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Preface

It is estimated that one-third of the world’s population is anemic, the majority being due to
iron deficiency (ID). This great health problem affects approximately to more than 2 billion
people worldwide, and IDA remains the main cause of anemia, as confirmed by the analy‐
sis of a large number of reports on the burden of disease in near two hundred countries,
performed in the last twenty years and by a survey on the burden of anemia in persons at
risk, such as preschool children and young women.

This situation is applied to the reduction of iron stores that precedes to overt iron deficiency
anemia (IDA) or persists without progression. This is a more severe condition, in which low
levels of iron are associated with anemia and the presence of microcytic hypochromic red
cells. The estimated prevalence of ID worldwide, is twice as high the IDA. The diagnosis
and treatment of this condition needs clearly to be improved.

Iron is a metal compound crucial to biologic functions, including respiration, energy produc‐
tion, DNA synthesis, and cell proliferation. The human body has evolved to conserve iron in
several ways, including the recycling of iron after the breakdown of red cells and the retention
of iron in the absence of an excretion mechanism. However, since excess levels of iron can be
toxic, its absorption is limited to 1 to 2 mg daily, and most of the iron needed daily (about 25
mg per day) is provided through recycling by macrophages that phagocytate senescent eryth‐
rocytes. The latter two mechanisms are controlled by the hormone hepcidin, which maintains
total-body iron within normal ranges, avoiding both iron deficiency and excess.

Prevention programs have decreased rates of IDA globally. The prevalence is now highest
in Central and West Africa and South Asia. The reported prevalence of ID in the absence of
dietary fortification is approximately 40% in preschool children, 30% in menstruating girls
and women, and 38% in pregnant women. These rates reflect the increased physiological
need for dietary iron during specific  life stages according to sex.

While anemia is clearly defined according to the World Health Organization as a hemoglo‐
bin (Hb) level less than 12 g/dL in women (< 11 g/dL in pregnant women) and lower than 13
g/dL in men, the situation is ambiguous for for iron deficiency. No single test is diagnostic
of ID, unless the serum ferritin is low or the percent transferrin saturation is low with an
elevated total iron binding capacity

Iron deficiency anemia (IDA) is a common complication in routine clinical practice that fre‐
quently originates in the gastrointestinal (GI) tract. Patients with IDA are therefore often re‐
ferred to gastroenterologists for further examination and/or treatment. This finding
associated with GI disorders can substantially reduces quality of life, contribute to fatigue,
and may even lead to hospitalization.

In contrast to the well-documented inflammatory bowel disease (IBD)-associated IDA prev‐
alence data for associated with other pathological conditions of the GI tract, are sparse.



  
  

        

        

 

  
      

            
              

   
                

                   
            

   

 
 

   
   

    
 

   

     
  

   
      

    
    

Preface 

It is estimated that one-third of the world’s population is anemic, the majority being due to 
iron deficiency (ID). This great health problem affects approximately to more than 2 billion 
people worldwide, and IDA remains the main cause of anemia, as confirmed by the analy‐
sis of a large number of reports on the burden of disease in near two hundred countries, 
performed in the last twenty years and by a survey on the burden of anemia in persons at 
risk, such as preschool children and young women. 

This situation is applied to the reduction of iron stores that precedes to overt iron deficiency 
anemia (IDA) or persists without progression. This is a more severe condition, in which low 
levels of iron are associated with anemia and the presence of microcytic hypochromic red 
cells. The estimated prevalence of ID worldwide, is twice as high the IDA. The diagnosis 
and treatment of this condition needs clearly to be improved. 

Iron is a metal compound crucial to biologic functions, including respiration, energy produc‐
tion, DNA synthesis, and cell proliferation. The human body has evolved to conserve iron in 
several ways, including the recycling of iron after the breakdown of red cells and the retention 
of iron in the absence of an excretion mechanism. However, since excess levels of iron can be 
toxic, its absorption is limited to 1 to 2 mg daily, and most of the iron needed daily (about 25 
mg per day) is provided through recycling by macrophages that phagocytate senescent eryth‐
rocytes. The latter two mechanisms are controlled by the hormone hepcidin, which maintains 
total-body iron within normal ranges, avoiding both iron deficiency and excess. 

Prevention programs have decreased rates of IDA globally. The prevalence is now highest 
in Central and West Africa and South Asia. The reported prevalence of ID in the absence of 
dietary fortification is approximately 40% in preschool children, 30% in menstruating girls 
and women, and 38% in pregnant women. These rates reflect the increased physiological 
need for dietary iron during specific  life stages according to sex. 

While anemia is clearly defined according to the World Health Organization as a hemoglo‐
bin (Hb) level less than 12 g/dL in women (< 11 g/dL in pregnant women) and lower than 13 
g/dL in men, the situation is ambiguous for for iron deficiency. No single test is diagnostic 
of ID, unless the serum ferritin is low or the percent transferrin saturation is low with an 
elevated total iron binding capacity 

Iron deficiency anemia (IDA) is a common complication in routine clinical practice that fre‐
quently originates in the gastrointestinal (GI) tract. Patients with IDA are therefore often re‐
ferred to gastroenterologists for further examination and/or treatment. This finding 
associated with GI disorders can substantially reduces quality of life, contribute to fatigue, 
and may even lead to hospitalization. 

In contrast to the well-documented inflammatory bowel disease (IBD)-associated IDA prev‐
alence data for associated with other pathological conditions of the GI tract, are sparse. 



 

  
 

 

   
  

     
     

 
 

   

    
     

 

     
   

    
  

    
 

  

   
     

   
  

 
    

XII Preface 

Guidelines for the diagnosis and management of anemia and iron deficiency are available 
for IBD, but not for other GI conditions. Overall, there are three main pathological contribu‐
tors to IDA, namely chronic bleeding, malabsorption and inflammation. However, other fac‐
tors, such as poor or selective diet, as well as iron malabsorption (e.g., due to decreased 
gastric pH) should not be neglected in patients referred for IDA assessment. This applies 
particularly to elderly patients. 

Celiac disease (CD) is one of the most common chronic inflammatory conditions of the GI 
system, affecting about 1% of the population. There is a well established relationship be‐
tween CD and IDA. Anemia is the most common presenting symptom of CD, found in 
32%-69% of adult patients. Approximately 80% of anemic patients with CD, are also ID. In 
49% of anemic patients with CD, ID was found to be the only detectable abnormality. Con‐
versely, among patients presenting with unexplained IDA, 5% have histologically-con‐
firmed CD. Impaired iron absorption (due to villous atrophy of the intestinal mucosa) and 
blood loss are important pathological contributors to anemia in CD. 

Occult GI bleeding has been detected in about half of patients with CD adhering to a gluten-
free diet (GFD). In some patients, nutritional deficiencies may also be a (contributing) causa‐
tive factor. Inflammation is a major contributor to IDA, with interleukin (IL)-1, IL-6, IL-10, 
interferon (IFN)-γ and tumor necrosis factor (TNF)-α as inducers of hepcidin, the main reg‐
ulator of iron homeostasis . 

Accordingly, CD-related IDA, is refractory to oral iron treatment, and even after switching 
to a GFD, it takes 6-12 mo until most patients recover from anemia. Notably, half of patients 
remain iron-deficient even after 1-2 years on a GFD. The slow or lacking recovery from ID, 
may be due to the low absorption rate of nutritional iron (1-2 mg/d), which hinders the re‐
pletion of severely depleted iron stores, and the potentially low content of iron and other 
micronutrients in a GFD. Therefore, patients with CD clearly benefit from immediate intra‐
venous iron treatment, instead of switching to intravenous iron only after (foreseeable) non-
response and/or intolerance to oral iron. 

Oral iron is considered the front line therapy, except for conditions such as gastric bypass, 
heavy uterine bleeding, inflammatory bowel disease, and hereditary hemorrhagic telangiec‐
tasia. Oral iron has many unpleasant side effects, resulting in low patient adherence. For 
patients intolerant of or unresponsive to, oral iron, intravenous (IV) administration is the 
preferred route. 

While early formulations were associated with a high incidence of serious adverse events 
(SAEs), newer formulations are much safer with SAEs occurring very infrequently. Full re‐
placement doses can be administered in a matter of minutes to a few hours. Nevertheless, 
there remains a reluctance to use IV iron due to a misunderstanding of the safety of the 
available formulations. Intrevenous iron is safe and effective in all clinical circumstances in‐
cluding pregnancy. The preponderance of published evidence suggests IV iron therapy is 
underutilized and IV iron should be moved forward in the treatment of ID and IDA. 

Prof. Luis Rodrigo MD 
Emeritus Full Professor of Medicine 

University of Oviedo 
Oviedo, Spain 



  
 

 
 
 

Chapter 1 

Iron-Deficiency Anemia 

Claudia Burz, Andrei Cismaru, Vlad Pop and 
Anca Bojan 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/intechopen.80940 

Abstract 

Iron is an important element in living systems as it participates in a series of metabolic 
processes including DNA synthesis and oxygen and electron transport. Iron deficiency is 
the most common cause of anemia globally being an important healthcare problem. If left 
untreated, iron-deficiency anemia (IDA) can cause significant morbidity and often is the 
result of a more serious underlying condition. Correcting iron deficiency and replenish-
ing iron reserves are important objectives of a well-conducted treatment, but diagnosis 
should prompt further investigation to establish the cause for potential reversal. Age, 
tolerance, preferred route of administration, and severity of anemia are some of the 
patient’s characteristics which require an individualized approach. 

Keywords: anemia, iron deficiency, hemoglobin, ferritin, transferrin, hepcidin, 
erythropoiesis 

1. Introduction 

Anemia is the most common hematologic disorder, iron deficiency being the leading cause
worldwide [1]. Often, anemia is the presenting sign of a more serious underlying condition 
which left untreated can generate consequent morbidity [2]. Likewise, it can worsen preex-
isting comorbidities such as cardiac and pulmonary disease. The World Health Organization 
(WHO) defines anemia as hemoglobin levels lower than 13 g/dL in men and 12 g/dL in women
(Table 1) with variations in age and pregnancy. Moreover, altitude and smoking status can
influence baseline hemoglobin [3, 4]. Red blood cells (RBC) are responsible for hemoglobin
levels. Deficits in their production, increased destruction, or loss through bleeding are the main
three mechanisms by which anemia occurs. Risk factors include female gender, extremes of 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

http://creativecommons.org/licenses/by/3.0
http://dx.doi.org/10.5772/intechopen.80940


 

  
    

  
 

2 Iron Deficiency Anemia 

Population Mild anemia Moderate anemia Severe anemia 

Children 0.5–4 years 10–10.9 7–9.9 <7

Children 5–11 years 11–11.4 8–10.9 <8

Children 12–14 years 11–11.9 8–10.9 <8

Pregnant women 10–10.9 7–7.9 <7

Nonpregnant women 11–11.9 8–10.9 <8

Men >15 years 11–12.9 8–10.9 <8

Levels of Hb higher than the superior value of mild anemia in each population group are considered nonanemia. 

Table 1. Severity of anemia in different age groups, sex, and pregnancy status (g/dL).

age, pregnancy, and lactation. There are several types of anemia such as thalassemia, sickle cell 
disease, aplastic anemia, hemolytic anemia, pernicious anemia, and iron-deficiency anemia. In
this chapter we will focus on a comprehensive characterization of iron-deficiency anemia (IDA).

2. Definition

Iron deficiency and IDA are serious health problems in the whole world. Iron has a vital role 
for many biologic functions including energy production, respiration, and cell proliferation. 
IDA is the end-stage result of the lack of iron in the body resulting from inadequate iron 
intake, increased iron loss, or excessive iron requirements [5]. As a consequence, erythropoi-
esis is insufficient to fulfill the body’s physiologic needs. IDA diminishes working perfor-
mance by constraining muscles to depend on anaerobic metabolism in order to greater attain 
muscle extent in contrast to healthy individuals. As a result, in affected patients the capability 
to perform physical labor is decreased. Furthermore, in children, both growth and learning 
capacities are affected.

Using the severity criteria, anemia is classified into mild (11 g/dL to normal), moderate
(8 g/dL to 11 g/L), and severe (less than 8 g/dL) in adult males and adult nonpregnant
females (Table 1) [6]. Severe anemia may produce hypoxemia enhancing the occurrence of 
coronary insufficiency and myocardial ischemia. Also, it may aggravate underlying cardiac
and pulmonary disorders. 

3. Epidemiology 

Anemia is a public health problem that affects populations in both developed and unde-
veloped countries. According to the WHO data on the prevalence of anemia for the period 
between the years 1993 and 2005, anemia affects 24.8% of the population globally, which 
corresponds to approximately one in four people. The highest prevalence was reported in 
preschool-aged children (47.4%), whereas the lowest prevalence is in men (12.7%). Although 
the prevalence in nonpregnant women was reported at 30.2%, they represent the population 
group with the largest number of individuals affected (468.4 million).
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WHO region Pregnant women Nonpregnant women Preschool-aged children 

Africa 57.1 47.5 67.6

The Americas 24.1 17.8 29.3

Southeast Asia 48.2 45.7 65.5 

Europe 25.1 19.0 21.7

Eastern Mediterranean 44.2 32.4 46.7

Western Pacific 30.7 21.5 23.1

Global 41.8 30.2 47.4 

Table 2. Prevalence of anemia in different WHO regions (in percentage (%)).

Typically, IDA represents approximately a half of all types of anemia, but the cases may vary 
among population groups and in different areas according to local conditions [7]. 

The WHO areas of Africa and Southeast Asia have the highest risk, where about two-third of 
preschool-aged children and half of all women are affected [8]. Prevalence in pregnant and 
nonpregnant women is similar in Europe and the Americas, whereas preschool children’s 
prevalence of anemia is different in these two WHO regions (Table 2).

4. Etiology 

The diagnosis of IDA is not sufficient; the cause of iron deficiency has to be identified. Iron 
deficiency occurs by disturbing the balance of iron metabolism, respectively, by reducing the 
intake or by excess blood loss [9]. 

The main situations responsible for reduced iron intake, directly or indirectly, are insufficient 
food intake, poor absorption, or increased requirements [10]. 

Regarding the insufficient food intake, this situation is rarely encountered as iron require-
ments are relatively low. It is more common in severe diets and vegetarianism, as heme iron, 
the one contained in red meat, has two times greater bioavailability than the non-heme iron 
from eggs and vegetables [11]. 

Several conditions may interfere with iron absorption, the most frequent being: 

• Achlorhydria: prevents the absorption of nonheme iron [12]. 

• Gastrectomy: absence of gastric acidity and reduction of food contact time with digestive 
lining [11]. 

• Long-lasting antacid treatments reduce iron absorption [11]. 

• Eating habits: excessive consumption of tea and coffee [13]. 

• Gastritis with Helicobacter pylori [14]. 

• Inflammatory diseases of the small intestine: Crohn’s disease, Whipple’s disease, and celiac 
disease [11]. 

http://dx.doi.org/10.5772/intechopen.80940


 

  

 

 

 

4 Iron Deficiency Anemia 

Some physiological conditions are associated with increased needs of iron and secondary 
apparition of IDA. Pregnancy, prematurity, twins, intense growth, and development periods 
during adolescence could be responsible of IDA [15–17]. 

The most common cause of iron deficiency remains blood loss, especially from the digestive 
track in men and from menstrual bleeding in women [18]: 

• Digestive conditions may be caused by hiatal hernia, atrophic gastritis, gastric and duodenal 
ulcers, digestive cancers, colonic polyps, ulcerative colitis, and hemorrhoids [19–22]. 

• Respiratory conditions as lung cancers [23] or chronic infection and tuberculosis [23–24]. 

• Genitourinary conditions as menometrorrhagia, benign uterine tumors or malignant condi-
tions, and hematuria [25–28]. 

Other conditions, more rarely observed, are frequent phlebotomies in blood donors, chronic 
kidney disease, and dialysis [29, 30]. 

5. Physiopathology 

5.1. General aspects 

IDA occurs through the disruption of iron metabolism. For a better understanding of the 
mechanisms by which iron balance can be altered, some important elements of iron metabo-
lism must be taken into consideration: 

1. The iron intake compensates only the physiological losses that occur through gastrointes-
tinal epithelium exfoliation and urinary excretion [31]. 

2. In case of high demand or iron overload, the only regulation mechanism is represented by 
the digestive absorption which can be intensified or reduced. The regulation mechanism is 
not realized by increasing the physiological losses [32]. 

3. The total body iron accounts for 3–4 g in adults, and it is distributed in three compartments [33]: 

a. The functional compartment from which 70% of the total iron (2.8 g) consists in iron 
from hemoglobin and myoglobin and < 1% in cellular enzymes involved in oxidative 
metabolism: catalases, cytochromes, and myeloperoxidases. 

b. Transport compartment which represents 0.1% of the total iron, 4 mg, consists of trans-
ferrin or siderophilin. It is synthesized by the liver and has the role of transporting iron 
to cells. Each molecule fixes one or two atoms of trivalent iron. The evaluation of this 
compartment is made by: 

• Measurement of serum transferrin using immunological method.

• Measurement of total iron-binding capacity.

• Measurement of transferrin saturation

c. The storage compartment represents 29% of total iron (1 g) and is contained in mac-
rophages and hepatocytes under the form of: 
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• Ferritin, a water-soluble protein formed from apoferritin and iron, is found in the intra-
cellular compartment, especially in macrophages. As the circulating iron increases, the 
ferritin levels also increase. A small amount is found in the blood, can be dosed, and 
correlates with body iron deposits. 

• Hemosiderin represents a partially denatured form of ferritin. Hemosiderin found in 
macrophages (most of them are available by sternal bone marrow aspiration) can be 
identified after staining with potassium ferrocyanide (Perls staining) [34, 35]. 

5.2. The iron cycle 

A balanced diet accounts for 10–20 mg of iron per day, of which 5% is absorbed, sufficient 
for covering the losses [31]. To provide the stores with the sufficient amount of iron, approxi-
mately 1 g is necessary, equivalent to the absorbed quantity in 2–3 years.

The iron intake consists of two forms [11]: 

• Heme iron in red meat, more easily absorbed, in which iron exists as Fe2+. 

• Non-heme iron from eggs and vegetal products which is in the form of Fe3+. 

Iron absorption is impaired by antacids, phytates, and tannic acid. It takes place mostly in the 
duodenum and proximal intestine. Under conditions of rapid intestinal transit, the contact 
time of intestinal content with iron is reduced, and absorption is diminished. Trivalent iron is 
reduced to ferrous iron by the other food components or by reductase enzymes in intestinal 
brush cells [11, 36]. 

Ferrous iron is transported from the apical pole of the cell to the basal pole by the transport 
protein, divalent metal transporter 1 (DMT1). From this point, it is transported into the blood 
by ferroportin, as ferrous iron. Ferroportin’s activity is regulated by hepcidin, an acute-phase 
protein synthesized by the liver. Hepcidin inhibits intestinal absorption of iron by accelerat-
ing degradation of ferroportin. The iron is then taken up by the transferrin. The iron-trans-
ferrin complex circulates in the blood until it interacts with specific receptors for transferrin. 
The complex coupled with transferrin receptors is internalized, and the iron is released and 
used for the synthesis of heme, while the transferrin-receptor complex reaches the cell surface 
where transferrin is released in the blood. At this point, a small amount of transferrin recep-
tors can be released in the blood and can be dosed as free circulating receptors [9, 11]. 

In erythroid precursors, excess iron binds to apoferritin to form ferritin. This process also 
takes place in other cells that express transferrin receptors, for example, hepatocytes. Hepcidin 
inhibits iron release from macrophages. Iron incorporated in hemoglobin enters the circula-
tion providing oxygen to tissues [37, 38]. 

The lifespan of a RBC is 120 days [33]. Then, erythrocytes are recognized as senescent cells by 
the reticuloendothelial system (RES) and hepatocytes, and as a result, they are destroyed by the
phagocytes [39]. Hemoglobin is decomposed to globin and restores the deposit of amino acids. 
The iron is transported to the cell surface where it is taken by transferrin (iron recycling) [40]. 

The absorption is controlled by an active mechanism. It is influenced by several factors. RBC 
hyperplasia stimulates the absorption of iron, even if iron storages are normal or increased 

http://dx.doi.org/10.5772/intechopen.80940
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and hepcidin levels are reduced. The molecular mechanism behind is unknown. Patients with 
associated anemia and ineffective erythropoiesis (thalassemia intermedia) have an excessive 
absorption of iron. In IDA, the hepcidin level is low, and iron is more efficiently absorbed 
from food. During inflammation, hepcidin levels increase, due to the fact that it is an acute-
phase protein. This determines macrophages to retain the iron and to reduce iron absorption, 
determining iron deficiency [33, 41, 42]. 

Ferroportin acts also on the erythrocyte precursors, promoting the export of the iron to RBC 
precursors (Figure 1) [43]. 

5.3. Stages of iron deficiency

The first stage of iron deficiency is the reduction of iron stores. In order to compensate the 
deficiency, the iron is released from the stores, initially from ferritin, which is easily available, 
and then from hemosiderin. Thus, iron intestinal absorption and transferrin synthesis inten-
sify, but on the other hand, the iron saturation of transferrin is reduced, and total binding 
capacity of transferrin increases. At this stage, due to the mobilization of iron from the stores, 
the levels of circulating iron are normal [44]. 

Figure 1. Schematic representation of iron circuit in the human body. 
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The second stage is represented by the total depletion of iron stores. At this moment the serum 
iron is low, but erythropoiesis is not affected [44]. 

The last stage is represented by the hypochromic microcytic anemia. At this stage, the 
quantity of iron delivered to the erythroblasts is insufficient, the synthesis of hemoglobin is 
reduced, and hypochromia occurs. Afterward, by enhancing the mitotic erythroblast activity, 
microcytosis occurs. The number of RBC is diminished, but not lower than the amount of 
hemoglobin. Due to the hypoxia, erythropoietin synthesis is stimulated, but the erythropoi-
esis cannot increase because of the low amounts of hemoglobin. Therefore, reticulocyte count 
will be normal or decreased. Iron deficiency causes the reduction of other body components 
that contain iron, such as myoglobin, cytochromes, and catalases, which are responsible for 
the late extrahematologic signs of iron deficiency [44, 45]. 

