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Intake of a sufficient diet will provide an individual to live a healthy and functional life. 
However, poor intake of different nutritional components, such as proteins, vitamins, 
minerals, and trace elements, may lead to health problems that can cause morbidity 

and finally mortality. Assessment of nutritional status involves physical examination, 
comprehensive evaluation of biochemical tests, body composition, and organ 

functions. Both high and low intake of nutritional elements may lead to significant 
health impairment. The main aim of the book Nutritional Deficiency is to determine 
the relationships between nutritional status and general health. The authors, who are 

contributing to the book, particularly focused on iron, vitamin D, and zinc deficiencies, 
which are global health problems. Besides, some chapters mention the impact of 

different nutritional deficiencies in susceptible periods of life, such as pregnancy and 
elderly. Besides, as a result of these deficiencies, different health conditions, such as 
depression, anemia, loss of neuronal plasticity, and cancer, are widely scrutinized 

in the book. One chapter mainly focuses on the effects of disasters on nutrition and 
disaster-caused malnutrition in underdeveloped countries. This book will widen 

the knowledge store of the readers on the effects of nutrition on general health, how 
nutritional deficiencies arise when there is a health problem, and how the nutritional 

status affects susceptible populations.
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Preface

Nutritional deficiencies occur when the body does not receive enough nutrients it needs.
Human body requires many different vitamins and minerals. Most of the nutrients are often
referred to as micronutrients. As most of these vitamins and all of the minerals and trace
elements are not produced naturally in the body, they must be obtained from the diet.
Therefore, a healthy and well-balanced diet is essential for health and disease prevention.
However, a big part of the world does not get enough food or healthy food due to economic
or social reasons.

The amount of nutrients needed depends on several factors including age (infancy, child‐
hood, adolescence, and elderly age), geographical region (i.e., soil and weather characteris‐
tics), and critical periods (e.g., pregnancy). Particularly in early periods of life, a well-
balanced diet is very important for normal and healthy growth and development. Not
getting enough vitamins, minerals, or trace elements in childhood can lead to growth retar‐
dation and specifically mental retardation. Iron deficiency is the most widespread nutrition‐
al deficiency worldwide. It can lead to anemia, which causes fatigue, weakness, and various
other symptoms. Over 30% of the world’s population suffers from this condition. On the
other hand, zinc deficiency affects as much as 25% of the world’s population, and zinc plays
an essential role in numerous biochemical pathways. Vitamin D is essential for bone health.
Its deficiency has become a worldwide issue in the elderly and remains common in children
and adults for the last two decades. Vitamin D deficiency was suggested to be one of the
underlying factors of diabetes, obesity, and muscle weakness.

Throughout this book, the readers will obtain information on different aspects of iron, zinc,
and vitamin D deficiencies. Moreover, they will get information on the relationship between
nutritional deficiency and cancer treatment. Besides, one chapter refers to disasters, food
consumption, and nutritional status in developing countries, particularly addressing child
nutrition in disasters. We believe that readers will gain scientific knowledge on nutritional
deficiency, causes, and its consequences from this book. This book will also provide infor‐
mation on the effects of nutritional status in different diseases, particularly in cancer as well
as in susceptible populations, such as pregnant women and elderly.

Assoc. Prof. Dr. Pınar Erkekoglu
Faculty of Pharmacy, Department of Pharmaceutical Toxicology

Hacettepe University, Ankara, Turkey
Prof. Dr. Belma Kocer-Gumusel

Faculty of Pharmacy, Department of Pharmaceutical Toxicology
Hacettepe University, Ankara, Turkey
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Chapter 1

Zinc Deficiency and Depression

Anna Rafalo, Magdalena Sowa‐Kucma,
Bartlomiej Pochwat, Gabriel Nowak and
Bernadeta Szewczyk

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63210

Abstract

Zinc deficiency has multiple effects, including neurological and somatic symptoms.
Zinc  deficiency  can  lead  to  depression,  increased  anxiety,  irritability,  emotional
instability, and induced deficits in social behavior. Clinical studies have shown that low
levels of zinc intake contributes to the symptoms of depression and patients suffering
from depression have a lower serum zinc level. Also the animal studies have shown an
important role of dietary zinc deficiency in the induction of depressive‐like symp‐
toms.  Moreover,  both  preclinical  and  clinical  studies  have  indicated  the  potential
benefits of zinc supplementation as an adjunct to conventional antidepressant drugs or
as a stand‐alone intervention. This chapter focuses on the role of the zinc deficiency in
the pathogenesis of depression, changes in animal behavior induced by dietary zinc
restriction, the role of zinc supplementation in the treatment of depression, and the
possible  mechanisms  involved  in  these  relationships.  Both  clinical  and  preclinical
studies related to these findings will be discussed.

Keywords: zinc, zinc deficiency, depression, zinc supplementation, biomarkers of de‐
pression

1. Introduction

Depression is a mental disorder associated with functional impairment, disability, morbidi‐
ty, and mortality. Despite the extensive research, its pathophysiology is still poorly under‐
stood. Current pharmacotherapy, although effective is usually costly, requires time and has
potential side effects [1, 2]. Thus, there is a strong need to investigate alternative prevention

© 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.



or treatment strategies. Both clinical and preclinical studies have indicated the important role
of zinc in the pathophysiology and treatment of depression.

Early studies exploring the role of zinc in depression focused on demonstrating its antide‐
pressant activity, and then, they tried to explain whether zinc enhances the effect of antide‐
pressants and which mechanisms are involved in the antidepressant effects of zinc. Current
studies, however, are mostly focused on examining whether serum zinc concentration might
be a biomarker of depression or if experimentally induced zinc deficiency can be a new useful
animal model of depression.

This review summarizes the most important data concerning the role of zinc and particularly
zinc deficiency in the development or treatment of depression.

2. Dietary zinc intake and depressive symptoms (Table 1)

The first study indicating a relationship between dietary zinc deficiency and depression was
performed by Amani et al. [3]. This study recruited 23 young women diagnosed with moder‐
ate‐to‐severe depression and 23 age matched healthy volunteers. All of the women involved
in this study completed the food frequency questionnaire (FFQ) and a 24 h‐food recall
questionnaire to confirm the sources of zinc and daily zinc intakes in the diet. Analyses of the
obtained results showed that both the daily zinc intake and the serum zinc concentration in
the depressive group were lower than that found in the healthy women. Moreover, an inverse
correlation between the depression scores and serum zinc concentration was found [3].

A few other papers published recently indicated that women seem to be more vulnerable to
zinc deficiency than men. Maserejian et al. [4] examined the relationship between dietary zinc
restriction and depressive symptoms in a large group of men and women. They analyzed cross‐
sectional, observational epidemiological data from the Boston Area Community Health
(BACH) Survey. The final group of samples used in the analyses involved 2163 women and
1545 men from three racial/ethnic groups such as Hispanic, non‐Hispanic black, and non‐
Hispanic white. To ascertain the diet from multiethnic populations, all of the participants
completed the Food Frequency Questionnaire (FFQ). This questionnaire included also data on
the vitamin and mineral supplements used. The depressive symptoms were assessed by the
abridged Center for Epidemiologic Studies Depression scale (CES‐D). Interestingly, it turned
out that a zinc deficient diet influences the severity of depressive symptoms in women but not
in men [4].

In the same year (2012), Jacka et al. [5] reported the data from a study on a large randomly
selected, population‐based groups of women (n = 1494, aged 20–94 years). Similarly, the aim
of this study was to determine the relationship between the dietary intake of zinc as well as
magnesium and folate and clinically determined depressive and anxiety symptoms. Habitual
dietary intake was assessed using FFQ. The current depressive and anxiety depression were
measured using the Structured Clinical Interview for DSM‐IV‐TR, non‐patients edition, and
the General Health Questionnaire‐12 (GHQ‐12) was used to assess the psychiatric symptoms.
As reported in the results, the intake of both zinc and magnesium was inversely related to
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GHQ‐12 scores and each standard deviation increase in the intake of these nutrients was
associated with a standard deviation decrease in GHQ‐12 scores. The relationship between
nutrient intakes and anxiety disorder was not significant [5].

Authors Participants (women/men) Measurement Effect

Marcellini
et al. [8]

(485/367) FFQ, GDS, M‐MSE, PSS Low zinc intake associated
with low zinc plasma level
and psychological disorders

Amani
et al. [3]

(308/0) FFQ, serum Zn Inverse relationship between
depression symptoms and
both dietary zinc deficiency
and zinc serum level

Roy
et al. [6]

(2030/0) FFQ, CES‐D Zinc deficiency diet influences
the severity of stress
and symptoms of depression.

Jacka
et al. [5]

(1046/0) FFQ, GHQ‐12, Increase in zinc intake induced
decrease in psychiatric
symptoms but not anxiety

Maserejian
et al. [4]

(2163/1545) FFQ, CES‐D Zinc deficiency is associated with
depression in women
but not in men

Yary and
Aazami [7]

(173/229) FFQ, CES‐D Inverse relationship between
dietary zinc intake
and depression

Lehto
et al. [10]

(0/2317) CES‐D No effect of dietary zinc
intake on the incidence
of depression

Markie
wicz‐
Zukowska
et al. [9]

(52/48) AMTS, GDS, SRH, ADL Serum Zn Low serum zinc
levels correlate with mental
disorders and depression

ADL, Activities of Daily Living; AMTS, Abbreviated Mental Test Score; CES‐D, Center for Epidemiologic Studies
Depression scale; FFQ, Food Frequency Questionnaire; GDS‐Geriatric Depression Scale; GHQ‐General Health
Questionnaire; M‐MSE, Mini Mental State Examination; PSS, Perceived Stress Scale; SRH, Self‐Rated Health.

* Analysis of cross‐sectional, observational epidemiological data from the Boston Area Community Health (BACH)
Survey.

Table 1. A summary of the influence of dietary zinc deficiency on the depressive symptoms.

Zinc intake as a causative factor in the induction of depressive symptoms was also considered
in the context of prenatal depression. The study by Roy et al. [6] was conducted on pregnant
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women (2030 samples, recruited between 2002 and 2005 year) from the clinics in London,
Ontario (Prenatal Health Project). The main aim of this study was to analyze the relationship
between zinc intake, sociodemographic factors, and psychosocial stress, as well as the
development of depressive symptoms. As in other studies, the zinc intake was assessed using
FFQ and nutrient supplement data. The level of psychological stress was evaluated using a
standardized composite score, and the depressive symptoms were measured using a CES‐D
scale. The results showed that low zinc intake, social disadvantage, and stress were correlated
with higher CES‐D scores, but higher zinc intake was found to buffer the impact of stress on
the depressive symptoms during pregnancy [6].

Another study indicating that long‐term zinc deficiency may induce the symptoms of depres‐
sion was carried out on 402 postgraduate students with a mean age of about 32 years (229 men
and 173 women) [7]. The CES‐D questionnaire was used to measure the prevalence of depres‐
sive symptoms among participants, while the dietary intake of zinc among the postgraduate
students was evaluated using the FFQ. The results of this study show an inverse relationship
between dietary zinc intake and depression in postgraduate students [7].

The statistics showed that zinc deficiency is common not only among the children but also in
the elderly. In the ZINCAGE project older people from five countries: Italy, Greece, Germany,
France, and Poland were recruited to investigate the relationship between nutritional aspects
in Northern and Southern European Countries, zinc status, and psychological dimensions
(mood, perceived stress and cognitive functions) [8]. The FFQ was typically used to estimate
the intake of zinc. Evaluation of mood, the perceived stress level, and cognitive function was
meanwhile performed using the: “Mini Mental State Examination”, Geriatric Depression Scale
(GDS), and “Perceived Stress Scale.” The study involved 853 people who were divided into
four age groups. The first group included 359 people between 60–69 years old, the second 225
at the age of 70–74 years, the third 153 at the age of 75–79 years, and the last 116 age of 80–84 
years. Eighty‐two percentage of the total samples showed no cognitive decline, 72% (according
to GDS) of samples showed no depression, and all of the samples had a normal perceived stress
level. Interestingly, however, a relevant correlation between all of the psychological dimen‐
sions studied in the project and the plasma zinc values or nutritional assessment was found.
This phenomenon was not correlated with the age, which indicates that a normal zinc diet can
help maintain proper plasma zinc levels and a good psychological condition in the elderly
[8].

These findings were confirmed in another screening study. A research group from Bialystok
(Poland) [9] conducted a nearly 2‐year (from October 2010 to May 2012) study among 100
nursing home residents (aged 60–102 years) to determine the zinc status among the older
individuals in correlation to their mental and physical performance. The participants were
subjected to the Abbreviated Mental Test Score (AMTS), Self‐Rated Health (SRH), Geriatric
Depression Scale (GDS), and Independence in Activities of Daily Living (ADL). Also anthro‐
pometric variables and fitness scores were evaluated. The serum zinc level was measured by
flame atomic absorption spectrometry. Almost one‐third of the participants had zinc deficien‐
cy. Cognitive functions were impaired in 45% of them, and 48% of the participants showed
depressive symptoms. Moreover, it was found that elderly patients with normal cognitive

Nutritional Deficiency6
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function and without symptoms of depression had a higher serum zinc level than patients
with mental disorders and depression [9].

One paper has so far showed no effect of dietary zinc intake on the incidence of depression [10].
This study was performed on 2317 Finnish men aged 42–61 years to estimate the correlation
between dietary zinc intake and depression in a prospective setting in initially depression‐free
men during a 20‐year follow‐up. Nutrient intake was quantitatively evaluated by 4‐day food
record at the baseline. The severity of the depression was measured using the Human
Population Laboratory Depression Scale. Participants who at the baseline had elevated
depressive symptoms were excluded (n = 283) from the study. In this prospective setting,
depression has been defined as a hospital discharge diagnosis of a unipolar depressive disorder
[10]. Generally, ∼3% of the participants received a hospital discharge diagnosis of depression
during the 20‐year follow‐up, with the analysis adjusted for age, baseline depression severity,
smoking, alcohol use, physical exercise, and the use of zinc dietary supplements not being
associated with an increased depression risk in men [10]. However, as the author indicated,
these observations may not be generalizable to women [10]. What is more, looking at the results
of Maserejian et al. [4] and the other data described earlier, the present findings may simply
confirm that zinc deficiency may play a greater role in the induction of depression in women.

3. Zinc level as a marker of depression (Table 2)

The biological markers (biomarkers) are defined as cellular, biochemical, or molecular
alterations that are measurable in biological media such as human tissues, cells, or fluids.
Biomarkers should be fixed and concern specific features of the disease which occurs perma‐
nently, regardless of the stage/phase of the illness (a trait marker) or changes, depending on
the stage (a state marker) [11]. Appropriately chosen biomarkers would be more objective and,
as such, would significantly enhance the traditional patient symptoms‐based assessment of
depression. Biomarkers of depression could be used to support the presence or absence of the
disease, provide individualized treatment, monitor treatment progress (or indicate the risk of
the drug resistance), and predict the onset of future disease or its relapse. A clinically useful
biological marker should be characterized by a high level of sensitivity and specificity
(preferably above 80%), and its determination should be easy to make and relatively cheap
[12]. Some potential candidate markers of depression have been reported, for example, see [13],
but none of them have yet been used in clinical practice.

Authors Disorder Results

Hansen et al. [11] MDD Reduced serum zinc level in depressed patients
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Amani et al. [3];
Maes et al. [15, 16]; McLoughlin
and Hodge [18]; Siwek et al. [19]

MDD Reduction in the blood zinc level in depressed patients
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Authors Disorder Results

Maes et al. [15, 16];
Siwek et al. [19]; Wójcik et al. [20]

MDD Negative correlation between severity of depressive symptoms
and serum zinc level

Wójcik et al. [20] – Lower zinc level in women with antepartum depression

Wójcik et al. [20];
Brownlie and Legge [21]

– Lower zinc level in women with postpartum depression

Roozbeh et al. [22] MDD Lower zinc level in depressed patients with end‐stage renal
disease undergoing hemodialysis

Marcellini et al. [8] – Lower zinc level in late life

Stanislawska et al. [23] MDD Negative correlation between postmenopausal women and the
severity of depressive symptoms and serum zinc concentration

Crayton and Walsh [24]; Irmish et
al. [25]; Nguyen et al. [26]

MDD No differences in the zinc concentration between depressed
and healthy people

Salustri et al. [27] MDD Increase in the peripheral blood level of zinc in the course of
depression

Manser et al. [28] MDD Significant differences between serum zinc level in depressed
male and women

McLoughlin and Hodge [18] MDD Antidepressant therapy normalized lower zinc level in
depressed patients

Maes et al. [16] MDD The zinc levels in the treatment‐resistant depressed patients
were significantly lower than its concentration in the depressed
patients and healthy volunteers

Maes et al. [16]; Siwek et al. [19] MDD Lack of normalization in zinc level after antidepressants
treatment or its correlation with the severity of depression

Stanley and Wakwe [29] MDD, BD,
schizophrenia

Reduction in serum zinc level across all of the investigated
groups

Gonzales‐Estecha et al. [30] BD Significant increase in serum concentration in the manic and no
changes in depressed phase when compared to the healthy
volunteers

Siwek et al. [31] BDI, BDII Significantly decreased peripheral blood zinc level in
depressive phase in BDI patients compared with healthy
control no changes in BDII subgroups

MDD, major depressive disorder; BD, bipolar disorder.

