treat severe acute malnutrition and were 
designed to provide ~200 kcal/kg/day of energy. 
In 2001, SQ-LNS were developed as a home for-
tification strategy [37] and thus are reviewed 
here. SQ-LNS are small, single serving sachets 
(< 20 g) that provide 110–120 kcal/day together 
with essential micronutrients [26].

There are two main SQ-LNS formulations: 
one for pregnant and lactating women that pro-
vides close to the United Nations International 
Multiple Micronutrient Antenatal Preparation 
(UNIMMAP) formulation, including 20  mg of 
iron/day [38]; and one for infants and young chil-
dren (aged 6–23 months) that provides at least 15 
essential micronutrients, including 5.8 mg of iron 
[39]. The formulations used for each group, how-
ever, can vary.

 Efficacy of SQ-LNS

A systematic review of the effect of LNS with 
complementary foods on the nutritional status 
and health of children less than 2  years of age 
found a 21% lower risk of anemia and a 5.78 g/L 
average improvement in mean Hb concentration 

compared to no intervention or placebo [40]. Two 
subsequent studies examined the impact of 
SQ-LNS and nutrition education on ID and ane-
mia in infants and young children. In the 
Democratic Republic of Congo, SQ-LNS and a 
maternal nutrition education program were asso-
ciated with a 11% lower adjusted anemia and a 
smaller decline in mean Hb concentration 
(2.6 g/L) in 6- to 12-month-old infants compared 
to the standard of care with no SQ-LNS [41]. In 
Madagascar, SQ-LNS given to infants (aged 
6–18 months) were associated with a 40% lower 
risk of anemia and 25% lower risk of IDA com-
pared to children who received no SQ-LNS [42].

A recent systematic review examined the 
effect of SQ-LNS during pregnancy on maternal 
nutritional status and found SQ-LNS were asso-
ciated with an increase in anemia prevalence at or 
near term compared to IFA supplementation or 
MMS (SQ-LNS vs. IFA: RR 2.35; 95% CI 1.67–
3.30; SQ-LNS vs. MMS: RR 1.40; 95% CI 1.07–
1.82) [43].

 Summary

The evidence suggests that home fortification 
with MNP is an efficacious strategy to control ID 
and IDA in infants and young children. MNP are 
recommended by the WHO for children 6 months 
to 12  years of age where anemia prevalence is 
greater than 20% [44, 45]. To promote and sus-
tain impact, implementers must remain mindful 
of the cultural, practical, and logistical challenges 
of MNP programs, including maternal and child 
acceptability and compliance, possible color and 
smell changes in food, supply and quality man-
agement, and training of already overburdened 
healthcare workers. While there are less available 
data on the efficacy of SQ-LNS for preventing 
IDA in infants and young children, findings are 
promising. For pregnant women, however, cur-
rent evidence does not support the use of either 
MNP or SQ-LNS to control or prevent ID or ane-
mia and should not be recommended as an alter-
native to more effective IFA and MMS 
programs.
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 Nutrition-Sensitive Agricultural 
Interventions

 Introduction

Improving micronutrient status by increasing the 
production, consumption, and diversity of 
nutrient- rich foods is a long-term strategy to 
combat micronutrient deficiencies. It is thought 
to be more sustainable, accessible, and culturally 
appropriate than more direct strategies, such as 
supplementation or home fortification. Numerous 
studies and reviews have examined the nutri-
tional and health impacts of plant- and animal- 
based agricultural interventions, with generally 
inconsistent results. Data on the impact on iron 
status are limited, except in the instance of bio-
fortification, where the evidence base for impact 
on ID is building [46–49]. The most common 
agricultural-nutrition strategies to combat ID and 
IDA are reviewed here.

 Biofortification

Biofortification uses conventional and transgenic 
breeding methods, as well as agronomic 
approaches to increase the density of micronutri-
ents, including iron, in staple food crops. These 
methods have been shown to be an effective way 
to use plant- based foods to deliver more iron to 
malnourished populations [50].

To date, progress on iron biofortification has 
been achieved largely through conventional 
breeding of high-iron pearl millet and beans [51–
53], but iron biofortification is also applicable to 
other cereals including rice [54] and wheat, and 
pulses like peas and lentils [55].

The breeding targets for iron in biofortified 
crops are intentionally modest. They are not 
designed to deliver doses at the levels provided 
by supplementation or fortification. Instead bio-
fortified crops aim to provide an additional 30% 
of the EAR for iron for non-pregnant, non-lactat-
ing WRA and young children (1–6 years)1 when 

1 Assuming 7% bioavailability and after accounting for 
processing losses and other inhibitory effects

consumed as a main part of the diet [56]. One of 
the advantages of biofortification is its cost- 
effectiveness: after an initial investment in plant 
breeding and the mainstreaming of the micronu-
trient trait(s) into national and international agri-
cultural programs, recurrent investment is 
minimal [56, 57].

 Efficacy of Biofortification 
in Children, Adolescents, and Women

Four randomized controlled studies have demon-
strated the efficacy of three iron-biofortified 
crops on improving iron status and associated 
functional outcomes: iron beans in Mexico; iron 
pearl millet in India; iron beans in Rwanda; and 
iron rice in the Philippines.

In Mexico, school-aged children (5–12 years 
old, of whom, 18% were anemic [Hb < 115 g/L 
for <12 years old and Hb < 120 g/L for ≥12 years 
old] and 16% were iron deficient [SF <15.0 μg/L, 
adjusted for inflammation]) were fed iron- 
biofortified or control beans (95  mg Fe/kg vs. 
55  mg Fe/kg control) for 6  months. The iron 
beans did not significantly improve iron status 
compared to control beans; all children experi-
enced improvements in Hb, SF, sTfR, and total 
body iron (TBI) at endline [52]. However, 
because of unanticipated reductions in feeding 
days (i.e., the medium number of days children 
were fed was 68 of the planned 120) the a priori 
assumptions for adequate power to test signifi-
cant intervention effects were not met. 
Nonetheless, improvements by both groups indi-
cate the potential for benefits of a food-based 
intervention in this population.

In India, adolescent children (12–16 years old, 
of whom, 41% were iron deficient [SF 
<15.0 μg/L], 28% were anemic [Hb < 120 g/L], 
and 21% had negative TBI at baseline) experi-
enced a significant improvement in SF and TBI 
after consuming flat bread made with iron-pearl 
millet (86.3  mg Fe/kg vs. 21.8–52.1  mg Fe/kg 
control) daily for 4 months. By 6 months, chil-
dren who were ID at baseline and who ate biofor-
tified foods were 64% more likely to have their 
ID resolved compared to the control group [51], 
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and they experienced cognitive improvements in 
memory and attention [58].

In Rwanda, women (aged 18–27 years) who 
were iron depleted (SF <20.0 μg/L at baseline) 
experienced a significant increase in Hb, SF, and 
TBI after consuming iron-biofortified beans 
(86.1 mg Fe/kg vs. 50 mg Fe/kg control) daily for 
4.5  months (here, most anemia within the sub-
jects was due to ID) [53]. In addition, women 
experienced improvements to their brain activity 
[59], memory and attention [60], and physical 
work efficiency [61].