6. Clinical presentation 

The clinical features of IDA depend on many factors including age group, comorbidity, ane-
mia level, and speed of onset. Several symptoms may be present, some associated with all 
types of anemia such as pallor or asthenia. Other symptoms are caused by the iron deficiency 
that affects the epithelial cells, or in some cases, the symptoms may be caused by the disease 
which determined the disruption of iron metabolism. 

Symptoms and signs resulting from anemia depend on the underlying cardiovascular status 
of the patient, most important being summarized in Table 3. 

Depending on the underlying condition that caused the iron deficiency, the patients may
present different symptoms and signs such as abdominal pain, urinary and genital symptoms,
and respiratory disorders. The most frequent conditions associated with iron deficiency are
gastric and duodenal ulcers; hiatal hernia; digestive carcinomas; and surgical interventions
such as gastrectomy, intestinal resections, or urogenital pathology, for example, uterine 
fibroid, genital cancer in women, and kidney diseases that cause hematuria [46–48]. 

Symptoms caused by tissue Symptoms caused by the heart or lung Symptoms and signs due to iron 
hypoxia adaption to hypoxia deficiency 

• Pallor • Tachycardia • Dysphagia 

• Fatigue • Tachypnea • Plummer-Vinson syndrome 

• General weakness • Dyspnea • Nail changes, koilonychia 

• Headache • Friable hair 

• Vertigo • Angular cheilitis 

• Tinnitus • Stomatitis 

• Angina pectoris 

• Intermittent claudication

• Poor appetite 

Table 3. Symptoms associated with iron deficiency.
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8 Iron Deficiency Anemia 

7. Diagnosis of IDA 

Diagnosis of IDA involves reduced hemoglobin levels and disturbed iron parameters. The 
initial evaluation includes a complete blood count (CBC), reticulocyte count, peripheral blood 
smear, and serum iron parameters. The CBC is useful in determining the concentration of 
hemoglobin, the mean corpuscular volume, and the average size of RBC.

The CBC highlights:

• Low hemoglobin level. 

• The number of RBC decreases later but proportionally less than the hemoglobin levels.

• The mean corpuscular volume (MCV) is <80 fl and HEM <27 pg.%. So, anemia is a hypo-
chromic microcytic because of the decreased hemoglobin level. 

• Reticulocyte count is normal or slightly elevated. 

• On the blood smear, erythrocytes have a fading center with a periphery of hemoglobin 
(anulocytes).

RBC dimensions are variable, unequal in size and generally smaller, this situation being known
as anisocytosis. This reflects an increased red blood cell distribution width index (RDW). The 
number of white blood cells and their morphology is normal, whereas moderate thrombocy-
tosis is frequently encountered, but it resolves after the correction of iron deficiency.

After the diagnosis of anemia, one should proceed to explore the iron metabolism. Evaluation 
of serum ferritin is the most used diagnostic test, but its level increases in inflammatory
disease and in old persons. For the diagnosis of IDA, some parameters as transferrin, soluble 
transferrin receptor (sTfR), and the soluble transferrin receptor/ferritin index could be useful.
The accuracy of some of these markers is limited being influenced by many other conditions,
especially the level of serum ferritin. The most used parameter, serum ferritin level, can be 
increased in acute or chronic inflammation, old persons, chronic infection, or malignancy
status. One more sensitive parameter for IDA diagnosis is soluble transferrin receptor (sTfR)
that remains unaffected by inflammatory states being an indirect measure of erythropoiesis.

Usually, in clinical practice, the diagnosis of IDA includes low hemoglobin level, low trans-
ferrin saturation (<15%), low levels of serum ferritin (<30 ug/dl), and high total iron binding 
capacity (>13.1 umol/l). Another method of exploring iron reserves consists in the apprecia-
tion of the medullary reticulocytes through a medullary smear (bone marrow cytology) and 
Perls staining. This highlights the absence of hemosiderin (iron reserves), the absence of sid-
eroblasts (lack of iron in erythroblasts), and the absence of siderocytes (lack of iron in red 
blood cells). This exam is not routinely required.

Finally, after establishing the diagnosis of IDA, an iron deficiency cause should be investi-
gated, as the most common cause in men is digestive losses and in women genital losses. 
These investigations should include gynecological examination and the exploration of the 
digestive tract: gastroscopy, colonoscopy, and other investigations according to specific ele-
ments identified in the medical history and physical exam [33, 49–51]. 
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8. Differential diagnosis

The differential diagnosis of IDA should be made with other forms of microcytic anemia (see 
Table 4):

(a) Anemia from chronic disease where one of the main mechanisms is the blockage of iron 
in its reserves, as in macrophages and the inability to be used in erythropoiesis. 

Common elements: 

• Hypochromic microcytic anemia. 

• Serum iron is low. 

Elements of differential diagnosis:

• The total capacity of iron attachment is normal or decreased (overall amounts of iron are 
not decreased).

• Ferritin is normal or increased (acute-phase protein, iron reserves are increased).

• Signs of the underlying disease are present: chronic infections, collagen diseases, neoplasia, 
etc. 

• Biological markers of inflammation are present: fibrinogen, C-reactive protein, alpha-
2-globulin, etc.)

(b) Thalassemia minor 

Common elements: 

• Hypochromic microcytic anemia. 

Elements of differential diagnosis:

• The number of RBC is twofold higher.

• The RDW (erythrocyte distribution index) is normal.

Anemia from chronic disease

 Chronic inflammatory disorders

 Chronic infections

 Autoimmune diseases

 Kidney diseases

 Cancer

Thalassemia minor 

Sideroblastic anemia 

Table 4. Differential diagnosis of iron-deficiency anemia.
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Smear shows frequent red blood cells with basophile points and bull’s-eye erythrocytes 
(codocytes):

• Serum iron is normal. 

• Ferritin is normal or increased. 

The diagnosis of certainty is determined by hemoglobin electrophoresis: increased amount of 
fetal hemoglobin (HbF) or hemoglobin A2.

(c) Sideroblastic anemia 

Common elements: 

• Hypochromic microcytic anemia. 

Elements of differential diagnosis:

• Normal or increased serum iron. 

• Increased level of ferritin. 

• There is no chronic disease or biological signs of inflammation.

• Bone marrow cytology with Perls staining: ring-shaped sideroblasts (the iron is placed in 
the mitochondria with a ring around its core).

Difficulties in diagnosis:

• Previous treatment with iron supplements. 

• Association with other deficits.

• Association with an anemia from chronic diseases [52–54]. 

9. Treatment 

9.1. General aspects 

Iron-deficiency anemia and/or iron deficiency should be treated, regardless of the presence 
or absence of symptoms. The correction of anemia is vital; depending on its severity, anemia 
could trigger cardiovascular complications, sometimes severe [55, 56]. 

Treatment of IDA has two major objectives: 

1. Substitution treatment with iron products, aiming to correct anemia and replenishing the 
iron reserves 

2. The detection and treatment of the underlying cause of anemia 

9.2. Iron therapy 

The treatment of iron deficiency is either enteral or parenteral.

Intramuscular administration of iron is rarely used due to local complications such as pain at 
administration site, uneven absorption, skin pigmentation, and even development of sarco-
mas at the injection site as some authors have reported [57, 58]. 
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Transdermal administration has been experimented in animal models, but there is no evi-
dence that it would be effective and safe in humans [59]. 

9.2.1. Oral iron therapy 

9.2.1.1. Treatment with oral iron products 

Treatment with oral iron products is preferable due to the low cost and lack of anaphylactic 
side effect. Usually, it is used to treat iron-deficiency anemia in children and adolescents.

Indication: 

The main indications of oral iron are treatment of IDA, treatment of iron deficiency, and pro-
phylaxis of iron deficiency in subjects with high needs such as pregnant women, adolescents, 
and preterm children. 

A wide range of iron products is available in forms of tablets or liquid. Liquid iron products 
have the advantage of allowing titration of the dose. The most commonly used oral iron prod-
ucts are polysaccharide iron complex, ferrous gluconate, ferrous sulfate, and ferrous fumarate. 

Dosage: 

Regarding the dosage, various over-the-counter tablets exist depending on the products, 
but generally, there are no differences between these products in effectiveness or adverse 
events. The daily dose needed to correct iron deficiency depends on age, iron deficiency, and 
urgency. In general, daily dose for the correction of IDA with oral products is 150–200 mg 
elemental iron. Reports show that this dose taken every other day is most effective and has a 
better absorption and fewer side effects [60, 61]. 

Toxicity of iron products is more important in elderly patients, so doses are smaller. In a 
randomized study of 90 patients, of over 80 years old with iron deficiency, doses of 10, 15, or 
150 mg for 2 months were equally effective [62]. 

The bioavailability and absorption of oral iron products may be influenced by food (e.g., 
phytates, phosphates, and tannins can bind iron and prevent absorption) or by drugs which 
diminish gastric secretion (antacids, histamine receptor inhibitors, proton pump inhibitors, 
etc.) reducing the absorption of iron. This is why iron products are administered 2 hours 
before and 4 hours after the administration of antacid absorption of iron as ferrous iron 
depending on acidic environment. 

In general, iron product administration is associated with acidic foods (orange juice) or vita-
min C to promote iron absorption, but there are no studies that show a positive effect of 
vitamin C in the absorption of iron [63]. 

There is no consensus on the duration of treatment with oral iron products. Some experts 
end treatment after correcting anemia to allow early detection of secondary anemia, due to 
recurrent blood loss. Others recommend continuing treatment for 6 months after correction 
of anemia in order to supplement iron reserves. Generally, 6 weeks of treatment are needed to 
correct anemia, followed by 6 months to replenish the reserves. 

Side effect of oral therapy:

Concerning the side effects of oral iron therapy, the most common side effects involving gastro-
intestinal tract are metallic taste, nausea, flatulence, constipation, diarrhea, epigastric pain, and/
or vomit. Black stools create anxiety as they may be misinterpreted as gastrointestinal bleeding.
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Some measures can be taken in order to diminish iron side effects and increase tolerability as 
increasing the time between administrations (given every other day, not daily), changing diet 
(concomitant administration of food, even if absorption is reduced), reducing daily dose of 
elemental iron, switching from tablets to liquid preparations that allow titration of doses, or 
switching from tables to IV administration. 

9.2.1.2. Treatment with IV iron products 

Indication: 

There are some specific indications for IV administered iron products when oral administra-
tion is inefficient or contraindicated (see Table 5):

• Patients who do not tolerate oral products due to gastrointestinal symptoms especially elderly, 
pregnant women, and patients with gastrointestinal disorders for which the administration of 
these products may aggravate symptoms. 

• Patients with uncontrollable chronic blood loss that cannot be corrected by oral treatment 
(Rendu-Osler disease and other vascular malformations, cancer, etc.).

• Patients who have undergone surgery of the digestive tract that affects the absorption: 
gastrectomies and surgical bypass. 

• Patients with pathology associating malabsorption or inflammatory disease like celiac dis-
ease, Whipple disease, etc. 

• Patients who require replenishing iron reserves in one to two sessions instead of prolonged 
treatments. 

Oral therapy Parenteral administration 

Indication 

• Treatment of iron deficiency and prophylaxis of iron 
deficiency in subjects with high needs such as pregnant 
women, adolescents, and children 

Side effects

Gastrointestinal disorders: 

• Nausea 

• Flatulence 

• Constipation 

• Diarrhea 

• Epigastric pain 

• Vomit 

Indication 

• Intolerance or conditions associated with malab-
sorption of oral products 

• Uncontrollable chronic blood loss 

• Patients who require replenishing iron reserves in 
one to two sessions instead of prolonged treatments 

Side effects

• Allergic reactions as anaphylactic shock or located 
rash 

• Heart palpitations 

• Dizziness 

• Muscle spasms of the neck and scapula-vertebral 
region 

• Risk of infection 

Table 5. Iron therapy: Indication and side effects of enteral versus parenteral administration.
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Administration of IV products leads to reduced transfusion requirements for certain patients 
reducing the risk of posttransfusion adverse reactions.

Several iron products are available for IV administration; the most important are ferric car-
boxymaltose (FCM), ferric gluconate (FG), ferumoxytol, iron sucrose (IS), iron isomaltoside, 
and low molecular weight iron dextran (LMW ID).

Differences between these products consist in cost and the number of visits required for the 
administration of the total dose, namely, the time of administration and the number of doses 
required. 

The total amount of iron required depends on the intended purpose, correcting anemia or 
supplementing the iron reserves. 

Dose calculation is based on body weight, patient hemoglobin levels, and elemental iron/ml 
concentration of the product. In clinical practice, a 1000 mg dose of iron is generally enough 
to treat anemia. Generally, no premedication prior to IV administration is needed, except for 
patients with a history of asthma or drug allergies or patients with inflammatory arthritis for 
which 125 mg of methylprednisolone before iron administration is recommended [64]. 

Generally, antihistamines are not used in preventing side effects [65–67]. 

Administration and dosing of various iron products: 

LMW Fe Dextran: It can be given in a single dose of 1000 mg in 250 ml of saline, 1 hour infu-
sion, or multiple doses of 2 ml, i.e., 100 mg elemental Fe (2 ml ampoule, 50 mg Fe/ml).

If single dose is preferred, a test dose of 0.5 ml is administered in 30 seconds prior to the 
infusion. 

Ferric gluconate (Ferrlecit): It is administered in a 10–15 ml dose, the equivalent of 125–187.5 mg 
(1 ampoule contains 12.5 mg of elemental Fe/ml). In patients with drug allergies, it is recom-
mended to administer a test dose prior to infusion. Each dose can be given by bolus or infu-
sion of 20–30 minutes.

Fe sucrose (Venofer): Multiple infusions with a maximum dose of 10–15 ml, equivalent to
200–300 mg of elemental Fe (ampoule 20 mg/ml), are administered. It is recommended
to administer a 1.25 ml test dose (25 mg IV, administered slowly to patients with drug
allergies).

Ferumoxytol: It consists of superparamagnetic iron oxide nanoparticles coated with a low 
molecular weight semisynthetic carbohydrate. It is administered at a dose of 17 ml, the equiv-
alent of 510 mg elemental Fe (ampoule 30 mg/ml), with a 15 minute infusion.

Ferumoxytol may interfere with magnetic resonance imagery (MRI), which can lead to errors 
in interpreting the results. 

Ferric carboxymaltose (Ferinject): It is used in 20 ml dose, equivalent to 1000 mg of elemen-
tal iron (the vial contains 50 mg/ml, the maximum dose being 20 mg Fe/kg body weight). 
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Doses are given in a 15 minute infusion. It is efficient and safe [68–71]. It can sometimes cause 
hypophosphatemia. 

Iron isomaltoside (Monofer): It has a matrix structure where lean iron is slowly removed, allow-
ing administration of 20 mg/kg infusion at 15 minutes; the ampoule is 100 mg/ml. It does not 
require a test dose. Efficacy has been demonstrated in inflammatory bowel disease, chronic 
renal disease, heart surgery, and chemotherapy-induced anemia [72–76]. 

Side effects of IV iron products:

The most common side effects consist in allergic reactions, sometimes anaphylactic shock. 
However, these reactions are extremely rare and often overestimated. 

Patients with inflammatory arthritis (rheumatoid arthritis) may experience an exacerbation 
of symptoms during iron infusion, which can be prevented by administering 125 mg of 
methylprednisolone. 

Reducing the risk of allergic reactions can be achieved through the following measures: 

• Avoidance of administration of parenteral iron products to patients known for hypersen-
sitivity reactions in the past. 

• Non-premedicating patients without asthma or allergic reactions. 

• Preventing the exacerbation of the symptoms of inflammatory arthritis patients by admin-
istering methylprednisolone. 

• Stopping the infusion if symptoms occur. 

Nonallergic reactions may occur, which include located rash, heart palpitations, dizziness, 
muscle spasms of the neck, scapula-vertebral region, etc. 

The risk of infection may be increased because iron acts as a growth factor for bacteria. This is 
supported by some authors but denied by others [77, 78]. 

9.3. Monitoring and evaluating response to treatment 

Monitoring the response to iron therapy depends on the severity of anemia and on the way 
of iron administration. For patients treated with oral products, reassessment is done after 
2 weeks of treatment by checking Hb levels and reticulocytes. For parenteral treatment, 
reevaluation is done after 4–8 weeks. Iron treatment is continued until ferritin and transferrin 
return to normal. There are some either clinical or laboratory criteria used to monitor the 
efficacy of treatment with iron.

Amelioration of asthenia and installation of a well-being state in the first days of treatment 
besides the increased level of hemoglobin within 1–2 weeks of treatment seem to be the most 
important parameters related to iron-deficiency correction. In patients with severe anemia, a 
modest reticulocytic crisis occurs within 7–10 days after the initiation of treatment. In those 
with mild anemia, this reticulocytosis is not encountered. 
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10. Evolution and prognosis 

After iron treatment, erythropoiesis with reticulocytosis efficiency occurs after 1–2 weeks of
treatment, followed by an increase in hemoglobin levels. This increase (the so-called reticulo-
cyte crisis) is not as expressed as in vitamin B12 or folic acid anemia treatment in megaloblastic
anemia. With treatment, anemia is corrected in about 1–2 months, but for replenishing the iron
reserves, it is necessary to continue for about 4–6 months of treatment.

Prognosis of patients with IDA depends mainly on the underlying condition that caused iron 
deficiency and on the cardiovascular status of patients.

Failure to respond to treatment with iron may occur in several circumstances, the more fre-
quent observed being: 

• Reduced patient compliance and treatment interruptions. 

• Some conditions responsible for malabsorption in case of oral iron products. 

• Excessive bleeding where oral products cannot compensate for blood loss 

• Association of more types of anemia. 

• Association with inflammatory disease blocking iron balance regulation.

Celiac disease and Helicobacter pylori infection may reduce the absorption of iron, thus being a 
frequent cause of failure to oral iron treatment. 

An important part of fighting iron-deficiency anemia is treating its underlying cause.

Red blood cell transfusion is not generally required in iron-deficiency anemia, but in severe 
cases such as symptomatic patients associating cardiac pathology, transfusion is required in 
order to ameliorate symptoms until iron deficits are corrected.

11. Conclusion 

Multiple factors can contribute to iron imbalance in the human organism. Reduced absorption,
increased losses, and/or increased requirements are the main mechanisms resulting in iron defi-
ciency. Often such factors can coexist requiring a complex management of the consequent ane-
mia. Iron therapy should be individualized by patient’s characteristics. Treatment of underlying 
conditions is an important step toward reducing iron-deficiency-anemia-associated morbidity.
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Abstract

Iron deficiency anemia is considered the most common and widespread nutritional form 
of anemia in childhood. Red cells are hypochromic and microcytic with low mean cor-
puscular volume (MCV), low mean corpuscular hemoglobin (MCH) and low reticulocyte 
hemoglobin content (CHr). Red blood cell distribution width (RDW) is increased. Serum 
iron is reduced, transferrin is increased and serum ferritin is decreased. Prematurity, 
decreased dietary source, malabsorption and blood loss represent the most common 
causes of iron deficiency. Recommended oral dose of elemental iron is 2–6 mg/kg/day; 
when normal hemoglobin values are reached, treatment must be generally continued for 
3 months in order to replenish iron stores. Rarely intravenous therapy is required. The 
pediatricians and other health care providers should strive to prevent and eliminate iron 
deficiency and iron-deficiency anemia.

Keywords: iron deficiency, anemia, children, hypochromic microcytic anemia, 
prevention

1. Introduction

In children, iron represents an essential nutrient for growth and proper function of many 
organs and systems, mainly erythropoiesis. It must be obtained from the diet and absorbed in 
the upper gastrointestinal tract. When iron requirements are not met, as when the balance of 
iron intake, iron stores and the body’s loss are insufficient to fully support the production of 
erythrocytes, it is referred to as iron deficiency (ID). In 30% of cases, the ID, if left untreated, 
evolves in iron deficiency anemia (IDA) which represents the most frequent form of anemia 
in childhood.
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2. Epidemiology 

ID and IDA are among the most widespread morbid conditions in the world and represent 
a public health problem both in developed and developing countries. All reports agree that 
IDA is the most common anemia worldwide in school-age children. A recent WHO report, 
obtained from 200 countries, showed a significant reduction in prevalence of ID/IDA that rose 
from 40.2% in 1990 to 32.9% in 2010. In countries with limited resources, ID affects about two-
thirds of children and adolescents; it is estimated that around 25% of preschool children suf-
fers from IDA. In Africa, the prevalence of IDA among school-age children still ranges from 
64.3 to 71%. In Europe, the overall prevalence of ID/IDA is 2–4%, with two peaks between the 
first and third year of life (2.3–15%) and adolescence (3.5–13% in males, 11–33% in females). 
ID/IDA is less than 5% in Northern and Western Europe, but it is considerably higher in 
Eastern Europe (9–50%). In the United States, IDA prevalence is 1.6–7.4% among pediatric 
population; in children 1–5 years old, the prevalence of ID is 7–8% and about one-third of 
them have IDA. The prevalence is higher among children 1–2 years old (13.5 and 2.7%, respec-
tively). Although the prevalence of IDA has decreased over the past decade, data from many 
surveys indicate that it remains relatively high among low-income family; the prevalence of 
ID/IDA was 17% in 1–2 years old and 6% in 3–4 years old among Mexican American toddlers, 
and 12% in 1–2 years old and 5% in 3–4 years old in other low-income family [1–7].

3. Pathophysiology 

The amount of iron contained in the body, in relation to the various ages, is summarized in Table 1. 
During the first year of life, total-body iron increases by 240 mg; nearly 80% of that iron is used for
expanded hemoglobin production (50%) and iron stores (30%). Over this age, iron intake or stores
must remain sufficient for the ongoing growth and increased red cell mass. Iron metabolism is
essentially a “closed system” in which almost all metal from the hemocateresis (about 95%) is con-
tinuously recycled to meet the demands of the various compartments, especially the production of
new red blood cells (RBC). Only a small part of the body iron is represented by that absorbed from
the diet. In adults, less than 5% of the iron requirement for the erythropoiesis is obtained from food
while in the child the iron destined for hemoglobin synthesis derives for 30% from the diet; the
remainder part come from the deposits and the rework of the iron released by the hemocateresis.
From the sixth month, the total body iron progressively increases (70%) to answer to the high rate

Newborn (3.300 kg) Children (35 kg) Adult (75 kg) 

Total content 240–250 mg 1.5–2 g 2.5 (f)–4 (m) g

Hemoglobin 132–137.5 mg (55%) 1–1.4 g (68%) 2.00–2.72 g (50–70%)

Ferritin and hemosiderin (deposit) 101–105 mg (42%) 400–500 mg (27%) 0.81–1.08 g (15–30%)

Myoglobin 60–80 mg (4%) 120–300 mg (3–5%)

Enzymes 7–7.5 mg (3%) 9.12 mg (0.6%) 18–24 mg (0.2–5%)

Table 1. Iron content in the body in newborn, child and adult.
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of growth and the expansion of the erythrocyte mass. As more than 60% of the iron absorbed is
destined to this function (1 kg of weight corresponds to 75 ml of blood or 9 g of hemoglobin and
30 mg of iron). It is clear that in this age, iron balance is more precarious, and possible dietary
imbalances could reduce tolerance limits (delayed weaning, vegetarian diet and malabsorption).