Table 2. A summary of the clinical studies on the relationship between the zinc level and depression.

The first clinical report that suggested the potential role of zinc in the pathophysiology of
depression and role of zinc as a marker of this disease was published in 1983 by Hansen and
colleagues [11]. In this paper, the reduced serum zinc concentration in patients suffering from
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recurrent major depressive disorder and the negative correlation between the severity of
depressive symptoms and the zinc level was described [11]. One of the preliminary studies
also showed a significantly higher prevalence of zinc deficiency in outpatients with mood
disorder than healthy controls [14]. The reduction of the blood zinc level in depressed patients
has been confirmed in many other reports [3, 15–19]. Similarly, some studies have shown a
negative correlation between the severity of depressive symptoms and serum zinc [15, 16, 19,
20]. The lower zinc level has also been observed in women with antepartum [20] and post‐
partum depression [20, 21], and in depressed patients with end‐stage renal disease undergoing
hemodialysis [22] or in late life [8]. Furthermore, in postmenopausal women, the negative
correlation between the severity of depressive symptoms and the serum zinc concentration
was noted [23]. To this date, only three studies have reported no differences in the zinc
concentration between depressed and healthy people [24–26] and one report even shows an
increase in the peripheral blood level of zinc in the course of depression [27]. It is also little
data that show a significant differences between serum zinc in depressed male and women [28].

Support of the hypothesis that the zinc level might be a specific and sensitive marker of
depression comes from the findings that the zinc level, lower in depressed patients, may be
normalized to control levels after successful antidepressant therapy [18]. However, this effect
was not observed in all of the studies. Maes et al. [16] showed that the zinc levels in the
treatment‐resistant depressed patients were significantly lower than its concentration in the
remaining depressed patients and healthy volunteers. The next study by Maes et al. [17]
performed on a larger group of patients, and a study by Siwek et al. [19] gave similar findings.
A lack of normalization of the zinc level after antidepressants treatment or its correlation with
the severity of depression was found. Based on this evidence, it has been suggested that a lower
serum zinc level may be a sensitive (79%) and specific (93%) marker of drug resistance [16, 17].

To date, most studies on the role of zinc in the depression included patients diagnosed with
major depressive disorder (MDD). Unfortunately, very little is known about the importance
of zinc in the development (or treatment) of bipolar disorders (BD). So far, there are only three
publications on this topic. In an early study, including patients diagnosed with MDD, BD and
schizophrenia, a reduction in the serum zinc level across all of the investigated groups was
observed [29]. A subsequent study, whose aim was to analyze the changes of trace elements
exclusively in bipolar patients, indicated a significant increase in serum concentration in the
manic and no changes in depressed phase when compared to the healthy volunteers [30].
Finally, a recent published study investigated in detail the issue concerning the concentration
of zinc in bipolar disorder, with a special focus on the subtypes (BDI, BDII), and the phases
and stages of the disease. It was found that a significantly decreased peripheral blood zinc
level in the depressive phase in BDI patients (especially with stage 3 and 4) compared with the
healthy control. However, both in remission and the manic phase, the zinc concentration was
similar to that seen in the matched controls. In BDII subgroups, these alterations have not been
noted [31].

Most of the clinical data come from studies of peripheral blood samples. Some researchers
urged caution in interpreting such results. It is believed that the changes in the peripheral zinc
concentration may not reflect zinc availability in the central nervous system, particularly in
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the brain. However, in healthy individuals, a clear correlation between the cerebrospinal fluid
(CSF) and serum zinc level was demonstrated [32]. It has also been proved that zinc penetrates
the blood–brain barrier [33]. So far, there are no studies to compare the concentrations of zinc
in blood and/or CSF in depressed patient and healthy people. It is known that the hippocampal
zinc concentration in suicide victims (where there is evidence for an association between
suicidal behavior and depression) did not differ from that measured in sudden death controls
[34, 35]. However, these data do not undermine the role of zinc in the pathophysiology of
depression. For example, they may indicate that, in the course of depression, only subtle
changes are present in the zinc level in the central tissues, which cannot be measured via the
currently available analytical methods. Alternatively, these changes can occur in specific areas
of the brain or even only in selected areas of certain brain structures that have not yet been
investigated.

In conclusion, we can argue that the study of zinc in the context of depression and as a potential
biomarker of the disease has great meaning and a future. Based on the presented research, we
can argue that the serum zinc concentration may be a state marker of depression in treatment
responder patients. Similarly, in drug‐resistant depression, a reduced level of zinc may be a
trait marker. While, in bipolar patients, an increased zinc level may be a state marker in mania.
Unfortunately, due to the fact that alterations of zinc concentration are not specific only to
depressive disorders, the measurement of this trace element in the blood of a patient cannot
be a useful clinical marker of MDD or BD. It seems, however, that the determination of the
serum zinc level could be in the future a component of multifactorial tests and assist diagnosis
of the disease.

4. Zinc supplementation in the therapy of depression (Table 3)

There are still a limited number of clinical reports examining the effect of zinc supplementation
on depressive symptoms. However, the available evidence suggests potential benefits of zinc
supplementation as an adjunct to antidepressants therapy or as a stand‐alone therapy for the
prevention of depressive symptoms.

The first report indicating the beneficial effect of zinc supplementation in the therapy of
depression was published in (2003) by Nowak et al. [36]. This placebo‐controlled, double‐blind
pilot study was conducted in patients who fulfilled DSM‐IV criteria for major (unipolar)
depression. The recruited patients were divided into two groups: one receiving zinc supple‐
mentation (6 patients; 25 mg Zn/day) and the second (8 patients) a placebo. Both groups were
treated with standard antidepressant therapy (clomipramine 125–150 mg; amitriptyline 125–
150 mg; citalopram 20 mg; fluoxetine 20–40 mg). The efficacy of antidepressant therapy and
the patient's status was evaluated before the treatment and 2, 6, and 12 weeks after it began
using the Hamilton Depression Rating Scale (HDRS) and the Beck Depression Inventory (BDI).
In this study, antidepressants significantly reduced HDRS scores by the 2nd week of treatment
in both groups, and BDI scores at the 6th week in the zinc‐treated group. Zinc supplementation
significantly augmented this reduction after 6‐ and 12‐week (HDRS) and at 12 week (BDI) of
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treatment when compared with the placebo. Although the observed effect of zinc was delayed,
its potency was quite robust [36].

Authors Participants
(placebo/Zn
group)

Supplementation (dose) Duration
(weeks)

Treatment
(dose)

Measurement Efficacy

Nowak et al.
[36]

(8/6) MDD Zinc hydroaspartate (25 mg
Zn/day)

12 TCAs, SSRI HDRS, BDI Yes

Siwek et al.
[37, 19]

(30/30) MDD Zinc hydroaspartate (25 mg
Zn/day)

12 TCAs CGI, BDI, HDRS,
MADRS

Yes

Ranjbar et al.
[38, 39]

(17/20 or 21)
MDD

Zinc sulfate (25 mg Zn/day) 12 SSRI HDRS, BDI Yes

Nguyen et al.
[26]

396 (88/
97/84/100)
Healthy
woman

Micronutrient supplements
with zinc sulfate
(∼20 mg Zn/week
or ∼10 mg Zn/day)

12 No CES‐D, FFQ,
serum Zn

No

Sawada and
Yokoi [40]

(15/15) Healthy
women

Multivitamins + zinc
gluconate (7 mg Zn/day)

10 No CMI, POMS Yes

Di Girolamo
et al. [43]

674 children 10 mg ZnO/day for 5 day/
week

6 months No Depression,
anxiety,
hyperactivity and
conduct disorder

No

Maserejian
et al. [4]

(2163
women/
1545 men)

Multivitamins (0.1–15 mg
Zn/day) or zinc
supplements (>15 mg
Zn/day)

NA No or SSRI,
SNRI,
serotonin
modulators

FFQ, CES‐D Yes

BDI, Beck Depression Inventory; CES‐D, Center for Epidemiologic Studies Depression scale; CGI, Clinical Global
Impression; CMI, Cornell Medical Index (somatic symptoms and mental symptoms); FFQ, Food Frequency
Questionnaire; HDRS, Hamilton Depression Rating Scale; MADRS, Montgomery–Asberg Depression Rating Scale;
POMS, Profile of Mood State (depression dejection and anger hostility score); NA, not applicable.

* The final group of patients.

** Analysis of cross‐sectional, observational epidemiological data from the Boston Area Community Health (BACH)
Survey.

Table 3. Summary of studies on the efficacy of zinc supplementation in the treatment or prevention of depressive
symptoms.

The second report of the benefit of zinc supplementation in antidepressant therapy was
published by Siwek et al. [37]. This group performed a placebo‐controlled, double‐blind study
of zinc supplementation in imipramine therapy in sixty, 18–55‐year old, unipolar depressed
patients fulfilling the DSM‐IV criteria for major depression but without psychotic symptoms.
The participants were randomized into two groups treated with imipramine (approximately
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140 mg/day) and receiving once daily either a placebo or zinc supplementation (25 mg Zn/day)
for 12 weeks. In this study, the BDI, HDRS, CGI, and MADRS scales were used. Analyses of
the results obtained from this study showed no differences in CGI, BDI, HADRS, and MADRS
scores between zinc‐supplemented and placebo‐supplemented antidepressant treated non‐
resistant patients. However, they indicated that zinc supplementation reduced depression
scores and augmented the efficacy and speed of the onset of response to antidepressant
treatment in the patients previously non‐responsive to antidepressant therapy [19, 37].

A study by Ranjbar et al. [38, 39] presented a double‐blind randomized clinical trial on 39
patients (aged 18–55 years) diagnosed with MDD. The participants of this study were ran‐
domly assigned to groups receiving zinc supplementation (25 mg Zn/day) or a placebo. The
patients from both groups received SSRIs (citalopram 20–60 mg/day or fluoxetine 20–60 mg/
day) for 12 weeks. The severity of depression was measured using the BDI [38] and HDRS [39]
at the baseline and after 6 and 12 weeks of treatment. At the end of the study, the BDI and
HDRS scores were significantly lower in the SSRI and zinc‐treated group than the group
receiving the SSRI and the placebo.

The report published by Sawada and Yokoi [40] showed in turn that young women taking
multivitamins and zinc supplements exhibited a significant reduction in depression and
anxiety symptoms than women taking only multivitamins. This randomized, double‐blind,
placebo‐controlled study was performed among 30 women in the aged of 18–21 years. The
subjects were randomly assigned to receive multivitamin capsules or multivitamins and zinc
once daily for 10 weeks. The Cornell Medical Index was used to evaluate somatic symptoms
(A‐L score) and mental symptoms (mood and feelings, including anxiety, sensitivity, anger
and tension, M‐R score). Additionally to ascertain the mood state during the previous week,
the Profile of Mood State (POMS) questionnaire was used. Analyses of the data highlighted
that women taking multivitamins and zinc showed a significant decrease in anger‐hostility
and depression‐dejection scores (on the POMS). No changes were found in the M‐R (mental
symptoms) on the CMI between women taking multivitamins and zinc and multivitamins
only. Despite this, as the authors themselves make clear, these findings are only preliminary
and do not suggest that zinc supplementation may be effective in reducing anger and depres‐
sion [40].

Another paper published in 2012 by Maserejian et al. [4] (the study design and population was
described in detail in the Section 2) revealed that dietary, supplemental, and total zinc were
significantly associated with the presence of depressive symptoms but only in women and not
in men. Moreover, there was a statistically significant interaction between the total zinc intake
and use of SSRIs in the development of depressive symptoms. No statistically significant
interactions were observed for use of SNRIs, TCAs, or antipsychotics [4].

In the same year (2012), Sandstead [41] published the results from six randomized controlled
comparative treatment experiments performed on Chinese and Mexican‐American low‐
income children (6–9 years); middle‐income US premenopausal women; middle‐income US
adolescents, and middle‐income US men. These findings illustrated that subclinical zinc
deficiency changes the brain function and that zinc and micronutrient treatment improves
altered brain functions [41]. Recently, the beneficial effect of zinc monotherapy (30 mg Zn,
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12 weeks) in the relief of depressive symptoms in overweight or obese subjects was also
reported [42].

Two studies have so far shown no effect of zinc supplementation on the improvement of
depressive symptoms [26, 43]. These studies, however, differ significantly from the one
previously described with respect to both the participants and the length and quality of
applications. The first study by DiGirolamo et al. [43] examined the effect of zinc supplemen‐
tation on the mental health of school‐age children in Guatemala. Zinc as a ZnO (10 mg/day for
5 days/week) was applied for 6 months. Outcome measures at the end of the study included
internalizing problems such as depression or anxiety and externalizing (hyperactivity and
conduct disorder) problem behaviors. Generally, no difference in mental health outcomes
between the zinc and placebo groups was found, although increases in serum zinc concentra‐
tions were associated with decreases in depression and anxiety among the children who were
at risk of zinc deficiency [43]. The second study of Nguyen et al. [26] investigated the impact
of combinations of micronutrient supplements on symptoms of depression rather than the
effect of zinc supplementation as a stand‐alone therapy.

Because of these methodological limitations in the existing studies, further well‐designed,
adequately powered research is required.

The data described earlier are clinical verification of the results obtained in preclinical studies.
The beneficial effects of zinc treatment have been in fact reported in several preclinical test and
models of depression. Zinc administration induced an antidepressant‐like effect in the forced
swim test (FST) both in mice and rats and in the tail suspension test (TST) in mice [44–49]. Zinc
was also active in different models of depression such as: (a) the olfactory bulbectomy (OB) (a
reduction in the number of trials in the passive‐avoidance test and a decreased OB‐induced
hyperactivity in rats) [48]; (b) the chronic mild stress (CMS) model of depression (zinc reversed
the CMS‐induced reduction in the consumption of sucrose in rats) [50]; and (c) chronic
unpredictable stress (CUS) (zinc treatment prevented deficits in the fighting behavior of
chronically stressed rats) [51]. Moreover, zinc has been found to intensify the effects of standard
antidepressants (imipramine, fluoxetine, paroxetine, bupropion or citalopram) in the FST, the
TST, and CUS [44, 49, 51–53].

5. Experimental zinc deficiency as an animal model of depression

Analysis of the clinical data makes it possible to address a very important question concerning
the relationship between zinc deficiency and depression, namely to establish whether zinc
deficiency is the cause or an important risk factor for depression or if zinc deficiency is a
consequence of pathological processes underlying depression [54, 55]. In order to answer this
question, several animal studies have been conducted. It is well established that the subjection
of animals to procedures such as chronic stress, removal of olfactory bulbs, and several other
leads to observed, depressive‐like behaviors. In principle, these changes in animal behavior in
some extent should correspond with human behaviors observed in depressive patients, that
is, olfactory bulbectomy in rodents serves as a model of agitated depression, and chronic mild
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stress modulates anhedonia in laboratory animals. Several tests are used to evaluate the pro‐
depressive effects of a particular procedure, with the most popular being the open‐field test,
social interaction, FST, TST, and sucrose intake test.

Several data published recently indicated that experimentally induced zinc deficiency may be
one of the procedures used to modulate depressive symptoms in both mice and rats. According
to the data in the so‐called “experimentally induced zinc deficiency” model two factors play
an important role: the amount of zinc in the feed and the time of exposure to zinc restriction.
Whittle et al. [56] showed that feed containing 40% of zinc in the daily requirement (∼12 mgZn/
kg) is sufficient to produce depressive‐like behavior in mice, which is observed as increased
immobility time in the TST and FST [56]. In this study, mice were treated with zinc deficient
diet for 7 weeks. Mlyniec et al. [57, 58] showed that 4 or 10 weeks of zinc deficiency (0.2 mgZn/
kg) in mice induced depressive‐like behavior observed in TST and FST. Interestingly, the same
studies showed that mice subjected to a zinc deficient diet for 2 weeks displayed antidepres‐
sant‐like activity in the TST and FST [57, 58]. The explanation of these differences requires
further studies. The more, that in contrast to the results obtained by Mlyniec et al. [58], 2 weeks
exposure to zinc deficiency (0.37 mgZn/kg) induced the depressive‐like behavior in young rats,
measured as and increased immobility time in the FST [59, 60]. In studies conducted by
Tassabehji et al. [61], 3 weeks of zinc deficiency (10 mgZn/kg) led to increased immobility time
in the FST and decreased sucrose intake in adult rats. Similar results were obtained by
Doboszewska et al. [62] who showed that 4 or 6 weeks consumption of feed low in zinc (3 mg 
Zn/kg) caused the decreased intake of sucrose solution and increased immobility time in the
FST. Additionally, 4 or 6 weeks zinc deficiency significantly reduced social interaction in adult
rats [62].