In the Philippines, non-anemic religious sis-
ters (aged 18–45  years) experienced a modest 
increase in SF and TBI after consuming iron- 
biofortified rice (3.21 mg Fe/kg vs. 0.57 mg Fe/
kg control) daily for 9  months [54]. While the 
intervention resulted in a small increase in dietary 
iron, there was a significant positive dose 
response and women with the lowest baseline 
iron status benefitted the most from the 
intervention.

Three of the iron biofortification efficacy stud-
ies were analyzed in two meta- analyses (exclud-
ing Mexico, which was not published before the 
review) [47, 62]. Both meta-analyses concluded 
that daily consumption of iron-biofortified crops 
significantly improved SF and TBI as continuous 
outcome variables, with a greater effect size 
observed in participants with poor baseline iron 
status. The more recent meta-analysis, based on 
the same pooled data, showed the SF and TBI 
improvements did not generate significant 
changes in iron status when the outcome was 
defined as a categorical variable, prevalence of 
ID or anemia. This finding was attributed to an 
effect size too small to shift the population distri-
bution sufficiently, which could be addressed by 
a larger sample size and/or longer duration feed-
ing trial.

 Other Agricultural Interventions 
to Combat Iron Deficiency

The impact of 36 household agricultural pro-
grams, including small animal husbandry, dairy 
production, and promotion of home gardens, in 

LMIC on the nutritional status of women and 
children was systematically reviewed in 2012 
[46]. Only three studies reported on anemia, all 
of which were impact evaluations of Helen 
Keller’s HFP program. This program combines 
technical assistance and inputs for year-round 
home gardening together with small animal 
husbandry and/or fish farming, nutrition educa-
tion, and women’s empowerment training [63]. 
Two studies observed a significant reduction in 
anemia prevalence among women and children. 
The quality of evidence on anemia reduction, 
however, was poor: the studies had dissimilar 
interventions and comparison groups at base-
line, the rates of decline in anemia prevalence 
between treatment groups was not reported, and 
there was no control for confounding in the 
analyses.

A subsequent review examined 16 impact 
evaluations of nutrition-sensitive agricultural 
interventions on women’s and children’s health 
[48]. Of these studies, two HFP programs (one in 
Burkina Faso and the other in Nepal), and a dairy 
value chain program that was used to distribute 
fortified yoghurt to pastoralists in Senegal, gener-
ated a significant and positive impact on infant 
and child (aged 6–59 months) anemia status and 
Hb concentration; the HFP programs in Nepal 
also showed a significant reduction on maternal 
anemia. Despite implementation in different set-
tings and with different project components, the 
plausibility of the studies’ findings are supported 
by significant improvements in outcomes along 
the impact pathway from agriculture to improved 
nutrition. These include increased access to and 
production of nutrient-rich foods, improvements 
in some infant and young child feeding practices, 
and improved dietary diversity.

A systematic review of the relationship 
between animal agricultural and anemia among 
women and children in LMIC examined the ben-
efits, in terms of increased consumption of 
micronutrient-rich animal source foods, and 
potential harm of animal agriculture by increased 
exposure to pathogens [49]. Of 23 included stud-
ies, nine were intervention evaluations, of which 
three examined the impact of small-scale fish 
farming and six evaluated HFP in different set-
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tings; the impact on anemia in both women and 
children was either small or not significant. In the 
14 observational studies (which examined the 
relationship between animal agriculture and ane-
mia or infection), the authors found no consistent 
relationship between participation in animal agri-
culture and anemia or iron status, nor increased 
risk of infection.

 Summary

Whether agricultural interventions that increase 
production and consumption of animal- and 
plant-based foods can combat ID remains an 
open discussion, biofortification aside. 
Biofortification studies to date demonstrate that 
eating iron-biofortified foods—without changing 
other aspects of the diet—can combat ID.  The 
impact of biofortification will rely on multiple 
factors, including adoption by farmers and con-
sumer acceptance. Thus far, the data on pro-
longed adoption [64], alongside high consumer 
favorability across continents, superior yield, and 
no visible trait differences from conventional 
varieties, suggest that iron biofortified crops are 
sustainably and successfully being scaled-up for 
long-term impact [65, 66].

As for the impact of other agricultural inter-
ventions on ID, it is challenging to differentiate 
between the effects of the agricultural compo-
nents and other project components (such as 
behavior change communication). It is not known 
if an increase in production and consumption of 
micronutrient-rich foods from these interven-
tions leads to increased micronutrient intake and 
a change in biochemical status. For example, an 
HFP evaluation in Cambodia observed higher 
iron intakes, lower prevalence of iron inadequacy 
[67], and a significant reduction in anemia preva-
lence among women in intervention groups com-
pared to control [68]. However, because IDA in 
this population is low (1.5–14%) [69, 70], it is 
unclear if increased iron intake drove the reduc-
tion in anemia or if it was due to other factors.

Ultimately, there is a need for more well- 
designed controlled trials of integrated agricul-
tural programs that include specific outcome 

indicators of iron status, rather than only Hb, and 
that objectively measure which project compo-
nents (or combination of components) lead to 
improvements in these indicators.

 Program Considerations 
for Controlling ID

The evidence on food-based approaches to reduce 
ID leads to a lingering question: why do efficacy 
trial results not translate consistently into pro-
grammatic effectiveness?

A pervasive weakness in published research 
is the incorrect assumption that anemia is syn-
onymous with ID; using Hb and anemia preva-
lence as the basis for iron interventions is not 
good science. Iron deficiency, even in the 
absence of anemia, is known to impair brain 
development and learning capacity, and inhibit 
physical performance, among other negative 
functional effects [60, 62]. The fraction of ane-
mia attributable to ID varies by geography, eth-
nicity, culture, life stage, and socioeconomic 
status, among other determinants of insufficient 
intake of bioavailable dietary iron. Iron defi-
ciency is the cause of <50% of anemia cases in 
countries where anemia prevalence is >40% [1], 
and the contribution of sickle cell disease [71] 
and other chronic diseases [72]—of which many 
do not respond to iron interventions—in the eti-
ology of anemia is higher than previously 
thought [73]. It is therefore necessary when 
planning, designing, and monitoring ID control 
programs to ascertain the baseline prevalence of 
ID and monitor the impact of interventions in a 
timely manner. Measuring iron-specific bio-
markers and acute phase proteins has become 
much more affordable and should complement 
the use of Hb for program planning and 
evaluation.

Despite their efficacy, the technologies used to 
decrease ID still have issues related to cultural 
and financial sustainability, which determine 
compliance and coverage [74]. The solutions to 
these constraints require continuous improve-
ments based on program process and impact 
indicators.
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Adding iron to staples and condiments for 
mass consumption, and blanket home fortifica-
tion programs, can raise due concern about safety 
because of adverse health events among iron 
replete infants and children living in malaria- 
endemic regions who consumed iron supple-
ments and hereditary disorders that cause 
progressive iron overload; these concerns have 
been addressed in depth in Chap. 21. Even though 
the risk of adverse effects is much lower when 
iron is delivered in food throughout the day [75], 
screening for these conditions in specific popula-
tions should be the norm.

 Suggestions to Improve Food-Based 
ID Control Program Effectiveness

 1. Single or multiple micronutrient fortification 
with iron should only be relied upon in “real 
world” conditions to meet the iron require-
ments of populations affected by ID and not 
by anemia from other causes.