Physiological losses are minimal (about 0.5–1 mg/day) and are mostly due to exfoliation of 
the mucous membranes (bile, intestine, kidneys and lungs) and of the skin. Since there are 
no specific mechanisms of iron excretion through the liver or kidneys, iron balance is mainly 
controlled at the intestinal level by modulating its absorption. A balanced diet of an adult 
contains about 10–15 mg of iron. The absorption of iron in the foods, which varies from 5 to 
15% (up to 20% for the meal), compensates the physiological losses. In case of blood losses 
(menstruation or other bleeding), acute or chronic hemolytic events, or periods of increased 
demand, such as rapid growth, pregnancy and competitive sports activity, intestinal absorp-
tion can increase up to four times.

Regarding the developmental age, the iron requirement (LARN 2014) to be taken with the diet, 
after 6 months is about 7–11 mg/day which corresponds to about 0.8–1 mg of iron absorbed. 
Of these, around 75% are used for growth and 25% to offset the losses. In adolescent age, after 
the appearance of the menarche (considering that with each menstrual cycle are lost about 
10–25 mg of iron), the amount to be taken with the diet rises to 13–18 mg/day [6–15].

4. Etiology 

The causes of iron deficiency are numerous, but in the children, these are basically due to four 
causes: decreased reserves at birth, inadequate intake with the diet, reduced intestinal absorp-
tion or chronic losses of blood. Table 2 examines all causes [1–4]. “Physiological anemia” 

Decreased reserves at birth: prematurity and/or twinning, intrauterine fetus-fetal and fetus-maternal transfusions, 
exanguino-transfusion at birth or severe IDA in the mother, early clamping of the umbilical cord.

Inadequate intake: late weaning, incongruous diet (uncontrolled vegetarian-vegan) and/or increased needs: rapid 
weight-growth such as low birth weight, prematurity, adolescent development and cyanotic heart disease.

Reduced absorption: celiac disease, intestinal bowel disease, Hirschsprung disease, large intestinal resections (short
bowel), use of antacids and proton pump inhibitors, excess in the diet of phytates (soy and cereals), bran, starch,
calcium, polyphenols (tea and coffee), soy protein, casein and egg white, Helicobacter pylori infection, giardiasis and other
intestinal parasites, obesity, bariatric surgery, immune deficiencies with mucosal atrophy, intestinal lymphangiectasia.

Blood loss: abundant and/or frequent menstruation, intolerance of cow's milk protein, consumption more than 
500 ml/day of cow-milk, Meckel's diverticulum, esophageal varices, polyps and hemorrhoids, intestinal bowel 
disease, intestinal parasitosis, epistaxis, severe hematuria, prolonged use of aspirin, cortisones, nonsteroidal anti-
inflammatory drugs, frequent blood sampling for diagnostic purposes (in the newborn, especially if immature, and 
in the small infant).

Hereditary forms (rare diseases): DMT1 deficiency, transferrin deficiency, refractory iron deficiency anemia (IRIDA).

Chronic pulmonary diseases: pulmonary hemosiderosis, cystic fibrosis, bronchopulmonary dysplasia.

Iron deficiency anemia associated with anemia of chronic diseases.

Table 2. Main causes of iron deficiency in childhood and adolescence.
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develops in the postnatal period, and iron stores are sufficient to provide erythropoiesis in 
the first 6 months of life if there is no significant blood loss. In low birth weight infants and in 
babies with perinatal blood loss, the stores are exhausted earlier. The amount of iron in breast 
milk is at the highest level in the first month, but it decreases gradually in the subsequent 
periods and is reduced up to 0.3 mg/l approximately in the fifth month. Although the amount 
of iron received from breast milk is typically low, its absorption is considerably high (50%). 
Solid foods, given after the sixth month, should be rich especially in iron, zinc, phosphorus, 
magnesium, calcium and vitamin B6. According to the WHO data, 98% of the iron require-
ment in infants aged 6–23 months should be introduced by solid foods. In patients, especially 
in older children and adolescents, blood losses should be considered, if inadequate intake can 
be excluded or there is inadequate response to iron treatment.

5. Clinical presentation 

Mild iron deficiency, without anemia, mostly occurs asymptomatic or can only occur with poor 
exercise tolerance and/or asthenia. With the worsening of iron deficiency, asthenia becomes 
more relevant, especially in relation to the reduced amount of myoglobin and enzymes for the 
oxidative phosphorylation. When anemia appears, the most significant symptom is pallor of 
the mucous membranes and of the skin. In about 10% of children with IDA, there is modest 
splenomegaly as a result of mild hemolysis. The reduction in hemoglobin is slow. The child is 

Figure 1. Manifestation and multisystem sequelae of iron deficiency.
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able to compensate poor tissue oxygenation without significant clinical manifestations except 
for a modest tachycardia, with an increase in cardiac output and a moderate tachypnea. This 
mechanism is due to an increase of 2,3-diphosphoglycerate (2-3-DPG) in red blood cells, that 
induces a displacement to the right of the dissociation curve of the hemoglobin, allows a 
greater release of oxygen to the tissues.

Whereas iron plays a fundamental role in numerous metabolic processes in different
organs and tissues, its deficiency is not only reflected on erythropoiesis but can also have
consequences at various levels. The preschooler children may show lack of appetite, lack
of desire to play and sometimes irritability; the older child can have asthenia, listlessness,
headache and reduced school performance. Recent literature highlights the association
between chronic iron deficiency and possible compromise of the central nervous system,
with intellectual, attention, memory, learning, fine motor skills and verbal fluency defi-
cits. Some studies have shown an association between iron deficiency and increased risk
of developing stroke, idiopathic intracranial hypertension, cranial nerve paralysis, sleep
disorders, febrile seizures and attention deficit and hyperactivity disorder (ADHD). Iron
deficiency and chronic anemia can cause glossitis, angular cheilitis, dysphagia, reduction
of gastric acidity, nail dystrophy, hair fragility, amenorrhea, slowing of growth and greater
susceptibility to infections. In severe forms (hardly observable in our social context), we can
observe pica (ingestion of nonnutritive substances) and/or geophagy (ingestion of earth or
mud) [1–4, 7, 8, 14–20] (Figure 1).

6. Laboratory findings

Table 3 shows the normal values of the erythrocyte parameters in relation to age. In IDA 
hemoglobin, red blood cells and hematocrit are below two standard deviation (SD) respect 
normal value according to the age, gender and race. Typically, peripheral blood smear shows 
hypochromic (pale) and microcytic erythrocytes with variable size and shape (anisopoikilo-
cytosis). Subtle change in morphologic features may be observed before than overt anemia 
occurs, as manifestation of iron-deficient erythropoiesis. Change of red cell distribution, 
evaluated by red cell distribution width (RDW) and hemoglobin distribution (HDS) usu-
ally are present before overt microcytosis (reduction of MCV) and hypochromia (reduction 
of MCH and MCHC) are observed. The values of the iron system parameters (serum iron, 
transferrin, total iron binding capacity and ferritin) undergo variations due to age and are 
summarized in Table 4. In ID/IDA, serum iron is reduced (less than 50 μg/dl), and serum 
transferrin is increased. Transferrin saturation index below 16% is considered very sensitive 
for IDA. Measurement of serum ferritin is currently the laboratory test recommended for 
diagnosing iron deficiency. In the absence of an associated disease, a low value is an early and 
highly specific indicator of ID. The WHO criteria proposed to define depleted iron storages 
are 12 μg/l for children under 5 years and 15 μg/l for those over 5 years. However, because 
ferritin is an acute-phase reactive protein, it may be elevated by infection, acute and chronic 
inflammatory disorders, malignant disease, liver disease and starvation. In particular, in case 
of infection or inflammation the cut-off for serum ferritin for diagnosis of IDA is elevated 
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Age Hb (g/dl) Ht (%) GR (102/l) MCV (fl) MCH (pg) MCHC (g/dl) 

Mean −2SD Mean −2SD Mean −2SD Mean −2SD Mean −2SD Mean −2SD

Bird 16.5 13.5 51 42 4.7 3.9 108 98 34 31 33 30

1–3 days 18.5 14.5 56 45 5.3 4.0 108 95 34 31 33 29

1 week 17.5 13.5 54 42 5.1 3.9 107 88 34 28 33 28

2 weeks 16.5 12.5 51 39 4.9 3.6 105 86 34 28 33 28

1 month 14.0 10.0 43 31 4.2 3.0 104 85 34 28 33 29

2 months 11.5 9.0 35 28 3.8 2.7 96 77 30 26 33 29

3–6 months 11.5 9.5 35 29 3.8 3.1 91 74 30 25 33 30

0.5–2 years 12.0 10.5 36 33 4.5 3.7 78 70 27 23 33 30

2–6 years 12.5 11.5 37 34 4.6 3.9 81 75 27 24 34 31

6–12 years 13.5 11.5 40 35 4.6 4.0 86 77 29 25 34 31

2–18 years

Female 14.0 12.0 41 36 4.6 4.1 90 78 30 25 34 31

Male 14.5 13.0 43 37 4.9 4.5 88 78 30 25 34 31

Adults

Female 14.0 12.0 41 36 4.6 4.0 90 80 30 26 34 31

Male 15.5 13.5 47 41 5.2 4.5 90 80 30 26 34 31

Table 3. Normal erythrocyte parameters in developmental age.

to 30–50 μg/l. Combining the evaluation of the levels of c-reactive protein (CRP) is required 
to rule out an inflammation. In children, serum soluble transferrin receptor (sTfR) has been 
reported to be a sensitive indicator of iron deficiency and is appeared to be relatively less 
influenced by inflammation than ferritin. Unfortunately, reference values of these parameters 
in children are not available and not all laboratories may perform it. So far, in routine practice, 
evaluation of sTfR is not needed for a diagnosis of IDA. Reticulocyte hemoglobin (CHr) is 
another parameter useful for the diagnosis of ID. Values less than 27.5 pg are considered very 
sensitive and specific for IDA (83 and 72%, respectively). Measurement of red blood cell pro-
toporphyrin IX and zinc protoporphyrin (ZPP), that are increased in IDA, provides another 
parameter that may help in the diagnosis. The combination of red blood cell parameters with 
serum ferritin and transferrin saturation index still remains the common approach to investi-
gate anemia for the diagnosis of IDA. Serum hepcidin is a promising novel biomarker for the 
diagnosis of iron disorders. It is decreased in ID, and its levels may become undetectable in 
severe cases of IDA. As this marker is influenced by inflammation, renal and liver function, 
these conditions should be assessed. In the future, when commercial test for measurement 
of urinary or serum hepcidin will be available, these parameters might be useful in differ-
ential diagnosis. Thrombocytosis (platelets count between 500,000 and 700,000 mcL) occurs 
frequently. In severe forms of IDA may be present a low grade of hemolysis due to the rigidity 
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Age Male Female 

Ferritin ng/ml ng/ml 

1–30 days 6–400 6–515

1–6 days 6–410 6–340

7–12 months 6–80 6–45

1–5 years 6–24 6–24

6–9 years 10–55 10–55

10–14 years 23–70 6–40

14–19 years 23–70 6–40

Serum iron µg/dl µg/dl 

1–5 years 22–136 22–136

6–9 years 39–136 39–136

10–14 years 28–134 45–145

14–19 years 34–162 28–184

TIBC µg/dl µg/dl 

1–5 years 268–441 268–441

6–9 years 240–508 240–508

10–14 years 302–508 318–575

14–19 years 290–570 302–564

Transferrin mg/dl mg/dl 

1–30 days 97–205 92–208

1–6 months 106–325 128–309

7–12 months 178–357 145–364

1–3 years 196–365 149–382

4–6 years 202–350 174–399

7–9 years 149–353 186–368

10–12 years 173–380 185–377

13–15 years 171–374 193–391

16–18 years 194–348 181–416

Table 4. Values of serum ferritin, serum iron, total iron binding capacity (TIBC) and transferrin in pediatric age (ranging 
from 2.5 to 97.5 percentiles).

of red cell membrane, than mild increase of hemolysis markers may be observed. Bone mar-
row examination is no longer performed in the work-up for IDA for assessing iron stores. 
However, as diagnosis of iron deficiency is somewhat complex, the use of several combined 
indicators seems to provide the best assessment of iron status.
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Iron deficiency develops in three steps. The first one is iron depletion or prelatent stage. Iron 
stores are lowered or absent (serum ferritin is reduced below normal cut-off) while other 
parameters are unchanged. In this stage, erythropoiesis is still normal. The second stage is 
defined as latent stage or deficiency. Iron supply for erythropoiesis became reduced; serum 
iron transferrin saturation are reduced as well as CHr; StfRs increases. The third stage overt 
IDA is characterized by a progressive impairment of erythropoiesis and modifications of 
hematological parameters [1–4, 8, 9, 20–32].

At the end of this process appears the hypochromic microcytic anemia characterized by:

• Reduction of Hb, RBC number and hematocrit

• Reduction of MCV, MCH and MCHC

• Hypochromic cells with a tendency to microcytosis

• Increase of RDW > 15%

• Reduction of CHr <27.5 pg

• Reduction of serum iron <30 mg/dl; increase of total serum transferrin o of TIBC, >350 mg/dl; reduction of IS 
<16%; reduction of serum ferritin <10–12 ng/ml

• Increase of sTfR a 10–14 mg/l

• Reduction of reticulocyte (inconstant)

• Increase of zinc protoporphyrin > 60–80 μmol/mol-heme*

• Increase of free erythrocyte protoporphyrin (FEP) > 10 mg/dl*

• Increase of platelets count (inconstant) between 600,000–1000,000 mcL

• Rarely modest hemolysis

Parameters Iron deficiency anemia Hetherozygous Anemia of chronic diseases 
thalassimia 

MCV Reduced Reduced Normal

MCH Reduced Reduced Reduced

MCHC Reduced Normal Reduced

RDW Increased Normal Normal

Ferritin Reduced Normal or increased Reduced-normal-increased

Serum iron Reduced Normal Reduced

Transferrin Increased Normal Reduced

Serum transferrin receptor Increased Increased Normal

Tranferrin saturation index Reduced Normale or increased Normal

Others Response to iron HBA2 concentration No response to iron treatment
treatment

Table 5. Differential diagnosis of microcytic anemia.
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In the diagnostic evaluation of IDA, a correct differential diagnosis must always be made 
with the other forms of microcytic-hypochromic anemia, such as thalassemia and anemia of 
chronic diseases (Table 5).

7. Treatment 

Despite ID/IDA are well-known medical issues, this topic is not noticed adequately, and the 
literature contains only few publications related to iron treatment recommendations; this 
resulting in part from the lack of contemporary scientific literature regarding evidence-based 
treatment of IDA. The therapeutic approach of ID/IDA is widely variable and often subop-
timal as often pediatricians administer inadequate daily doses of iron or inappropriate iron 
salt formulations or too short iron replacement [38]. The principles of ID/IDA management 
are based on some cornerstones: confirm the diagnosis, recognition and whenever possible, 
management of the underlying cause(s), provide adequate iron therapy, either orally or par-
enterally, and finally confirm the success of the treatment (correction of the hemoglobin levels 
and finally replenishment of body iron storage). If diet intake is inadequate, the first step is 
correction of the nutritional iron intake. In cases of ID or of IDA with good levels of hemoglo-
bin, this approach may be sufficient to correct iron depletion. Usually, dietary counseling and 
oral iron therapy are combined.

Limited high-quality evidence supports the management of iron deficiency anemia. Oral iron
replacement is preferred primarily because it is economical and has few side effects. Oral iron
supplement is the treatment of choice by selecting the most appropriate compound, whereas
parenteral route of administration is recommended only for selected patients. Iron-containing
oral preparations currently available in the market are innumerous, with a variety of pharma-
ceutical forms including liquid preparations as guts, elixir, syrups, pills and effervescent tablets.
Unfortunately, oral iron formulations are known to be far from ideal, mainly because of absorption
and tolerability; also the palatability of the liquid preparation is often a real problem for children.
Stain of teeth may occur if not thoroughly cleaned. Their chemistry is also heterogeneous, includ-
ing either divalent (Fe2+, or ferrous) or trivalent (Fe3+, or ferric) iron, in form of iron salts or their
complex-forming substrate iron. Treatment must correct hemoglobin levels and then gradually
replenish iron stores. The time required varies from 3 to 6 months after the anemia is relieved. If
the treatment is not continued, relapse is common. What really matter in different oral iron prepa-
rations is the content of elemental iron absorption. As a general rule, oral iron preparations do
not contain more than 30% of elemental iron, but a source of confusion is represented by the fact
that such proportion can vary by manufacturer, as well as in different countries. Ferrous formula-
tions are recommended by international literature, scientific societies and international agencies
as the preparations that are more effective. Ferric iron is poorly and ineffectively absorbed. The
ferrous sulfate was first introduced by the French physician Pierre Blaud in the last half of 1800
and still remains the mainstay of treatment for adults as reasonable well absorbed, effective and
inexpensive. Unfortunately, the tolerability of this salt is poor, making it unacceptable for many
patients. Therefore, many other effective ferrous salts have been offered as ferrous gluconate,
ferrous ascorbate, ferrous lactate, ferrous succinate, ferrous fumarate and ferrous glycine sulfate.
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No one compound seems better than the others. Recent studies showed that ferrous bisglycinate
chelate and ferrous bisglycinate chelate plus alginic acid have a good absorption at reduced doses
(25–40%) in comparison with ferrous sulfate and an optimal tolerance. Unfortunately iron for-
mulations, especially in older children and adolescent, may induce gastrointestinal discomfort
mainly represented by including metallic taste, vomiting, heartburn, epigastric and abdominal
pain, nausea, flatulence, dyspepsia, constipation and diarrhea. Likely due to the oxidative prop-
erties of iron on the gastrointestinal mucosa, these problems occur frequently, especially when
iron is taken fasting. The stool often may turn black, which is not harmful, and treatment does
not have to be interrupted. When side effects occur, iron can be taken with meals. Alternatively,
smaller doses could be taken between meals. Ascorbic acid may improve the bioavailability of
iron salts, but it increases the frequency of side effects. As the treatment is long, a good compli-
ance is required for the success of the therapy. For this reason, the best tolerated preparation and
schedule must be tailored for each patient in order to encourage compliance.

Standard dose is 2–6 mg/kg/day in terms of elemental iron, in 2–3 divided doses up to a maxi-
mum of 150–200 mg daily. It may be recommended to start treatment with low dose increasing 
day by day to full doses during 7–10 days. However, the optimum frequency of daily doses 
is uncertain. Single dose daily is well tolerated and effective when compared to divided dose, 
especially in children less than 2 years. Administration on empty stomach before sleeping 
seems to be more effective as decreased gastrointestinal motility of sleep enhance absorption. 
The absorptive capacity of iron in the duodenum is near complete saturated with about 25 mg 
of iron. It is conceivable that the treatment on 25 mg/day saturates the intestinal absorption 
capacity so that the next day doses are much less absorbed. It is interesting that in children 
with gastrointestinal side effects, iron administration once every other day or twice a week 
might be more effective than daily doses and might reduce gastrointestinal discomfort.

When patients do not tolerate full doses, a less iron dose may be administrated, but in this 
case, it is necessary to treat longer.

As gastrointestinal discomforts are more frequent when the stomach is empty, patients prefer 
to take iron immediately after or even with meal. Also, if it is clear that in this way the absorp-
tion is reduced to 30%, the better compliance to iron treatment may be preferred than a better 
absorbent. However, it is important to inform the patients that in this case some foods may 
influence iron absorption: orange juice, meat, poultry and fish enhance absorption while food 
high in phytates, phosphates or tannates (e.g., cereals, beans, soys, tea and milk) reduce it. The 
ensuing reduction of adherence, in combination with the need of prolonged treatment, results 
in undertreatment significant proportion of IDA patients in daily clinical practice. There has 
been an increasing awareness of a previously overlooked potentially negative effect of oral 
iron, that is, the change in gut microbiome. In the absence of ongoing blood loss or intestinal 
malabsorption response to iron treatment is rapid. So far, within 24 h, the child feels bet-
ter, shows less irritability and an increased appetite. A peak of reticulocytes may observe at 
5–7 days but routinely this re-evaluation is not performed in children to avoid discomfort. 
The hemoglobin measured after a month of treatment shows an increase of 1–2 g/dl. Since 
IDA has been treated and hemoglobin concentrations are healthy, full blood count and mark-
ers of iron status should be measured during the subsequent 6–12 months.
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Treatment failure is common due to poor medication adherence, adverse effects related to 
excessive dosing and lack of evidence-based management guidelines. If after a month of 
treatment the anemia, in otherwise healthy individual, does not respond, the causes of the 
iron deficiency anemia must be carefully reevaluated. It is important to analyze the duration 
of therapy, ongoing blood loss, high gastric pH due to assumption of antacid, histamine-2 
blocker, gastric acid pump inhibitor, deficit of Vitamin B12, folic acid, zinc, or hypothyroidism, 
a coexistent disease that interferes with iron absorption (chronic inflammation and inflamma-
tory bowel disease or neoplasia). Finally, an incorrect diagnosis of the microcytic anemia, as 
thalassemia, sideroblastic anemia or genetic IRIDA as well as patients with elevated hepcidin 
levels driven by inflammation, must be ruled out. Unfortunately, many patients are often lost 
to follow-up [1–3, 22–24].