As shown above, the behavioral disturbances induced by zinc deficiency overlap with
depressive‐like behaviors induced by well‐known experimental procedures. Additionally,
some of these procedures, such as stress, are causally related to a lower serum zinc level in
rats. However, the physiological role of zinc is very complex and involves the activity of zinc
on many receptors and enzymes, with some of these molecular events possibly being consid‐
ered as key factors engaging in depression or depressive‐like behaviors. Zinc is an inhibitor of
glutamate N-methyl-D-aspartate receptors (NMDAR), therefore zinc released with glutamate
from glutamate terminals determines the correct functioning of the glutamate system [63, 64].
In pathological states, when the glutamate concentration is radically increased in the synaptic
cleft, the overstimulation of NMDAR may lead to atrophy and neural cell death. The oversti‐
mulation of NMDAR leading to atrophy cell death is named excitotoxicity [65, 66]. The role of
glutamate transmission in behavioral abnormalities induced by zinc deficiency was indicated
by Doboszewska et al. [62]. They showed that zinc deprivation led to a significantly enhanced
expression of GluN1, GluN2A, and GluN2B subunits of NMDAR in the hippocampus and
GluN2B subunit in the prefrontal cortex (PFC) [62, 67]. In the same study, zinc deficiency
radically decreased the level of brain‐derived neurotrophic factor (BDNF), whose concentra‐
tion in the physiological range is a crucial factor for normal neurotransmission and the survival
of neurons. A decreased level of BDNF has been noted in both clinical and preclinical studies,
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kg) is sufficient to produce depressive‐like behavior in mice, which is observed as increased
immobility time in the TST and FST [56]. In this study, mice were treated with zinc deficient
diet for 7 weeks. Mlyniec et al. [57, 58] showed that 4 or 10 weeks of zinc deficiency (0.2 mgZn/
kg) in mice induced depressive‐like behavior observed in TST and FST. Interestingly, the same
studies showed that mice subjected to a zinc deficient diet for 2 weeks displayed antidepres‐
sant‐like activity in the TST and FST [57, 58]. The explanation of these differences requires
further studies. The more, that in contrast to the results obtained by Mlyniec et al. [58], 2 weeks
exposure to zinc deficiency (0.37 mgZn/kg) induced the depressive‐like behavior in young rats,
measured as and increased immobility time in the FST [59, 60]. In studies conducted by
Tassabehji et al. [61], 3 weeks of zinc deficiency (10 mgZn/kg) led to increased immobility time
in the FST and decreased sucrose intake in adult rats. Similar results were obtained by
Doboszewska et al. [62] who showed that 4 or 6 weeks consumption of feed low in zinc (3 mg 
Zn/kg) caused the decreased intake of sucrose solution and increased immobility time in the
FST. Additionally, 4 or 6 weeks zinc deficiency significantly reduced social interaction in adult
rats [62].

As shown above, the behavioral disturbances induced by zinc deficiency overlap with
depressive‐like behaviors induced by well‐known experimental procedures. Additionally,
some of these procedures, such as stress, are causally related to a lower serum zinc level in
rats. However, the physiological role of zinc is very complex and involves the activity of zinc
on many receptors and enzymes, with some of these molecular events possibly being consid‐
ered as key factors engaging in depression or depressive‐like behaviors. Zinc is an inhibitor of
glutamate N-methyl-D-aspartate receptors (NMDAR), therefore zinc released with glutamate
from glutamate terminals determines the correct functioning of the glutamate system [63, 64].
In pathological states, when the glutamate concentration is radically increased in the synaptic
cleft, the overstimulation of NMDAR may lead to atrophy and neural cell death. The oversti‐
mulation of NMDAR leading to atrophy cell death is named excitotoxicity [65, 66]. The role of
glutamate transmission in behavioral abnormalities induced by zinc deficiency was indicated
by Doboszewska et al. [62]. They showed that zinc deprivation led to a significantly enhanced
expression of GluN1, GluN2A, and GluN2B subunits of NMDAR in the hippocampus and
GluN2B subunit in the prefrontal cortex (PFC) [62, 67]. In the same study, zinc deficiency
radically decreased the level of brain‐derived neurotrophic factor (BDNF), whose concentra‐
tion in the physiological range is a crucial factor for normal neurotransmission and the survival
of neurons. A decreased level of BDNF has been noted in both clinical and preclinical studies,
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respectively, in depressive patients and animals subjected to procedures inducing depressive‐
like behaviors [68].

One of the factors modulating the glutamate transmission is glucocorticoids [69]. The enhanced
level of glucocorticoids may potentiate glutamate enhanced transmission in the hippocampus,
leading to neuronal death [70]. Only 1 week of zinc deprivation is enough to decrease the serum
zinc level in rats with a concomitant increase level of glucocorticoids serum levels [69–71].
These data indicate on hyperactivation of the hypothalamic‐pituitary‐adrenal axis (HPA‐axis)
in a zinc deficient condition. However, the causative relationship between zinc deficiency and
HPA‐axis overstimulation is unknown. The enhanced activation of the HPA‐axis disrupts
hippocampal function which is a brain structure sensitive to a higher level of glucocorticoids
and involved in the development and expression of depression [72]. Moreover, a similar effect
of the overstimulation of the HPA‐axis on hippocampal function has been observed under
stressful conditions [72].

6. Conclusions

The importance of zinc as the life‐threatening factor for humans was first described in 1963 by
Prasad et al. [73, 74]. Zinc deficiency still remains a substantial global health problem. Statistics
show that two billion people worldwide are not getting enough zinc via their diet. Zinc
deficiency is accountable for physical and intellectual retardation, preventing children from
developing to their full potential. Marginal zinc deficiency is also evident in older people. A
recent study showed a significant relationship between zinc deficiency and cognitive impair‐
ment, increased susceptibility to stress and something that should be emphasized, to depres‐
sive symptoms. Taking into account that depression is the most serious mental illness
associated with decreased productivity and quality of life and well‐being, evidence about the
causative role of zinc deficiency in the development of this disease is very important.

Recent clinical research, indicated that the serum zinc level in patients was significantly lower
than in the control group. Other studies have also shown that low serum zinc levels are
normalized during treatment with antidepressants [54]. This suggests that the measurement
of the serum zinc level could be in the future a component of multifactorial tests and assist
diagnosis of the disease. This is of particular importance, especially now, when effective
markers of the disease are needed. This problem also applies to mental illnesses. The next
significant aspect is the pharmacotherapy of depression. Current treatments for depression
are costly, have potential side effects, and require time and commitment. However, most
alarming is the fact that antidepressants are effective only in 60% of patients. Treatments with
zinc in laboratory animals have antidepressant effects, and zinc supplementation enhances the
effectiveness of antidepressants in animal tests and models of depression. Also, clinical studies
examined the effects of zinc supplementation as an adjunct to antidepressant drug therapy.
Both preclinical and clinical studies indicated that zinc supplementation could be an adjunct
increasing the effectiveness of tricyclic antidepressants but especially, selective serotonin
reuptake inhibitors rather than selective noradrenaline reuptake inhibitors [38]. These results,
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therefore, suggest that zinc supplementation may be effective but only for drugs with a specific
mechanism of action. To ensure the benefits of zinc supplementation as an adjunct to conven‐
tional antidepressants or as an intervention in the prevention of depression or as a marker of
depression more, high‐quality trials are needed.
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Abstract

Zinc is an essential trace element for humans and plays a critical role both as a structural
component of proteins and as a cofactor in about 300 enzymes. Zinc deficiency was, for
example, reported to affect the immune response and the endocrine system and to
induce and modify brain disorders. Besides hereditary zinc deficiency, zinc deficiency
– at least in mild forms – is nowadays a very abundant health issue. Today, an estimated
20% of the population worldwide is at risk of developing zinc deficiency with a high
number  also  in  industrialized  countries.  The  major  risk  factors  to  develop  zinc
deficiency  in  industrialized  nations  are  aging  and  pregnancy.  Mechanistic  and
behavioral studies on the effects of zinc deficiency have mainly been performed using
animal models. However, in combination with the few studies on human subjects, a
picture emerges that shows importance of adequate nutritional zinc supply for many
processes in the body.  Especially the immune system and brain development and
function seem to be highly sensitive to zinc deficiency. Here, we provide an overview
on the effects of zinc deficiency on different organ systems, biological processes, and
the associations of zinc deficiency with pathologies observed in humans and animal
models.

Keywords: Zn, immune system, brain, homeostasis, synapse, biometal, trace metal,
zincergic

1. Introduction

In 1933, zinc was reported for the first time to be essential for the growth of rats. Thirty years
later, the first studies in human subjects from the Middle East showed that this was also true for
humans [1,2]. To date, many studies have been performed investigating the influence of zinc
deficiency on human well-being and mental performance.

© 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,
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While zinc deficiency is commonly caused by dietary factors, several inherited defects of zinc
deficiency have been identified. Among them, Acrodermatitis enteropathica (AE) is the most
common form of inherited zinc deficiency in humans [3]. Inherited AE is an autosomal
recessive disorder where in many of the cases mutations in hZIP4 (a member of the SLC39
gene family encoding a membrane-bound zinc transporter) are found [4]. Mutations in other
members of this family or in different zinc homeostasis genes may account for other cases of
AE in the absence of hZIP4 mutations [5]. Clinically, AE is characterized by impaired intestinal
zinc absorption, resulting in a triad of symptoms: dermatitis, alopecia, and gastrointestinal
(GI) problems such as intractable diarrhea. However, neuropsychological disturbances such
as mental depression, irritability, loss of appetite, behavioral problems, and reduced immune
function frequently occur.

The body of an adult human (70 kg) contains about 2–3 g of zinc, which is absorbed from our
dietary sources in the proximal small intestine, either the distal duodenum or proximal
jejunum [6,7], and released from there into the blood. However, the supply of zinc by our diet
is dependent on its amount and bioavailability. It has been estimated that in a western mixed
diet, this bioavailability is about 20–30% of total contained zinc [8]. Various agents can decrease
zinc absorption [9]; among them are phytates [10,11] and other metals such as copper and, to
a lesser extent, calcium and iron [12–15]. Based on average bioavailability, the recommended
daily intakes of zinc range from 10 to 15 mg in adults but may be higher under certain
circumstances, such as pregnancy and during lactation, where an extra 5–10 mg may be
required.

Within the body, two pools of zinc were identified. The majority of zinc (about 90%) is relatively
slowly exchanged with the blood plasma and, for example, concentrated in the bones. The
remaining 10% of zinc however is rapidly exchanged and it is this pool of zinc that needs daily
replenishment and that is therefore especially reactive to the amount of zinc absorbed in the
GI system. Exchange of zinc across membranes is mediated by two solute-linked carrier (SLC)
families, the SLC30A (ZnT-1 to ZnT-10) and the SLC39A (Zrt, Irt-like protein ZIP1 to ZIP14)
family. These transporters show tissue-specific expression and localize to distinct subcellular
compartments, where, in general, ZnT proteins transport zinc out of the cytosol and Zip
proteins move zinc into the cytosol.

Unfortunately, the clinical diagnosis of a zinc deficiency in humans currently faces major
limitations [16]. Although measuring zinc concentrations in blood plasma or serum is currently
the most commonly used method, this provides only a snapshot of the zinc status of an
individual, and given that serum zinc concentrations may fluctuate by as much as 20% during
a day [17], a single blood drawing has low validity. Alternatively, assessment of zinc levels in
hair or nail samples might be a preferable method as an average of zinc levels over a longer
period of hair or nail growth will be evaluated. The lack of generally accepted biomarkers of
zinc status complicates the assessment of zinc deficiency. Thus, zinc deficiency in humans is
probably commonly overlooked, especially if only mild or transient and the exact prevalence
is currently unknown [18]. In addition, the symptoms of mild zinc deficiency are much less
dramatic and more diffuse than those observed in AE. Mild zinc deficiency, for example, might
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not cause typical skin lesions. Nevertheless, current estimates are that about 17.3% of the global
population is at risk of developing zinc deficiency [19].

Given this relatively high number of potentially affected individuals, in the following, on the
background of nutritional deficiencies, we will provide a more detailed discussion of the role
of zinc in the body and its association with specific pathologies.

2. The role of zinc in the body

2.1. Zinc and the endocrine system

The endocrine system is comprised of a number of glands in the body and includes the ovaries,
the testes, and the thyroid, parathyroid, adrenal, and pituitary glands. Further, the pineal body,
the pancreas, and specific cells releasing hormones in the GI tract, kidney, heart, and placenta
are part of this system. Zinc has manifold influences on the endocrine system (Figure 1).
Among them, a role in the metabolism of androgen hormones, estrogen, and progesterone,
together with the prostaglandins, a role in the secretion of insulin, and a role in the regulation
of thymic hormones have been reported.

Figure 1. Overview of the major effects of zinc deficiency on the endocrine system. FSH, follicle-stimulating hormone;
LH, luteinizing hormone; NPY, neuropeptide Y.

An involvement of zinc in the regulation of sex hormones in males and females can be
concluded indirectly, as zinc deficiency in pregnancy is associated with disruption of the
estrous cycle, frequent spontaneous abortion, extended pregnancy or prematurity, inefficient
labor, and atonic bleeding [20,21]. On a molecular level, zinc deficiency in the female can lead
to impaired synthesis/secretion of follicle-stimulating hormone (FSH) and luteinizing hor‐
mone (LH). Moreover, the nuclear receptors for sex steroids contain zinc finger motifs in their
protein structure that might explain zinc dependency of these hormonal systems. In addition,
zinc deficiency alters testosterone levels and modifies sex steroid hormone receptor levels [22].
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Zinc deficiency affects the enzyme complex aromatase that is normally inhibited by zinc. The
increased activation results in an excessive conversion of testosterone into estradiol. Further,
zinc deficiency and the depletion of testosterone result in an inhibition of spermatogenesis [23]
in males.

Hypogonadism is a major manifestation of zinc deficiency. Although steroids might play a
role, it was speculated that the hypogonadism is due to a hypothalamic dysfunction and
associated with low insulin-like growth factor 1 (IGF-1) levels. Testicular development can be
rescued by zinc supplementation [24].

Zinc also improves the stability of oxytocin, and the stabilization effect is correlated with the
ability of the divalent metal to interact with oxytocin. Zinc is essential for the binding of
oxytocin to its cellular receptor [25,26].

Zinc plays a key role in the synthesis, storage, and secretion of insulin. Zinc is able to stimulate
the action of insulin and insulin receptor tyrosine kinase. A low zinc status has been associated
with diabetes (types 1 and 2) [27] and zinc supplementation was reported capable of restoring
insulin secretion [28].

In mammals, insulin is synthesized in islets of Langerhans, made of four different cell types
in the pancreas. The majority are insulin-producing β cells. There, insulin is stored in a zinc-
containing hexameric form. Zinc deficiency can affect the ability of β cells to produce and
secrete insulin [29]. ZnT-8 (SLC30A8), a specific zinc transporter found localized at insulin
secretory granules in β cells, was identified [30,31]. ZnT-8 knockout mice show impaired
insulin secretion [32], and SLC30A8 variants, reducing ZnT-8 activity, increase type 2 diabetes
risk in humans [33].

Zinc also plays an important role in the regulation of nutrition. In humans and animals models,
marginal zinc deficiency has been shown to result in decreased appetite and low body mass
[34], features that can not only be observed in zinc deficiency but also in anorexia nervosa
patients [35]. Although the underlying mechanisms are currently not well understood, changes
in neurotransmitter concentrations and synaptic transmission at the hypothalamic level might
be associated with decreased appetite. Recent studies have also shown a relationship between
zinc and leptin [36]. Leptin is a hormonal protein, involved in features such as satiety and
energy balance, but was also reported as anti-obesity factor. The major target organ for leptin
is the hypothalamus, where leptin controls food intake through its receptors, inhibiting the
release of neuropeptide Y (NPY) which has an augmentative effect on food intake [37].
However, leptin also plays a role in immunity [38].

Further, a correlation between zinc deficiency in geriatric patients and reduced activity of the
thymus gland and thymic hormones has been reported [39]. Zinc promotes the conversion of
thyroid hormones thyroxine to triiodothyronine and zinc deficiency can result in hypothyr‐
oidism, a common disorder of the endocrine system characterized by decreased production of
thyroid hormone.

Finally, in animal models, zinc deficiency leads to a reduction in the activity of thymulin.
Thymulin is a nonapeptide produced by thymic epithelial cells that requires zinc for its
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biological activity [40]. Zinc is bound to thymulin in a 1:1 stoichiometry [41], which results in
a conformational change generating the active form of thymulin [42]. Thymulin is required for
maturation of T-helper cells, leading to a decrease in T-helper 1 (Th(1)) cytokines in zinc
deficiency [40]. This last example for a role of zinc in the endocrine system already hints toward
its additional involvement in regulatory processes in the immune system. There, zinc ions play
a role by binding to specific proteins but also as a second messenger regulating signal trans‐
duction in various kinds of immune cells [39].

2.2. Zinc and the immune system

The zinc status of an individual affects the majority of immunological events such as hema‐
topoiesis, immune cell function and survival, humoral immunity, and cytokine secretion [43–
45]. This results, for example, in an increased susceptibility to infections with a decreasing zinc
status as reported from animal models and human studies [46]. Similarly, in AE, one hallmark
symptom is a reduced immune function [47] that is visible through the atrophy of the thymus,
functional impairment and reduced numbers of lymphocytes, and increased susceptibility to
infections [48]. In contrast, beneficial effects of zinc supplementation have been found
regarding the incidence and duration of acute and persistent diarrhea [49–51], incidence of
acute lower respiratory infections [52], and duration of the common cold [53].

The immune response can be divided into two major mechanisms: innate and adaptive
immunity [54]. Zinc is involved in virtually all aspects of innate and adaptive immunity and
it is therefore not surprising that it has been reported that zinc deficiency results in a depressed
immune system (Figure 2). The effects of zinc on both mechanisms are based on the myriad
roles for zinc in basic cellular functions such as DNA replication, RNA transcription, prolif‐
eration and differentiation, and immune cell activation.