 2. The fortificant and food vehicle combinations 
must simultaneously optimize acceptability, 
coverage, compliance, and an effective dose 
of bioavailable iron.

 3. Foods that have been fortified with iron (either 
through industrial or home fortification) 
should be combined with safe water, adequate 
sanitation, hygiene education, and infection 
prevention through immunization and treat-
ment (as well as obesity reduction) to free the 
hepcidin-induced downregulation of iron 
absorption associated with inflammation and 
infection.

 4. Maintenance of adequate iron reserves prior 
to rapid growth phases (i.e., 6–23 months of 
age, adolescence, and pregnancy) should be 
accompanied by public health measures 
including delayed umbilical cord clamping, 
exclusive breastfeeding, family planning, and 
oral contraceptives (to increase interpreg-
nancy intervals and decrease menstrual blood 
loss).

 5. Fortification and anemia prevention programs 
should be designed, implemented, monitored, 
and evaluated in accordance with the interna-

tional evidence-based guidelines and best 
practices addressed comprehensively by 
WHO [2, 10].

In summary, effective programs address sev-
eral important determinants of ID concurrently, 
as demonstrated by multiple industrialized and 
LMIC, like Costa Rica [23]. A thorough situation 
analysis should be used within each context to 
dictate the essential elements of an integrated 
solution for entire population groups, as well as 
specific population segments that require a more 
nuanced mix of interventions.

 Conclusions

ID is a complex health issue: reducing its global 
burden requires complementary strategies that 
simultaneously consider efficacy, acceptability, 
sustainability, and safety. The most successful 
approach to increasing consumption of micronu-
trient-rich foods is likely a combined strategy that 
addresses both increased production and con-
sumption of diversified foods, yet efforts to 
improve and maintain dietary quality take a long 
time and specific groups require particular atten-
tion [10, 46]. Together, fortification, biofortifica-
tion, and other food-based interventions that 
enhance or improve dietary diversification play a 
critical role in alleviating ID. Advantages of food-
based strategies include improved intakes of spe-
cific nutrients, as well as overall improved diets, 
health status, productivity, cognitive function, and 
livelihoods [76].
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 Overview of Food Fortification 
with Iron

Food systems too often fail to deliver foods suf-
ficiently rich in iron and other micronutrients. 
Where this gap exists for large parts of the popu-
lation, food fortification—the practice of adding 
one or more essential nutrients to food—can 
enhance the nutritional quality of the food supply 
and help address micronutrient deficiencies [1].

Food fortification can take various forms. 
These include targeted fortification as well as 
large-scale mandatory or voluntary fortification. 
Targeted fortification aims to increase the nutrient 
intake of specific target population groups, for 
example, through complementary foods for 
infants, rather than for all population groups. 
Mandatory large-scale food fortification (LSFF) 
sets legislation which requires all large-scale food 
industry to fortify by adding one or more micro-
nutrients to foods commonly consumed by large 

parts of the population as part of efforts to address 
deficiencies. Voluntary fortification, legislation 
permitting but not requiring fortification, is also 
practiced but its impact has been less studied. This 
chapter primarily reviews and discusses the policy 
considerations which are related to mandatory 
LSFF with iron. Mandatory LSFF with iron aims 
to increase regular intake of iron that is otherwise 
not sufficiently obtained in the diets of popula-
tions. It is therefore not a stand- alone solution for 
addressing iron deficiency. Rather, effective and 
relevant policy ensures that food fortification with 
iron can provide a cost- effective, public health 
approach that complements other long-term nutri-
tion-specific and nutrition-sensitive strategies to 
address iron deficiency.

 History and Status of Food 
Fortification with Iron

Food fortification with iron has a significant his-
tory of public health sucess. In the 1940s, pro-
grams for wheat flour fortification with iron were 
introduced nationally in the United Kingdom and 
the United States in order to target widespread 
anemia. Following these mandates, LSFF with 
iron was rapidly adopted in these countries, and 
aided by targeted advocacy from the nutritionist 
community as well as a wartime climate which 
tapped a patriotic incentive to improve the health 
and well-being of the population [2].
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Dozens of countries throughout Latin 
America, Africa, and Asia started to mandate iron 
fortification of cereal grains in the 1990s and 
early 2000s. Wheat flour, maize flour, and rice 
are the most common food vehicles selected for 
mandatory LSFF with iron (Table 26.1).

Today, iron fortification of wheat flour is man-
datory in 84 countries (Fig. 26.1), iron fortifica-
tion of maize flour is mandated in 16 countries 
(Fig. 26.2) and of iron fortificaiton of rice is man-
adated in seven countries (Fig.  26.3) (GFDx, 
2020; [3]).

To ensure optimal impact of iron fortification 
programs, it is critical that there is an appropriate 
selection of food vehciles coupled with effective 
compliance mechanisms [4]. Most policy evi-
dence which has been generated to date on iron 
fortification is based on programs fortifying 
wheat flour, maize flour, and rice. Iron fortifica-

Table 26.1 The most common food vehicles used for 
large-scale iron fortification programs

Food vehicle Number of countries with mandate
Wheat flour 84
Maize flour 16
Rice 7

Fig. 26.1 Legislation for the fortification of wheat flour 
with iron (GFDx, 2020 [3]; permission for reproduction 
not required). (‘Mandatory’ signifies that the country has 
mandated all registered mills to fortify. ‘No’ signifies that 

the country has fortification standards but does not require 
fortification. ‘Unknown’ signifies that the GFDx has yet 
to verify the existence of any standards or legislation)

Fig. 26.2 Legislation for the fortification of maize flour with iron. (GFDx, 2020 [3]; permission for reproduction not 
required)
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Fig. 26.3 Legislation for the fortification of rice with iron (GFDx, 2020 [3]; permission for reproduction not required)

tion using wheat flour is the most advanced prac-
tice, relative to the other food vehicles, and has 
the highest potential for impact in the short- to 
medium-term in countries where wheat flour is 
consumed as a staple [5].

Other than wheat flour, maize flour and rice, 
there are a handful of other widely consumed 
food vehicles under consideration for iron fortifi-
cation. The most notable include bouillon cubes 
and salt (the latter through double fortified salt 
with iodine and iron). Although bouillon cubes 
are widely consumed in many regions, especially 
West Africa—and despite the fact that some large 
industries are already manufacturing or selling 
fortified bouillon cubes on a voluntary basis—
little policy related to safety standards, technical 
guidance, and mandates for fortifying bouillon 
cubes has been developed.

Similarly, double fortified salt with iodine and 
iron has been an attractive proposition under con-
sideration for several decades due to the success 
of salt iodization and the near universal consump-
tion of salt. However, while India has been suc-
cessful in incorporating double fortified salt into 
much of its safety net system, there remain sev-
eral technical and financial issues that require 
resolution before this intervention can go to 
scale. The technical issues needing to be resolved 
include the adverse interaction of micronutrients, 
nutrient homogeneity, quality production param-
eters, and organoleptic changes. In terms of cost, 
the extra margin created by adding iron to salt 

remains a barrier in many low-income contexts 
unless it can be subsidized by governments. 
These issues are being systematically reviewed 
by the nutrition community through recent con-
sultations [6].