Considering the risk of adverse reaction, parenteral iron therapy should be reserved for 
selected patients with severe gastrointestinal absorption disorders including inflammatory 
bowel disease or short bowel syndrome, or when a rapid replacement of iron is required 
or an absolute intolerance to oral administration is demonstrated. There not indications of 
parenteral iron treatment for pediatric patients with celiac disease in gluten-free diet as they 
can absorb oral iron salt preparations with good clinical results. Of interest the observation 
that ferrous bisglycinate chelate is well absorbed also in patients with overt celiac disease 
(personal data-in press Minerva Pediatrica 2018).

The benefits of new generation parenteral formulations are greater than their risks, if
adequate measures are taken to ensure the early detection and effective management of
allergic reactions. Iron preparations should only be given in a protected environment, where
resuscitation facilities are available in order to treat immediately. The practice of first giving
the patient a small test dose is not a reliable way to predict how the patient will respond
when the full dose is given. A test dose is therefore no longer recommended but instead
caution is warranted with every dose of intravenous iron that is given, even if previous
administrations have been well tolerated. Various iron formulations for intravenous use are
now available but the approval of the products may differ in different countries. The first
parenteral iron formulation was a high molecular weight iron dextran. However, intramus-
cular injection of iron dextran is discouraged because it is painful, produce long-standing
skin discoloration, and it may be a potential risk of developing a rhabdomyosarcoma or
fibrosarcoma. Intravenous administration is no longer available due to its relatively high
incidence of hypersensitivity reactions. Low-molecular weight iron dextran, introduced in
the 1990s is less likely to cause such reactions but the use in now is limited as formulations
with improved safety profile have been licensed. Fe-gluconate (Ferlixit®) is less dangerous
but is containing benzilic acid that may cause seizure in infant less than 3 years. Fe-sucrose
(Venofer®) is much more expensive but represents today the best product for children con-
sidering the low risk if reacted. Finally, new and promising preparations are now under
investigation but at the moment they are not approved for pediatrics: Fe-carboxymaltose
(Ferrinject®), Fe-isomaltoside (Monofer®) and Ferumoxytol (Ferraheme®). Severe hyper-
sensitivity reactions with these preparations are exceptional. Simple recommendations to
minimize the risk include slow administration with careful patient monitoring during and
after treatment, an adequate clinical environment with trained staff and the avoidance of
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antihistamine premedication. Iron sucrose and sodium ferric gluconate are approved for
both adults and children, but typically require multiple doses to achieve adequate iron
replacement. For the ferric carboxymaltose, the recommended infusion time is only 15 min
and is administrated once a week. It is approved in Europe and in the US for adults, not yet
approved for pediatrics.

Red cell transfusion should be reserved to severe anemia, less than 5 g/dl of hemoglobin, 
requiring rapid correction as in children with cardiac dysfunction.

The total amount of parenteral iron to be administered may be calculated according to the 
following formula:

Weight (kg) × volemia (80 ml / kg) × 3.4∗ × g (normal Hb for age − patient Hb) × 1.5∗∗ 

∗ 1 g of Hb alloy 3.4 mg of iron, ∗∗ correction to replenish stocks

The total dose should be divided into several administrations (initially every 2–3 days then 
every 1–2 weeks) to be given in a slow infusion (recommended in 1–4 h, the single dose should 
not exceed 5 mg/kg) [1–4, 31–40].

8. Prevention 

In preterm infants (born at less than 37 weeks’ gestation) the prevention of ID/IDA with the 
administration of iron is well-established practice, even if there is no clear evidence of benefits 
on long-term outcomes such as growth and neurobehavioral development. Infants who are 
exclusively breastfed should receive 1–3 mg/kg/day of elemental iron supplementation from 
1–12 months of age, except for those who have had multiple blood transfusions; 1 mg/kg/
day supplementation if using iron-fortified formula. For healthy full-term infants exclusively 
breastfed infants, the AAP recommends 1 mg/kg/day of iron supplementation at 4 months of 
age until appropriate iron-containing foods are introduced. WHO recommended daily iron 
supplementation with 60 mg of elemental iron to prevent iron deficiency in menstruating 
adolescent girls where the prevalence of anemia is about 20%.

According to the American Academy of Pediatrics, the prevention of iron deficiency is an 
important issue of public health and the universal screening, between 12 and 18 months, is 
useful to assess the possible risk factors [41–45].

9. Conclusion 

Prevention and early diagnosis of ID and IDA in childhood are important to ensure normal 
growth and performance and to avoid possible damage on neurocognitive and behavioral 
development. Diagnostics are generally relatively easy and are based on the evaluation of a 
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few simple hematological and biochemical parameters. Treatment may have some difficulty 
regarding patient’s compliance. So important is the role of the pediatrician in approaching 
the problem of iron deficiency in every phase of the intervention, from prevention, diagnosis 
and treatment.
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Abstract 

The apical divalent metal transporter 1 (DMT1) and the iron exporter ferroportin 1 
(FPN1) are responsible for the absorption of iron and other divalent metals (manganese, 
lead, and cadmium). Thus, an iron-deficient diet can lead to excess absorption of man-
ganese, lead, and cadmium, and high blood concentrations of these metals. Relative to 
males, females of childbearing age have higher blood concentrations of manganese 
because of their lower blood concentrations of ferritin. Moreover, relative to premeno-
pausal women, menopausal women have lower blood manganese levels because their 
higher concentrations of ferritin. There is also a significant increase in the whole blood 
manganese level throughout pregnancy due to the upregulation of iron absorption at this 
time. Several previous studies reported a temporal relationship between iron deficiency 
and increased blood lead concentrations in children. However, this association does not 
occur in postmenarcheal or postmenopausal women because estrogen promotes bone 
mineralization and redistributes blood lead into the bone, overshadowing the effect 
of ferritin on blood lead level. Although blood cadmium concentrations are higher in 
females of childbearing age because of their lower ferritin concentrations, there is no 
association of blood cadmium and iron levels in infants and postmenopausal women. 

Keywords: manganese, lead, cadmium, iron deficiency, divalent metal transporter 1, 
ferroportin 

1. Introduction 

Iron deficiency affects approximately one-third of the world’s population, and is the most common
nutritional deficiency [1]. Iron deficiency is most common in rapidly growing children (aged 6months
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Figure 1. The direct and indirect effect of iron deficiency on neurodevelopment in children.

to 3 years) who have inadequate intake of dietary iron [2]. Iron deficiency is the only micronutrient
deficiency that also has a high prevalence in virtually all developed countries [3]. 

Toxic metals, such as manganese, lead, and cadmium, have become ubiquitous in the devel-
oped world, and general populations are increasingly exposed to these metals. Inhalation of 
toxic metals is the most common route of exposure in environmental and occupational set-
tings [4]; food intake is the major source of exposure in general populations and in children, 
who are more vulnerable to toxic metals absorbed through the intestine [5]. The mechanisms 
of iron absorption are similar to those of other divalent metals [6–11], and an iron-deficient
diet can lead to excess absorption of manganese [12–14], lead [15–17], and cadmium [18–20]. 

The gastrointestinal absorption of these divalent metals appears to be mediated by intestinal 
iron transporters, such as apical divalent metal transporter 1 (DMT1), which also mediates 
the uptake of other divalent metals [21]. There is up-regulation of DMT1 in the presence of 
low iron stores [22], and this explains the increased uptake of divalent metals [13, 14] and 
the higher blood concentrations of these metals in iron-deficient individuals. New evidence
indicates that the iron exporter ferroportin 1 (FPN1) also transports these divalent metal 
ions [8–11]. Thus, the major transporters responsible for the absorption of nonheme iron, 
apical DMT1 and the FPN1, also function in the absorption of divalent toxic metal ions. 

Elevated levels of manganese, lead, and cadmium may adversely affect neurodevelopment, 
cognitive and motor development, and behavioral development in children [23]. Iron defi-
ciency in children may lead to cognitive impairment, caused by the deficiency of iron itself 
or by the increased levels of these toxic metals (Figure 1). Therefore, decreased levels of iron, 
combined with increased levels of cadmium, manganese, or lead, have major effects on the 
neurodevelopment of children [24]. 

2. Effect of iron deficiency on blood concentrations of manganese, 
lead, and cadmium

2.1. Manganese 

Manganese is a naturally occurring element that is abundant in the environment. It is also an 
essential dietary nutrient, and the body requires specific concentrations for proper function. 
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More specifically, at the physiological level, manganese functions in bone formation, protein 
and energy metabolism, and metabolic regulation; at the molecular level, it functions as a 
cofactor for a number of enzymes [25]. Because manganese is an essential element, homeostatic 
mechanisms regulate its absorption, disposition, and biliary excretion [25]. These homeostatic 
processes also play important roles in manganese toxicokinetics, which differ from those of 
nonessential toxic metals, such as lead and cadmium. Inhalation is the most common route of 
adult manganese exposure in environmental and occupational settings [25], whereas food is 
the major source of absorbed manganese in children, who are more vulnerable than adults to 
manganese due to higher intestinal absorption rate. Another source is the presence of a por-
tal systemic shunt due to liver cirrhosis, which impairs the clearance of manganese through 
biliary excretion [25]. Blood manganese concentration appears to be related to manganese 
body burden on a group basis [25]. Chronic occupational exposure to manganese can cause 
a neurologic impairment known as “manganism,” a motor disorder with some similarities to 
idiopathic Parkinson’s disease in adults [25]. Recently, manganese excess have been reported 
to be associated with neurodevelopmental deficits, reduced IQ, and increased risk of behav-
ioral problems, and attention deficit hyperactivity disorder in children [26]. 

Animal and human studies have demonstrated that iron deficiency markedly enhances intes-
tinal absorption of manganese [12, 13]. DMT1 and FPN1 are responsible for the absorption of 
iron and other essential divalent metals, particularly manganese. Thus, an iron-deficient diet 
can lead to excess absorption of manganese; therefore, iron deficiency can be a risk factor for 
the accumulation of toxic levels of manganese in the central nervous system [27]. 

Previous studies have shown that iron deficiency leads to increased blood manganese concentra-
tions in adults and children [14, 28, 29]. We recently showed that blood manganese levels are also 
elevated in iron-deficient infants [30]. After iron therapy, the blood manganese levels of iron-
deficient infants declined significantly relative to their pretherapy levels (2.045 vs. 2.971 μg/dL),
and their hemoglobin and ferritin levels increased significantly. Females of childbearing age
have reduced concentrations of ferritin, and therefore increased levels of blood manganese rela-
tive to males [14, 31–33] and relative to menopausal women (who have higher levels of ferritin) 
[33] (Figure 2). Previous research reported significant increases in the whole blood manganese
levels throughout pregnancy [34–38] (Table 1). This may be related to the enhanced absorption 
of manganese due to upregulation of iron absorption, particularly during the late periods of 
pregnancy [39], because the mechanisms of iron and manganese absorption are similar. 

2.2. Lead 

Lead is a widespread environmental pollutant that can damage the central nervous, periph-
eral nervous, renal, cardiovascular, reproductive, and hematological systems in adults [40]. 
Exposure to lead induces a wide range of adverse health effects in children [40], because 
children are more sensitive to toxic effects. Very low blood lead levels (<10 μg/dL) have been
associated with reduced IQ, deficits in executive function, and attention deficit hyperactivity
disorder in children [26]. The environmental exposure to lead are mainly from leaded gasoline, 
lead paint such as lead paint-contaminated dust and soil, water from lead pipes, and emis-
sions due to industrial activities [40]. Thus, main route of environmental exposure to lead is 
inhalation or ingestion [40]. Bone lead reflects total body burden of lead. However, blood lead
concentration accounts for a part of the total body burden, and it reflects a recent exposure [40]. 
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Figure 2. Changes in blood manganese levels according to sex, age, and menstrual status. 

Variables No. (n) Study subjects and findings

Sex (n = 2005) Korean general population 20 y or more; KNHANES 2008/GM of blood Mn in 
female vs. male: 1.403 vs. 1.192 μg/dL* [14] 

(n = 297) Canadian general population/GM of blood Mn in female vs. male: 0.750 vs. 
0.675 μg/dL* [31] 

(n = 7720) USA general population (NHANES 2010–2011)/GM of blood Mn in female vs. 
male: 0.99 vs. 0.87 μg/dL* [32] 

Menopause (n = 1826) Korean general population KNHANES 2008–2009/GM of blood Mn in 
premenopause vs. postmenopause: 1.443 vs. 1.296 μg/dL* [33] 

(n = 66) Sweden general population/Maternal blood median Mn during pregnancy at 3rd, 
vs. 2nd, vs. 1st trimester 1.26 vs. 1.04 vs. 0.85 μg/dL [34] 

Pregnancy (n = 34) Australian general population/Maternal blood Mn during pregnancy from 10 to 20 
weeks vs. 25 vs. 34 weeks; 0.82 vs. 0.94 vs. 1.26 μg/dL [35] 

(n = 290) Canadian general population/Maternal blood GM Mn during pregnancy at 3rd, 
vs. 2nd, vs. 1st trimester vs. nonpregnant 1.56 vs. 0.95 vs. 0.85 and 0.746 μg/dL [36] 

(n = 470) Canadian general population/Maternal blood AM Mn during pregnancy at 
delivery vs. nonpregnant; 2.4 vs. (0.8–1.2) μg/dL [37] 

(n = 1085) USA general population/blood GM Mn in pregnancy vs. nonpregnant; 1.19 vs. 
1.02 μg/dL [32] 

(n = 265) Korean general population/blood GM Mn in pregnancy; 2.25 μg/dL [38] 

AM, arithmetic mean; GM, geometric mean; KNHANES, Korea National Health and Nutrition Examination Survey; 
NHANES, National Health and Nutrition Examination Survey [22]. 
*Statistically significant.

Table 1. Behavior of blood manganese (Mn) concentrations according to gender-related variables. 

Many cross-sectional studies have found that iron-deficiency anemia in children is associated 
with poor cognitive development, poor motor development, and behavioral problems due to 
the increased uptake of lead [23, 24]. There is also evidence that decreased cognitive develop-
ment of children with iron deficiency persists after iron treatment and correction of anemia 
[23, 24]. Approximately 90% of the lead in the body is stored in the skeleton [40], and lead in 
bones has a half-life ranging from years (trabecular bone) to decades (cortical bone). 

Several previous studies have assessed the temporal relationship between iron deficiency and 
increased blood lead concentration [15, 16, 41]. A longitudinal study showed an association 
between iron deficiency and high blood lead level in young children who had blood lead 
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levels ranging from less than 5 to 40 μg/dL [42]. Another study of children aged 10–15 years 
reported the mean blood lead concentration was 6.9 μg/dL in iron-deficient children and 
4.3 μg/dL in those with normal iron levels, and that iron supplementation significantly 
decreased blood lead concentrations in the former group [16]. A clinical trial assessing the 
impact of iron supplementation on blood lead concentrations in infants with iron deficiency 
found that blood lead concentration decreased as iron status improved [15, 41]. In contrast to 
these studies, other studies have found no association between iron deficiency and increased 
blood lead concentration [42–46]. 

This discrepancy may be partly due to the different ages of the study subjects and the extent of 
their exposures to lead. For example, studies of older female children or adolescents reported 
no association of blood iron and lead levels [42, 44, 47]. Postmenarcheal women have lower 
blood lead concentrations than men, because estrogen promotes bone mineralization and 
redistributes blood lead into bone, and this estrogen effect overshadows the increasing effect 
of ferritin on blood lead level [48]. Hence, there is no association between high blood lead 
level and iron deficiency in postmenarcheal adolescents [48]. Some studies of children with 
lower blood lead concentrations (11.0 and 11.4 μg/dL) reported no association of blood lead 
and iron levels [43, 45]. However, longitudinal studies of children with blood lead levels in 
a similar age range reported an association between iron status and blood lead concentra-
tion following iron supplementation [16, 41]. Furthermore, we recently showed that blood 
lead levels are elevated among iron-deficient infants with very low blood lead concentrations 
(1.416–1.846 μg/dL) [15]; moreover, iron therapy significantly decreased the blood lead levels 
of iron deficient infants [12]. Even minor increases in blood lead concentration due to iron 
deficiency may have clinical implications in children, considering the lack of evidence that 
any level of lead in the blood can be considered safe [26]. 

2.3. Cadmium

Cadmium is a ubiquitous environmental pollutant, and the main environmental sources are 
air, soil, and water contamination due to industrial activities, use of phosphate fertilizers, 
combustion of motor fuels, and particles released by tire wear. Smoking is the most important 
source, because tobacco plants, like other plants, take up cadmium from soil. In nonsmokers, 
diet is the major source of cadmium exposure [49]. Cadmium increases the risk of overall 
mortality and cardiovascular including hypertension, neurologic, renal, and developmental 
diseases in adults [49]. A recent paper showed that prenatal low-level exposure to cadmium 
had adverse effects on neurodevelopment in children [50]. Cadmium levels in the body 
increase with age, because only small amounts (0.01–0.02%) are excreted each day [49]. Blood 
cadmium is a biomarker of recent exposure, and urinary cadmium is a biomarker of lifetime 
exposure [49]. 

The body absorbs iron and cadmium by similar mechanisms [6, 22], and animal experiments 
have shown there may be metabolic interactions between cadmium and iron [6, 22]. In par-
ticular, animals with low iron stores have increased cadmium uptake [18, 20, 51]. Moreover, 
high cadmium concentrations are present in premenopausal women with low iron stores 
[33, 42, 52–55]. Females of childbearing age have higher blood cadmium concentrations than 
males because of their lower ferritin levels [53, 56–61]. There is also a significant increase 
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in the whole blood cadmium level during late pregnancy in particular [53, 62–64] (Table 2). 
This increase may be caused by an enhanced cadmium absorption due to upregulated iron 
absorption during late pregnancy [53], because the mechanisms of iron absorption are simi-
lar to those of other divalent metals, particularly manganese and cadmium [6, 7]. However, 
there is no association between iron deficiency and elevated cadmium levels in postmeno-
pausal women [60, 65, 66]. This may be because of the higher cadmium absorption rate in 
older-aged females than males, and the interaction of iron and cadmium uptake. Our recent 
study showed no association between iron deficiency and cadmium concentration in infants 
[67], but assessment of the same study subjects showed that iron deficiency was associated 
with increased blood lead and manganese concentrations [15, 30]. It is possible that the lower 
likelihood of exposure to cadmium in infants explains the lack of an association of blood 
cadmium level with iron deficiency in these individuals. The placenta may partially prevent 

Variables No. (n) Study subjects and findings

Gender (n = 7920) US general population NHANES 2011–2012/

GM blood cadmium in men vs. women: 0.255 vs. 0.304 μg/L* [57] 

(n = 5924) Korean general population aged 20 years or more; KNHANES 2008–2010/GM 
blood cadmium in men vs. women: 0.780 vs. 1.194 μg/L* [56] 

(n = 2257) US general population aged 6 years and older; NHANES 2003–2004 /

GM urinary cadmium in men aged 12 years or older lower than women; but no 
difference in children aged 6–11 [58] 

(n = 1055) Bangladesh general population aged 8 years and older/Median urinary cadmium 
in men aged 30–50, 51–88 years vs. women; 0.66 vs. 0.81, 0.88 vs. 1.1 μg/L [59] 

Menopause (n = 3700) Korean general population/

blood GM cadmium in premenopause vs. postmenopause: 0.995 vs. 1.165 μg/L* 
[60] 

(n = 149) Bangladesh general population aged more than 51 years/median urinary cadmium 
in women vs. men; 1.1 vs. 0.88 μg/L [59] 

(n = 1670) German general population aged 25 or older/between-gender differences in blood 
GM cadmium greater in subjects >50 than <50 years of age [61] 

Pregnancy (n = 120) Spain general population/No significant changes in urinary GM cadmium during 
pregnancy and postpartum; 0.44 vs. 0.64 μg/L [62] 

(n = 2882) Chinese general population/Significant changes in the blood median cadmium 
between during late pregnancy and nonpregnancy; 0.75 vs. 0.5 μg/L [63] 

(n = 281) Bangladesh general population/Median blood cadmium increased 15% from early 
pregnancy (0.5 μg/L) to 6 months postpartum [64] 

(n = 216) Swedish general population/Median blood cadmium increased 13% from early 
pregnancy (0.16 μg/L) to 3 months postpartum [53] 

GM, geometric mean; KNHANES, Korea National Health and Nutrition Examination Survey; NHANES, National 
Health and Nutrition Examination Survey [22]. 
*Statistically significant.

Table 2. Behavior of blood/urine cadmium concentrations according gender-related variables.
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fetal exposure to cadmium [68] and only 5–10% of maternal blood cadmium is transferred to 
human milk, because metallothionein binds to cadmium in blood cells [69]. Moreover, blood 
cadmium concentrations tend to increase with age [49, 70–72]. 

3. Toxicological implications

The effect of iron deficiency on blood concentrations of other divalent metals has several clinical
and toxicological implications. First, the present paper emphasizes the importance of assessing 
the iron level and hematologic status of individuals for studies of environmental exposure to 
divalent metals (manganese, lead, and cadmium) in general populations. In particular, given 
the high prevalence of iron deficiency in children, iron deficiency status must be considered as
an important factor affecting their susceptibility to heavy metal toxicity, especially for environ-
mental health risk assessments of low exposure to these toxic metals. Second, our results also 
emphasize that exposure to neurotoxic metals may aggravate iron-related developmental and 
behavioral problems in children and lead to subclinical neuropsychological problems in adults. 

4. Conclusions

The apical divalent metal transporter 1 (DMT1) and the iron exporter ferroportin 1 (FPN1) 
are responsible for the absorption of iron and other divalent metals (manganese, lead, and 
cadmium). Thus, an iron-deficient diet can lead to excess absorption of manganese, lead, and 
cadmium, and high blood concentrations of these metals. Relative to males and postmeno-
pausal women, females of childbearing age have higher blood concentrations of manganese 
because of their lower blood concentrations of ferritin. Several previous studies reported a 
temporal relationship between iron deficiency and increased blood lead concentrations in 
children. Blood cadmium concentrations are higher in females of childbearing age because of 
their lower ferritin concentrations than in men. 
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Abstract

Iron deficiency anemia is a global public health problem. According to the World Health 
Organization, anemia affects 1620 million of people worldwide, which corresponds to 
28% of the population. Fifty percent of the anemia cases are attributed to low iron intake. 
Among the main sources of iron from vegetable origin are legumes, such as beans, lentils, 
soybeans, lupin, some vegetables such as spinach, and some dehydrated fruits. Non-
hemic iron is mainly from legumes and is the most important source of this mineral 
in the diet of developing countries’ population, but its bioavailability is very variable. 
Consequently, the fortification of foods with high and cheap iron sources is a practical 
way to prevent its deficiency. Some studies have shown that the roots of some legumes, 
especially nitrogen fixers, accumulate a significant amount of iron mainly in the nodule 
proteins. The purpose of this chapter is to present the current knowledge of novel sources 
of plant-based hemic iron with a high bioavailability to be used in food fortification.