Figure 2. Overview of the major effects of zinc deficiency on the immune system. PMN, polymorphonuclear; NK, natu‐
ral killer.

Zinc Deficiency
http://dx.doi.org/10.5772/63203

27



Under physiological conditions, the normal response of the body against pathogens is initiated
by the activation of the complement system, macrophages, natural killer (NK) cells, and
polymorphonuclear (PMN) cells. Under zinc-deficient conditions, all these defending mech‐
anisms are affected [55–58]. For example, PMN are the first cells to actively enter an infected
tissue and their chemotaxis is reduced under zinc deficiency [59]. Moreover lytic activity of
NK cells is decreased during zinc deficiency.

During the acute phase, profound changes in zinc homeostasis occur, which may serve
multiple purposes. For example, altered zinc levels may serve as signaling factor, but zinc
redistribution that leads to a decrease in plasma zinc levels might also be used actively by the
immune system to attack certain intracellular pathogens. In addition reduced zinc levels lead
to a shift of leukopoiesis toward the generation of myeloid cells [44] and reduced extracellular
zinc may increase monocyte differentiation [60].

Adaptive immunity is mediated by T and B cells. Zinc deficiency was reported to alter the
number and function of neutrophil granulocytes, monocytes, and NK, T, and B cells [39]. In
particular, the vulnerability to infections is associated with an impaired T- and B-lymphocyte
development and activity [61–63]. T-cell progenitors mature in the thymus and zinc deficiency
causes thymic atrophy (see Section 2.1). During maturation, pre-T cells have been reported to
be most susceptible to zinc deficiency, which resulted in a loss of up to 50% of these cells in a
mouse model [44]. Mature T-helper cells promote the functions of other immune cells. For
example, T-helper cells play a role in the activation of macrophages. Cytotoxic T cells, in turn,
have a more direct role in the immune response by eliminating virus-infected cells and tumor
cells.

In addition, zinc deficiency leads to a reduction of premature and immature B cells and
decreases antibody production [64].

Further, zinc plays a role in the inflammatory response and in particular in the termination of
this process. Inflammatory processes, in particular sepsis, are associated with major changes
in zinc metabolism and homeostasis and accompanied by a redistribution of zinc between
tissues. This is underlined by data showing that zinc deficiency leads to aggravated inflam‐
mation, increased bacterial burden, organ damage, and mortality in a mouse model of sepsis
[65,66]. Similarly, in human patients belonging to a group with elevated risk for zinc deficiency,
a high incidence of sepsis has been reported [67].

Zinc is able to downregulate the production of inflammatory cytokines mediated via the NF-
kB (nuclear factor “kappa-light-chain enhancer” of activated B cells) pathway [68]. NF-kB
mediates the expression of pro-inflammatory cytokines, including TNF-α and IL-1b. Zinc
inhibits the I kappa B kinase (IKK) complex member IKKβ [69] and thus prevents downstream
translocation of NF-kB dimers into the nucleus [70], where they can increase gene expression
by binding to kB sites located within the promoter region of, for example, interleukin 6 (IL-6)
[71]. In monocytes, NF-kB activation depends on zinc. Under zinc-deficient conditions, this
anti-inflammatory feature is absent possibly contributing to prolonged or chronic inflamma‐
tion. However, there might be cell-type-specific responses of NF-kB signaling to zinc [39].
Moreover, immune cells contain a vast number of different zinc‐dependent enzymes / proteins
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that, so far, have not been studied in detail but are likely involved in the immunomodulatory
functions of zinc.

There is a close relation between inflammatory processes and oxidative stress [43]. Under
physiological conditions, zinc itself is not an antioxidant, because it does not participate in
redox reactions, but is considered a “proantioxidant” [72] since it protects cells from the
damaging effect of oxygen radicals generated during immune activation [73]. For example,
zinc release from thiolate bonds can prevent lipid peroxidation [74] and release from metal‐
lothioneins (MTs), major zinc-buffering proteins in cells, may reduce membrane damage by
free radicals during inflammation. Zinc deficiency causes an elevation of oxidative stress and
zinc supplementation was shown to decrease markers of oxidative stress [43].

Intriguingly, changes in immune function similar to those seen during zinc deficiency were
observed in immunosenescence [75]. For example, thymic atrophy, increased inflammation,
impaired cellular and humoral immune responses, and recurrent infections were observed
[76]. These observations suggest that age-dependent zinc deficiency could be a contributing
factor to the age-related decline in immune system function.

2.3. Zinc and the brain

Zinc is one of the most abundant trace metals in the brain. There, different pools of zinc can
be found. More than 80% of brain zinc is bound to proteins regulating their protein structure,
participating in signaling, or acting as cofactor of enzymes. Free (aqueous) zinc exists pre‐
dominantly within synaptic vesicles of presynaptic terminals of glutamatergic (zincergic)
neurons mostly in the hippocampus, amygdala, and cerebral cortex serving as signaling ion
and neuromodulator. During development, brain zinc concentration constantly rises until
adulthood where zinc levels remain constant at around 200 μM total brain zinc [77]. During
neonatal development the highest zinc levels can be found in the cerebellum, which is
accompanied by the rapid growth due to the necessity for motor skills acquisition during this
developmental stage. In the adult brain, zinc is especially enriched in the hippocampus and
cerebral cortex. On cellular level, in neurons, zinc is diffusely distributed in the cytoplasm and
nucleus [78] mainly bound to proteins. However, zinc is also found in neuronal processes [78]
and in vesicles of presynaptic terminals [79,80].

The brain zinc homeostasis is tightly controlled by transporters at the blood-brain barrier (BBB)
and by intracellular regulatory system. In order to cross the BBB, an active transport of zinc is
required. So far the mechanism behind zinc uptake is not fully understood but zinc transport
might be mediated by L-histidine [81] and the membrane transporter DMT1 (divalent metal
transporter 1) [82]. Further, the export of zinc into brain extracellular fluid remains to be
deciphered. In brain cells, zinc homeostasis is controlled by zinc transporters and small zinc-
binding proteins. Proteins of the ZnT family transport zinc out of the cytoplasm into organ‐
elles or out of the cell, and ZIPs transport zinc into the cytoplasm. Further, intracellular zinc
homeostasis is regulated by small zinc-binding proteins like the MTs. Among them MT3 is
brain specific.
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Brain development is a tightly controlled and highly concerted succession of processes
including proliferation, differentiation, apoptosis, maturation, migration, myelination as well
as synaptogenesis, and pruning. Animal experiments have shown that zinc is involved in all
these processes and that zinc deficiency during early embryonal development has teratogen‐
ic effects and affects all organ system but the brain seems to be particularly vulnerable. It is
noteworthy that consequences of zinc deficiency strongly depend on the degree of severity as
well as the time of onset during development. For example, severe zinc deficiency during early
developmental stages is associated with neural tube closure deficits [83,84] and brain malfor‐
mations. Marginal zinc deficiency during the whole course of pregnancy in turn affects the
proliferation of neural progenitor cells, the expression of N-methyl-D-aspartate receptor
(NMDAR), and growth and transcription factors which in turn affect the regulation of
signaling pathways involved in brain development and function in the offspring of zinc-
deficient mothers [85–87]. If zinc deficiency occurs during postnatal development, pups
showed a decreased brain size; reduced brain DNA, RNA, and protein concentrations [88] as
well as decreased numbers of neurons and impaired dendritic arborization in the cerebel‐
lum of Purkinje, basket, stellate, and granule cells [89–91]; and decreased numbers of progen‐
itor cells in the dentate gyrus.

The number of stem cells is reduced in the offspring of zinc-deficient animals [92]. Further, in
vivo and in vitro studies have shown that zinc deficiency leads to a decrease in progenitor cell
proliferation, most likely due to the arrest of the cell cycle whereby cell proliferation is
inhibited. In addition, the amount of spontaneous apoptosis is increased under zinc-defi‐
cient conditions [87,93,94]. Similarly, knockdown of the zinc transporter Zip12 leads to
disturbances in neuronal differentiation affecting neurite sprouting and outgrowth, neurula‐
tion, and embryonic development [84]. These features were accompanied by a reduced tubulin
polymerization that was observed in Zip12 knockdown mice as well as in pups of zinc-deficient
mothers [84,95,96]. Given that transcription factors like nuclear factor of activated T-cells and
NF-kB need a functional cytoskeleton for nuclear shuttling [86,97], it is not surprising that
prenatal zinc deficiency leads to a deregulation of transcription factors in neurons that are
crucial for brain development through regulating the expression of genes that are involved in
proliferation, differentiation, and synaptic plasticity [86].

Even if the zinc deficiency occurs only during pre- or early postnatal development and zinc
levels are completely restored at adulthood, long-term effects can be observed in the off‐
spring of zinc-deficient mothers. Prenatal zinc-deficient mice showed impaired maternal
behavior, impaired auditory discrimination, alterations in ultrasonic vocalizations of adult
males to female urine, increased aggressiveness and emotionality [98–101], severe learning
deficits and memory impairments [102–105], and enhanced stress response [106,107] when
they were tested as adults. Given the fact that these behavioral alterations observed in prenatal
zinc-deficient animals resemble behavioral patterns of people suffering from neurodevelop‐
mental and neuropsychiatric disorders like autism spectrum disorders, schizophrenia, and
depression, a role of zinc deficiency in the etiology of these disorders is possible (see below).

Zinc is not only needed during brain development but also to maintain proper brain func‐
tion. As already mentioned, free zinc is stored in presynaptic vesicles together with gluta‐
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mate in zincergic neurons of the hippocampus, amygdala, and cerebral cortex. During synaptic
activity, zinc is released and serves as signal ion. Enriched in the synaptic cleft, zinc can
modulate synaptic signal transduction via the modulation of glutamate receptors, ion
channels, cell adhesion molecules, and the pre- or postsynaptic uptake of calcium [82] or may
directly act as neurotransmitter via metabotropic GPR39 receptor (GPR39) [108] that is
involved in glutamatergic transmission [109]. For example, zinc can allosterically inhibit
NMDA receptors through binding to a subunit at low levels or inhibit NMDAR in a voltage-
dependent manner at high levels [110] and therefore modulate the signal transduction at the
postsynaptic site. Additionally, zinc is also able to modulate α‐amino‐3‐hydroxy‐5‐methyl‐4‐
isoxazolepropionic acid receptor properties [111,112]. Through the mentioned receptors and
voltage-dependent calcium channels, zinc can also enter the postsynaptic neuron and increase
the intracellular zinc concentration, which might serve as additional signal. For example, the
availability of zinc within the postsynaptic neuron is necessary for, and modulates the
assembly of, the postsynaptic scaffold where receptors are anchored [98,113]. Furthermore,
the increase of intracellular zinc concentration affects and sometimes is necessary for the
induction of long-term potentiation (LTP) through the modulation of kinases and neurotro‐
phic factors activity [114,115]. LTP is believed to be the molecular process underlying memory
formation indicating that the increase of cytosolic zinc plays an important role in learning and
cognitive performance [116]. However, zinc is not only taken up by the postsynaptic neuron
but also by the presynaptic neuron where it might act in a negative feedback mechanism
preventing further glutamate release [117,118].

Figure 3. Overview of the major functions of zinc in the brain and effects of zinc deficiency.

Given the multifaceted action of zinc in the brain (Figure 3), it is not surprising that zinc
deficiency leads to alterations in cognitive performance and behavior in animal models and
possibly humans. Acute zinc-deficient animals demonstrated impaired learning and memo‐
ry behavior [119–122], increased aggressiveness [123] and hyperreactivity/irritability [98], and
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anxiety as well as depressive-like behavior [109,124]. Additionally, neurosensory functions
like smell and taste are impaired through zinc deficiency [125].

The dysregulation of zinc homeostasis is a common and well-investigated feature in neuro‐
degenerative disorders like Alzheimer’s disease (AD) or Parkinson’s disease (PD), but only
little is known about the role of zinc in the normal aging process of the brain although elderly
people frequently suffer from zinc deficiency [126,127] that might be due to lower dietary
intake, chronic inflammation, and an age-related decline in zinc transport mechanisms
[128,129]. A decrease in histochemically reactive zinc has also been reported in aged animals
[130]. Additionally, in a rodent model of aging, zinc was less distributed in the hippocam‐
pus, and the expression of ZnT3, a zinc transporter responsible for the transport of cytosolic
zinc into synaptic vesicles, was significantly reduced [131]. Given that zinc is important in
synaptic plasticity, the underlying cellular mechanism of learning and memory and a lower
availability of zinc in the aging brain might affect this feature.

Taken together, zinc has a pivotal role in the brain during all stages of life. Zinc deficiency
during brain development leads to persistent deficits in cognitive functions and behavior. In
adults, zinc deficiency results in disturbed behavior and may contribute to the age-depend‐
ent decline of cognitive performance. Therefore, alterations in zinc homeostasis are intensive‐
ly investigated in brain disorders but zinc deficiency affects all organ systems of the body and
therefore can lead to a plethora of disorders.

3. Zinc deficiency and associated disorders

Zinc deficiency itself is associated with several clinical signs. For example, marginal zinc
deficiency may result in depressed immunity, impairment of memory, neurosensory prob‐
lems such as impaired taste and smell as well as onset of night blindness, and decreased
spermatogenesis in males [46,132]. Severe zinc deficiency is characterized by a more severe‐
ly depressed immune function resulting in frequent infections, dermatitis, diarrhea, alopecia,
and mental disturbances [46].

In 1961 it was hypothesized for the first time that human nutritional zinc deficiency of
environmental origin might be associated with a disorder in the form of adolescent dwarf‐
ism. Patients found in Iranian villages that consumed a severely restricted (inadequate) diet
consisting mainly of wheat bread with animal protein food sources largely absent displayed
growth retardation and hypogonadism and were iron deficient [133]. Dwarfism and absent
sexual maturation were assumed to be caused by zinc deficiency. Likewise in 1967 zinc
deficiency was reported as the etiological factor responsible for retarded sexual develop‐
ment and growth in adolescents from rural Egypt with similar dietary habits [1,2,134]. Zinc
supplementation resulted in the subject’s growth and in the development of their genitalia.

In these cases, zinc deficiency was based on nutrition. It is known from congenital defects like
mutations in the zinc transporter ZIP4 that severe zinc deficiency can even become lethal.
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However, zinc deficiency is also associated with specific disorders. Few of them will be briefly
discussed here exemplarily. Alterations in zinc homeostasis have been implicated in various
neurodegenerative, neurological, and neuropsychological disorders such as mood disorders,
autism spectrum disorders (ASD), AD, PD, Huntington’s disease (HD), multiple sclerosis
(MS), and amyotrophic lateral sclerosis (ALS) [135,136].

Probably the strongest association of acute zinc deficiency and a brain disorder is found
regarding depression. Therefore, this topic is discussed in a separate chapter in this book.

Zinc deficiency during brain development in turn seems to result in a different clinical picture,
arguing for multiple roles of zinc in brain development and adult brain function. For exam‐
ple ASD, a group of neurodevelopmental disorders characterized by the core features of
impairments in social interaction and communication as well as repetitive and restrictive
behavior [137] might develop influenced by both a genetic component and non-genetic factors
such as zinc deficiency during development and early in life [138,139]. Accordingly, investi‐
gation of zinc levels in autistic children using hair samples revealed a high prevalence rate for
zinc deficiency especially in the youngest age group (0–3 years) [140,141]. Rodent animal
models of embryonic zinc deficiency display depending on the severity of zinc deficiency
autism-like behavior as well as behavioral symptoms associated with common comorbidi‐
ties of ASD [98]. Besides memory and learning deficits as well as impaired social behavior in
prenatal and perinatal zinc-deficient mice and rats [142], in mouse models of acute and prenatal
zinc deficiency, hyper-responsiveness, seizures, and impaired ultrasonic vocalization were
observed.

However, besides zinc deficiency causing or contributing to the etiology of a disorder, zinc
deficiency that can be systemic or local can also be the consequence. In AD, for example, the
most common form of dementia that is characterized by extracellular amyloid plaques
consisting of amyloid-β (Aβ) polymers and intracellular neurofibrillary tangles composed of
tau protein, zinc is sequestered by the zinc-binding Aβ peptides into extracellular senile
plaques. Due to the importance of zinc for proper brain functionality and high prevalence of
zinc deficiency among elderly people, the potential role of zinc as a contributing and modify‐
ing factor in the course of AD moved into the spotlight of research. While there has been
emerging evidence of abnormalities in AD regarding brain zinc, copper, and iron homeosta‐
sis, there seems to be a lack of consensus regarding alterations in peripheral zinc status [143].
While several studies reported a significant decrease in serum zinc level of AD patients, others
detected a significant increase while some found no difference between patients and con‐
trols [144]. One of the possible roles of zinc in AD is its involvement in Aβ accumulation. In
plaques both copper and zinc are able to bind Aβ directly. Thus, analysis of Aβ plaques of
postmortem AD brain reveals high concentrations of accumulated zinc and copper [143]. Since
Aβ is proteolytically cleaved from the amyloid precursor protein (APP), a possible role of zinc
in APP synthesis and processing was investigated. APP is cleaved in its Aβ region by α-
secretase leading to the production of soluble amyloid precursor peptide (sAA) [145] before
by cleavage with β- and γ-secretase, the Aβ peptide is formed [144,146]. In APP’s ectodo‐
main, which includes the position of the cleavage site of α‐secretase, the enzyme responsible
for the first processing step, a zinc-binding site is localized [147] suggesting a possible influence
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of zinc on the secretase’s activity [144]. In case of zinc deficiency, not only APP cleavage but
also synaptic transmission and plasticity might be impaired by sequestration of zinc
[148,149].