Lastly, unlike most other micronutrients, iron 
can cause unacceptable sensory changes to 
foods. This has meant that the development of 
efficacious iron fortified foods has been more 
challenging than developing efficacious foods 
fortified with other micronutrients [5]. When 
added to many foods the more bioavailable, sol-
uble iron compounds often cause unacceptable 
organoleptic changes, whereas the less soluble 
iron compounds, which are much less well 
absorbed, are more acceptable organoleptically. 
Many of these issues have been largely over-
come by developing acceptable iron forms or 
fortification technologies (e.g., extrusion tech-
nology for rice) [7].

 Impact to Date Through Food 
Fortification with Iron

When designed, delivered, and monitored well, 
LSFF with iron can be expected to improve or 
sustain adequate iron status. A 2019 systematic 
review and meta-analysis of 50 studies on the 
impact of large-scale fortification programs in 
low- and middle-income countries (LMIC) found 
that there was a 34% reduction in anemia from 
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improved iron stores due to iron fortification [8]. 
The study also revealed that while all age groups 
benefited from iron fortification, those most at 
risk of deficiency benefited the most, such as 
women of reproductive age (WRA) and pregnant 
women (ibid).

Lastly, LSFF is a highly cost-effective inter-
vention for all essential vitamins and minerals, 
and this is the case for iron as well. Following a 
review of 40-plus interventions, the Copenhagen 
Consensus ranked micronutrient interventions as 
one of the top development priorities ranking 
higher than water and sanitation and immuniza-
tion coverage. More specifically, in ten LMIC 
with high anemia prevalence, a review found that 
the cost of iron fortification against future bene-
fits related to cognitive improvements amounted 
to a benefit-cost ratio of 8.7:1 [9].

 Effective Policy for Food 
Fortification with Iron

When policy is well designed and implemented, 
LSFF with iron can lead to sustained, positive 
impacts in iron intakes at the population level. 
There are therefore specific policy considerations 
which need to be addressed by policymakers to 
(1) design, (2) implement and improve; and (3) 
monitor iron fortification programming. Here we 
summarize these considerations to help countries 
to effectively deliver their iron food fortification 
programs leading towards sustained impact.

 Policy Considerations to Design 
National Iron Fortification Programs

There are several guidelines available to support 
effective design and implementation of LSFF 
programs. These include the 2006 WHO/FAO 
Guidelines on food fortification with micronutri-
ents [10], which covers all aspects of program-
ming, and the 2018 policy guidance document, 
“Regulatory Monitoring of National Food 
Fortification Programs” [11]. The latter docu-
ment specifically provides guidance on quality 
assurance and control. These manuals, alongside 

the principles of the Codex Alimentarius, form a 
solid basis for designing national iron fortifica-
tion programs.

 Setting Mandatory Fortification 
Legislation and Standards

During design, policymakers need to look at the 
advantages of mandatory fortification over vol-
untary fortification. Voluntary fortification is less 
likely than mandatory fortification to deliver a 
widespread, favorable public health outcome of 
increased intakes of iron across entire popula-
tions [10]. Voluntary fortification is typically 
aimed for populations who are not at-risk. 
Because fortified, as well as unfortified products, 
will be available in markets, voluntary fortifica-
tion requires brand differentiation and consumer 
choice to purchase the fortified product, which is 
often more costly than the unfortified version.

Therefore, mandatory fortification is more rel-
evant therefore in contexts where there is signifi-
cant public health need or risk [10]. Mandatory 
fortification should create increased parity among 
the relevant industry players. It helps guarantee 
that all packaged varieties of a fortifiable food 
vehicle are fortified, thus facilitating greater 
access to fortified foods without necessitating 
significant changes in consumption habits. 
Importantly, fortification mandates provide the 
legal basis for enforcement [12].

To ensure that mandatory iron fortification 
policy will be effective it should cover four key 
principles on adding essential nutrients to foods 
found in the Codex Alimentarius, a set of glob-
ally recognized food standards developed by the 
Codex Alimentarius Commission.1 The four prin-
ciples are: (1) addressing documented nutritional 
needs; (2) selecting food(s) which are regularly 
consumed in sufficient amounts by the target 
population; (3) setting the levels of added 
 fortification so that they provide a biologically 
effective contribution of the nutrient without this 

1 In 1963 by the Food and Agriculture Organization and 
World Health Organization established the Codex 
Alimentarius Commission.
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resulting in excess intakes; and (4) using fortifi-
cants which are stable and bioavailable [13].

Thus, during design of an iron fortification 
program, the critical first step is to identify if 
there is a gap in dietary iron adequacy. This 
should be established using the most up-to-date 
data and information available on current iron 
status and population-level dietary intake of iron. 
If data are not available, new dietary intake stud-
ies among the population may be required [14].

Second, if a gap has been identified, the food 
to be fortified needs to be identified. The food 
vehicle should be selected based on regular con-
sumption patterns (based on per capita consump-
tion), industry consolidation, the feasibility of 
fortification at the processing stage, and the eco-
nomics or cost-effectiveness of fortifying that 
food. As noted, wheat flour, maize flour, and rice 
to date have been the most frequently selected 
vehicles for iron fortification based on consump-
tion, industry layout, and feasibility. Bouillon 
cubes and salt have also been under consideration 
as prospective vehicles in several contexts, espe-
cially West Africa and India, respectively.

Third, the standards for iron fortification need 
to be developed and set by government. Standards 
should be based on WHO’s guidance on Tolerable 
Upper Intake Level (UL) [10]. UL is the highest 
average intake which is used as a reference value 
for determining whether the micronutrient 
intakes of subgroups in the population are safe 
and do not create a risk of excessive intake that 
would lead to adverse health effects. In other 
words, standards should set the minimum and 
maximum levels for the addition of iron to the 
food vehicle to achieve their intended purpose 
[13]. In practice, the amount of iron that can be 
added to the selected food is dictated by safety 
concerns for those at the top end of consumption 
of the chosen food vehicle. Therefore, based on 
consumption levels of the selected food vehicle, 
and considering the presence of other iron inter-
ventions that are addressing iron deficiency, the 
UL should help set recommended iron levels that 
provide, for example, 20–50% of the Estimated 
Average Requirement, EAR [10]. Periodic 
assessment of coverage and utilization is critical 

to reassess risk of excessive intake—taking into 
consideration iron from all dietary sources [11].

Lastly, standards need to specify which iron 
fortificants should be used based on bioavailabil-
ity, lack of adverse interaction with other food 
constituents and nutrients, organoleptic accept-
ability, and availability of the compound at an 
acceptable cost [7]. There are many compounds 
which have been considered for iron fortification. 
The WHO/FAO fortification guidelines [10] lists 
19 iron compounds together with their relative 
absorption in humans. Currently, there are about 
seven acceptable and relevant iron compounds 
regularly deployed in food fortification programs. 
These are ferrous fumarate, ferrous sulfate, fer-
rous gluconate, ferric pyrophosphate (FPP), 
sodium iron ethylenediaminetetraacetic acid 
(NaFeEDTA), ferrous bisglycinate (FBG), and 
elemental iron powders.

 Policy Considerations to Implement 
and Improve Iron Fortification 
Programs

 Policies to Aid in Coordinating 
National Efforts

Fortification programs are successful when 
driven by a final public health objective and when 
trust is built between the public and private sector 
actors [15]. To build this trust, not unlike other 
multi-sectoral programs, iron fortification pro-
grams require clear lines of responsibility from 
design through to monitoring. It is important that 
governments help establish mechanisms to coor-
dinate all stakeholders, and hold each account-
able, so as to deliver an impactful fortification 
program.