Keywords: plants, iron, anemia, fortification

1. Introduction

Iron deficiency affects an important part of the human population; it is the most common nutri-
tional disorder and causes approximately 50% of anemia cases. The groups most likely to have
iron deficiency and iron deficiency anemia are infants, young children, adolescents, premeno-
pausal women, and especially pregnant women. The recommended iron intake depends on the
individual’s health status, age, and sex. However, some sociodemographic factors such as race
or ethnicity, socioeconomic status, eating habits, etc. have an influence on the risk of develop-
ing anemia. Iron deficiency and iron deficiency anemia have undesirable physiological con-
sequences especially in children, having an impact on cognitive performance and growth [1].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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This pathology decreases the amount of oxygen transported to the muscles, which affects 
people’s physical capacity and work performance. It generates a decrease in the immune 
system response and therefore an increased risk of contracting infections. Iron deficiency 
also disrupts the digestive system functioning. During pregnancy, iron deficiency ane-
mia increases the perinatal risk of both mothers and children and can lead to an increase 
in infant mortality. From the biochemical point of view, it has been observed that it affects 
the metabolism of some neurotransmitters, thyroid hormones, and the activity of some iron-
dependent enzymes. Due to the great impact of iron deficiency and iron deficiency anemia 
on human health and its high incidence, international organizations led by the World Health 
Organization have developed a series of programs to avoid this problem [2].

In developed countries, iron deficiency is usually a consequence of absorption disorders, loss 
of blood, or the intake of a restricted diet (vegan diet). Foods present different forms of iron 
that differ in their bioavailability, depending to the source. Hemic iron is present mainly in 
animal proteins such as hemoglobin and myoglobin, which has a higher bioavailability; these 
proteins are present in meat, fish, and shellfish [3].

Non-hemic iron is present in different chemical forms, which significantly affects its absorp-
tion. This type of iron is present in both organic and inorganic forms. The most common 
sources of non-hemic iron present in foods are low-molecular-weight compounds such as 
ferric citrate, phosphate, phytate, oxalate, and hydroxide and high-molecular-weight com-
pounds such as ferritin, lactoferrin, and leghemoglobin. The best sources of non-hemic iron 
are seeds, grains, nuts, and the green leaves of vegetables [3, 4].

Likewise, the absorption of iron depends to a large extent on the concentration of iron present 
in the body and enhancers such as ascorbic acid and some muscle tissue proteins. One of the 
strategies for the replenishment of iron deficiency is the use of food supplements. However, 
the World Health Organization recommends fortification of foods as an approach to increase 
iron intake [5].

2. Iron biological functions 

Iron is an essential metal for human life, and its main biological function is as a part of the 
heme group proteins such as hemoglobin and myoglobin, which is responsible for oxygen 
transport [6]; also, iron is an essential component of many enzymes that catalyze redox reac-
tions, due to its ability to rapidly accept electrons, under physiological conditions [7].

More than 2 billion people worldwide suffer from anemia. Iron deficiency anemia is the 
most common nutritional disease in the world; around 800 million children and women are 
the most vulnerable and suffer from this type of anemia, which can affect the physical and 
immune development [3, 8]. This disease is usually asymptomatic and is often not diagnosed; 
however, some of its symptoms are weakness, fatigue, exhaustion, and decreased cognitive 
efficiency [9]. The iron status in the body is maintained by a complex process that regulates 
the balance between iron absorption in the duodenum, the recycling of iron by macrophages 
and iron storage in the liver because there is no physiological way for its excretion [10]. Hemic 
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iron is present in foods of animal origin and in some plants proteins, such as leghemoglo-
bin present in legume nodules; however, non-hemic iron is mainly present in foods such as 
vegetables [6].

3. Iron absorption 

The absorption of iron is defined as the passage from the intestinal lumen to the circulation 
through the enterocytes and is mainly carried out in the duodenum and the proximal jejunum 
[11]. Non-hemic iron must be in a soluble form to be absorbed, since the insoluble forms 
cannot be absorbed and are eliminated with the feces. The ferrous forms of iron are much 
more soluble than ferric forms, since the latter rapidly precipitate in the intestine alkaline 
medium. That is why iron that has been released by the action of gastric and pancreatic pro-
teases binds to intraluminal ligands whose function is to stabilize the ferrous form, keeping 
the iron soluble and consequently biologically available to be captured and transferred to the 
interior of the enterocyte [12].

The non-hemic iron complexes present in foods are degraded during digestion in the gastro-
intestinal tract due to the action of pepsin and hydrochloric acid. Once released from the food 
components, most non-hemic iron is present in the ferric form (Fe+3) which is more common 
in vegetables, it is considered to be of low solubility and bioavailability, but this depends on 
the physiological status and the presence of other minerals such as zinc, magnesium, copper, 
and calcium [13], as well as phytates, polyphenols, and metal chelators. In addition, there are 
numerous compounds present in foods capable of reducing Fe+3 and Fe+2 (bioavailable non-
hemic iron form), including ascorbic acid and amino acids such as cysteine and histidine, and 

Figure 1. Iron uptake in the apical enterocyte membrane [8].
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also, the main reduction activity is carried out by duodenal cytochrome b reductase activity 
(DCYTB), a hemoprotein located in the enterocyte apical membrane using ascorbate to facili-
tate iron reduction [14]. The soluble form of Fe+2 is transported to the enterocyte through the 
divalent metal transporter-1 (DMT-1), which is a proton simulator that requires a low pH for 
metal transport (Figure 1) [15].

4. Vegetable sources of iron and its bioavailability 

Non-hemic iron includes different organic forms, such as ferric citrate, ferric gluconate, fer-
rous fumarate, and ferritin and inorganic forms such as ferrous sulfate, carbonate, and chlo-
ride as well as ferric, and each form of iron has different forms of absorption and efficiencies 
[16] and is mainly found in legumes, cereals, and other vegetables (Table 1).

Legumes throughout the history have been a very important food resource, accounting for 
approximately 20% of the daily protein intake in humans. They are also an economical source 
of dietary fiber and minerals such as iron [17, 18].

The iron in food is found as hemic iron, forming part of the structure of proteins and as non-
hemic iron. The most common forms of non-hemic iron present in foods are low-molecular-
weight compounds such as ferric citrate, phosphate, phytate, oxalate, and hydroxide [19].

Hemic iron is also present in vegetables forming part of some proteins such as ferritin and 
leghemoglobin. The distribution of ferritin in the edible parts of plants is variable. Its con-
centration in seeds can range from 50 to 70 mg/kg, which corresponds to the iron content of 
10 mg/kg [20].

Both ferritin and leghemoglobin accumulate in the nodules of the root of legumes such as 
soybean and lupine. The concentration of iron in the nodules of soy is high compared to the 
leaves [21].

Valdés-Miramontes et al. [22] reported a concentration of iron in the seed of L. rotundiflorus of 
6.12 mg/100 g and a concentration of 70 mg/100 g in the whole root; this concentration in nod-
ules is probably due to the fact that the root has nodules rich in leghemoglobin, an iron-rich 
protein, due to its high activity in nitrogen fixation. Leghemoglobin hemoprotein is found in 
root nodules of legumes, containing high concentrations of iron [23].

Values obtained from the “Table of practical use of foods with the highest consumption” by 
Chávez et al. [24] and “Effect of thermal treatment on the chemical composition and minerals 
of wild lupine seeds” by Valdés-Miramontes et al. [20].

In a study conducted by Martínez-Zavala et al. [25] about the iron content in the bean plant 
leaves (Phaseolus vulgaris), a recovery of hematic biomarkers was observed, such as hemo-
globin, erythrocyte count, and hematocrit in rats with induced anemia, when diets with iron 
source from this legume were administered.

It is known as bioavailability of iron to the proportion of this dietary mineral that is absorbed 
and used by the body. Figures 2 and 3 show some of the dietary and physiological factors that 
influence the bioavailability of iron in foods [6, 8].
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Table 1. Iron content (mg) and moisture in different foods.

Recent research on iron bioavailability from legume ferritin, especially soy ferritin, suggests 
a high bioavailability of soy ferritin, comparable to the bioavailability of FeSO4, on in vitro 
experiments, rat assays, and clinical studies. This is probably due to the fact that the root 
presents nodules that contain leghemoglobin, a protein rich in hemic iron [3, 8].
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Figure 2. Dietary factors that influence the bioavailability of iron in foods.

Figure 3. Physiological factors that influence the bioavailability of iron in foods [3, 8].
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In this way, Proulx and Reddy [26] report an iron bioavailability from soybean nodules of
28 ± 10% and a partially purified soybean leghemoglobin bioavailability of 19 ± 17%, with
a relative biological value (RBV) of 125 and 113, respectively, with a reference to ferrous
sulfate (considered as 100%).When 50 ppm of partially purified leghemoglobin soybean
extracts and bovine hemoglobin were added to corn tortillas, bioavailability was 27 and 33%,
respectively [26].

It has been reported that iron bioavailability in bean leaves is 8.5%, while fava beans reported 
an absorption rate of 37.10 for a basal diet supplemented with 21 g of dry thyme leaves/kg of 
diet that contributed a concentration of iron 70.67 ppm [27, 28].

Valdés-Miramontes et al. [22] reported that the bioavailability of iron in the root nodules 
and cooked seeds of L. rotundiflorus of 13.80 and 13.70%, respectively, evaluated through the 
depletion hemoglobin repletion method in Wistar strain rats.

5. Fortification of foods with vegetable iron

Because of the importance of Fe deficiencies in health, the study of plants with higher content 
of bioavailable Fe is crucial, as biofortification which is considered as an innovative strategy 
for the micronutrient malnutrition in a sustainable way, since the micronutrients’ deficiency is 
responsible for what is known as silent malnutrition, in particular iron deficiency, which has 
adverse effects on growth, immune function and causes anemia [29].

Figure 4 represents the three strategies to diminish iron deficiency in the population.

Biofortification is the process of improving micronutrient content of crops base to our feed-
ing, through fertilization, breeding, and use of genetically modified varieties, comparing the 
cost-benefit and long-term sustainability, which can help increase the daily intake of micro-
nutrients to low-income populations. Biofortification is a feasible means for malnourished 
populations in rural areas, offering naturally fortified foods to people with limited access to 
commercialized fortified foods, which are more available in urban areas. The biofortification 
and commercial fortification are highly complementary [30].

Biofortification is a novel strategy for producing crops with high micronutrient contents, and 
it reduces the levels of antinutritional factors that promote the increase of substances that 
promote nutrient absorption [31].

There is still ignorance regarding important parts of the biofortification process, also effective-
ness more trials are needed to identify and refine the nutrients synergies. Additionally, more 
marketing strategies must be done to ensure maximum consumption of biofortified crops. 
Improvement can be made more cost-effective by selecting high levels of vitamins and miner-
als from a single variety, and transgenic methods can be more effective with conventional 
breeding crops [32].

In this way, Miller et al. [33] suggest to follow the next recommendations:
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1. Commercially expand fortified food programs as a strategy to prevent micronutrient mal-
nutrition (iron).

2. Develop and implement technologies to fortify foods, with the purpose of increasing the 
micronutrients consumption, especially in rural populations of developing countries.

3. Reduce the loss of food and food waste, especially in fruits and vegetables that should be 
used in a sustainable manner.

4. Training in agriculture, food processing, and nutrition education, especially in developing 
countries and their rural areas.

Velu et al. [34] report that a strategy of fertilization combined with genetic improvement in 
wheat enriches this crop with high iron content of high availability.

The improvement in popular consumption plants would be through increasing the concentra-
tion of absorption promoters such as nicotianamine, ascorbic acid, inulin, and carotenes.

Much research has been done recently regarding nicotianamine specifically, suggesting
that genetic engineering is likely to have an even greater potential for biofortification,
since nicotianamine concentrations in transgenic plants exceed the range found naturally,
which would be complemented by studies concerning nicotianamine efficiency in human
consumption.

Since it has been observed an enhancing effect of nicotianamine on the absorption of Fe by 
intestinal epithelial cells during passage through the human or digestive system, the continu-
ation of research along these and other pathways will soon lead to even more effective and 
sustainable biofortification solutions [35].

Recently, new technologies have emerged with significant advances in iron biofortification
programs. These include mutagenesis oligo-directed, reverse reproduction, DNA methyla-
tion directed by RNA, and specific sequence technology nuclease or genome edition. These

Figure 4. General strategies to reduce iron deficiency [3].
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technologies have obtained very fast benefits and at low cost. At this time, it is a common
practice to combine different molecular crops and genomic methods such as marker-assisted 
selection [36].

Recent success stories can be found in www.HarvestPlus.org.

Additionally, the use of ferritin is currently being explored as a strategy in iron supplemen-
tation or biofortification, which showed by Lv et al. [37] in a study of in vitro and in vivo 
digestibility (with Caco-2 cells).

6. Conclusions 

Iron deficiency is a big health problem that affects a large proportion of the world’s popula-
tion, especially in developing countries, causing what is known as “hidden malnutrition.” In 
this chapter, the importance of iron is mentioned, as well as its functions within the organism 
as an oxygen transporter and forming part of some enzymes. The absorption of this mineral 
depends on several factors such as the ferrous forms, hemic and non-hemic, presence of other 
minerals, phytates, and some polyphenols. Plant-based foods commonly contain non-hemic 
Fe, which is considered to be of low solubility and bioavailability; however, some plants 
contain hemic Fe, forming part of proteins such as ferritin and leghemoglobin, also some 
plant foods contain high amounts of Fe as pumpkins, cocoa, and various legumes such as 
beans, soybeans, fava beans, especially their roots that form nodules with bacteria, which will 
convert atmospheric nitrogen to form soluble by the plant; consequently, they have a large 
amount of leghemoglobin, which is an oxygen carrier protein and rich in hemic Fe.

Likewise, strategies to reduce iron deficiency are mentioned, as well as the diversification 
of foods rich in this mineral, supplementation, and fortification of popular consumed foods 
enriched in Fe. One of the strategies that has worked so far is the biofortification of staple 
crops in rural areas in developing countries, with high iron contents and low levels of absorp-
tion inhibitor compounds. The biofortification is done through the combination of fertiliza-
tion with conventional genetic or transgenic improvement that enriches crops with high iron 
content of high bioavailability, which is estimated that more than 20 million people in devel-
oping countries consume biofortified crops.

Acknowledgements 

This research was supported by the University of Guadalajara. The authors also thank the 
Doctoral Program in BEMARENA Biosystematic, Ecology and Management of Natural 
Resources, University of Guadalajara.

Conflict of interest

The authors declare no conflict of interest.

www.HarvestPlus.org
http://dx.doi.org/10.5772/intechopen.79834


 

62 Iron Deficiency Anemia 

Author contributions

All authors participated in the analysis of information and write and corrections of this 
chapter.

Author details

Elia Hermila Valdes-Miramontes1, Ramon Rodriguez-Macias2 and Mario Ruiz-Lopez2* 

*Address all correspondence to: mruiz@cucba.udg.mx 

1 CUSur, Behavioral Feeding and Nutrition Research Center (CICAN), University of 
Guadalajara, Ciudad Guzmán, Jalisco, México

2 Botanical and Zoology Department, University of Guadalajara, CUCBA, Biotechnology 
Laboratory, Zapopan, Jalisco, Mexico

References 

[1] Abu-Ouf NM, Jan MM. The impact of maternal iron deficiency and iron deficiency 
anemia on child’s health. Saudi Medical Journal. 2015;36(2):146-149. DOI: 10.15537/
smj.2015.2.10289

[2] Hassan TH, Badr MA, Karam NA, et al. Impact of iron deficiency anemia on the func-
tion of the immune system in children. Medicine. 2016;95(47):e5395. DOI: 10.1097/MD.
0000000000005395

[3] OMS. The Global Prevalence of Anaemia in 2011 [Internet]. Organización Mundial de la 
Salud; 2015. Available from: http://www.who.int/nutrition/publications/micronutrients/
global_prevalence_anaemia_2011/en/

[4] Geissler C, Singh M. Iron, meat and health. Nutrients. 2011;3(3):283-316. DOI: 10.3390/
nu3030283

[5] Abbaspour N, Hurrell R, Kelishadi R. Review on iron and its importance for human 
health. Journal of Research in Medical Sciences: The Official Journal of Isfahan University 
of Medical Sciences. 2014;19(2):164-174

[6] Blanco-Rojo R, Vaquero MP. Iron bioavailability from food fortification to precision 
nutrition. A review. Innovative Food Science and Emergency Technology [Internet]. 
2018. Available from: http://linkinghub.elsevier.com/retrieve/pii/S1466856418300705

[7] Ganz T. Systemic iron homeostasis. Physiological Reviews. 2013;93(4):1721-1741. DOI: 
10.1152/physrev.00008.2013

[8] Brigide P, AtaideTda R, Canniatti-Brazaca SG, Baptista AS, Abdalla AL, Filho VFN, et al. 
Iron bioavailability of common beans (Phaseolus vulgaris L.) intrinsically labeled with 
59Fe. Journal of Trace Elements in Medicine and Biology 2014;28(3):260-265

http://linkinghub.elsevier.com/retrieve/pii/S1466856418300705
http://www.who.int/nutrition/publications/micronutrients
mailto:mruiz@cucba.udg.mx


 

 

  
 

 

 

 
 

 

 

Vegetal Sources of Iron 63 
http://dx.doi.org/10.5772/intechopen.79834 

[9] Camaschella C. Iron-deficiency anemia. The New England Journal of Medicine. 2015;
372(19):1832-1843. DOI: 10.1056/NEJMra1401038

[10] Rybinska I, Cairo G. Mutual cross talk between iron homeostasis and erythropoiesis. 
Vitamins and Hormones [Internet]. 2017;105:143-160. Available from: http://linkinghub.
elsevier.com/retrieve/pii/S0083672917300018 [Accessed: Jun 19, 2018]

[11] Han O. Molecular mechanism of intestinal iron absorption. Metallomics. 2011;3(2):103. 
DOI: 10.1039/c0mt00043d

[12] Gomollón F, Gisbert JP. Anemia and inflammatory bowel diseases. World Journal of 
Gastroenterology. 2009;15(37):4659-4665. DOI: 10.3748/wjg.15.4659

[13] Hallberg L. Bioavailability of dietary iron in man. Annual Review of Nutrition. 1981;
1(1):123-147. DOI: 10.1146/annurev.nu.01.070181.001011

[14] Sharp P, Srai S-K. Molecular mechanisms involved in intestinal iron absorption. World 
Journal of Gastroenterology. 2007;13(35):4716-4724

[15] De Domenico I, McVey Ward D, Kaplan J. Regulation of iron acquisition and storage:
Consequences for iron-linked disorders. Nature Reviews Molecular Cell Biology. 2008;
9(1):72-81. DOI: 10.1038/nrm2295

[16] Theil EC, Briat JF. Plant Ferritin and Non-heme Iron Nutrition in Humans. International 
Food Policy Research Institute and International Center for Tropical Agriculture (CIAT); 
2004. Available from: https://pdfs.semanticscholar.org/a6c1/aaa7c9bcd53c46d6843a79f-
5e4cd8c4f2f1b.pdf

[17] Garcia Y, Gonzalez M, Menendez R, Gonzalez R, Bourg V. Effect of supplementation 
with dehydrated formulation of iron + iron ion in rats. Journal of Food and Nutrition. 
2008;18:204-212

[18] Guillamón E, García-Lafuente A, Lozano M, D’Arrigo M, Rostagno MA, Villares A, et al. 
Edible mushrooms: Role in the prevention of cardiovascular diseases. Fitoterapia. 2010;
81(7):715-723

[19] Zielińska-Dawidziak M. Plant ferritin—A source of iron to prevent its deficiency. Nutri-
ents. 2015;7(2):1184-1201. DOI: 10.3390/nu7021184

[20] Valdés-Miramontes EH, López-Espinoza A, Rodríguez-Macías R, Salcedo-Pérez E,
Ruiz-López MA. Effect of thermal treatment on the chemical composition and min-
erals of wild lupin seeds.Revista Chilena de Nutrición. 2015;42(2):186-190. DOI: 10.
1590/1678-98652017000600014

[21] Chungopast S, Duangkhet M, Tajima S, Ma JF, Nomura M. Iron-induced nitric oxide 
leads to an increase in the expression of ferritin during the senescence of Lotus japonicus 
nodules. Journal of Plant Physiology. 2017;208:40-46. DOI: 10.1016/j.jplph.2016.11.004

[22] Valdés-Miramontes EH, López-Espinoza A, Martínez Moreno AG, Zamora Natera JF, 
Rodríguez Macias R, Ruiz-Lopez MA. Iron bioavailability of Lupinusrotundiflorus seeds 
and roots in low-iron-diet treated rats. Revista de Nutrição. 2017;30(6):827-834. DOI: 
10.1590/1678-98652017000600014

https://pdfs.semanticscholar.org/a6c1/aaa7c9bcd53c46d6843a79f
https://elsevier.com/retrieve/pii/S0083672917300018
http://linkinghub
http://dx.doi.org/10.5772/intechopen.79834


 

 

 

64 Iron Deficiency Anemia 

[23] Neudorf SJ. Reaction of the hemochromogen test with the heme protein leghemoglo-
bin obtained from soybean root nodules. Canadian Society of Forensic Science Journal. 
2015;48(1):36-45. DOI: 10.1080/00085030.2014.987474

[24] Chávez M. Tablas de usoprácticodel valor nutritivo de los alimentos de mayor consumo 
en México. México: McGraw Hill; 2014