Besides the brain, high concentration of zinc compared to other tissues can be found in
pancreatic tissue, suggesting a role in endocrine and exocrine function of the organ [150,151].
Most importantly, zinc plays a role in synthesis, secretion, and signaling of insulin [152]. Due
to its various functions in the pancreas, alterations of zinc homeostasis have been implicated
in the pathogenesis of diabetes and in impaired insulin sensitivity [151,153]. Furthermore,
hyperzincuria and hypozincemia are frequently diagnosed in diabetic patients [151,153].
Assessment of serum zinc levels in a set of type 1 and type 2 diabetic patients in comparison
to healthy controls revealed significant lower mean serum zinc levels in the diabetic groups
[154]. db/db mice, an animal model for obesity and diabetes, exhibit hyperglycemia, hyperin‐
sulinemia, hyperleptinemia, and obesity. After dietary zinc supplementation they showed an
attenuated fasting hyperinsulinemia and hyperglycemia and elevated pancreatic zinc levels.
In db/db mice on a zinc-deficient diet, an opposite effect was observed indicating a possible
connection between glycemic control and zinc [155]. Likewise in human studies, beneficial
effects of zinc in diabetes type 1 and type 2 have been described [156,157].

Figure 4. Symptoms of zinc deficiency and associated disorders. ADHD, attention deficit hyperactivity disorder; ALS,
amyotrophic lateral sclerosis. Intriguingly, a high number of brain disorders seem to be associated with zinc deficien‐
cy.

Taken together, due to the manifold roles of zinc in various organ systems as a key structur‐
al component of enzymes and proteins but also signaling ion, zinc deficiency, depending on
the time of onset, duration, severity, and systemic or tissue-specific nature, can result in a
variety of symptoms with different severities. Further, zinc deficiency is associated with
several disorders, probably acting as trigger, modifier, or even cause (Figure 4). However, the
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molecular mechanisms how zinc deficiency contributes to specific phenotypes are currently
not well understood.

4. Conclusions

Although only recently recognized, the importance of zinc as essential trace metal in the body
and in particular as signaling molecule is substantiated greatly. Zinc is a trace element with
various roles in physiological processes (Kaur et al., 2014). It has been used as a drug in the
prevention and treatment of some diseases and new strategies for more targeted delivery or
modification of zinc signaling are promising future therapeutic approaches, especially in brain
disorders (Ayton et al., 2015; Lee et al., 2015). In addition, the present knowledge about zinc
signaling in the various processes and involved pathways seems to be disconnected by specific
types of zinc signal used, with different kinetics and sources of zinc. However, most likely, an
interplay between the different systems described above may exist by common underlying
principles of zinc signaling.

The high rate of the world’s population that is at risk for inadequate zinc supply underlines
the need for further research on zinc signaling and the need for public health programs to
control zinc deficiency.
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Abstract

Recently, zinc emerged as an important signaling molecule, activating intracellular
pathways and regulating cell fate, although our knowledge remains incomplete. Zinc
is  required in  many enzymatic  and metabolic  pathways,  playing roles  as  enzyme
cofactors. In normal cell physiology, optimal zinc availability is essential for regular
growth and proliferation. Zinc accumulation has varied effects: from stimulation to
inhibition of cell growth, depending on type. There is evidence that zinc is capable of
inducing apoptosis in some cancers, while others proved that zinc may act as apopto‐
sis activator depending on the dose and cell type. Upregulation of telomerase in most
cancer tissues is considered to be responsible for unlimited proliferation of cancer cells,
and in some cell lines, it was induced by Zn. These suggest that Zn is highly involved
in cell cycle and metabolism; whether it goes to the survival or the cancer pathway
depends on the concentration and the cell type involved. Nevertheless, the conclusion
is that Zn is not just another trace element; but a vital one and further studies are needed
to elucidate the mechanisms involved in cancer and metastatic  spread in order to
identify potential therapies.

Keywords: functions of zinc, zinc deficiency, high concentration of zinc, cancer, zinc,
lung cancer, deficiency, homeostasis

1. Introduction

Zinc is one of the most important trace elements in the body. It has a catalytic/regulatory role
in many enzymes, maintains the structural integrity of different proteins, and modulates
protein-protein interactions. At the cellular level, zinc is essential for cell proliferation and
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survival, contributes to genomic stability and antioxidant defense, which highlights its crucial
role in aging and age-dependent degenerative diseases.  Zinc is  indispensable for proper
immune function, its insufficiency may exacerbate immune-senescence, and zinc supplemen‐
tation is beneficial to immune responses in the elderly [1]. In the intracellular environment,
zinc interacts with signal transducers implicated in immune response and influences both the
structural stability and function of immunologically relevant transcription factors [2]. Zinc is
needed for DNA synthesis, RNA transcription, cell division, and cell activation. Program‐
med cell death (apoptosis) is potentiated in the absence of adequate levels of zinc under
physiological conditions [3].

During the past four decades, a spectrum of zinc clinical deficiencies in human subjects has
emerged. On one hand, the manifestations of zinc deficiency (ZD) may be severe, and on the
other end of the spectrum, ZD may be mild or marginal [3]. Micronutrient deficiencies are an
important and global public health problem. In Mexico, the first comprehensive picture of the
frequency and distribution of micronutrient deficiencies was presented by the Mexican
National Nutrition Survey of 1999. Zinc deficiency was the second most common micronu‐
trient deficiency; 34% of which was found in infants [4]. Several studies have now confirmed
that ZD is fairly prevalent in developing countries, affecting nearly two billion subjects and
that growth retardation commonly observed in these countries may indeed be due to ZD [5].
Increased prevalence of obstructive lung disorders and lung cancer is associated with low
dietary Zinc (Zn) intake and thought to be due, at least in part, to protective effects of Zn against
cadmium, which is toxic and accumulates in alveolar macrophages (AM). Among the actions
of Zn ions on the immune system are its effects on phagocytic cells. Hamon and colleagues [6]
suggested links between lung injury, impaired phagocytosis, and Zn deficiency. In the
bloodstream, zinc insufficiency may also contribute to cardiovascular risk via its association
with reduced antioxidant capacity [7], endothelial dysfunction [8], arterial wall stiffness, and
increased systolic blood pressure [9, 10].

The use of zinc as a nutritional supplement has become very common in many countries.
However, adverse effects of high doses of zinc supplement on immunologic functions have
not been clearly defined. Some studies from animal models show that high dietary zinc
increased the functions of T lymphocytes and macrophages [11, 12]. Other studies reported a
decrease in lymphocyte stimulation response, chemotaxis and bacterial phagocytosis of
polymorphonuclear leukocytes, and monocyte function and neutropenia by high oral intake
of zinc [13, 14].

2. Zinc, extracellular matrix, and cancer

Zinc was demonstrated to have the ability to neutralize free radicals protecting the body from
harmful effects, immune disorders, and increased risk of cancer [15]; therefore, the deficien‐
cy of zinc may increase oxidative stress [16, 17]. Importantly, an increase of oxidative and
nitrosative stress and inflammation in rat lung, in a stage of marginal zinc deficiency, was
found [16, 18].
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Cell-cell and cell-extracellular matrix interactions are essential in the development and
maintenance of normal tissue cytoarchitecture and play an important role in the develop‐
ment and progression of many types of cancer [19]. Simultaneously, with the changes causing
the immortalization of epithelial cells, there is a gradual evolution of the tumor microenvir‐
onment [19].

The extracellular matrix (ECM) represents a very complex network of structurally, mechani‐
cally, and biochemically heterogeneous components [20] including: collagen, elastin, fibrillin,
fibulin, glycoproteins, and integrin receptors of ECM components [19, 21]. The systems that
regulate deposition and stability of the ECM also include chaperones and enzymes that
catalyze the post-translational processing of ECM components, as well as systems that
destabilize and degrade the ECM to facilitate its renewal [20, 21].

It is known that matrix metalloproteinases (MMPs) are a family of zinc dependent endopep‐
tidases which main function is to degrade and deposit structural proteins within the ECM. The
production of MMPs is stimulated by factors such as oxidative stress, growth factors, and
inflammation which lead to its up or downregulation with subsequent ECM remodeling [22].
Normally, excess MMPs activation is controlled by tissue inhibitors of metalloproteinases
(TIMPs). MMPs and TIMPs imbalance has been implicated in multiple diseases [22]. Recent
studies have demonstrated that ECM and basement membrane degradation by MMPs play an
important role in tumorigenesis by modulating cell proliferation, apoptosis, and host im‐
mune surveillance, tumor invasion and metastasis [23]. In addition, MMP-9 acts as an
important oncogene, thereby improving the invasiveness of cancer cells. It has been suggest‐
ed that a high level of MMP-9 confers a poor prognosis in various cancers [24]. On the other
hand, MMP2 (gelatinase A) has attracted particular interest in neoplasias, since it degrades
type IV collagen, a major component of basement membrane undergoing destruction at an
early stage of the invasive process [25].

It is generally accepted that a fundamental process for distant metastasis formation compris‐
es epithelial-mesenchymal transition (EMT), during which tumor cells lose their epithelial
properties and acquire a fibroblast-like phenotype; as a consequence, reduced intercellular
adhesion, enhanced invasiveness, and increased apoptotic resistance of cells [26, 27]. In the
early stages of tumor, several signaling pathways are activated, such as growth factors and
zinc-finger transcription factors including Snail [26, 28]. In fact, Snail-1 has been shown to be
crucial during cancer progression and metastasis. In colon cancer patients, enhanced levels of
Snail1 are usually associated with poor clinical outcome [26, 29]. Recent studies in Snail-1
deficient mouse embryos support the idea that transcriptional repression of E-cadherin
(cellular adhesion molecules) is associated with Snail-1 activity [26].

Marginal ZD was also associated with oxidative stress and inflammation in both mammary
gland ductal epithelium and adipocyte-rich stromal. Excess of collagen directly inhibits
mammary gland expansion and has major implications for breast disease risk [30]. Zinc-
dependent enzyme MMP2 activity, a critical protein for ductal elongation and infiltration into
the mammary fat pad, was also modified in ZD mice mammary glands [30].
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Heat shock proteins are chaperones that play a pivotal role in cells survival under stressful
conditions. Under normal conditions, Heat shock protein 27(Hsp27) is weakly expressed in
cells; however, once stress occurs, Hsp27 expression increases, exerting an anti-oxidative
damage function [31]. We analyzed the effect of Zn deficiency on the expression of cytopro‐
tective factors (Hsp27 and Hsp70i) where both chaperones increased and are consistently
associated with cellular stress and inflammation in lung [32, 33]. Likewise, Hsp70 has a role
in iNOS induction [16, 31, 33]. In addition, proliferating cell nuclear antigen (PCNA) expres‐
sion was increased in the ZD group [31, 34]. Qin and colleagues [31] demonstrated a possi‐
ble association between PCNA and Hsp27 expression in retinoblastoma tumor. There is a lot
of evidence that PCNA expression can be used as an index for evaluating malignant tumor
cells proliferation, as well as the malignant potential and prognosis of a tumor [31, 35, 36].

Molecular mechanisms that define the pathological and physiological activities of EMT in
distinct cellular contexts likely intersect. Zinc could act as trigger factor of events cascade in
the ECM. Therefore, in order to understand some of the pathological mechanisms involved in
cancer and metastasis, it would be necessary for more studies.

3. Zinc and apoptosis in lung cancer cells: excess or default?

Zinc plays a role in several intracellular signaling pathways, and its deregulation is present in
various cancers. Levels of zinc in serum and malignant tissues of patients with various types
of cancer are abnormal, supporting the involvement of zinc in cancer development. Imba‐
lance of zinc transporters cause intracellular and serum zinc levels alteration. Patients with
lung, breast, liver, and prostate cancer exhibit zinc deregulation in a meta-analysis per‐
formed in [37]. Zinc level decreases in lung cancer, but it is unclear whether hypozincaemia is
a consequence of tumor, chronic stress, or a combination of both effects [38]. Stress, infection,
or chronic diseases lead to redistribution of zinc between body compartments, and thus reduce
zincaemia [39].

Zinc is required for both normal cell survival and for cell death via its role in apoptosis, which
is strongly regulated. Its deregulation is central to the pathogenesis of a number of diseases,
including cancer. As such, the factors like zinc that regulates the execution phases of apopto‐
sis are of great interest as potential therapies. Free zinc ion does not only act as an inhibitor
but also may act as an activator of apoptosis depending on dose and cell type. Franklin et al.
[40] reviewed the effects of zinc on the regulation of apoptosis in malignant cells, because it is
reported to both induce apoptosis in some cancers and to protect other cancer cells against
apoptosis induced by other factors. They studied prostate, breast, liver, pancreas, and ovarian
cancer finding that zinc is an apoptogenic agent in ovarian epithelial cells, in breast epithe‐
lial cells, and in prostate cells [40].

It is well known that lung cancer is the leading cause of cancer-related deaths in both men and
women. Lung cancer is subdivided into two types based on cell type and pathology: small-cell
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ry. Kocdor et al. [42] found that zinc exhibited growth inhibitory and apoptotic effects in a
dose-dependent manner, up to the IC50 concentrations for cultured lung cancer cells.
Importantly, these effects were significantly increased when zinc and docetaxel (derived from
the paclitaxel—natural compound isolated from pacific yew tree bark) were combined to treat
lung cancer. Importantly, zinc deficiency reduces paclitaxel efficacy in cultured prostate cancer
cells, whereas increased intracellular zinc concentrations sensitize prostate cancer cells to
cytotoxic agents, including paclitaxel, via inhibition of NF-κB activation [43, 44]. Therefore,
authors proposed that zinc supplementation may have growth inhibitory effects against
NSCLC cells and may increase docetaxel efficacy [42]. The semisynthetic form, docetaxel,
primarily stabilizes cytoplasmic microtubules via binding to the β-tubulin site, causing cell
cycle arrest at the G2/M phase and driving apoptosis. Therefore, the IC50 doses of docetaxel
and zinc were higher for the p53-null H1299 cells than A549 cells. Functional p53 status may
influence docetaxel and zinc-induced cytotoxicity. PTEN-PI3K-Akt-Bax signaling cascade is
involved in the therapeutic effect of combined radiation/paclitaxel treatment in NSCLC
without p53 expression [45].

John et al. [46] proposed that zinc depletion induces cell death via apoptosis (or necrosis if
apoptotic pathways are blocked), while sufficient zinc levels allows maintenance of cell
survival pathways such as autophagy and regulation of reactive oxygen species. Although in
the results shown by meta-analysis zinc tissue levels are low in lung cancer [37, 38], two older
studies demonstrated the contrary: they exhibit elevated zinc levels when compared with the
corresponding normal tissues [47, 48]. Interestingly, while data of zinc levels in tumor tissue
is limited, it has been widely recognized that ZIP is upregulated in most cancers, thereby
indicating increased zinc concentrations in tumor majority [46]. Additionally, peripheral tissue
surrounding lung metastasis has higher zinc content than the corresponding normal tissue or
the tumor tissue itself [47]. Consequently, zinc levels regulation to promote immune cells
survival and tumor apoptosis are in order. Likewise adjustments in zinc homeostasis may be
a contributing factor in genetic alterations (ZNT, ZIP, metallothionein, etc.) or environmen‐
tal causes (nutritional status, exposure to zinc, microbial control) playing a role in the genesis
and/or maintenance of cancer [46].

Lung cancer chemotherapy treatments itself do not produce satisfactory results; however,
apoptogenic effect of zinc increased docetaxel therapy efficacy against NSCLC, achieving good
results. Zinc transporters are upregulated in lung cancer, but more data are needed to clarify
zinc tissue tumor values and its role in the triggering and progress of apoptosis to finally found
a successful therapy facing this scourge.

4. Zinc and telomerase

A telomere is a repetitive sequence of DNA that protects the ends of linear chromosomes from
deterioration and repair activity [49]. Mammalian telomeres consist of repetitive TTAGGG
sequences that are crucial to formation of the capping structures, which are bound by telomere-
binding factors called shelterin [50]. The shelterin complex is a six subunit complex com‐
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posed of directly binding proteins TRF1, TRF2, and POT16 and their associated proteins Rap1,
TPP1, and TIN2 [51].

Due to the inability of DNA polymerase to replicate the 5′ end of the lagging strand, the length
of telomeres is shortened progressively with each cell division, which eventually leads to
cellular senescence when the telomere length is reduced beyond the critical level [52]. It is
believed that the maintenance of telomeres is essential for the immortality of cancer cells.
Telomeres are maintained by a specialized reverse transcriptase, the ribonucleoprotein
telomerase, which is composed of a ubiquitously expressed RNA subunit, human telomer‐
ase RNA component [hTERC; 53], and a protein catalytic subunit, human telomerase reverse
transcriptase (hTERT), the expression of which is highly regulated [54].

Zn deficiency is known to suppress the proliferation of tumor cells [55], suggesting that Zn
has an important role in cell proliferation. The involvement of Zn in the proliferation of
lymphocytes and other non-cancer cells also has been documented [7]. But other evidence
shows that tumor size has a reverse relationship with zinc amount [56, 57].