One such mechanism that has been successful 
to improve national efforts for fortification pro-
grams in at least two dozen countries is national 
food fortification alliances (NFFAs) [15]. NFFAs 
are useful mechanisms to establish clear roles, 
foster collective decision-making and to help 
establish trust between governments, industry, 
and civil society.
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A 2016 review of nine NFFAs identified sev-
eral policies and clear government roles that lead 
to better coordination within fortification pro-
grams [16]. These government roles include: 
overall leadership provided by the Ministry of 
Health or Ministry of Industry (NB: these minis-
tries often host a dedicated fortification project 
management); clear mandates for the federal and/
or subnational food control authorities to monitor 
the quality of domestically produced fortified 
foods; robust monitoring of imported foods by 
custom officials; and lastly, nutrition surveillance 
units that routinely monitor the public health 
impact of the fortification program.

Lastly, the private sector takes on the lion’s 
share of the fortification processes. It also works 
to ensure markets expand and to enhance their 
respective brand value through improving qual-
ity. NFFAs can help to foster the ongoing motiva-
tion of all parties to complete their responsibilities 
and to work together for the success of national 
fortification efforts [16].

 Policies Related to Regulatory 
Monitoring

According to the WHO/FAO, regulatory moni-
toring of fortified foods is defined as the process 
of “continuous collection, review, and use of 
information on program implementation activi-
ties, for the purpose of identifying problems, 
such as non-compliance, and informing correc-
tive actions so as to fulfil stated objectives.” [10].

Regulatory monitoring and enforcement of 
iron fortification thus requires supportive policies 
and appropriate budgetary allocations for govern-
ment institutions charged with these tasks. There 
are several policies which need to be put in place 
to implement strong quality control and enforce-
ment of iron fortification programs. In the case of 
mandatory fortification, all production facilities 
under legislation must conform to the relevant 
iron fortification standards and any other food 
requirements. Specifically, these policies should 
set forth the rules related to labelling and nutri-
tion claims, as well as setting applicable penalties 
[17]. For the former, national iron fortification 

standards should stipulate the information to be 
included on iron-fortified food packaging and 
labels, such as how much iron the product con-
tains, the lot or batch number (or other traceabil-
ity data) and dates of manufacture.

For the latter on penalties, it is critical for poli-
cymakers to ensure standards which stipulate 
clear actionable limits that express the iron speci-
fication as a target value within an acceptable 
range of lower and upper parameters for test 
results. If a sample collected from the fortified 
food production sites falls outside of this range it 
would be considered noncompliant [11]. This 
range can be determined based on mean value 
from standardized sampling procedures [11].

To enhance effectiveness, regulatory monitor-
ing of fortification should be part of the national 
or subnational food safety system. Food safety 
systems are important because they play a role in 
maintaining consumer safety and overall satis-
faction. They are usually improved over time and 
incorporate standard management systems 
focused on food quality and safety. To ensure 
compliance of iron fortified foods along the 
entire supply chain, food safety systems need to 
routinely conduct external monitoring activities 
at food production facilities and border control 
sites. Periodic monitoring within the market-
place complements the data collected at other 
points in the supply chain. The inspection guide-
lines should emphasize the need for audits of 
food production facilities coupled with less fre-
quent, yet critical, quantitative testing at certified 
laboratories. This places attention on the fortifi-
cation process and leverages the internal moni-
toring activities being conducted by food 
manufacturers [11].

Lastly, because the cost of the fortificant 
(iron included) is the most substantial recurring 
input cost for fortification programs, it is often a 
barrier to industry fortifying appropriately [18]. 
To enhance the cost-effectiveness of premix 
procurement and distribution, governments 
should remove fortificant-related customs taxes 
and value-added taxes, and support the selection 
of verified supply agents who can deliver 
quality- assured fortificants in line with national 
standards [19].
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 Policy Considerations to Support 
Monitoring of Iron Fortification 
Programming

Monitoring iron fortification programs and then 
assessing their potential for impact within a pop-
ulation requires regular consumption information 
to determine the extent to which iron fortified 
foods are being consumed by the population and 
among subgroups. Consumption monitoring can 
be defined as the periodic assessment of house-
hold coverage and consumption of fortified foods 
and the additional micronutrient content provided 
to a population via the fortified food [20]. 
Related, because iron fortification programs 
often exist for dozens of years, it is important to 
assess whether other nutrition or food programs 
are providing iron through other sources and to 
recalibrate the program as needed.

Monitoring information can help policymak-
ers to decide whether an iron fortification pro-
gram should be enhanced, course corrected or 
even terminated, identify if there is a different 
strategy to improve iron status which could have 
greater impact, or if dietary gaps no longer exist 
among the population.

Lastly, thorough impact evaluations should be 
undertaken which look at the impact of iron forti-
fication programs on biological (i.e., iron status) 
and functional (e.g., anemia, child development) 
outcomes. However, because these assessments 
are expensive, they should be done only when 
there is adequate reason to believe that there has 
been impact.

 Conclusion

Mandatory, large-scale food fortification of sta-
ple foods and condiments with iron is an 
evidence- based, cost-effective intervention that 
can help address iron deficiency in a sustainable 
way. Its benefits can extend over the entire life 
cycle of humans. However, achieving impact 
often takes many years for countries to achieve 
[4]. It is therefore important that countries use 
evidence-based policy as summarized here which 

helps design, implement, improve, and monitor 
iron fortification programs. This will help ensure 
that the program is integrated within the context 
of a country’s overall micronutrient strategy and 
delivered effectively via the food system. Moving 
forward, countries should garner the necessary 
resources and political commitment required to 
put in place the policies outlined here and to opti-
mize their iron fortification programs for sus-
tained health impact.
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 Background

Progress in anemia reduction has been slow; 
rather, anemia prevalence has risen slightly 
among women of reproductive age (WRA; 
women aged 15–49 years) from 31.6% in 2000 to 
32.8% in 2016. The World Health Assembly 
(WHA) has called for a 50% reduction in anemia 
prevalence among WRA by 2025 and, globally, 
no countries are currently on track to achieve this 
target [1, 2]. WHA targets were then also included 
in the 2030 development agenda and are referred 
to in target 2.2 of the Sustainable Development 
Goals. This target is based on an estimated base-
line anemia prevalence of 30.3% in 2012 and an 
endline prevalence of 15.2% in 2030, requiring 
an average annual reduction rate of 3.8% [3]. It is 

commonly thought that iron deficiency is the 
most common cause of anemia in low- and 
middle- income countries. In 2015, the World 
Health Organization (WHO) estimated that iron 
deficiency anemia (IDA) accounted for ~50% of 
cases in women and ~42% of cases in children 
[4]. Hence, iron-focused interventions have 
resolved roughly half of anemia cases [5–7]. 
However, as the causes of anemia are multifacto-
rial and include aspects beyond nutrition, such as 
infections and genetic hemoglobin disorders, 
programs must not solely focus on iron-related 
interventions [5, 8]. The prevalence and etiology 
of anemia vary widely by geography, thus pro-
grams to prevent and treat anemia must be 
designed accordingly.