[25] Martínez-Zavala M, Mora-Avilés MA, Anaya-Loyola MA, Guzmán-Maldonado H,
Aguilera-Barreyro A, Blanco-Labra A, et al. Common bean leaves as a source of dietary 
iron: Functional test in an iron-deficient rat model. Plant foods for human nutrition 
(Dordrecht, Netherlands). 2016;71(3):259-264. DOI: 10.1007/s11130-016-0554-5

[26] Proulx AK, Reddy MB. Iron bioavailability of hemoglobin from soy root nodules using a 
Caco-2 cell culture model. Journal of Agricultural and Food Chemistry. 2006;54(4):1518-
1522. DOI: 10.1021/jf052268l

[27] Rosado JL, Díaz M, González K, Griffin I, Abrams SA, Preciado R. The addition of milk 
or yogurt to a plant-based diet increases zinc bioavailability but does not affect iron 
bioavailability in women. Journal of Nutrition. 2005;135(3):465-468. DOI: 10.1093/
jn/135.3.465

[28] Yossef HEE-D. Effect of calcium and phosphorus on nonhaeme iron absorption and hae-
matogenic characteristics in rats. Food and Nutrition Sciences. 2010;1(1):13-18

[29] Murgia I, Arosio P, Tarantino D, Soave C. Biofortification for combating ‘hidden hunger’ 
for iron. Trends in Plant Science. 2012;17(1):47-55. DOI: 10.1016/j.tplants.2011.10.003

[30] Bouis HE, Hotz C, McClafferty B, Meenakshi JV, Pfeiffer WH. Biofortification: A 
new tool to reduce micronutrient malnutrition. Food and Nutrition Bulletin. 2011;32 
(1 Suppl):S31-S40. DOI: 10.1177/15648265110321S105

[31] Bouis HE. Micronutrient fortification of plants through plant breeding: Can it improve 
nutrition in man at low cost? Proceedings of the Nutrition Society. 2003;62(2):403-411

[32] Saltzman A, Birol E, Bouis HE, Boy E, DeMoura FF, Islam Y, Pfeiffer WH. Biofortification: 
Progress toward a more nourishing future. Global Food Security. 2013;2:9-12. DOI: 
10.1016/j.gfs.2012.12.003

[33] Miller BDD, Welch RM. Food system strategies for preventing micronutrient malnutri-
tion. Food Policy. 2013;42:115-128. DOI: 10.1016/j.foodpol.2013.06.008

[34] Velu G, Ortiz-Monasterio I, Cakmak I, Hao Y, Singh RP. Biofortification strategies to
increase grain zinc and iron concentrations in wheat. Journal of Cereal Science. 2014;
59(3):365-372. DOI: 10.1016/j.jcs.2013.09.001

[35] Clemens S. Zn and Fe biofortification: The right chemical environment for human bio-
availability. Plant Science. 2014;225:52-57. DOI: 10.1016/j.plantsci.2014.05.014



Vegetal Sources of Iron 65 
http://dx.doi.org/10.5772/intechopen.79834 

[36] Vasconcelos MW, Gruissem W, Bhullar NK. Iron biofortification in the 21st century: 
setting realistic targets, overcoming obstacles and new strategies for healthy nutrition. 
Current Opinion in Biotechnology. 2017;44:8-15. DOI: 10.1016/j.copbio.2016.10.001

[37] Lv C, Zhao G, Lönnerdal B. Bioavailability of iron from plant and animal ferritins. The 
Journal of Nutritional Biochemistry. 2015;26(5):532-540. DOI: 10.1016/j.jnutbio.2014.
12.006

http://dx.doi.org/10.5772/intechopen.79834


Chapter 5

Heart Failure and Iron Deficiency

Francesco Fedele, Alessandra Cinque,
Massimo Mancone, Viviana Maestrini and
Carmen Caira

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79358

Provisional chapter

DOI: 10.5772/intechopen.79358

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. 

Heart Failure and Iron Deficiency

Francesco Fedele, Alessandra Cinque, 
Massimo Mancone, Viviana Maestrini and 
Carmen Caira

Additional information is available at the end of the chapter

Abstract

Heart failure (HF) is a major public health problem because it is one of the most common 
causes of morbidity and mortality in Western countries, with a prevalence of 1–2% in 
the adult population, rising to ≥10% in those age >70 years. In addition to the “classic” 
co-morbidities, such as COPD, arterial hypertension, diabetes, renal failure, etc., there 
are other conditions frequently found in patients with heart failure that many times are 
underestimated. One example are anemia and iron deficiency (ID). ID, regardless of 
anemia impair exercise tolerance, symptoms and quality of life, with a strong negative 
prognostic impact on hospitalization and mortality rate. Despite strong evidence of high 
prevalence of ID in these patients and current guidelines recommendations, the diag-
nosis of ID and its monitoring over time still have low priority for physicians in clinical 
practice. Consequently ID is under-treated; furthermore current therapies, in particular 
i.v. iron as ferric carboxymaltose, though effective, turn out to be poorly managed by 
clinicians. ID should be considered more in real world HF healthcare settings to improve 
patients’ quality of life and outcome.

Keywords: heart failure, heart disease, anemia, iron deficiency

1. Heart failure and comorbidity

Heart failure (HF) is a major public health problem because it is one of the most common 
causes of morbidity and mortality in Western countries, with a prevalence of 1–2% in the 
adult population, rising to ≥10% in those age >70 years [1]. Regardless of the cause, HF is 
a life threatening syndrome and therefore requires specific treatments aimed at reducing 
symptoms and improving quality and/or quantity of life. The overall aging of the population, 
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that has been recorded over the last few decades, has led to an increase in the prevalence of 
chronic pathologies, from which derives an increase in the number of elderly people that have 
more than one disease at the same time. Patients with HF have multiple co-morbid conditions 
and 60% of them have five or more [2, 3]. In addition to the “classic” co-morbidities, such as 
COPD, arterial hypertension, diabetes, renal failure, etc., there are other conditions frequently 
found in patients with heart failure that many times are underestimated. One example are 
anemia and iron deficiency (ID): the presence of ID, regardless of concomitant anemia, has 
been shown to worsen symptoms and patient prognosis.

Management of co-morbidities is a key point of HF patients care, to cut down this chronic 
epidemic disabling syndrome.

2. Iron deficiency in heart failure

2.1. Epidemiology 

Iron deficiency (ID) is a frequent co-morbidity found in 35–50% of patients with HF; it is the 
most common cause of anemia in patients with HF but, most importantly, ID occurs in 46% of 
non-anemic patients with stable systolic HF [4, 5].

Despite its high prevalence, this co-morbidity was underdiagnosed for several years. ID can 
be present in patients with HF regardless of the presence of anemia and can be classified 
in absolute or functional ID, by determining ferritin levels: ferritin <100 μg/l if absolute ID, 
reflecting depleted iron stores due to low dietary intake, blood loss, etc., or ferritin between 
100 and 300 μg/l and the transferrin saturation (<20%) if functional ID, when iron delivery to 
target cells is impaired despite normal or overly abundant iron stores, due to chronic inflam-
mation, etc. [6, 7].

ID in chronic HF is more frequent in women and in patients with advanced HF, as shown 
by Klip data [4]: in an international cohort of 1506 patients with chronic HF, ID was closely 
related to disease severity, assessed using NYHA functional class (Figure 1) and NT-proBNP 
levels.

ID frequently overlaps with anemia and chronic kidney disease; in this study only the 7% of 
patients had anemia without ID (related to renal dysfunction, hemodilution, vitamins or folic 
deficiency, hematologic cause) [8–10].

As reported in a study of Ponikowski, ID prevalence was of 37% in a cohort of 546 CHF 
patients (32 ± 4 vs. 57 ± 10% in subjects without vs. with anemia) [11]. This study also showed 
that ID, but not anemia, was related to an increased risk of mortality after 3 years follow-up 
(Figure 2).

In the setting of acute heart failure patients, ID prevalence is even higher (50–80%) [12, 13].

In preserved ejection fraction HF it is also high, as showed in subgroups analysis.
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Figure 1. ID and anemia stratified by NYHA functional class. Modify by Iron deficiency in chronic heart failure: an 
international pooled analysis.

Figure 2. ID was related to an increased risk of mortality after 3 years follow-up. Modify by Iron deficiency: an ominous 
sign in patients with systolic chronic heart failure.

http://dx.doi.org/10.5772/intechopen.79358


 

 

 

 

 

70 Iron Deficiency Anemia 

2.2. Clinical and prognostic impact 

In patients with chronic HF, ID, regardless of the presence of anemia, is a strong and indepen-
dent predictor of outcome, in fact it is associated with higher mortality and hospitalization 
rates [13, 14]. Moreover, ID has been shown to worsen HF symptoms and to impair exercise
tolerance, with poor quality of life [11]. The explanation is simple and is related to the key role
of iron in human homeostasis. Iron, as is well known, is essential for erythropoiesis, as part of
the hemoglobin, ad so for oxygen transport. Moreover, as is perhaps less well known [15], iron 
is a fundamental co-factor for other several processes, such as normal activity of key enzymes 
of the citric acid cycle and ROS scavenging enzymes. It plays an important role in generation
of ATP, necessary for all cellular process and for muscles contractility. Recent in vitro evi-
dence show that ID directly affects human cardiomyocytes function, impairing mitochondrial
respiration, and reducing contractility and relaxation. In this regard, a special characteristic
of physical stress in heart failure is the early shift from aerobic to anaerobic metabolism due 
to the compromission of oxidative capacity [16]. It is therefore clear that ID can only worse
exercise intolerance and sub-maximal exercise resistance, heavily compromising quality of
life. Restoration of intracellular iron levels can reverse these effects [17]. Exercise tolerance
was analyzed in 443 patients with systolic chronic heart failure: only ID (and not anemia) was
significantly associated with reduced peak oxygen consumption (VO2) (Figure 3) [18].

Another study from Okonko confirm these data on 157 chronic HF patients: ID was related 
to impaired exercise capacity and survival and appeared prognostically more ominous than 
anemia [19]. In the same way, it is known that ID therefore has a negative impact on Quality 

Figure 3. ID is significantly associated with reduced peak VO2. Modify by Iron deficiency predicts impaired exercise 
capacity in patients with systolic chronic heart failure.
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of Life, measured by Minnesota Living with Heart Failure questionnaire, and this is indepen-
dent of the presence of anemia. Lower TSAT is related to lower QoL; the correlation is not 
so clear for hemoglobin level [20]. Furthermore, ID is a strong and independent predictor of 
outcome in HF patients, as shown in several studies. In the large international pooled cohort 
of 1506 chronic HF patients by Klip, ID identifies those with an enhanced risk for death, 
independently of other well-established predictors of outcome, and appears to have greater 
predictive power than anemia (Figures 4 and 5) [4].

For several years, we consider only anemia as negative prognostic factor, but definitely, the 
negative effect of iron deficiency seems to be stronger.

2.3. Treatments 

Given the clinical importance of ID in HF patients, restoration of iron stores to normal lev-
els should be a therapeutic goal in clinical practice [21], as well as addressing its underlying 
causes.

Regardless the known poor efficacy, oral iron supplementation is almost always the first line 
therapy for ID, due to their low cost and ease of administration. Ferrous sulfate is the most 
commonly used. However, gastrointestinal side effects are common and can often compro-
mise the therapy compliance. Moreover, the enteric absorption may be reduced by quite a lot 
of factors: interaction with other drugs or food, edema and congestion of the gastrointestinal 
mucosa, high hepcidin level in HF [22].

Figure 4. ID is a strong and independent predictor of outcome in HF patients. Modify by Iron deficiency in chronic heart 
failure: an international pooled analysis.

http://dx.doi.org/10.5772/intechopen.79358


   

72 Iron Deficiency Anemia 

Figure 5. Mortality among groups of ID and/or anemia (* p<0.01; † p<0.001). Modify by Iron deficiency in chronic heart
failure: an international pooled analysis.

In addition, iron deficiency in HF patients is severe in the most of the case (on average 1.5–2 g 
of iron); considering that a tablet has 80 mg of iron (with a bioavailability of 10%), the supple-
ment must be prolonged for months to be effective. As we will see later, the use of iron salt is 
not supported by clinical trials data.

Intravenous iron may solve these problems and may be more suitable both for physicians and 
patients [23, 24]. Intravenous iron complex used for ID are ferric gluconate, ferric carboxy-
maltose, ferric hydroxide sucrose, and ferric hydroxide dextran. A big advantage of intrave-
nous iron is the rapid improvement in iron parameters [25]: it is not influenced by hepcidin 
absorption blocking mechanisms. Probably it is also cost-effectiveness, because reduce hospi-
talization and improved quality of life [26].

Comparative data from the different complex are not available. However, ferric carboxymalt-
ose has the advantage of high dose (500 mg) formulation [27]: it seems to be particularly 
effective in severe ID, that is frequently diagnosed in HF patients, and well tolerated. One or 
two injections are usually adequate to reach the therapeutic target.

The most of clinical trials on ID correction in HF evaluated the use of ferric carboxymaltose.

2.4. From clinical trials to guidelines 

The FAIR-HF study was the first big multicentric, prospective, double-blind, randomized trial 
[28] published in the contest of iron supplementation in HF, almost 10 years ago. Patients 
were randomized to receive intravenous ferric carboxymaltose or placebo. Quality of life, 
symptoms, distance during 6-minute walking test were significantly improved after treatment 
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with ferric carboxymaltose in patients with chronic HF and ID, with or without anemia. A 
such strong result was really not expected. The clinical improvement was confirmed in sev-
eral patient’s subgroups, based on hemoglobin level, renal function, gender, ejection fraction. 
Moreover, intravenous iron improved patient’s global assessment and NYHA class in both 
anemic and non-anemic patients with HF.

Another trial, CONFIRM-HF [11], was performed in heart failure patients with iron defi-
ciency. It was a multicentre, double-blind, placebo-controlled trial that enrolled 304 ambula-
tory symptomatic HF patients with left ventricular ejection fraction ≤45%, elevated natriuretic 
peptides, and iron deficiency. The primary endpoint was the exercise capacity. Ferric car-
boxymaltose significantly improved 6 minutes walking test distance from baseline to week 24. 
Moreover the treatment may be associated with risk reduction of hospitalization for worsen-
ing HF at week 52; although it was a secondary endpoint, it had an amazing relevance.

The EFFECT-HF trial was a multicenter, randomized 1:1, open label, standard of care con-
trolled trial [29]; the primary endpoint was change in peak VO2 from baseline to week 24. 
Again, intravenous ferric carboxymaltose significantly improve exercise capacity in heart 
failure patients. The main limit of this trial was that standard of care not include intravenous 
iron, but just oral formulation.

So, treatment with intravenous ferric carboxymaltose in patients with HF and iron deficiency 
improves iron stores.

Whether ferric carboxymaltose seems to be associated with an improved clinical condition 
and outcome in these high-risk patients, further study are necessary.

In the last few months was performed an individual patient meta-analysis on the topic [30]. 
Individual patient data were extracted from randomized clinical trials comparing ferric car-
boxymaltose with placebo in patients with systolic HF and ID. The endpoints were recurrent 
cardiovascular hospitalizations and cardiovascular mortality. About 839 patients, of whom 
504 were randomized to FCM, were included. Ferric carboxymaltose was associated with a 
reduction in cardiovascular hospitalizations.

The results of this analysis show that treatment of ID with e.v. ferric carboxymaltose in ambu-
latory systolic HF patients with ID may decrease recurrent cardiovascular hospitalizations.

These findings suggest that intravenous iron therapy may potentially represent a beneficial 
addition to the standard medical management of HF (Table 1).

Although the individual patient meta-analysis is the best type of statistical analysis, a specific 
randomized clinical trial is needed.

About oral iron therapy, the most relevant trial published is the IRONOUT trial [31]. It was 
a double-blind, placebo-controlled randomized clinical trial of patients with reduced ejec-
tion fraction (<40%). Oral iron polysaccharide (150 mg twice daily) was compared to placebo. 
Among patients with HF with iron deficiency, high-dose oral iron did not improve exercise 
capacity over 16 weeks and did not change iron biomarkers. Probably the absorption from 
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Recurrent event outcomes FCM (N = 504) Placebo (N = 335) p 

NB. Total events (incidence per 100 patient-years 
of follow-up) 

CV hospitalization and CV death 69 (23.0) 92 (40.9) 0.009

HF hospitalization and CV death 39 (13.0) 60 (26.7) 0.011

CV hospitalization and all-cause death 71 (23.7) 94 (41.8) 0.009

HF hospitalization and all-cause death 41 (13.7) 62 (27.6) 0.011

All-cause hospitalization and all-cause death 108 (36.1) 118 (52.5) 0.060

HF hospitalization 22 (7.3) 43 (19.1) 0.003

CV hospitalization 52 (17.4) 75 (33.3) 0.004

All-cause hospitalization 89 (29.7) 99 (44.0) 0.056

Modify by Effects of ferric carboxymaltose on hospitalizations and mortality rates in iron-deficient heart failure patients: 
an individual patient data meta-analysis.

Table 1. Results from individual patient meta-analysis by Anker et al.

the gastrointestinal tract is limited by foods, medications, edema of the intestinal mucosa due 
to venous congestion [32], upregulation of hepcidin [33]. Moreover, each tablet has a dose 
of iron that is very low (compared with the massive iron deficiency that affects heart failure 
patients), so the treatment should be prolonged for several months. These results do not sup-
port use of oral iron supplementation in patients with HfrEF.

Based on the actual evidence, the current ESC guidelines on diagnosis and treatment of HF [1] 
recommend very clearly that all patients with HF have to be screened for ID based on serum fer-
ritin and TSAT (Class I, Level C) (Figure 6). The dosage of ferritin and TSAT has the same strong
of recommendation of the evaluation of hemoglobin and white cells, sodium, potassium, urea, 
creatinine, glucose, liver function test and other routine analysis. We also have the specific rec-
ommendation regarding the treatment: intravenous ferric carboxymaltose should be considered
in symptomatic patients with HFrEF and iron deficiency in order to alleviate HF symptoms,
and improve exercise capacity and quality of life (Figure 7). It is important to note that when the
guidelines were published there was not available the results of meta-analysis from Anker that 
showed the benefits in terms of heart failure hospitalization and cardiovascular death.

Based on the results of FAIR-HF and CONFIRM-HF trials, the 2017 ACC/AHA/HAS guide-
lines for management of HF [34, 35] also state that IV iron might be reasonable in NYHA Class 
II to III patients with ID (Class II, Level B) to improve QoL and functional status.

2.5. Real world data 

In addition to clinical trials and guidelines, real world data confirm not only the high preva-
lence and the negative prognostic impact of ID in HF patients, but also the efficacy of i.v. iron, 
in particular of FCM, to treat this important comorbidity. But, despite this background, real 
world data show also what is still happening today in clinical practice, that is the poor atten-
tion paid to the diagnosis and treatment of ID in HF patients.
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Figure 6. Recommendations for diagnostics tests in patients with heart failure. Modify by ESC HF guidelines.

Figure 7. Recommendations for the treatment of other comorbidities in patients with heart failure. Modify by ESC HF 
guidelines.

The PReP prospective Registry [36] show that in a real world setting of 1198 ambulatory patient
with HF, ID was present in 42.5% of the study participants, and not previously known in any
of them. The prevalence of anemia was 18.9%, and it was known prior to enrolment only in
4.8% of participants. ID, more common in anemic patients, was an independent predictor of
reduced exercise tolerance. The authors conclude that despite high prevalence and clinical
relevance, ID and anemia are often unappreciated in real world ambulatory HF patients.

Regarding treatment, although several Clinical trials studied FCM use and efficacy, real world 
evidence is limited. Nunes data [37] show that in 459 HF outpatient with ID treated with FCM 
therapy, Hb and TSAT increased and FCM was well tolerated; moreover higher doses of FCM 
(500 mg−1000 mg and 100-3000 mg) showed a significant higher efficacy compared with lower 
dose (500 mg).

http://dx.doi.org/10.5772/intechopen.79358
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Figure 8. ID is under-treated, especially in non-anemic patients. Modify by RAID-HF registry.

But, despite these data, current guidelines and the results of IRONOUT trial, in real world 
oral iron is often the first line therapy for ID in HF, that remain an underdiagnosed comor-
bidity as showed by Wienbergen in the sub-study of the RAID-HF registry [38], aimed to 
obtain information on ID management in a large real world cohort of HF patients. The results 
showed that among 1484 participants, iron status was determined only in 62% of them (and 
55% had ID), despite it was a registry focusing on ID in HF! Furthermore only 8.5% of ID 
patients received iron therapy, most of them orally and just 11 of the 13 patients treated with 
i.v. iron received FCM. Patients on iron therapy had higher NYHA class and were predomi-
nantly anemic; physicians analyzed and treated ID only in severe HF or in presence of anemia 
(Figure 8); and it is not evidence based because the efficacy of iron therapy is demonstrated 
independently of anemia.

Figure 9. Type of iron therapy at discharge. Modify by Carmes-1 study.
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These real word data, that confirm the results of our CARMES 1 study in a cohort of 418 
hospitalized HF patients in Italy in which ID was underdiagnosed and undertreated [39] 
(Figure 9), underline that diagnostic and therapeutic efforts on ID management in HF are still 
low in clinical practice.

3. Conclusion 

Iron deficiency, regardless of anemia, is a frequent co-morbidity in HF patients, which impair 
exercise tolerance, symptoms and quality of life, with a strong negative prognostic impact on 
hospitalization and mortality rate.

Despite strong evidence of high prevalence of ID in these patients and current guidelines 
recommendations, the diagnosis of ID and its monitoring over time still have low priority 
for physicians in clinical practice. Consequently ID is under-treated; furthermore current 
therapies, in particular i.v. iron as FCM, though effective, turn out to be poorly managed by 
clinicians.

Therefore ID should be considered more in real world HF healthcare settings to improve 
patients’ quality of life and outcome.
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1. Introduction 

Iron deficiency (ID) and iron deficiency anemia (IDA) could have multifocal pathologic effects 
[1–3]. However, one of the most socially significant consequences of ID is the burden to the 
cognitive abilities of the population [4–6]. At present, the prevalence of iron deficiency and 
iron deficiency anemia is 2–6% among European children. Given the importance of iron defi-
ciency relative to proper cognitive development and the alterations that can persist through 
adulthood because of this deficiency, the objective of this study was to review the current 
state of knowledge about this health problem [7]. In fact, there is a consensus that ID, without, 
concurrent anemia, has the same negative impact on cognition, behavior, and motor skills 
that can persist in the long-term [8]. So, the verification of ID in young age can be particularly 
important, because of the influence on the mental health and further cognitive functions dur-
ing the whole life of the people [9–11].