In 2000, Nemoto et al. [58] studied how zinc modulates telomerase activity, showing that
treatment with 100 uM Zn enhanced telomerase activity in renal cell carcinoma (NRC-12) and
human prostatic cancer (DU145) cells. This enhancing effect of Zn suggests that it may not be
caused by cytotoxicity but rather by some biological events such as induction of Zn/binding
proteins or activation of transcription factors containing Zn-finger motifs. Based on that,
Zarghami et al. [59] studied the relation between Zn plasma and telomerase activity in bladder
cancer patients. Nevertheless, they only found a significant relationship between Zn and
Telomerase activity in the female patients, where the cancerous patients presented less Zn
concentrations than the control patients, with elevated enzyme activity, consistent with the
findings of Whelan et al. [60]. The study of Prasad et al. [61] also showed that patients with
head and neck cancer presenting bigger tumors had zinc deficiency as well [61]. Similar results
were found in lung cancer patients [62]. Therefore, there are paradoxical results regarding zinc
levels and its effect on cancer.

More recently, a new embryonic stem cell marker was discovered, zinc finger and SCAN
domain containing four genes (Zscan4), which has a key function in genomic stability by
regulating telomere elongation, and might also have a fundamental role in the mechanism
controlling telomere length regulation [63]. Zscan was also found to promote telomere
elongation during reprogramming, but it is not associated with increased telomerase activi‐
ty [64]. It has been shown that overexpression of Zscan4 rescues cell proliferation and causes
rapid telomere extension [64]. In 2014, Lee and Gollahon [65] showed that Zscan4 binds directly
to the shelterin complex member Rap1. Apparently, the binding between Zscan4 and Rap1
may be required for disrupting telomere protection dissociation of the t-loop to control
telomere length in telomere biology of cancer cells.

Another zinc-finger protein involved in cell differentiation, senescence, and apoptosis is
Zfp637. It belongs to the Kruppel-like protein family and comprises six consecutively typical
and one atypical C2H2 zinc-finger motifs. It has been reported that Zfp637 is located in nucleus
and behaves as a repression regulator in myogenic cellular differentiation by promoting
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mTERT expression [66]. Recently, in [67], it was provided the first mechanism through which
Zfp637 protects cells against oxidative stress-induced premature senescence. Zfp637 binds to
the mTERT promoter and transcriptionally activates mTERT. mTERT expression maintains
telomerase activity and telomere length and promotes cell proliferation. On the other hand,
the oxidative stress-triggered downregulation of Zfp637 results in depressed binding of Zfp637
to the mTERT promoter, leading to reduced levels of mTERT-dependent telomerase activity
and accelerated telomere shortening and cellular senescence, what can be reverted by
overexpression of Zfp637 [67].

All these studies show that several proteins involved in the activity of telomerase have Zn-
finger motifs, indirectly suggesting the involvement of this ion in cancer outcome. Unfortu‐
nately, more studies need to be done in order to assure if Zn presence or deficiency the
responsible for cancer onset.

5. Conclusion

The aim of this review was to look through the state-of-the-art concerning the zinc homeosta‐
sis and cancer. Zn microenvironment may play a key role in oxidative stress, apoptosis, and/or
cell signaling alterations which influences the behavior of malignant cancer cells. In fact, the
study of cancer biology has mainly focused on malignant epithelial cancer cells, although
tumors also contain a stromal compartment, composed by different type of cells and also
includes various types of macromolecules comprising the extracellular matrix. Following this
rationale, several hundred zinc supplementation studies have been conducted, investigating
the effects of zinc on cancer, often with contradictory results. The mechanisms responsible for
Zn accumulation and the consequence of Zn dysregulation are poorly understood, and mostly
dependent of the type of cell or tissue compromised. For this reason, further studies are needed
to elucidate the mechanism of this protection.
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Abstract

Adaptation is a challenge that plants have to undergo in order to survive in difficult
environments. Nutrient deficiency, stress, and microorganism attack are abiotic and
biotic factors that frequently impair plant wellness, which is reflected by low crop yield
and quality. Poor crops in turn affect human nutrition. To solve these problems, it is
necessary  to  understand  the  molecular  and  physiological  mechanisms  of  nutrient
uptake and adaptation to stress. With this knowledge, we may have the possibility to
generate new plants, which offer better yield due to their better health. This chapter
summarizes and compares iron uptake and assimilation as well as pathogen respons‐
es in plants and humans. We also discuss novel approaches for improving crops in the
context of human food quality.

Keywords: Iron uptake/absorption, Breeding, ROS, Pathogen

1. Introduction

Organisms have specific ways to assimilate necessary nutrients. Animals, including humans,
have to ingest food and process it mechanically and chemically during the digestion. The
principal nutrients needed by animals, such as carbohydrates, lipids, proteins, vitamins, and
minerals, are found in different sources [1]. A balanced alimentation is hence very important.
Lack of essential vitamins or minerals in the diet affects immunity and healthy development.
This condition of unproportional alimentation is called undernourishment. Nutrition prob‐
lems have always been an issue in third world or developing countries. Nowadays, about 104 
million children worldwide are underweight (2010). The WHO has a project to reduce by 40%
the number of children that are stunted due to the undernourishment until 2025. Currently, in
Central  Africa over 60% of  the population is  undernourished,  followed by Southeastern
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Africa (∼40%) and Southern Asia (∼20%), which are the regions most affected by undernour‐
ishment [2, 3] (Figure 1).

Figure 1. Worldwide map of undernourishment (2000). (A) The map illustrates the resized world corresponding to the
number of under‐nourished people living in the different regions. (B) The chart shows the percentage of undernourish‐
ed people living in the different regions. Africa and southern Asia are the most affected regions with almost 50% of all
undernourished people worldwide (adapted from [3], Map 178).

In regions with high undernourishment, many people do not have access to a varied diet and
their main alimentation consists in only one specific sort of crop. In theory, crops can be
fortified by increasing the level of nutrients or uptake‐promoting substances in the soil. For
example, raising the supply of the essential micronutrient elements Zn, Ni, I, and Se increas‐
es their concentration in the grains of several plant products [4]. Unfortunately for other
micronutrients, such as Fe, the sole supplementation of the soil with Fe salts is not sufficient
to step up the iron quantity in the crops. Foliar fertilization is the best way to increase Fe content
in crops, but the cost and effort are not economically interesting [5–7].

Fe deficiency in the form of anemia affects more than 2 billion people on the planet, being the
most common nutritional problem in the world (WHO 2005), and regions with Fe deficiency
anemia coincide with those of undernourishment, particularly Asia, Africa, and Latin
America (compare Figures 1 and 2).

Figure 2. Iron deficiency anemia deaths. (A) The size of the regions corresponds to the number per million deaths
associated with Fe deficiency anemia (2002). (B) The chart shows the number of people per million inhabitants living in
the different regions. Africa, Asia, and South America are the most affected (adapted from [3], Map 414). (adapted
from [3], Map 414).
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Due to the poor conditions and the lack of access to diverse nutritious food, it is difficult to
counteract this problem by just supplementing the food with iron. Genetic engineering is a
suitable approach to fortify plants with organic nutrients. In the case of Fe, it is important to
not only find a way to increase the efficiency of the uptake into the plant but also the trans‐
port inside the crop, and more importantly to improve the bio‐availability of Fe for assimila‐
tion in humans [8, 9]. An attractive source and plant crop have to be chosen. For example,
cassava or manioc (Manihot esculenta) is extensively used by humans for food, livestock, and
extraction of starch. Manioc can be cultivated for over 30 years in the same field without
fertilizer even in poor soil conditions [10, 11]. Besides, roots can be conveniently stored and
also remain in the soil for a long time. Although cassava is one of the basic foods for around
800 million people in the world, it is not a good source for iron and other nutrients [12]. Using
genetic engineering, [13] researchers were able to introduce a green algae gene (FEA1) in
cassava and thus increase the storage of iron in the roots from 10 to 36 ppm. This amount of
iron would cover the daily requirements for an adult in a meal of 500 g.

In humans, the iron absorption is strictly regulated. Iron overload is not caused by the
consumption of high‐iron diets but more by an inadequate ingestion of iron supplements or
genetic defects in the regulation of iron homeostasis and iron overload diseases [14].
Difficulties in iron homeostasis produce reactive radicals, better known as reactive oxygen
species. Such radicals are capable of damaging almost every molecule in living cells such as
DNA, lipids, membrane proteins causing various diseases in humans including vascular
diseases and cancer [15].

Iron is an essential element for animals, bacteria, fungi, and plants and similar disease
problems as in humans may be found. A competitive situation may arise between organ‐
isms when they live in close relationship. This is interesting in host–pathogen interaction
systems, where a competition for nutrients between host and pathogen is a determinant for
an effective immune system and can affect susceptibility and resistance to a pathogen [16].

2. Iron uptake in plants

Depending on the composition of soil particles, the soil can have different characteristics, some
of which define it as fertile. The soil should provide a wide microorganism population, and
for most crop plants, a soil pH around 5.5 and 7 is ideal due to the availability of nutrients.
The texture of the soil is crucial for the aeration, irrigation, and adequate root proliferation. Its
texture is characterized by the amount of sand, silt, and clay particles. High amount of clay
particles is necessary to retain essential nutrients and for soil humidity [17]. Around 5.6% of
the Earth's crust consists of iron (Fe), belonging to the five most abundant elements. However,
the bioavailability of this metal is restricted and plants developed strategies for its mobiliza‐
tion [18]. Iron is a transition metal, and its valence electrons are present in more than one shell
so that atoms can be present in several oxidation states [19]. In the nature, iron is present in
two biologically important forms, the ferrous (Fe2+) and ferric (Fe3+) form. In acidic environ‐
ment, iron acts as a reducing factor, whereas in basic medium, it acts as an oxidizing agent [20].
In soil, Fe3+ predominates and is attached to silicate structures and hydroxides. In order to take
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up the Fe ions, plants have strategies to dispatch iron from soil particles, chelate or reduce it
and transport it into the plant root cells.

2.1. Strategies of iron uptake in plants

Regarding iron uptake, land plants can be separated into two main groups: Strategy I and
Strategy II plants. All plants, except grasses, carry out Strategy I iron uptake. Among them are,
for example, tomato (Lycopersicon esculentum), tobacco (Nicotiana tabacum), potato (Solanum
tuberosum), and the model organism Arabidopsis thaliana. Strategy II plants are all sweet grasses
including rice (Oryza sativa), maize (Zea mays), barley (Hordeum vulgare), and wheat (Triticum
spp.). Studies demonstrated that iron uptake was more efficient in barley (Hordeam vulgare)
than in cucumber (Cucumis sativus) especially at higher pH, which would give Strategy II plants
an advantage over Strategy I plants [21].

Figure 3. Strategy I and Strategy II iron acquisition in plants. Strategy I plants, exemplified by Arabidopsis thaliana (left
side), take up iron in three steps: first, in order to liberate Fe3+ ions, the proton pump AHA2 acidifies the rhizosphere.
The secretion of phenolic compounds through the ABCG37 transporter increases the solubilization of iron. Second, the
iron reductase FRO2 reduces Fe3+ to Fe2+ that finally is transported into the epidermis cell by the iron transporter IRT1.
Inside of the plant citric acid or nicotianamine chelate Fe3+/Fe2+ for further transport within the plant via xylem or
phloem. The iron uptake in strategy II plants, exemplified by Zea mays and rice (right side) consists of two steps: firstly,
TOM1 exports phytosiderophores into the rhizosphere to solubilize Fe3+ ions. The Fe3+/PS complex is transport by the
YS1 protein in maize and YSL in other grasses.

In both strategies (Figure 3), the proteins required for iron uptake are located in the root
epidermis cells [21]. Strategy I plants acidify the rhizosphere by pumping protons, carried out
by a proton‐ATPase [22]. FERRIC REDUCTASE OXIDASE (FRO2 in A. thaliana; LeFRO1 in
tomato) is responsible for the reduction of Fe3+ to Fe2+ which is a crucial step for the iron uptake
in Strategy I plants [23–25]. In both strategies, roots enhance iron mobilization by secreting
iron‐chelating compounds [26]. Among these, many phenolic compounds and flavins are
found in Strategy I plants. [27]. The investigation of the effect of phenolic compounds in red
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clover (Trifolium pratense) showed that the excretion of these molecules is important for the
reutilization of apoplastic iron by decreasing the mobilization of iron from roots to shoots [28].
Studies in A. thaliana, Brassica napus, and Medicago truncatula demonstrated that these com‐
pounds are related to coumarins such as scopoletin and other derivates as well as flavins. They
are produced under iron deficiency conditions, among others, via the action of the feruloyl‐
CoA 69‐hydroxylase1 (F6’H1). Subsequently, the ABC transporter called ABCG37 transports
these compounds to the rhizosphere [29–32]. The response of the roots of grasses (Strategy II
plants) to iron deficiency is to secrete phytosiderophores (PS) through the phytosiderophore
efflux transporter TOM1 [33]. PS are high‐affinity iron chelating compounds able to chelate
and solubilize ferric iron (Fe3+). The most well‐known PS are members of the mugineic acid
family (MA) and arvenic acid (AA) [34]. Nicotianamine synthase (NAS) is an important
enzyme that catalyzes the fusion of three S‐adenosyl methionine molecules (SAM) to form the
MA precursor nicotianamine (NA), a non‐proteinogenic amino acid [35].

In maize, the first highly specific proton‐coupled PS transporter identified was the yellow
stripe 1 (YS1). It transports the Fe3+/PS as well as Fe3+/NA complex into the cells [36–38]. Further
investigation revealed closely related transporters, yellow stripe 1‐like (YSL), in barley and
rice [39–41]. The last step of iron uptake in Strategy I plants is the transport of reduced/chelated
Fe handled by the IRON‐REGULATED TRASNPORTER 1 (IRT1) [42–44].

In contrast to the other Strategy II plants, rice represents a special case because this plant has
the ability to take up both Fe3+/PS and Fe2+ from the soil. Rice produces lower amounts of PS
(2’‐deoxymugineic acid DMA) than other grasses, but has two genes encoding for proteins
similar to the Arabidopsis IRT1, OsIRT1, and OsIRT2. OsIRT proteins were found to be located
in the root plasma membrane, and they are able to transport Fe2+. However, rice plants are
usually not forced to reduce iron before transport because they grow in submerged condi‐
tions where Fe2+ is more abundant than Fe3+ [45].

Once iron enters the symplast of the epidermal root cells, it diffuses across the plasmodesma‐
ta to reach the vascular tissues. The IRON‐REGULATED PROTEIN 1 (also known as ferro‐
portin FPN1) IREG1/FPN1 loads Fe into the xylem [46]. The root‐specific protein FERRIC
REDUCTASE DEFECTIVE 3 (FRD3) mediates the efflux of citrate into the xylem. There, citrate
chelates Fe and this complex is transported with the transpiration stream to the upper parts
of the plants [47–49]. In order to reach developing organs where the xylem is not yet formed,
for example, meristem of young leaves or seeds [50], the Fe is loaded into the phloem and
chelated with NA [51–53]. Potential transporters of iron between leaves and sinks are the
OLIGOPEPTIDE TRANSPORTER 3 (OPT3) [54] and YSL proteins [55]. In Arabidopsis, NA‐
chelated Fe may be transported from the phloem to flowers and seeds via the AtYSL1 and
AtYSL3 transporter [56, 57], and in rice, this is performed by OsYSL2 [58].

Immediately after reaching the tissue of destination, Fe has to be stored in cell compart‐
ments where utilization and storage need to be coordinated. The Fe‐transporter FPN2 and
VACUOLAR IRON TRANSPORTER 1 (VIT1) [59] are responsible for import of iron into the
vacuole, while NATURAL RESISTANCE‐ASSOCIATED MACROPHAGE PROTEIN 3 and 4
(NRAMP3 AND NRAMP4) mediate its export [60, 61]. Probably, in the vacuoles, iron is
chelated with phytates. Photosynthesis, the electron transport chain and synthesis of chloro‐
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phyll require an enormous amount of Fe. Therefore, the majority of iron is supplied to the
chloroplasts [62]. The transport of Fe into the chloroplast requires first its reduction mediat‐
ed by FRO7, followed by its transport performed by the transporter PERMEASE IN CHLOR‐
OPLAST 1 (PIC1) [63, 64]. In the chloroplast, Fe is sequestered in ferritin (FER), which is
macroprotein complexes able to store up to 4500 iron atoms and present in animals, plants,
fungi, and bacteria [65].

2.2. Regulation of the iron uptake in plants

Many transcription factors are responsible for the proper iron homeostasis. The main regula‐
tor of the iron uptake is in A. thaliana the basic helix‐loop‐helix (bHLH) protein FER‐LIKE IRON
DEFICIENCY‐INDUCED TRANSCRIPTION FACTOR (AtFIT) [66–68] and in tomato the
LeFER [69, 70]. FIT and FER interact with the bHLH proteins of the subgroup Ib and with
SlbHLH069, respectively, to activate the transcription of the Fe reductase and the Fe trans‐
porter genes in roots [71–73]. The Arabidopsis bHLH Ib subgroup transcription factors comprise
bHLH038, bHLH039, bHLH100, and bHLH101 [74], which share partial redundant func‐
tions in iron homeostasis [75]. There is a large number of genes regulated by FIT and iron
deficiency [66, 76, 77]. FIT‐dependent genes, partly also under regulation by other iron‐
regulated transcription factors, are IRT1, FRO2 [67], KELCH REPEAT PROTEIN, MTPA2,
CYP82C4, among others [78]. In contrast, the four bHLH subgroup Ib genes are not regulat‐
ed by FIT. Their high transcript levels in the fit‐3 mutant compared to the wild type are rather
due to the iron deficiency [75]. These genes are co‐regulated with other known iron homeo‐
stasis FIT‐independent genes such as PYE, BTS, FRO3, NRAMP4, and NAS4 [66, 79–81].