 Historical Perspective

The use of supplemental iron for the treatment of 
anemia has existed since the early 1900s. The 
ground-breaking work of Helen Mackay post- 
World War I led to the establishment of normal 
hemoglobin values for young children. Her work 
concluded that anemia in late infancy resulted 
from insufficient iron [9, 10]. Upon treating 
infants with iron, she noted that those who 
received supplements looked “healthier [and had 
fewer] episodes of respiratory tract infections, 
diarrhea and fever compared to un-supplemented 
infants”—thus helping to establish a clear link 
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between IDA and iron [9, 10]. Around the same 
time, the role of iron in hypochromic anemia in 
adults was also established—it was found that 
iron therapy led to positive changes in epithelial 
and subcutaneous structures and alleviated pallor 
[11]. Despite advances in defining the role of iron 
in the treatment and prevention of anemia in the 
last century, practice and policy remain a chal-
lenge. This chapter discusses program strategies 
and interventions for the reduction of anemia.

 Consequences of Anemia 
and Target Populations

The devastating consequences of anemia high-
light the need for effective reduction strategies. 
The morbidity, mortality, and economic ramifica-
tions associated with anemia are numerous, in 
some cases irreversible, and can have a lifelong 
impact [12]. During pregnancy, anemia is associ-
ated with poor maternal and birth outcomes, such 
as low birth weight, small for gestational age, 
premature birth, and maternal, perinatal, and neo-
natal mortality [13]. In children, iron deficiency 
and IDA have been linked to poor cognitive and 
motor development outcomes [14]. The persis-
tence of anemia into adolescence and adulthood 
can negatively impact one’s physical capacity, 
concentration, and work productivity [15]. 
Implementing strategies to successfully control 
anemia can improve children’s school perfor-
mance, women’s work capacity, and pregnancy 
outcomes for mothers and infants [1]. These 
improvements can result in intergenerational 
benefits that not only improve individual health 
and well-being but also enhance economic poten-
tial and community development [1].

Anemia prevention and reduction programs 
are typically targeted towards infants and chil-
dren under 2 years of age, children under 2 years 
of age, adolescents, and WRA (pregnant and 
non-pregnant). When possible, efforts should be 
made to consider socio-economic data for these 
target populations. Detailed descriptions of the 
increased needs of infants and young children 
and pregnant women can be found in Chaps. 6 
and 7, respectively.

 Interventions to Reduce Nutritional 
Anemia

Numerous interventions exist that are intended to 
prevent and correct nutritional anemias. These 
include behavior change dietary interventions, 
fortification of foods with micronutrients, micro-
nutrient supplementation, and other public health 
measures, such as helminth control through 
deworming programs. The objectives of these 
approaches are to improve nutritional status, 
thus, reduce nutritional anemia. Tables 27.1 and 
27.2 present some interventions that have been 
implemented to reduce, treat, or prevent anemia 
in recent years.

 Nutrition-Specific Strategies 
to Reduce Anemia

Nutrition-specific interventions, defined in Chap. 
27, act directly on the immediate nutritional 
causes of anemia, such as poor intake of hemato-
poietic nutrients (e.g., iron, folate, vitamins B12 
A), infant feeding practices, and access to iron- 
fortified foods [2, 14]. In instances where 
behavior- change communication directly influ-
ences nutrition-related behaviors, it is also classi-
fied as a nutrition-specific intervention.

 Micronutrient Supplementation
Intermittent iron supplementation is recom-
mended in populations where the prevalence of 
anemia among non-pregnant WRA, preschool 
(24–59 months; 25 mg elemental iron in liquid 
form) or school-age (5–12 years; 45 mg elemen-
tal iron in tablet/capsule form) children is greater 
than 20% [16, 17]. For non-pregnant menstruat-
ing women and adolescent girls, intermittent iron 
supplements are recommended to also include 
folic acid in order to improve blood folate status 
and reduce the risk of neural tube defects should 
an unplanned pregnancy occur (60 mg elemental 
iron and 2.8 mg folic acid in tablet/capsule form) 
[17]. Intermittent supplements should be given 
once weekly for three consecutive months fol-
lowed by 3 months of no supplementation, after 
which the provision of supplements can restart; 
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alternatively, in a school setting, supplementation 
can follow the school or calendar year. 
Intermittent iron and folic acid supplements are 
also recommended for non-anemic pregnant 
women (120 mg elemental iron and 2.8 mg folic 
acid in tablet/capsule form) in settings where the 
prevalence of anemia among pregnant women is 
less than 20%. This strategy is recommended 
when daily iron supplementation is poorly toler-
ated and should commence as early in pregnancy 
as possible [18].

Alternatively, daily iron supplementation is 
recommended for three consecutive months per 
year in settings where the prevalence of anemia 
among infants and young children (6–23 months; 
10–12.5  mg elemental iron in liquid form), 
preschool- age children (30 mg elemental iron in 
liquid or tablet form), school-aged children (30–
60 mg elemental iron), or non-pregnant WRA is 
greater than 40% (30–60  mg elemental iron) 
[19, 20].

Daily iron (30–60  mg elemental iron) and 
folic acid supplementation is also recommended 
throughout pregnancy for women and adolescent 
girls as part of routine antenatal care [18]. In the 
context of rigorous research, including imple-
mentation research that uses high-quality meth-
ods appropriate to the specific research questions, 
antenatal multiple micronutrient supplements 
containing iron and folic acid are an alternative 
option [23]. One such example is the United 
Nations International Multiple Micronutrient 
Antenatal Preparation (UNIMMAP) which con-
tains 30 mg of elemental iron and 14 other micro-
nutrients [23]. However, the WHO recommends 
a higher dose of iron (e.g., 60 mg) in populations 
where the prevalence of anemia is greater than 
40% among pregnant women [18, 23]. Following 
pregnancy, in settings where gestational anemia 
is a public health concern (>20%), daily supple-
mentation with iron (with or without folic acid) 
can be provided to postpartum women for 
6–12  weeks following delivery to reduce their 
risk of anemia [24]. In malaria-endemic regions, 
iron supplementation, regardless of regimen or 
folic acid content, should be delivered in tandem 
with adequate measures to prevent, diagnose, and 
treat malaria [14].

Low-birth-weight infants (birth weight 
between 1.5 and 2.5  kg) and very-low-birth- 
weight infants who are fed human milk (birth 
weight between 1.0 and 1.5  kg) should receive 
daily iron supplementation from 2 to 23 months 
of age (2 mg/kg body weight per day) and from 
2  weeks to 6  months of age (2–4  mg/kg body 
weight per day), respectively [21, 22].

 Fortification
Universal fortification, or mass fortification, is 
appropriate when a large proportion of a popula-
tion is at risk of specific micronutrient deficien-
cies [25], such as those that are implicated in the 
etiology of anemia (e.g., B12, folate, iron, vita-
min A, and zinc). For universal fortification to be 
successful, the target population must consume 
large quantities of industrially processed foods 
(e.g., cereals) [26]. Alternatively, targeted fortifi-
cation can be used to increase the nutrient intake 
of specific subsets of the population without 
increasing the intake of the general population 
[21]. This intervention is often used when the 
nutrient needs of a population subset are high and 
unlikely to be met through universal fortification 
[14]. For instance, complementary foods fortified 
with iron are recommended for children aged 
6–23 months in all settings [27]. In populations 
where the prevalence of anemia is greater than 
20% among children young children, targeted 
(home or point-of-use) fortification with micro-
nutrient powders is recommended for children 
aged 6–23  months and 2–12  years [28, 29]. In 
emergency settings, iron and other micronutrient- 
fortified blended foods (e.g., the World Food 
Programme’s S“per Cereal and Super Cereal 
Plus) can be provided to pregnant women, older 
infants, and young children [30, 31].