Neurophysiologic methodologies are noninvasive approaches that can provide information 
about the functional integration of the CNS [12, 13]. For example, dramatic decreases in laten-
cies in auditory and visual evoked potentials in infancy are often used to index the overall 
intactness and maturation of the CNS. Progressively, shorter latencies, until adult levels are 
achieved, are thought to reflect the increasing speed of transmission through sensory path-
ways, resulting in large part from increased myelination of the auditory and optic nerves and 
at the intracerebral level [14, 15].

Pathophysiological mechanisms of unfavorable impact on nervous system started in utero
[16, 17]. The essential factors modifying the ID neurotoxicity are its depth and duration [18, 
19]. Evidence suggests that neonatal Fe status may be compromised as a consequence of
maternal ID [20, 21]. Genes, infections, malnutrition, and other factors affecting fetal brain
development are a major component of risk for a child’s emotional development and later
mental illnesses, including schizophrenia, bipolar disorder, and autism [22–25]. As part of
comprehensive maternal and fetal care, prenatal nutrient interventions should be further
considered as uniquely effective first steps in decreasing risk for future mental illnesses and
cognitive dysfunctions in newborn children [26–28]. Moreover, this fact makes the study of
cognitive impairments in ID states especially urgent, because in recent years, the survival
of preterm newborns has increased. Many of them have problems with iron deficiency.
Every year in France, almost 35,000 babies (4–4.5%) are born at 35–36 weeks, 13,000 (1.5%)
at 32–34 weeks, and 13,000 (1.5%) at less than 32 weeks (i.e., very preterm) [29]. In 2008,
deliveries at 32–33, 34–36, and 37–38 weeks accounted for 1.2, 7.5, and 29.7%, respectively, of
all births in the United States. Currently, depth preterm infants born at 32–33 weeks gestation
and infants born at 34–36 weeks gestation make up the largest subgroup of preterm infants
and contributors to more than 80% of premature births in the United States [30]. Multiple
births currently account for nearly 3.5% of all births in the United States [31]. The health
of neonates born to women carrying multiple fetuses is of concern, as this group alone is
responsible for 15% of all preterm births and 20% of all low birth weight infants born in the
United States [32]. More than 110,000 newborns in Russia are preterm [33].

IDA and ID often develop in children and adults with other diseases that lead to impaired cog-
nitive functions. Moreover, in such a situation, intellectual dysfunctions are formed because 
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of the action of several pathophysiological mechanisms. Feinstein in 1970 had introduced the 
concept of comorbidity, defining it as the presence of a separate additional clinical episode 
that exists or can manifest itself against the background of the current disease and always 
differs from it [34]. In addition, the introduction of perinatal factors, a number of concomitant 
diseases (comorbid diseases) occur in a person at different periods of his life [35, 36].

Obesity and ID are two of the most common nutritional disorders in the world. In children, 
both conditions deserve particular attention. ID and obesity have been independently asso-
ciated with poor cognitive function, but now the pathophysiological mechanism(s) linking 
obesity, ID, and cognitive dysfunction is unknown. Questions related to neuronal effects of 
insulin remain largely controversial. However, in the last decade, convincing evidence has 
been obtained that insulin and insulin-receptor signaling the brain system is necessary for 
normal functioning neurons [37]. Dysfunction of this system leads to the development of 
neurodegenerative diseases [38–40]. The interaction between ID and obesity in determining 
cognitive dysfunction could be driven by elevated hepcidin and reduced iron bioavailability 
in obese children. Pediatricians should bear in mind the potential effect of obesity-related ID 
on cognition in obese children and the need to evaluate both iron status and the presence of 
cognitive dysfunction [41, 42].

When considering the position of “iron as a victim” in obesity, emphasis is placed on mech-
anisms that cause sideropenia, as well as the accumulation of iron in adipose tissue. It is 
assumed that from this moment, the story “iron as a suspect” begins in the pathogenesis of 
obesity. There is a possibility of forming a vicious circle, in which ID, cumulating of iron in 
adipose tissue and direct obesity, is self-sustaining processes [43]. Several studies revealed an 
association between obesity and ID in children and, in some cases, a reduced response to oral 
supplementation of iron [44]. Randomized trials of low-dose iron supplementation (≤60 mg 
daily) for pregnant women are warranting testing the relationship between iron oxidative 
stress and insulin resistance/gestational diabetes, especially for iron-replete women. The con-
necting mechanism, however, is not completely known. This review is focused on the fol-
lowing: ID in obese children and the role of hepcidin in the connection between body fat and 
poor iron status; iron status and consequences on health, in particular on cognitive function; 
cognitive function and obesity; suggestion of a possible link between cognitive dysfunction 
and ID in pediatric obesity; and implications for therapy and future research [45].

There are a vast number of conditions affecting iron metabolism in all age groups [46–48].
Some of this leads to the appearance of ID, for example, with acute hemorrhage or chronic 
pathology. Recent studies addressing the physiological effects of poor iron status on physical 
performance, including work productivity, voluntary activity, and athletic performance in 
postmenopausal women are addressed. Similarly, the effects of iron status on neurological 
performance, including cognition, effect, and behavior, are observed [49]. Cognitive impair-
ment is common in elderly heart failure patients and is independently associated with anemia 
and renal dysfunction. Further studies are needed to assess whether optimal treatment of 
anemia and chronic kidney disease may prevent the development of cognitive impairment in 
heart failure patients [50].

ID was identified as a risk factor regarding the severity of several symptoms even without 
low hemoglobin level among chronic hemodialysis patients, and supplementation of iron was 
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considered efficacious for improving critical symptoms affecting those undergoing mainte-
nance dialysis [51].

Normally, timely recovery of the required number of red blood cells leads to rapid compensa-
tion of the patient’s condition, but adverse effects of IDA or ID could influence insufficient 
cognitive function in many acute and chronic diseases in adults [52].

The primary pathological mechanism of the concomitant diseases is hypoxemia of the brain 
tissue, stress-mediated vascular reactions, chronic inflammation in obesity, etc. [53–55]. 
Common causes of absolute ID in heart failure patients are drug interactions, poor dietary 
iron intake, gastrointestinal malabsorption, and gastrointestinal blood loss [56–59]. ID is a 
frequent comorbidity in preserved ejection fraction and is associated with reduced exercise 
capacity and quality of life. Its prevalence increases with increasing severity of diastolic 
dysfunction [60]. Anemia in elderly patients with concomitant atherosclerosis and arterial 
hypotension is a significant risk factor for transient ischemic attacks and ischemic stroke, and 
diabetes is the adverse impact for cognitive abilities. IDA and subcortical ischemic change 
might be associated with increased risks for cognitive impairment among the elderly [61, 62].

At the current stages of science, many problems of synergy between ID and comorbid dis-
eases for cognitive functions in patients have not been resolved, which makes it challenging 
to choose effective therapy.

2. Neurocognitive dysfunctions 

The Latin term “cognitio”—the functioning of human cognition, more precisely, is the abil-
ity to understand the ongoing process. Tolman first proposed the formulation in 1948 [63]. 
Cognition began to be studied not only in philosophy but also in the specific sciences—psy-
chology, physiology, medicine, pedagogy, etc. [64, 65]. Cognitive functions are perception, 
ingenuity, the ability to get acquainted with new information and memorize it, attention, 
speech, orientation in space and time, and motor skills. In children with ID, cognitive impair-
ments lead to a delay in intellectual development, difficulties in educating. Based on the fact 
that neurons are the morphological substratum for cognitive functions, scientists often use the 
term neurocognitive. However, the most base evidence data were achieved in children popu-
lation. The initial status of children could be determined by the results of complex clinical and 
psychological diagnosis, which are aimed at assessing the cognitive and motor spheres. The 
panels of the tests to diagnose the neurocognitive and motor dysfunctions in children and 
adults include numerous tests, widely used in current medicine [66, 67].

Examples of the tests to diagnose neurocognitive dysfunctions:

1. Visual selective reminding TOMAL samples of various domains of memory in children 
and adolescents, ages 5 years 0 months through 19 years 11 months, 30 days. The TOMAL 
is composed of a core battery of 10 subtests, including 5 verbal and 5 nonverbal subtests, as 
well as supplementary subtests (3 verbal and 1 nonverbal). Four TOMAL subtests assess 
retrieval both immediately upon stimulus presentation and following a 30-min filled 
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delay. Among the 10 core subtests, memory for stories involves immediate and delayed 
free recall of short verbal narratives and word selective reminding is a verbal list learning 
task that includes a delayed free recall condition [68].

2. First proposed by Swiss psychologist André Rey in 1941 and further standardized by Paul-
Alexandre Osterrieth in 1944, it is frequently used to further explain any secondary effect 
of brain injury in neurological patients, to test for the presence of dementia, or to study 
the degree of cognitive development in children. Thе “Rey– Alexander Osterrieth complex 
figure test” (ROCF) is a neuropsychological assessment in which examinees are asking 
to reproduce a complicated line drawing, on the first copy it freehand (recognition), and 
then drawing from memory (recall) [69]. Many different cognitive abilities are needed for 
a correct performance, and the test, therefore, permits the evaluation of different functions, 
such as visuospatial abilities, memory, attention, planning, and working memory (execu-
tive functions) [70].

3. Verbal fluency tests are semantic verbal fluency tests with the categories Animals and Fruit 
and could be used for lexical/phonemic ability versions due to the educational heterogene-
ity of the local population, which sometimes limits the use of instruments that require 
knowledge acquired through higher formal education [71].

4. Visual-motor integration is using the Beery-Buktenica Developmental Test of Visual-Motor 
Integration (Beery VMI) (Beery, 1989; Beery, 1996; Beery and Beery, 2004). The Beery VMI 
is comprised of drawings of geometric forms that increase in difficulty. The forms are 
copied with paper and pencil and scored based on objective scoring criteria outlined in 
the test manuals according to how accurately they were copied when compared to the 
original. The Beery VMI has been demonstrating good reliability and validity as reported 
in the manual [72, 73].

5. The “Bruninx-Ozeretskii test” was estimate using for motor function of the person. The 
child is asked to perform a series of game tasks available for understanding children from 
4 years. The person is given a clear instruction describing the nature of the task, and then 
the researcher shows the child an image on the cardboard a card showing a child perform-
ing the same task. With difficulties in perception of the patient information, the researcher, 
as an example, performs the task itself and then invites the child to repeat it. The result is 
integrated into the indicator “General motor rating”, presenting in the form of a percentile 
scale with the maximum and minimum values from 20 to 80. The Achenbach System of 
Empirically Based Assessment, created by Thomas Achenbach [74, 75], is a collection of 
questionnaires used to assess adaptive and maladaptive behavior and overall function-
ing in individuals. The system includes report forms for multiple informants—the Child 
Behavior Checklist is used for caregivers to fill out ratings of their child’s behavior; the 
Youth Self Report Form (YSR) is used for children to rate their own behavior; and the 
Teacher Report Form is used for teachers to rate their pupil’s behavior. The ASEBA seeks 
to capture consistencies or variations in behavior across different situations and with dif-
ferent interaction partners [76].

6. IntegNeuroTM is standardized and semiautomated computerized battery assesses sen-
sorimotor function, attention, new learning and memory, language fluency, executive
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function, and estimated intelligence. A total of 50 healthy individuals were included in the
study. Correlational analyses revealed highly significant associations between the two cog-
nitive batteries. These results support the use of IntegNeuroTM as a computerized cogni-
tive system. Additional studies are needed to examine the clinical utility of the battery [77].

This tests and/or other could be used not only at the baseline but also for monitoring neuro-
cognitive dysfunctions.

3. Iron deficiency and nervous system

The concentration of iron in the brain reaches 21.3 mg per 100 mg, whereas in the liver—
only 13.4 mg per 100 mg. Iron serves as a critical cofactor for proteins involved in a host of 
biological processes. Iron is of central importance to many vital processes because the metal 
is a catalytic component of crucial metabolic enzymes in the citric acid cycle, mitochondrial 
respiration, replication, or neurotransmitter synthesis [78]. Synapse growth is examined spe-
cifically in conditions of iron deficiency in the Drosophila. It is shown that projections of 
the small ventrolateral clock neurons to the protocerebrum of the adult Drosophila brain are 
significantly reduced upon chelation of iron from the diet. This growth defect persists even 
when iron is restored to the diet. Genetic neuronal knockdown of ferritin 1 or ferritin 2, criti-
cal components of iron storage and transport, does not affect synapse growth in these cells. 
Together, these data indicate that dietary iron is necessary for central brain synapse formation 
in the fly and further validate the use of this model to study the function of iron homeostasis 
on brain development [79–81].

In the monkey model, scientists show that both during and after a period of ID, iron-dependent 
neural processes are affected, which raises the potential concern that the anemia commonly 
experienced by many growing infants that could have a protracted effect on the developing 
brain. To further investigate the effects of ID on the immature brain, 49 infant rhesus monkeys 
were evaluated across the first year of life. The mothers, and subsequently the infants after 
weaning, were maintained on a standardized diet containing 180 mg/kg of iron and were not 
provided other iron-rich foods as treats or supplements. As the infants grew, they were all 
screened with hematological tests, which documented that 16 (33.3%) became markedly ID 
between 4 and 8 months of age. During this anemic period and subsequently at 1 year of age, 
cerebrospinal fluid (CSF) specimens were collected to compare monoamine activity in the ID 
and iron-sufficient infants. Monoamine neurotransmitters and metabolite levels were normal 
at 4 and 8 months of age, but by 1 year, the formerly anemic monkeys had significantly lower 
dopamine and significantly higher norepinephrine levels. These findings indicate that ID can 
affect the developmental trajectory of these two important neurotransmitter systems, which 
are associated with emotionality and behavioral performance, and further that the impact on 
the young monkey was most evident during the period of recovery [82].

ID in the first year of life can have a negative impact on the processes of postnatal central ner-
vous system (CNS) formation, which can have long-term consequences for the development 
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Figure 1. Growth cone of axon (https://www.turkaramamotoru.com/ru/).

of the child [83]. Several decades ago, it was believed that new brain cells in an adult are not 
formed. That person can study only up to 25 years, and then the brain has lost the chance to 
be educated. Those intellectual abilities are inherited or inherent in quality, and they cannot 
be developed during the life. Now we know that this is not so. The human brain develops all 
his life (Figure 1). In the world literature, the influence of ID and IDA on the functioning of the 
human and animal organism, including on the nervous system is discussed [81, 84].

By the time of birth, the baby’s brain is immature. Nevertheless, with each month the child 
learns more and more. To make the signals go quickly and in the right direction, the nerve 
fibers in an adult person are isolated. Just like electrical wires. A substance that performs the 
role of isolation is called a myelin or myelin sheath. Nerve cells maintain a connection with 
each other with the help of processes, which are called dendrites and axons or nerve fibers 
[85, 86]. Signals on these fibers almost instantly move from cell to cell. It is like how electricity 
flows through the wires (Figure 2). Genes control myelination. To activate them, the cells of 
the brain need iron. ID inhibits myelination, as it does not allow cells to maintain high activity 
of these genes. Therefore, children with ID can develop hyperactivity and lack of attention in 
the future. From the fact that myelin is in lack, the nervous system will not learn to isolate and 
direct the signals well [87].

Figure 2. Location of myelin sheath in neuron (https://www.goconqr.com/en-US/p/615525).

https://www.goconqr.com/en-US/p/615525
https://www.turkaramamotoru.com/ru
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Iron homeostasis impairment is also a component of peripheral neuropathies [88]. The main 
function of the peripheral nervous system (PNS) is to collect impulses from the periphery and 
transfer them to the CNS, where they are integrated to generate an adequate response. PNS 
neurons extend over a significant length that in humans can reach above 1 m in extension [89]. 
Thus, a correct and fast conduction of electrical impulses is essential for rapid and maximal 
response. In vertebrates, this is achieved by the generation of myelin [90]. Besides providing 
axonal insulation, several evidences indicate that myelin is essential also for neuronal protec-
tion. In the absence of myelin, axons degenerate, and this is the main cause of morbidity in 
demyelinating and demyelinating disorders. The homeostasis of iron in the PNS influence, on 
its transport across the blood-nerve barrier, its involvement in myelination [16].

Restless legs syndrome is one of the examples of peripheral neuropathies. The pathophysiol-
ogy of idiopathic restless legs syndrome is still incompletely understood; however, it is well 
established that disturbances of dopaminergic function and alterations of iron homeostasis 
are involved in its pathogenesis [91–93]. Concerning iron metabolism, the general hypothesis 
is that iron deficiency is common in RLS patients, as reflected by reduced iron levels in brain 
sections, measurements of decreased iron levels in the cerebrospinal fluid, and imaging stud-
ies indicating iron dyshomeostasis in the brain [94].

The quality and quantity of sleep are increasingly recognized as important factors in human
development, with concomitant effects on affective behavior and cognitive performance [95]. 
In addition to biological mechanisms, cultural factors are also important determinants of sleep
practices and behaviors in infants, children, and adolescents, and influence both the type and
frequency of sleep problems found in the pediatric population [96]. IDA in infancy is associated
with long-lasting neurofunctional effects despite iron treatment; the normal development of
sleep patterns might be affecting. Night polysomnographic recordings were performed in 55
healthy 4-year-old children (former IDA = 27 and nonanemic controls = 28). Both groups were
followed from infancy and were similar in background characteristics. The duration of each
waking episode was measured, as was the duration of each episode of no rapid eye movement
(NREM) sleep stages 1 (NREM1), 2 (NREM2), and 3–4 (SWS), and rapid eye movement (REM)
sleep. The data were analyzed according to the successive thirds of the total sleep time (TST).
Relative to controls, former IDA children showed: (a) longer duration of REM sleep episodes
in the first third and shorter in the last third, (b) more REM sleep episodes in the first third and
fewer in the second third, and (c) shorter latency to the first REM sleep episode and shorter
NREM stage 2 and SWS episodes within the first sleep cycle. The results show that early IDA is
associated with long-lasting alterations in the temporal organization of sleep patterns [97, 98].

The work reveals CNS developmental delay through the study of qEEG (less rapid and 
slower frequencies) which recovered significantly with iron supplementation. It is concluded 
that IDA constitutes a high risk factor for a lag of CNS maturation [99]. Neuroscientists who 
use MRI in a special functional mode also found activation of whole areas of the brain dur-
ing their use. And they also saw “holes” in the activity of the brain, in those people, which 
lead an unhealthy lifestyle or get micronutrients: iron, other trace elements, and vitamins 
[94]. Genes also control neuroplasticity. Iron is necessary for their activation. Fetal-neonatal 
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iron deficiency dysregulated genes important for hippocampal development both acutely and 
persistently into early adulthood [100, 101]. A number of studies have shown that cognitive 
functions, especially memory in women with iron deficiency, are reduced compared with 
their peers without deficiency. In other words, their brains do not have enough resources to 
train. However, unlike myelination, active neuroplasticity is not limited in time, but occurs 
throughout life [102].

The rate of development of the nervous system of the child also slows down with ID [103]. 
For complex skills, extensive neural networks are needed. To have neural networks, myelin 
is needed. If it is not enough, new skills are late. This is most noticeable in speech. Children 
with latent ID or anemia in their first year of life usually start talking later. Evoked potentials 
provide noninvasive measures of nerve transmission and CNS functioning. Auditory brain-
stem responses and visual evoked potentials show dramatic changes in infancy, largely as a 
result of progressive myelination. Because iron is required for normal myelination, pathway 
transmission in these sensory systems is affected by early iron deficiency. Absolute latencies 
for all auditory brainstem responses and visual evoked were significantly longer in former 
IDA children [104, 105].

Some studies have established that cognitive impairment may be closely associated with 
neuroanatomical damage and zinc metabolism in the hippocampus due to iron deficiency, 
which may result from abnormal cholinergic function. The hippocampus is the focus of many 
studies today, since this brain structure has high zinc concentration and is highly involved in 
many forms of cognitive deficits as a consequence of cholinergic deficiency and has achieved 
prominence because of dementia in aging and Alzheimer’s disease [106]. Thus, it is now 
apparent that cognitive impairment may not be attributed to a single neurotransmitter, but 
rather, alterations and interactions of several systems in different brain regions. In animal 
models of iron deficiency, it is apparent that dopaminergic interaction with the opiate system 
and cholinergic neurotransmission may be defective [107].

Figure 3. The location of hippocampus (http://www.thinglink.com/scene/834791711828869120).

http://www.thinglink.com/scene/834791711828869120
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Memory can also suffer from lack of iron in early childhood. The hippocampus is the region 
of the brain responsible for memory. It forms, stores, and reproduces the knowledge and 
experience of a person. The quality of memory and the speed of reproduction depend on the 
development of neural networks of the hippocampus. The main parts of the brain involved 
with memory are the amygdala, the hippocampus, the cerebellum, and the prefrontal cortex 
(Figure 3).

Studying the effect of iron deficiency on the hippocampus of laboratory animals, scientists 
discovered an interesting fact. In rats suffering from iron deficiency in utero, the hippocam-
pus at birth is less in volume than in their peers, with which the gland lacked. Moreover, these 
changes persist when rats grow [108, 109]. It is assumed that the human iron deficiency affects 
the hippocampus in a similar way [110]. In addition, it is assumed that changes in dopamine 
metabolism in the brain occur in response to ID, as well as altered serotonergic neurotrans-
mission and dopamine receptor function [7, 111].

Chronic ID during development, independent of anemia, alters the adult mouse hippocampal 
transcriptome. Restoring iron status during a known critical period of hippocampal neurode-
velopment incompletely normalized these changes, suggesting a need for additional studies 
to identify the most effective timeline for iron therapy and adjunctive treatments that can fully 
restore ID-induced molecular changes, particularly in human populations in whom chronic 
ID is endemic [112].

The problem of attention deficit hyperactivity disorder (ADHD) is actually everywhere. 
Different international groups confirmed the correlation of iron serum parameters, serum 
ferritin, and ADHD. Indian pediatricians with a high level of significant found that serum 
ferritin level was significantly lower among ADHD patients. This finding is consistent with 
multiple previous studies [113, 114]. Many other studies reported an association between iron 
deficiency and ADHD [115, 116].