POPEYE (PYE) and BRUTUS (BTS) are tightly related to iron homeostasis. Both genes are
upregulated at –Fe conditions; however, they have opposite functions. PYE acts as a tran‐
scription factor positively regulating iron status of the plant, while BTS has repressing effects
on the iron homeostasis [82]. BTS belong to the RING E3 ligases proteins which have a
hemerythrin group and are able to bind Fe and Zn [83]. Both BTS and PYE interact with IL3,
bHLH104, and bHLH115. This interaction might occur, according to the requirements to fine‐
tune iron homeostasis [82, 84].

Other important regulators of the iron uptake are the redundant MYB10 and MYB72 tran‐
scription factors, which are upregulated under low iron conditions. MYB72 counts as a direct
target of FIT and regulates NAS4 and NAS2 [81, 85, 86]. Furthermore, MYB72 regulates also
the transcription of BGLU42 that is involved in the production of phenolic compounds, which
are excreted by the root to mobilize iron from insoluble sources [30, 81, 87].

3. Iron absorption in humans

In healthy humans, iron represents around 40 mg/kg body weight [88]. Most iron contained
in the human body (70%) is circulating with the erythrocytes in form of hemoglobin, around
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10% in the muscles as myoglobin, cytochrome, and iron‐containing enzymes and the residu‐
al 20% as ferritin [89, 90]. The daily‐recommended iron dosage for healthy adults is 8 mg for
men, 18 mg for women, and 27 mg for pregnant women [91]. Iron absorption efficiency varies
depending on the iron type (heme iron or nonheme iron), iron content of the food, iron status
of the body, and consumption of iron‐absorption inhibitors or enhancers [92]. Meat, poultry,
and fish contribute to heme iron while all vegetables, cereals, and legumes with the inorgan‐
ic oxidized ferric form (Fe3+) (nonheme iron). The bioavailability of heme iron is around fivefold
better than nonheme iron, even though the iron content of some plant aliments is much higher
than animal food sources [93, 94]. Iron‐rich plant aliments are often derived from leafy green
vegetables because chloroplasts contain high amounts of metalloproteins that function in the
electron transport chain. Seeds or whole grains can also be a good source of iron, which is
stored in the form of iron phytate or ferritin in the seed coat or embryo [95].

Many substances consumed simultaneously such as phytic acid and polyphenols impair the
bioavailability of nonheme iron [96–98]. Phytic acid (myo‐inositol 1,2,3,4,5,6‐hexakisphos‐
phate) constitutes the principle phosphorus compound in seeds. Under physiological
conditions, these strongly negative compounds form salts with cations such as Ca, Zn, Fe, or
Cu to form phytates. In seeds, these salts are found principally in the aleurone layer provid‐
ing sufficient nutrient sources for the germination [96, 98, 99].

Polyphenols such as tannic and chlorogenic acids are phytochemicals and are mostly present
in tea, coffee, red wine, vegetables, fruits, and herbs [100, 101]. These compounds can act as
anti‐nutrients and inhibit iron absorption into the enterocytes. On the other hand, they have
antioxidant properties useful for the human body [102].

Thus, meals containing legumes or whole grains may prevent the proper iron absorption [103].
Therefore, it is necessary to include aliments containing iron‐absorption enhancers to a meal.
Among these pro‐nutrients are plant compounds such as ascorbic acid (vitamin C) and β‐
carotene (pro vitamin A), but also muscle tissue [104, 105]. Ascorbic acid acts as a reduction
factor as well as an iron‐chelator facilitating iron transport [106, 107]. It was shown that
including β‐carotene to the meal improved the iron absorption up to three fold. This effect was
observed even if inhibitor‐containing food was incorporated [105].

Humans take up heme and nonheme Fe (Figure 4). Although absorption of heme iron has not
been well described, we know that heme is probably able to cross the lipid bilayer of the cells,
but it might also be absorbed via endocytosis as an entire porphyrin structure [108, 109].
Furthermore, a heme carrier protein 1 (HCP1) was described as a mediator for heme trans‐
port localized on the enterocytes [110]. However, it was shown one year later that this protein
just transports heme incidentally and the actual function is the transport of folate (proton‐
coupled folate transporter, PCFT). The authors thus named this protein PCFT/HCP1 [111].
Once heme enters the cytoplasm, heme‐oxygenases degrade it to release ferrous iron [109, 112],
which then binds to ferritin for storage. Since humans do not have an excretion pathway for
iron, its excess bound to ferritin is eliminated through the gastrointestinal tract [112].

The iron absorption is triggered when the body‐iron sources diminish due to bleeding,
inflammation, anemia, or hypoxia. As explained before, nonheme iron from plant food is
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present as ferric iron (Fe3+). Prior transport, the ingested iron is reduced to ferrous iron (Fe2+)
by iron reductase duodenal cytochrome b (DCYTB) which is able to reduce Cu as well [113].
When food rich in vitamin C is included to the meal, the ascorbic acid supports the reduc‐
tion of iron [107]. The divalent metal transporter 1 (DMT1 or NRAMP2) is responsible for the
uptake of Fe2+ as well as other divalent ions such as Mn, Co, Cu, Zn, and Cd and protons into
the enterocytes [114]. Once in the cytoplasm, Fe2+ is bound to ferritin for storage or if, neces‐
sary transported to the plasma via basolateral transporter ferroportin (FPN). Hephaestin (HP),
a multicopper ferroxidase, oxidizes Fe2+ to Fe3+ allowing its binding to transferrin (Tf) and the
circulation in the plasma [115, 116]. This carrier owns two metal‐binding sites found on the N‐
and C‐terminal parts of the molecule. Specific Fe‐Tf membrane receptors (TfR) recognize the
holotransferrin and the Tf/TfR complex is internalized within the cells via clathrin‐coated pits
endocytosis. The iron is released from Tf through acidification of the vesicles by a proton pump
and can be either stored as ferritin or used to cover the needs of the cell. Finally, the empty Tf/
TfR complex moves to the cell surface where the apotransferrin is released to the plasma and
charged with new iron [117, 118]. Under levels of iron sufficiency, the protein HFE (heredita‐
ry hemochromatosis protein) complexes with the TfR1 blocking the binding of transferrin and
iron uptake into the cell. By increased holotransferrin concentration in the plasma, it com‐

Figure 4. Iron absorption in humans. Fe from the meal exists in form of heme Fe or free Fe3+. Heme is transported via
the HCP1/PCFT, and probably absorbed by endocytosis or passing the lipid bilayer. Fe3+ from plant sources is first re‐
duced by DCYTB. Ascorbic acid enhanced the reduction of iron in the lumen when taken together with meals. Diva‐
lent metal transporters such as DMT1 or NRAMP2 take up the reduced Fe into the cells. Fe is stored in form of ferritin
or FPN further transports it into the blood plasma. There, Fe2+ is oxidized back to Fe3+, which is either taken up by
DMT1 transporter from macrophages or trapped by Tf for the circulation with the plasma. Cells with iron necessity
sense and bind the loaded Tf (holotransferrin) with the TfR, which is internalized via endocytosis. Acidification of the
vesicles causes the release of Fe, which binds ferritin and the empty TfR is recycled back to the plasma membrane. Iron
sufficiency in the cells promotes the complexation of HFE with TfR1 and blocks further binding of holotransferrin.
HFE translocate to TfR2 and starts the signal cascade for the production of hepcidin. Hepcidin inhibits the transcrip‐
tion of DMT1 and triggers its internalization and degradation. On the macrophages, hepcidin causes the internaliza‐
tion and degradation of FPN as well.
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petes with HFE causing its dissociation. HFE then translocate to TfR2 and “inform” the cell
about the elevated Fe‐Tf status. This HFE–TfR2 complex starts a signal cascade that regu‐
lates the transcription of hepcidin [119–121]. The level of hepcidin in blood modulates the
signal for the enterocytes to transport iron into the plasma. Hepcidin is a peptide hormone
produced in the liver and negatively regulated during inflammation, anemia, and hypoxia
[122, 123]. Under conditions of iron sufficiency, hepatocytes secrete hepcidin to block iron
absorption of the enterocytes and transport from macrophages. It was shown that hepcidin
inhibits DMT1 transcription and promotes protein internalization followed by its degrada‐
tion [124, 125]. Besides, hepcidin binds ferroportin (FPN) from macrophages causing its
internalization and degradation [126–128]. Hepcidin regulation is still unclear, but there is
evidence that the transferrin receptor (TfR), matriptase‐2 and hemojuvelin increase the
hepcidin expression level [129–131]. Due to the high number of proteins involved in Fe
absorption, it is not surprising that several human genetic diseases result in an enhanced Fe
absorption, leading to the different types of disorders called hereditary hemochromatosis
(HH). The reasons for these disorders are mutations in genes involved in the hepcidin–
ferroportin signal transduction such as HFE, hepcidin gene HAMP, TfR2, and ferroportin FPN.
These mutations disturb the hepcidin‐mediated downregulation of ferroportin, the iron
transporter responsible for the iron load into the plasma. Furthermore, mutations in genes
coding for proteins involved in the iron transport cause insufficient supply of iron for heme
synthesis. The consequence is anemia and downregulation of hepcidin despite iron overload
[121, 132].

4. Oxidative stress

4.1. Reactive oxygen species (ROS)

The chemical transformation of vital substances in the normal metabolism creates free radicals,
which can be any chemical species with one or more unpaired electrons. The free radicals
include the hydrogen atom, as the simplest radical, most transition metals and the oxygen
molecule. Oxygen radicals, the so‐called reactive oxygen species (ROS), are the most com‐
mon radicals produced in an organism. Among these, the most relevant are the superoxide
(·O2

-), hydrogen peroxide (H2O2), and hydroxyl radical (·OH) [133, 134]. These radicals are
produced under normal physiological, pathological, or stress conditions by specific reduc‐
tase enzymes or in biochemical processes that involve an electron transport chain, for example,
photosynthesis, respiration, or oxidative phosphorylation [135]. Figure 5 shows the com‐
plete reduction from oxygen to water with the intermediate radicals. The first step is the
reduction of molecular oxygen (O2) to the relatively stable and reactive superoxide anion (O2

-).
In physiological conditions, O2

- undergoes spontaneously or enzymatically a dismutation
reaction and forms hydrogen peroxide (H2O2), which then gives rise to the most reactive
oxidant, the hydroxyl radical ((·OH) [133, 136, 137].

Cells use ROS as messenger molecules for specific responses. For example, H2O2 plays an
important role in the signal transduction for the immune response of both humans and
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plants [138–141]. In humans, it induces the nuclear presence and the DNA‐binding of the
transcription factor NF‐κB, which activates the transcription of genes involved in inflamma‐
tory and immune responses [138]. In plants, the immune response is also supported by the
production of ROS. These molecules cross‐link cell wall proteins to prevent pathogen entrance
and induce the production of phytoalexins, which are small molecules that accumulate in the
area of infection and prevent growth and spread of the bacteria. Likewise, ROS promote the
induction of the hypersensitive response (HR), so that cells undergo programmed cell death
to remove nutrient sources for the pathogen. ROS waves are also involved in systemic
resistance responses [139, 142].

On the other hand, high production of ROS leads to the so‐called oxidative stress. The stimulus
of an organism to unaccustomed environments or situations is called stress. The response to
such stress might vary from defense and survival to cell death. Toxins, drugs, pollution, and
transition metals, iron, in particular, promote the formation of ROS and are thus called
prooxidants. When Fe exists abundant in a free state, it is able to catalyze the production of
hydroxyl radicals in a two steps reaction called the Haber–Weiss reaction (Figure 6). Fe3+ first
oxidizes the superoxide anion to oxygen and is reduced itself to Fe2+. Then, Fe2+ is oxidized in
a Fenton reaction, which catalyzes the split of H2O2 and the formation of a hydroxyl radical
and a hydroxide ion [143–145].

Figure 6. Haber–Weiss reaction. Fe3+ catalyzes the production of hydroxyl radicals. Free Fe3+ is reduced to Fe2+and at
the same time oxidizes superoxide anions to oxygen. Fe2+ is oxidized and simultaneously cleaves hydrogen peroxide to
a hydroxyl radical and a hydroxide ion, which can in turn further react with many molecules.

Ionizing radiation, inflammation, high chemical concentrations, and cellular conditions
determine the production of free oxygen radicals. In the case of a chronic inflammation, an
overproduction can damage tissues [146].

Figure 5. Reactive oxygen species. During processes such as photosynthesis, respiration, and oxidative phosphoryla‐
tion electrons are transferred to oxygen for the full reduction to water. This process generates very reactive precursors.
The first reduction of oxygen generates superoxide anions. Through a dismutation reaction, these anions are converted
to form oxygen and hydrogen peroxide. Under the influence of metals, hydrogen peroxide is decomposed and forms
the reactive hydroxyl radicals. Dashed arrows and brackets indicate that chemical reactions are not represented in stoi‐
chiometrical manner.
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As mentioned before, Fe uptake in humans and plants is regulated in a way that over‐
accumulation does not occur in normal cases, except in the iron overload diseases. Regard‐
less, the reason of an iron accumulation, radicals then generate an endless number of diseases
such as hepatic cirrhosis, primary liver cancer, diabetes mellitus, arthropathy, cardiomyopy,
chronic fatigue, joint pain, impotence, and osteoporosis [147]. In plants, ROS accumulate upon
drought, salt stress, cold, heat, heavy metals, high light, ozone, mechanical stress, nutrient
deprivation, and pathogen attack. Since plants are not able to escape stresses, they devel‐
oped mechanisms to adapt and in case of stress‐induced ROS to avoid the production of further
ROS. In high light conditions, for example, plant diminishes the leaf surface by curling, or
upon drought, they close the stomata. If the plant is not able to counteract the production of
ROS during the mentioned biotic and abiotic stresses, the cells undergo programmed cell death
and the plant may die [148].

4.2. Antioxidants and ROS‐scavenging

Low molecular weight molecules and enzymatic proteins are responsible for keeping the
balance between harmful and useful ROS. Most ROS are produced in the mitochondria,
peroxisomes and, in plants, in chloroplasts as well [148, 149]. Hence, the majority of the ROS‐
scavenging enzymes are located there [150]. The most important enzymes for ROS‐scaveng‐
ing are the superoxide dismutases (SOD) which catalyze the dismutation of superoxide to form
hydrogen peroxide and molecular oxygen. Depending on the compartment, the metal in the
active site of this enzyme might change. The MnSOD are present in the mitochondrial matrix,
FeSOD in the chloroplast, and CuZnSOD in the rest of the cell [151–153]. The hydrogen
peroxide is further processed to water and oxygen by a glutathione peroxidase reaction.
Glutathione (GSH) is a tripeptide consisting of glutamic acid, cysteine, and glycine. GSH plays
a very important antioxidative role because it is produced in high amount in almost all cells
in plants and mammals. It has the capacity to easily oxidize to glutathione disulfide (GSSG).
Subsequently, the glutathione reductase converts the GSSG back to GSH. Additionally,

Figure 7. ROS‐Scavenging. SOD are responsible for the dismutation of the reactive superoxide to oxygen and hydro‐
gen peroxide. The glutathione reductase reduces NADP+ to NADPH and oxidizes GSH to GSSG. The last served as a
substrate for the glutathione peroxidase which decomposes hydrogen peroxide to water and oxygen. Biochemical reac‐
tions are not represented in stochiometrical manner.
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catalase is a very efficient enzyme to metabolize the hydrogen peroxide to water and oxygen
(Figure 7) [135, 148, 154, 155].

Another important antioxidant is ascorbic acid (vitamin C) which can react with hydroxyl
radicals, superoxide, and oxygen. All animals, except primates and guinea pigs, are able to
produce ascorbic acid, and in plants, it accumulates in large amounts. In addition, ascorbic
acid reduces prolin and α‐tocopherol (Vitamin E) which are important antioxidants as well
[156]. In plants, prolin acts as an osmotic agent under salinity and drought. It reacts with
hydroxyl radicals to form hydroxyprolin and water, protecting the plant against the radicals
[157, 158]. The production of ROS is one mechanism to protect the organism against patho‐
gens attack. The following section will give an overview about the principal mechanisms of
pathogen defense in humans and plants.

5. Pathogen defense

The principles of immune responses in plants and mammals differ in several aspects.
Mammals have a circulatory system with specialized killing and memory cells as a part of the
very effective adaptive immunity. Plants rely on an effective innate immunity.