Populations who produce and consume staple 
food crops in significant quantities, and who may 
not have access to other nutrition interventions 
like fortification, may benefit from biofortifica-
tion interventions. Crops that have been success-
fully biofortified with micronutrients include 
pulses, legumes, rice, millet, wheat, maize, sweet 
potato, and cassava [14, 32]. A detailed descrip-
tion of food-based strategies for combatting iron 
deficiency and anemia can be found in Chap. 26.
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 Improving Dietary Diversity 
and Quality
Nutrition education can also be used to promote 
the consumption of the key nutrients required for 
red blood cell synthesis and, ultimately, anemia 
prevention and control. Ensuring the appropriate 
intake of iron, folate, vitamin B12, vitamin A, and 
other hematopoietic nutrients is paramount for 
the prevention of nutritional anemia. General 
nutrition education and counseling should pro-
mote the consumption of a variety of nutrient- 
dense foods and highlight techniques that 
promote the absorption of micronutrients and 
limit known absorption inhibitors (e.g., consum-
ing vitamin C to enhance iron absorption) [14]. A 
detailed discussion about the dietary sources of 
iron and its bioavailability can be found in 
Chapts. 10 and 11, respectively.

 Social and Behavior-Change 
Communication
Social and behavior-change communication 
should accompany nutrition-specific interven-
tions that aim to prevent and treat anemia [14]. 
Social and behavior-change strategies need to be 
developed for a specific context using formative 
research or ethnographic work; utilize multiple 
communication channels and approaches instead 
of a singular approach; and should also aim to 
reach groups that are peripheral to the intended 
target group [33].

 Nutrition-Sensitive Strategies 
to Reduce Anemia

Nutrition-sensitive interventions, defined in 
Chap. 27, indirectly address nutrition by target-
ing the underlying and basic causes of anemia 
that can occur at the household and societal levels 
[2]. These interventions span numerous sectors 
but common strategies focus on infection control; 
water, sanitation and hygiene (WASH) practices; 
and poverty reduction and eliminating gender 
norms [14].

Treatment and Control of Infections (Malaria, 
Helminth Infections, and Other Infections).

Globally, malaria is one of the primary causes 
of anemia [40, 41], thus it is important to also 
implement interventions for its control and treat-
ment. In malaria-endemic regions, long-lasting 
insecticidal nets or indoor residual spraying 
should be delivered at high coverage as a means 
of vector control [42]. Areas with high rates of 
transmission are recommended to use chemopre-
vention strategies for pregnant women and 
infants while seasonal malarial chemoprevention 
is recommended for children aged 3–59 months 
who live in areas with high seasonal malaria 
transmission within the Sahel subregion [41, 43, 
44]. Soil- transmitted helminth (hookworm) 
infections and schistosomiasis are other parasitic 
infections that contribute to the global burden of 
anemia. Periodic deworming is recommended 
among at- risk populations for the control of both 
soil- transmitted helminth infections and schisto-
somiasis [45]. However, long-term solutions to 
soil-transmitted helminth infections and schisto-
somiasis require improved WASH access and 
practices to break the cycle of infection and re-
infection [14].

 Water, Sanitation, and Hygiene (WASH)
Adequate WASH access and practices help to 
lower the odds of schistosomiasis and soil- 
transmitted helminth infection, primarily through 
access to safe water [46]. Further, poor WASH 
access and practice may lead to increased gut 
permeability and reduced absorptive and barrier 
capacity in the small intestine as a result of envi-
ronmental enteric dysfunction (EED) [47]. 
WASH strategies should aim to promote proper 
handwashing and food hygiene practices, treat-
ment of water and the safe storage of drinking 
water; safe, hygienic methods of sanitation/feces 
management, and the wearing of shoes to control 
soil-transmitted helminth infection [14]. 
Moreover, standing in rivers/lakes to play or 
wash clothes should be discouraged as a means 
for schistosomiasis control [46].

 Reproductive Health Practices
Intervention strategies related to reproductive health 
and pregnancy may also lower the risk of anemia 
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among adolescent girls and WRA. Some strategies 
include delaying the age of first pregnancy, ensuring 
access to quality prenatal and postnatal care, and 
increasing the interval of time between births. These 
strategies reduce the risk of anemia for not only the 
mother but also her child [14].

 Intersectoral Actions
Limited access to healthcare, nutrition, educa-
tion, and household income among women is 
associated with poor nutritional status and an 
increased risk of anemia [14]. Thus, multiple sec-
tors, in addition to the health sector, require 
engagement to improve gender equality and 
women’s empowerment; support educational 
opportunities for girls and women; support 
income-generating activities for women; and 
raise awareness about the consequences of ane-
mia among policymakers and communities [14].

 Strategies for the Treatment of Iron 
Deficiency Anemia

Specific nutrient deficiencies should be confirmed 
before oral supplementation is initiated. For 
uncomplicated IDA, oral iron supplements are 
recommended daily for 3 months accompanied by 
the monitoring of red cell indices [15]. In situa-
tions where oral iron supplementation is unsuc-
cessful or poorly tolerated, or in instances of iron 
malabsorption, parenteral/intravenous iron ther-

apy may be indicated [15]. Red blood cell transfu-
sions may be required in cases of severe IDA or 
scenarios with serious complications, such as dur-
ing postpartum hemorrhage [49].

 Development of Programs 
for Anemia Reduction

The development of programs for effective ane-
mia reduction requires a comprehensive under-
standing of the determinants of anemia within a 
region or population. Understanding the primary 
causes and distribution of anemia among affected 
populations will allow for the selection of appro-
priate intervention strategies. Moreover, a com-
prehensive understanding allows engagement 
and coordination among relevant partners and 
stakeholders. Following implementation, pro-
grams should be monitored and evaluated to 
ensure program adjustment, maintenance, expan-
sion, or termination as needed [14]. Important 
elements for developing anemia reduction pro-
grams are outlined in Fig. 27.1. Select examples 
of current and past National Anemia Action 
Programs can be found in Table 27.3.

 Role of Policy in Anemia Reduction

Policy has an important role to play in the suc-
cessful implementation of anemia interventions. 

-CONDUCT A
SITUATIONAL ANALYSIS

Establish the prevalence 
of anemia and identify 
priority target groups and 
regions.
Determine the 
deficiencies causing 
anemia (e.g. iron, vitamin 
A) and ascertain if other 
causes of anemia are 
present (e.g. infections).
Assess available anemia-
control programs and 
determine potential 
improvements. 
Establish the current 
knowledge of anemia and 
outline barriers to 
prevention and control. 

-RAISE AWARENESS 
AND CONDUCT HIGH-

LEVEL ADVOCACY

Increase awareness of 
the importance of 
preventing and controlling 
anemia.
Advocate for anemia 
reduction to policy 
makers, ministries, 
donors, academic, and 
community and religious 
leaders.