Based on the stroke registry at the Hospital for Sick Children (Toronto, Ontario, Canada), 
physicians found that comparatively previously healthy children with stroke were 10 times 
more likely to have IDA than healthy children without stroke. Furthermore, children with 
iron deficiency anemia accounted for more than half of all stroke cases in children without 
an underlying medical illness, which suggests that iron deficiency anemia is a significant risk 
factor for stroke in otherwise healthy young children. Primary prevention and early identifi-
cation of iron deficiency anemia must remain a priority [117].

4. Iron deficiency and cognition

In fact, patients with chronic ID are presented with lower grades in the language, perception of 
ambient sound, and motor measures compared with children with normal dietary iron status 
[118, 119]. Moreover, Lozoff et al., the most productive researcher of this term, reported that 
changes in the mesolimbic pathway, positive influence, and inherent reward could support 
the explanation of the altered social-emotional behavior described in children with ID. Thus, 
the status of iron appears to be the decisive determinant of cognitive functioning in children, 
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and its destruction implies significant consequences for the health of the child. Improvement 
of iron status in 12-months and 6-years children has diminished the public health threat asso-
ciated with iron depletion in the population studied [120]. Therefore, actions to prevent iron 
depletion in infancy remains are very important [121, 122].

The infant period of life with ID dramatically influence at the intellectual functions. Iron
deficiency in first year of life occurs at a time point of rapid neural development and when
morphological, biochemical, and bioenergetics alterations take place. The structures of the
brain can either become abnormal because of ID in utero or in early postnatal life because iron
is essential for proper neurogenesis and differentiation of certain brain cells and brain regions
[123, 124]. Early ID alters the transcriptome, metabolome, structure, intracellular signaling
pathways, and electrophysiology of the developing hippocampus, the brain region respon-
sible for recognition learning and memory. Until recently, it was unclear whether these effects
are directly due to lack of iron interacting with important transcriptional, translational, or
post-translational processes or to indirect effects such as hypoxia due to anemia or stress [125].

Data indicate poorer object permanence and short-term memory encoding and/or retrieval in 
infants with IDA at 9 months. These cognitive effects were attributable, in part, to IDA-related 
deficits in socioemotional function. Children with poor socioemotional performance seem to 
be more vulnerable to the effects of IDA on cognitive function IDA [126, 127]. Improved iron 
status at 12 months and 6 years has diminished the public health threat associated with iron 
depletion in the population studied [128].

Several previous studies have shown that children with low levels of iron in their blood do
worse than those who without ID on tests that measure cognitive skills, such as thinking, learn-
ing, and memory, according to the background information in the article [129]. Researches from
the University of Michigan studied the long-term effects of ID and socioeconomic status in a
group of 185 children from an urban area in Costa Rica. The children, who were an average
of 17 months old when the study began in 1983–1985, were screened for ID at their first visit.
They were given cognitive tests (on which the index, or overall average score, is 100) then and
again at ages 5, 11–14, 15–18, and 19 years. Those who had low iron levels in infancy even after
3 months of iron therapy were compared with those who had normal iron levels either without
or after treatment. The gap in cognitive scores between iron-deficient and non-ID teens had
widened to 25 points (70.4 vs. 95.3). “The observed pattern appears to make sense in terms of
the cumulative and transactional nature of cognitive development.” Acquisition of new skills
is intimately linked to mastery of skills at an earlier developmental level. If direct and indirect
effects of early ID on the brain disrupted or delayed basic developmental processes, there could
be a snowball effect. In an economically stressed family environment, there might not be the
resources or capacity to help children compensate. The authors conclude that the results high-
light the necessity to identify the children at risk for ID and prevent or treat the condition in
infancy [130].

Rates of ID are high among healthy young women. Cognitive impairment occurs secondary 
to ID in infants and children, but evaluation of the impact on cognition among young women 
is inconsistent. The aim of the research was to determine the suitability of the IntegNeuro 
test battery for assessing cognitive function in ID and iron-sufficient young women. A pilot 
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double-blinded, placebo-controlled intervention trial was conducted in iron-deficient (serum 
ferritin ≤20 μg/L and hemoglobin >120 g/L) and iron-sufficient young women (18–35 years). 
Cognitive function and hematological markers of iron status were measured at baseline and 
follow-up. Iron-deficient participants (n = 24) were randomized to receive placebo, 60 or 
80 mg elemental iron daily supplements for 16 weeks. A control group of iron-sufficient par-
ticipants (n = 8) was allocated to placebo. Change scores for impulsivity and attention were 
significantly greater in plasma ferritin improvers than in nonimprovers (p = 0.004, p = 0.026). 
IntegNeuro was easy to administer and acceptable to young women. Based on the differences 
in memory and attention scores between iron-deficient participants on iron treatment and 
those on placebo, it was decided that between 26 and 84 participants would be required in 
each iron treatment group for an adequately powered extension of this pilot study [131].

In Archangelsk, Russia ID without iron deficiency anemia was diagnosed in 46.7% of the 
children among 90 children aged 7–8 years attending comprehensive schools. Contingency of 
Toulouse-Piéron test results with the level of serum iron was evaluated by means of Pearson 
χ2-test, the effect being determined by “phi” coefficient. Statistically significant association 
was detected between the level of serum iron and AIP of Toulouse-Piéron test (χ2 = 21.878 and 
p = 0.039) with a relatively strong effect (φ = 0.493). The study has shown that ID without IDA 
has a negative effect on the accuracy of information processing [132].

ID and, in an even greater degree, IDA affects the formation of such a complex psychosocial 
effect as social isolation [133]. The consequences of this phenomenon during schooling can 
restrain the realization of the child’s cognitive abilities. Children who are iron deficient (ID) or 
iron-deficient anemic (IDA) have been shown to seek and receive less stimulation from their 
caregivers, contributing to functional isolation. Over time, the reduced interactions between 
child and caregiver are thought to interfere with the acquisition of normative social compe-
tencies and adversely affect the child’s development [31].

5. Deficiency of iron in patients with imbalance of micronutrients

Numerous vitamins, macro- and microelements, indispensable components, and nutrition 
of a person represent the value of the micronutrient complex, since they are necessary for 
the occurrence of numerous biochemical reactions in the body, including ensuring human 
intellectual abilities. Micronutrients are chemically and physiologically active substances that 
are able to interact with other substances, as well as with each other. These interactions can 
lead to an increase or decrease in the effect of taking vitamin-mineral complexes. For example, 
calcium and zinc reduce the absorption of iron. Moreover, the addition of vitamins A, C, and 
others—strengthen, contributing to the correction of IDA and ID.

A frequent cause of neurocognitive impairment is a mono or poly-micronutrient deficiency.
The micronutrient deficiency mostly delivers during pregnancy [134, 135]. For an example
widespread iron deficiency, iodine deficiency is a monodeficiency, that is, are due to a lack
of only one element. Iron is the most abundant transition metal in biology and an essen-
tial cofactor for many cellular enzymes. The literature on the effects of micronutrients on
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cognitive, motor, and behavioral development is reviewed focusing mainly on children. Iron,
zinc, iodine, and vitamins are discussed. The review is selective and concentrates on the more
recent work and areas of controversy. There are well-established associations with poor devel-
opment and iron and iodine deficiencies but the deficiencies usually occur in disadvantaged
circumstances, and establishing causal relationships is difficult [136]. More than 200 proteins
of iron homeostasis cannot function without corresponding cofactors: derivatives of group
B vitamins, copper ions, manganese, zinc, etc. [137, 138]. For example, 9 copper-containing
enzymes and 22 manganese-dependent proteins are involved in the homeostasis of iron.

In addition to iron, microelements such as copper and cobalt, to a lesser extent manganese, 
zinc, etc., play an important role in the processes of normal development of nervous system. 
According to the National Nutrition Monitoring Bureau of India, IDA is diagnosed in many 
healthy children, and two-thirds have clinical symptoms of ID combined with a deficiency of 
essential trace elements such as iodine, zinc, copper, etc. [139]. Hypermanganesemia in chil-
dren with SLC39A14 gene mutation (OMIM 608736 8p21.3) is associated with severe ID [140].

Copper is an immediate participant in the transfer of elemental iron to the bone marrow 
and the formation of mature forms of erythrocytes from their precursors—reticulocytes; it 
promotes the utilization of iron for the formation of hemoglobin molecules. Physiological 
variables of iron and copper are related to each other [141]. One of the key enzymes of the 
“respiratory chain” of electron transfer is cytochrome C oxidase, containing a copper and iron 
ion as cofactors. Therefore, copper can be considered one of the main synergists of iron [142].

Fe(II) and Cu(II) act synergistically to delay anaerobic growth of bacteria environmentally 
relevant metal concentrations [143]. The lack of copper also leads to the exhaustion of the 
nervous system. The deficiency in the activity of Cu, Zn-superoxide dismutase due to genetic 
defects, and deficiencies in zinc or copper leads to amyotrophic lateral sclerosis, a neurode-
generative disease of motor neurons. In addition to influence the processes of inflammation, 
the activity of superoxide dismutase affects the hemolysis of erythrocytes and the cellular 
homeostasis of iron [144]. There are other works determining the place of combined trace 
elements in the pathogenesis of neurodegenerative diseases [145].

Supplementation studies in infants and elder children revealed that zinc might also play a 
major role in brain function based on strong evidence from experimental animals. Zinc defi-
ciency gestation in mice, rats, and rhesus monkeys caused impaired learning, reduced atten-
tion, and poor memory in their offspring. There is lack of data in humans and inconclusive. 
With respect to brain function alone, other nutrients such as docosahexaenoic acid (DHA, 22:6 
n-3 fatty acid) improve visual acuity and mental development in small-for-gestational-age 
infants, folate supplementation during pregnancy prevents neural tube defect in infants, and 
selenium deficiency in animals affects activities of brain enzymes necessary for brain develop-
ment and function [146, 147]. Critical issues to be considered include: single versus multiple 
limiting nutrients, critical period of deficiency, responsive indicators and variables that may 
affect the results as environmental, and psychological and social factors [148, 149].

Studies of trace element deficiency in the children’s population of the Chelyabinsk region, 
carried out in 2014, confirmed the widespread occurrence of ID conditions. More than 40% 
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of adolescents aged 13–15 years had misbalances of essential trace elements. The most often 
deficiency of iron was associated with lack of copper, zinc, chromium, phosphorus, and 
magnesium. Deficiency of iron was more pronouncing against the background of increased 
content of heavy metals in biosubstrates: hair and blood of the adolescents surveyed [150].

Vitamin D deficiency was also associated with moderate anemia among young children. The 
role of vitamin D, vitamin B-12, and folic acid in risk for anemia in multi-nutrient deficiency 
responsible for cognitive development needs to be examined in further studies [151–154].

5.1. The role of erythropoietin in cognitive dysfunctions

Since 1906, thanks to the pioneering work of French scientists, R. Carnot and S. Deflandre, 
erythropoietin (EPO) has become known primarily as a hemopoietin factor stimulating the 
formation of red blood cells de novo. They found that after bleeding a rabbit, there was, in its 
serum 24 h later, some factor which stimulated red cell production in normal rabbits. They 
called it hemopoietin, but it was later called erythropoietin [155].

EPO (Figure 4) is an important renal hormone, and the secretion of which is regulated by 
such factors as the blood supply of the kidneys, the level of iron in the blood plasma, the 
cross hormonal effects from the sympathetic nervous system, and endocrine glands [50, 156]. 
Recently, it became known that EPO, in spite of its name, is important not only for the regula-
tion of erythropoiesis but also for the regulation of the growth and multiplication of cells of a 
number of other tissues, including, importantly, the cells of the nervous system. Thus, EPO is 
an important growth factor for neurons [157, 158].

The authors demonstrate with the animal model that EPO would diminish the deleterious 
effects of a social stressor in mice. Indeed, EPO induced anxiolytic and antidepressant-like 
responses in a forced swim test, open field, elevated-plus maze, and a novelty test and 
appeared to blunt some of the negative behavioral effects of a social stressor. Furthermore, 
EPO promoted adult hippocampal neurogenesis, an important feature of effective antidepres-
sants. The EPO could be recommended as a possible adjunct treatment for affective disorders, 
as well as other stressor-associated disorders of impaired neuroplasticity [159, 160].

Figure 4. The structure of the erythropoietin molecule (http://en.turkcewiki.org/wiki/Erythropoiesis-stimulating_agent).

http://en.turkcewiki.org/wiki/Erythropoiesis-stimulating_agent
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EPO, which is widely prescribed to treat anemia, has recently emerged as a potent neuro-
trophic factor with robust actions on the brain. A slight decrease in the level of EPO is also 
observed in patients with depressed states not suffering from chronic renal failure, in part 
because, as it turned out in recent years, the brain is also one of the places of EPO secretion, 
where it plays the role of a neuropeptide. EPO receptors are found in areas of the brain impor-
tant for cognitive functioning, such as the hippocampus and the prefrontal cortex. One of the 
important reasons for the development of depression and cognitive impairment in chronic 
renal failure patients is the reduction in the secretion of EPO by the kidneys. The introduction 
of recombinant human EPO in patients with CRF improves their overall well-being, cogni-
tive function and reduces the level of depression regardless of the effectiveness of treatment 
with erythropoietin anemia [161]. It has been shown that the administration of recombinant 
human EPO-alpha or beta has an antidepressant effect and improves the cognitive function of 
patients with depression, even those who do not suffer from renal failure [162, 163]. It is also 
interesting to note that the most effective antidepressant treatment/electroconvulsive therapy 
is accompanied by a marked increase in the secretion of EPO by brain tissue. It has also been 
shown that the additional administration of exogenous EPO can not only enhance the antide-
pressant effect of electroconvulsive therapy but also reduce the cognitive impairment caused 
by electroconvulsive therapy [164, 165].

In one of the first prospectively designed studies IDA, evaluation of the better neurocogni-
tive outcomes was found of preterm infants randomized to receive Darbepoetin (Darbe) in
compared with placebo. Preterm infants had significantly higher cognitive scores compared
with the placebo group. Authors reported decreased transfusions and donor exposures in pre-
term infants randomized to Darbe or EPO compared with placebo. As these erythropoiesis-
stimulating agents (ESA) have shown promise as neuroprotective agents. Of the original 102
infants (946 ± 196 g and 27.7 ± 1.8 weeks’ gestation), 80 (29 EPO, 27 Darbe, and 24 placebo)
returned for follow-up. The three groups were comparable for age at testing, birth weight, and
gestational age. After adjustment for gender, the analysis of covariance revealed significantly
higher cognitive scores among Darbe (96.2 ± 7.3; mean ± SD) and EPO recipients (97.9 ± 14.3)
compared with placebo recipients (88.7 ± 13.5; P = .01 vs. ESA recipients) as was object perma-
nence (P = .05). No ESA recipients had cerebral palsy, compared with five in the placebo group
(P < 0.001). No differences among groups were found in visual or hearing impairment. In the
conclusion, infants randomized to receive ESA had better cognitive outcomes, compared with
placebo recipients, at 18–22 months. Darbe and EPO may prove beneficial in improving long-
term cognitive outcomes of preterm infants [166].

The possibility of clinical use of drugs, recombinant EPO to protect the brain, presents
the main currently known mechanisms for the implementation of its neuroprotective
potential, not connected with the influence on erythropoiesis. Several preclinical and
clinical studies have demonstrated that systemic administration of EPO is sufficient to
produce behavioral effects. Clinical trials have reported striking improvement in cogni-
tive function in schizophrenia patients and treatment resistant depression. EPO has been
shown to improve cognitive function in schizophrenia and treatment resistant depressed
patients [162].
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However, the potent elevation of red blood cell counts by EPO can cause hematological com-
plications in nonanemic patients. The conducted mass-spectrometry-based peptide mapping 
of carbamoylated Epo (Cepo) tested its ability to improve cognitive function after social defeat 
stress. Gene expression analysis in discrete brain regions was performed to obtain mecha-
nistic insight of Cepo action. Cepo reversed stress-induced spatial working memory deficits 
while affecting long-term (24 h) novel object recognition in these rats. Contextual fear condi-
tioning following defeat was enhanced by Cepo, but attenuated in controls. However, Cepo 
improved fear extinction in all rats compared to vehicle treatment. Cepo induced differential 
gene expression of VGF and neuritin in the mPFC and discrete hippocampal subfields, with 
strongest induction in the dorsal hippocampus. Analysis of gene-brain region-behavior inter-
actions showed that Cepo-induced neurotrophic mechanisms influence cognitive function. 
Carbamoylated EPO can be developed as a therapeutic neurotrophic agent to treat cogni-
tive dysfunction in neuropsychiatric diseases. Due to its distinct mechanism of action, it is 
unlikely to cross react with the activity of currently prescribed small molecule drugs and can 
be used as an add-on biologic drug [167].

The use of EPO in preterm infants both for anemia treatment and correction of immunological 
and neurological status is considered a prospective direction, but it is complicated by the lack 
or inconsistency of data on the concentration of endogenous EPO in serum. The concentration 
of serum EPO in preterm infants with a gestational age of 27–36 weeks and 6 days (Apgar 
scores 4.32 points) was higher by 1 day after birth and did not differ from a group of full-term 
infants on 10th day. In preterm infants with gestational age 27–31 weeks and 6 days (Apgar 
score 3.33), the concentration of serum EPO is higher by 1 day and is lower by 10th day after 
birth. In preterm infants with gestational age 32–36 weeks and 6 days (Apgar score 5.5), the 
concentration of serum EPO was lower on 1st day after the birth, and it did not differ from 
indices in the group of full-term infants on 10th day. The concentration of serum EPO in 
preterm infants with 27–31 weeks 6 days of gestation increases on the 1st, decreases on 10th 
day after birth as gestational age decreasing, and the total Apgar score reduces [168].

Pro-cognitive effects of EPO occurred across affective disorders. Neuropsychological screen-
ing for cognitive dysfunction may be warranted in future cognition trials.

6. Discussion and conclusions

About one-fifth to one-fourth of children around the world has IDA, in which lack of iron
causes problems with hemoglobin—the compound that red blood cells used to transport
oxygen through the bloodstream. Many more have low iron without anemia. Children from
poor, minority, or immigrant backgrounds are more likely to be ID. ID is associated with
alterations in many metabolic processes that may impact brain functioning (e.g., mitochon-
dria electron transport, neurotransmitter synthesis and degradation, protein synthesis, and
organogenesis).

Although IDA and ID without anemia may be associated with poor cognitive/behavioral 
outcomes, this has not been sufficiently studied. In particular, there is lack of dose response 
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studies linking indicators of iron status as continuous risk factors with later cognitive out-
comes. The lack of effect in the youngest infants may be because of irreversible effects of ID 
on the developing brain or the fact that cognitive development and behavior are more difficult 
to measure in young children [47]. IDA has been consistently linking to altered child affect, 
energy, and activity, but little knows about how these aberrations affect later development or 
adjustment in other contexts.

Summarizing the data presented in probably formulates effector mechanisms of influence on 
the implementation of the ID neurocognitive skills in children and adults:

• hypoxia, tissue hypoxemia

• the enzymatic deficiency in organs of the nervous system and internal environment

• violation of the myelination process, the development of neuropathy

• the development of oxidative stress

• neurodegenerative processes in the central nervous system.

It is extremely difficult to establish a cause-effect relationship between various factors affect-
ing the development of iron deficiency, neurocognitive impairment, and comorbid condi-
tions [2, 11, 20, 36]. For example, it has yet to determine the diagnostic significance of the
mutations responsible for the development of severe and/or refractory forms of IDA. Genetic

Figure 5. Components of iron homeostasis affecting human neurocognitive development.
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causes can involve quantitative or qualitative impairment of globin chain synthesis (thalas-
semia and sickle cell disease, respectively) [169], or genetically related abnormalities of the
erythrocyte, either at the membrane level (pyruvate kinase, glucose-6-phosphate dehydro-
genase (G6PD), and stomatocytosis) or concerning enzyme function (hereditary spherocyto-
sis also known as Minkowski-Chauffard syndrome). In addition, a number of rare anemias
are related to genetic defects of iron metabolism itself. These defects involve mutations of
genes that play a role in systemic or cellular iron metabolism [170]. Despite the relatively
low prevalence of iron deficiency in high-income countries using current diagnostic crite-
ria in this healthy cohort, microcytosis was associated with lower cognitive outcomes after
2 years. This research study emphasizes the need to reassess the diagnostic criteria for iron
deficiency in young children, while further research is required in studies with adequate
nutrition [171].

The metabolic ring of iron homeostasis demonstrates the involvement of a large number
of components. However, the establishment of cause-effect relationships is difficult due to
differentiate in interpreting the pathogenesis of IDA and cognitive disorders, because of
which it is impossible to talk about unidirectional processes in the homeostatic ring of iron
(Figure 5).

In elderly adults, the cause of cognitive impairment is often vascular lesions of the brain, 
which can be combined with an imbalance of essential trace elements. Over time, a person 
begins to show violations of daily behavior due to disruptions in the work of cognitive func-
tions. In children, we need to look mostly for perinatal and post-natal events. So, compre-
hensive mechanism of the development cognitive dysfunctions in children and elder people 
needs different protocols for the treatment of ID and IDA.

Difficulties in studying the influence of ID on the level of IQ, individual manifestations of 
neurocognitive insufficiency, are because they often have a latent character, and in the case of 
their diagnosis, there are serious problems in deciphering etiology mechanisms and organiz-
ing optimal therapy.
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Iron defciency (ID) and iron defciency anemia (IDA) are prevalent conditions all 
over the world. Te groups at highest risk are children, pre-menopausal women and 

socially disadvantaged people. Diagnose of ID using a full blood examination and iron 
studies can be difculted by concomitant infammation. Management of ID involves 

identifcation and treatment of its cause, as well as efective iron replacement. Patients 
who fail to respond to iron replacement will performed an endoscopy to exclude 

internal bleeding. Both enteral and parenteral iron are efective at replacing iron. For 
adult patients, we recommend trialling daily oral iron (30-100 mg of iron) as the 

frst-line therapy. Patients who fail to respond to oral iron replacement can be safely 
managed with intravenous iron. 
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