-CREATE A TASK FORCE
AND DEVELOP
PARTNERSHIPS

Promote coordination 
across multiple relevant 
sectors (e.g. nutrition, 
agriculture, education, 
WASH), government 
agencies, 
nongovernmental 
organizations (NGOs), 
donors and the private 
sector.

-DETERMINE PROGRAM
INTERVENTIONS AND

DEVELOP
IMPLEMENTATION

PLANS

Decide which prevention 
and control interventions 
are a priority.

Select who is responsible 
for implementation and 
develop a timeline.

Determine how 
responsible partners will 
implement the 
interventions.
Establish workplans and 
budgets for each 
proposed activity.

-DEVELOP A
MONITORING AND
EVALUATION PLAN

Define performance 
indicators required to 
measure inputs, activities, 
outputs, and outcomes of 
the intervention.
Determine how 
monitoring data will be 
collected, stored, and 
analysed.
Analyse, synthesize, and 
interpret the evidence 
gathered to answer 
evaluation questions.
Disseminate evaluations 
to stakeholders and share 
lessons learnt.

Fig. 27.1 Key elements for developing anemia reduction programs (adapted from Nutritional Anaemias: Tools for 
Effective Prevention and Control) [14]
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Even though IDA is extensively researched, from 
the molecular to the population level, its treat-
ment has not achieved an effective intervention 
coverage compared with other micronutrients, 
such as iodine and vitamin A. This is also partly 
due to the fact that not all anemia is due to iron, 
and it is important to find causes of anemia before 
drafting blanket policies for iron or multiple 
micronutrient supplementation.

We have adequate information on what needs 
to be done, but there is a lack of political commit-
ment to improve mechanisms at the country level 
for effective program implementation. For 

instance, from a review of 167 countries, the 
World Health Organization found that only 57% 
of national policies included goals, targets, or 
indicators related to anemia [55]. Box and 
Fig.  27.1 provide information about the mini-
mum requirements and key elements that can 
inform the design of a program to prevent, con-
trol, and treat anemia. In the last decade, coun-
tries have started developing stand-alone anemia 
reduction strategies (Table 27.3) or include ane-
mia reduction as one of the strategic objectives in 
their broader multisectoral national nutrition 
policies and/or health plans (Table 27.4).

Table 27.4 Examples of current and past multisectoral national nutrition plans that include anemia-related objectives 
and strategies

Country

Multisectoral 
national nutrition 
plans Strategic objectives Select anemia-related strategies

Oman National Nutrition 
Strategy—Strategic 
Study 2014—2050 
[57]

1.  Reduce the prevalence of 
overweight and obesity through 
exercise and a balanced diet of 
fresh vegetables and fruits

2.  Reduce levels of stunting and low 
birth weight through improvement 
of all women’s health and nutrition 
before, during, and after pregnancy

3.  Raise exclusive breastfeeding rates 
at 6 months to improve nutritional 
and cognitive potential of children

4.  Reduce anemia and all 
micronutrient deficiencies through 
consumption of appropriate 
micronutrient-rich foods

5.  Increase diet of non-obesogenic 
fresh fruits and vegetables by 
reducing importation of cardiotoxic 
processed through cooperative 
agreements with regional suppliers 
and increase regulation and import 
tariffs on unhealthy foods

6.  Increase local food self-sufficiency 
and dietary diversity through 
organically grown vegetables and 
fruits by introducing high-tech rural 
and urban gardens in 80% of all 
households

7.  Improve physical fitness of the 
population at all ages through 
promotion of aerobic heart-friendly 
exercise

8.  Create urban green spaces and 
pedestrian transport routes in all 
cities

Strategic objective twoa

   (a)  Focus health and nutrition programs 
primarily on pre-pregnant, prenatal, 
and lactating women to improve 
potential for normal height and 
cognitive development

   (b)  Collaborate with other ministries 
who reach adolescent girls and 
women in the community (e.g., 
education, agriculture)

   (c)  Reduce unmet need for 
contraception and increase birth 
spacing; continue progress on 
reduction of TFR to reach 
replacement rates

Strategic objective three
   (a)  Strengthen education and assessment 

of all hospitals and clinics so that 
100% are baby friendly

   (b)  Ensure adequate space for 
continued breastfeeding in all 
workplaces

Strategic objective foura

   (a)  Develop and promote biofortified 
foods (including increasing 
bioavailability of iron) to provide 
adequate micronutrients

Strategic objective six
   (a)  Scale-up rural and urban agriculture 

using water and nutrient efficient 
technologies (e.g., hydroponics, 
aquaponics) to facilitate local 
production of vegetable and, fruits 
(and fish)

   (b)  Develop vertical farms in all new 
urban structures

(continued)
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Country

Multisectoral 
national nutrition 
plans Strategic objectives Select anemia-related strategies

United 
Republic 
of 
Tanzania

National Multi- 
sectoral Nutrition 
Action Plan 
(2016–2021) [58]

1.  Scaling up maternal, infant, young 
child, and adolescent nutrition 
(MIYCAN)

2.  Scaling up prevention and 
management of micronutrient 
deficiencies

3.  Scaling up integrated management 
of acute malnutrition (IMAM)

4.  Scaling up prevention and 
management of diet-related 
non- communicable diseases

5.  Scaling up multisectoral nutrition- 
sensitive interventions (agriculture 
and food security; health and HIV; 
WASH; education; social 
protection; and environment and 
climate change)

6.  Strengthening multisectoral 
nutrition governance

7.  Establishing a multisectoral 
nutrition information system

Strategic objective one
   (a)  Increased coverage and quality of 

MIYCAN services at the 
community level

   (b)  Improved quality of MIYCAN 
services at the health facilities level

   (c)  MIYCAN is promoted at all levels 
through mass media and the use of 
new technologies

   (d)  Improved MIYCAN law 
enforcement through advocacy and 
capacity building of key institutions

Strategic objective twoa

   (a)  Increased access to food 
fortification (home and mass) for 
children aged 6–23 months, 
pregnant women, and WRA

   (b)  Children receive regular 
supplementation of vitamin A and 
deworming

   (c)  Children and women utilize 
improved services for anemia 
reduction, reflected by an increased 
proportion of WRA who took IFA 
supplementation during pregnancy

Strategic objective five
   (a)  Communities have access to a 

diverse range of nutritious foods 
throughout the year

   (b)  Communities regularly use quality 
maternal health, family planning 
prevention services, and treatment 
of HIV and malaria

   (c)  Communities and schools access 
adequate WASH services

   (d)  Girls complete primary and 
secondary education

   (e)  Poorest households benefit from 
conditional cash transfers, cash for 
work, and nutrition education 
during the community sessions

a Strategic objective directly relates to anemia

Table 27.4 (continued)
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nutrition-specific and nutrition-sensitive interven-
tions for the intended target groups. Leveraging 
existing platforms and coordinating partners and 
stakeholders helps to ensure success—however, 
comprehensive policies and plans need to be 
developed to facilitate an enabling environment. 
The policies have to be appropriately funded, ide-
ally through domestic funds, to support these pro-
grams. Finally, monitoring and evaluation plans 
must be in place for accountability. Program out-
puts and impacts have to be actively monitored, 
allowing implementers to learn from past experi-
ences and ensure that future programs are evi-
dence-based and effective [14].
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