Plant PRR Bacterial Antigen Human PRR

n.d. Bacterial lipoprotein TLR 1

LYM1
LYM3
CERK1

Bacterial peptidoglycans TLR 2

n.d. Double stranded RNA TLR 3

LORE Lipopolysaccharides TLR 4

FSL2 Bacterial flagella TLR 5

n.d. Bacterial lipoprotein TLR 6

n.d. Viral single strand RNA TLR 7/8

n.d. Bacterial viral DNA TLR 9

n.d. n.d. TLR 10

n.d. Profilin TLR 11

n.d. = not determined, PRR = Pattern recognition receptors, TLR = Toll‐like receptor. References can be found in the text

Table 1. Bacterial PAMPs and the corresponding PRRs from plants and humans.

The first protection against pathogens is generally to prevent pathogen entrance into the
organisms using physical barriers. In plants, callose, lignin, and other phenolics reinforce the
cell walls of wood and xylem vessels after pathogen attack or mechanical damage thereby
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preventing the spread of the pathogen and its toxins [159–162]. There are many barriers, which
serve for the first pathogen defense in humans. For example, the skin responds with epithe‐
lial peals, drying out, and changes of the pH [163]. Eyes and the respiratory tract produce fluids
to wash or catch pathogen invaders [164, 165]. If these barriers fail, the innate immune system
comes into place, which is present in all animals and plants.

The first immediate (basal) immune defense in plants and animals is the innate immunity
response. Specialized pattern recognition receptors (PRR) recognize microbe molecules, which
are called microbe‐associated or pathogen‐associated molecular patterns (MAMPs/PAMPs)
[166, 167]. The different PRRs recognize many different PAMPs including chitin, lipopolysac‐
charides, peptidoglycans, and flagellin [166–170], and interestingly, similar patterns are
recognized by receptors and proteins in plants and animals (Table 1).

In plants, the best‐characterized receptor is called FLAGELLIN‐SENSING 2 (FLS2) and in
Arabidopsis was found to recognize the bacterial flagellin epitope (fls22), a 22‐amino acid
peptide. FLS2 triggers the immune responses, including cell wall fortification and ROS
production, and its signaling cascade has been well characterized in the last years [166, 171–

Figure 8. SAR and priming. The attack of a pathogen leads to signals, which give to the plant an immediately protec‐
tion and a long‐lasting immunity. The infected leaf generates callose for the fortification of cell walls, ROS and antimi‐
crobial compounds to kill the bacteria, and defense‐related metabolism. These processes are part of the innate
immunity. Principally, the metabolite SA is transport through the phloem to the other part of the plants activating the
SAR, which is a preventive defense mechanism. This includes the monomerization of NPR1 that in turn activates PR‐
genes, chromatin modification such as methylation and acetylation of histones and somatic recombination.
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173]. The immune response triggered by MAMPs/PAMPs is called PTI (PAMP‐triggered
immunity). Some bacteria developed a mechanism to bypass the plant pathogen response by
injecting effectors (virulence proteins) into plant cells via the bacterial type III secretion
system (TTSS). These effectors in turn may be recognized by leucine‐rich repeat (NBS‐LRR)‐
type plant proteins and receptors. These resistance factors trigger a second immune re‐
sponse, the effector‐triggered immunity (ETI) [174], which may also result in the
hypersensitive response (HR), systemic acquired resistance (SAR) including a transcription‐
al activation of PR proteins, as well as salicylic acid hormone signaling [175–177].

The basic immune output responses are important mechanisms for the surviving of the plant
during and after pathogen attack. The HR is an emergency measure, which activates cell
death (programmed cell death, PCD) of a limited number of surrounding cells to limit the
nutrients and thereby avoid the spread of biotrophic pathogens [178]. Moreover, ETI and PTI
activate the so‐called systemic acquired resistance (SAR) and the corresponding pathogene‐
sis‐related (PR) genes. SAR is a long‐distance and long‐lasting immune response activated in
the entire plant after a local infection [179, 180]. Figure 8 shows an overview of the forward‐
ing signal of the innate to the acquired immunity.

Fourteen known classes of PR‐genes (PR1–PR14) [181] are coordinately expressed to counter‐
attack the pathogens. These genes encode hydrolytic enzymes such as β‐1,3‐glucanase,
chitinase, and plant defensins, which hydrolyze pathogen cell walls and disrupt pathogen
membranes [182]. Additionally, the PR‐genes encode enzymes needed for the synthesis of
callose for the fortification of barriers, and defense‐related metabolites such as salicylic acid
(SA), diterpenoid dehydroabietinal (DA), a glycerol‐3‐phosphate (G3P)‐dependent factor,
azelaic acid (AzA), and pipecolic acid (Pip) [183]. These metabolites are loaded in the phloem
and transported to uninfected parts of the plants and “warn” them of an attack [182]. In the
distal parts, SA causes the monomerization of the NONEXPRESSOR OF PR GENES 1 (NPR1),
allowing its transport to the nucleus. Following, it interacts with TGACG motif‐binding
protein (TGA) and WRKY transcription factors for the activation of many PR‐genes [183–185].
SA accumulation upon pathogen attack and treatment with the protector molecule β‐amino‐
butyric acid (BABA) also provides the plant with a “memory,” which allows cells to respond
faster and stronger to a secondary challenge. This process is called priming [186, 187]. It was
shown that after treatment with a synthetic analog of SA transcript and protein of the
MITOGEN‐ACTIVATED PROTEIN KINASES 3 AND 6 (MPK3, MPK6) accumulated in upper
leaves after infection of lower leaves [188]. It was reported that priming after a certain attack
can be mediated through somatic recombination and modification of the chromatin such as
acetylation and methylation of histones [182, 189–191] (Figure 8).

Humans have an innate immune system as well, which is the first response to a pathogen
attack. The innate immune system provides the organism with a rapid but not specific
response. Surface barriers like skin, fluids and antimicrobial peptides prevent the entrance of
the pathogens into the body [163]. When pathogens pass these barriers, the body attempts to
eliminate the source of injury and damaged tissue. This is carried out by the generation of an
inflammation, which includes high blood irrigation, immune cells, and mediators. Inflamma‐
tion is the first immune reaction to a pathogen invasion or injury and corresponds to the innate
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immune response, which works in a similar way as in plants [192]. Bacterial components, best
known as PAMPs (Table 1), are recognized by PRR. They are called in humans toll‐like
receptors (TLR1‐11). These receptors are on the surface of mast cells, macrophages, and
dendritic cells [193, 194]. Once a mast cell recognizes a PAMP, it secretes mediating factors,
such as histamine or tumor necrosis factor (TNFα). These factors dilate the blood vessels
enabling neutrophils to enter the damaged tissue. Bacteria‐degrading substances are secret‐
ed, and bacteria are removed by phagocytosis [194]. The activated macrophages phagocy‐
tose bacteria produce cytokines and prostaglandins, which attract neutrophils, monocytes, and
dendritic cells. Cytokines are responsible and induce a rise of the body temperature (fever)
because the growth of many pathogens is then compromised. Dendritic cells identify PAMPs
and mature to antigen presenting cells (APC). They process the antigens and recruit them to
the T‐lymphocytes to start the adaptive immune answer. Hence, the dendritic cells are the link
between the innate and the adaptive immune system [195].

5.1. Iron and pathogen defense

Pathogens gain from the host all required nutrients. Iron regulation is very important for
pathogen survival during infection in plants. Iron plays dual roles for host and pathogen, either
as nutrient or as essential cofactor constituent to initiate or avoid immune responses.

The genes FER2 and FER1 of a maize fungi Ustilago maydis, which encode a high‐affinity iron
permease and an iron multicopper oxidase respectively, are involved in the iron uptake in this
microorganism. Deletion of these genes showed that the infection rate of the fungi in maize
plants was impaired, concluding that these genes are crucial for its virulence as well [196].
Furthermore, NPS6 is a virulent gene conserved in many filamentous fungi, which is in‐
volved in siderophore biosynthesis and in tolerance to H2O2 [197].The requirement to
sequestrate iron via siderophore production might be not only to take up iron but also to protect
from reactive oxygen species [198].

In the host cells, iron exists mostly in complex with ferritin, transferrin, hemoglobin, and other
proteins. It was shown that after a pathogen infection in plants ferritin accumulates, possi‐
bly to protect from ROS but also to deprive invaders from iron [199]. During a pathogen attack,
iron accumulates in the apoplast to elevate the oxidative response, which in turn activates the
expression of PR‐genes. The translocation of iron to the apoplast causes intracellular iron
deficiency activating iron uptake genes and PR‐genes [200]. In mammals, during an infec‐
tion or inflammation the hepcidin level rises, this stops the iron absorption and stimulates the
transport of circulating iron (or free heme from damaged tissue) into the macrophages. This
is a mechanism controlled by cytokines [201]. However, many pathogens developed the
property to gain iron from transferrin and heme. For example, V. cholerae is able to induce the
release of heme from hemoglobin. Hemophilus influenzae or Trichomonas vaginalis trigger release
of iron from transferrin [202]. Bacteria stimulate siderophore production, which may serve to
solubilize iron inside the host and transport it into the microbial cells [16, 203]. The upregula‐
tion of ferritin may help to withstand siderophore action [199].

However, many bacteria can also act in a positive way on plants. In the plant rhizosphere,
many beneficial nonpathogenic rhizobacteria are present, which protect the plants against
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pathogenic microorganisms by secreting antimicrobial components [204]. The content of plant
growth‐promoting rhizobacteria (PGPR), soil type, and strategy of iron uptake plays a
fundamental role for plants in the iron nutrition [205, 206]. In turn, the iron status of the plant
influences the rhizobacteria community as well. Studies in barley and tomato showed that the
bacterial community in rhizosphere of iron deficient plants is much smaller than of plants
grown in iron sufficient conditions. Additional, the different iron uptake strategies of these
two plants leads to a different qualitative and quantitative patterns of the rhizobacterial
population [206].

Plants may profit from siderophore production of the rhizobacteria for the activation of the
induced systemic resistance (ISR), a SA‐independent immunological pathogen response in
plants [207, 208]. Iron deficiency and ISR are closely related. Transcriptome analysis in A.
thaliana showed that a high number of genes upregulated upon iron deficiency conditions are
also upregulated in plants treated with beneficial bacteria [209]. Similarly, treatment with
synthetic siderophores upregulated many gene encoding for WRKY transcription factors and
genes required for the iron uptake, such as ferritin, the iron transporter (IRT1), the iron
reductase (FRO2), and the NICOTIANAMINE SYNTHASE (NAS) [199, 210]. An overlap
between these two processes is represented by the transcription factor MYB72. This transcrip‐
tion factor activates downstream an important component necessary for ISR called BGLU42
(β‐glucosidase). BGLU42 is involved in the production and secretion of phenolic com‐
pounds from the root to the rhizosphere and is a key component for the activation of the ISR
[87]. MYB72 is strongly upregulated under iron deficiency conditions, and its regulation occurs
in a FIT‐depended manner [85, 86]. Thus, mutants lacking MYB72, and its close homologue
MYB10, were not able to survive in iron deficiency conditions. Moreover, it was shown that
MYB72 induces the expression of NAS4 [51, 85] and BHLH039 [87].

The effect of siderophores on Fe homeostasis is comparable with treatments with BABA.
BABA (β‐aminobutyric acid) is a nonprotein amino acid priming the plants against a broad‐
spectrum of pathogens as well as abiotic stresses such as salt stress and drought. The mecha‐
nism of protection is based on the activation of the SA‐dependent pathogen response, abscisic
acid (ABA)‐dependent formation of callose [211–213]. Moreover, BABA affects the Fe‐
homeostasis upon reducing ferritin and increasing NAS4 transcript and protein. Plants treated
with BABA show similar phenotype, transcription of IRT1 and FRO2 and metabolite compo‐
sition as iron deficient plants. BABA is able to chelate iron and mimic the effect of the pathogen
siderophores intensifying the theory that iron scavenging is a strategy for the activation of
pathogen responses [210, 214]

An additional overlap between Fe homeostasis and pathogen defense is provided by the plant
hormones SA. As mentioned before, SA is necessary for the activation of PR‐genes and the
priming processes for the long‐lasting defense [182, 183, 187]. The transcription factor OBP3
(OBF‐BINDING PROTEIN 3) is induced by SA and is involved in plant growth and develop‐
ment [215, 216]. Studies in OBP3‐overexpression lines had shown that BHLH038 and BHLH039
were strongly upregulated [217]. However, an effect of SA on iron deficiency response
regulation has later not been found in the wild type or in the triple mutant bhlh039 bhlh100
bhlh101 [78].
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Figure 9 shows the relationship of Fe homeostasis with the production of ROS and the
pathogen response. Fe is required as a cofactor for the production of ROS. The local iron
deficiency induced by bacterial siderophores upregulates MYB72, which in turn activates the
expression of BHLH039, NAS4, and BGLU42. Additional observations have also led to the
conclusion that pathogens and the hosts may compete for Fe and that Fe may be required, at
the same time, for inducing defense but also to sustain pathogen infection [207, 208].

Figure 9. Correlation between Fe, ROS, and pathogen defense. All three processes are tightly related. Besides the initia‐
tion of pathogen responses during microorganism attack, Fe translocates to the apoplast causing a local Fe deficiency
and increasing Fe uptake from the roots. High levels of Fe lead to the accumulation of ROS, but simultaneously it
serves as a co‐factor for enzymes involved in the ROS scavenging. ROS molecules support the elimination of patho‐
gens and activate local PR genes. In the center of the ring are represented the genes involved in the three processes.

6. Breeding for better crops

Selection of better plants, genetic engineering, and breeding can also be used for the genera‐
tion of nutrient‐rich crops. A good example is provided by the rice IR68144 line, which presents
tolerance against diseases, high yields, and high Fe and Zn content [218]. Studies in Philip‐
pine women showed that the consumption of this rice versus the normal diet increased the
iron content in the body [219]. Nowadays, the world population grows with great rapidity and
the use of common breeding methods may not be sufficient to cover the necessity of better
crops and yield. It is possible to increase the iron content of edible organs of plants by
improving iron mobilization in the soil and plant, the storage and remobilization in the leaves,
grains or fruits.

In rice, the insertion of phytosiderophore synthesis genes from barley increased considera‐
bly its tolerance to calcareous soil and Fe and Zn content in the grain [220]. The introduction
of a yeast Fe reductase into rice increased likewise yield and the tolerance to a Fe deficiency
environment. However, the iron content of the grain was not improved [221]. The A. thaliana
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IRT1 transports not only Fe but also other divalent metal cations such as Zn, Mn, and Co [222].
Increased activity of Fe transporters may lead partially to an increased iron content in the grain
but simultaneously may also compromise plant health due to the accumulation of other metals,
which in turn leads to a high ROS production [223]. Furthermore, it is important that in
addition to an increased iron content in the plants, attention should also be paid to iron
bioavailability for humans.

Seeds have a high amount of phytic acids, which form a complex with iron and inhibit its
absorption in the intestinal lumen [97]. Maize plants co‐expressing the phytic acid‐degrad‐
ing enzyme phytase from Aspergillus niger and ferritin from soybean under the control of an
endosperm promoter, increased up to threefold the iron bioavailability in in vitro experi‐
ment with Caco‐2 cells [224]. Similar in rice, the expression of ferritin from Phaseolus vulgaris,
phytase from Aspergillus fumigates, and the endogenous cysteine‐rich metallothionein‐like
protein improved iron bioavailability for humans [225]. Genetic approaches in Lactuca sativa
(common Lettuce) showed that introducing the soybean ferritin gene is sufficient to increase
the iron content in the leaves, boost the growth rate, and enhance the size up to 40% [226].

The pathogen defense of plants can be also improved using genetic methods. PR‐genes
involved in the production of antimicrobial substances such as chitinases, β‐1,3‐glucanase,
defensins, osmotin, and phytoalexins can be used to increase the strength of crops against
biotic stresses [227]. Osmotin is a PR‐gene from tobacco expressed under biotic and abiotic
stresses, which causes holes in the plasma membrane of several fungi [228, 229]. Overexpres‐
sion of osmotin in potato leads to a delay of the disease caused by Hytophthora infestans [230].
Defensins are cysteine‐rich peptide with antimicrobial properties in humans and plants [231,
232]. When expressed in potato, the antifungal protein (AFP) from Medicago sativa seeds leads
to strong resistance against the fungal pathogen Verticillium dahlia [233]. The fungal cell wall
is a very complex structure composed of many different proteins as well as chitin and glycan,
which are essential components [234]. Chitinases and glucanases are potent antifungal
enzymes and hydrolyze fungal cell wall [227]. Apple trees transformed with the endochini‐
tase from Trichoderma harzianum present an important reduction in the number of lesions and
its area after Venturia inaequalis inoculation [235]. β‐1,3‐glucanase inhibits the grow of many
fungi as in the case of flax (Linum usitatissimum L.). Several transgenic lines caring the potato
β‐1,3‐glucanase present high resistance against Fusarium species, demonstrating that degra‐
dation of fungal cell walls is a weapon against fungi [236].

Many abiotic factors are causing oxidative stress in plants. Investigation on the aluminum‐
induced genes showed that Arabidopsis plants of the ecotype Ler‐0 expressing the blue‐
copper‐binding protein (AtBCB), the peroxidase gene (AtPox), or the tobacco glutathione S‐
transferase gene (parB) were more resistant to treatment with oxidative stress inducing
diamide [237]. The overexpression of CuZn‐Superoxid dismutase (CuZnSOD), Mn‐Superox‐
id dismutase (MnSOD), and ascorbate peroxidase (APX) in transgenic tobacco plants were
more tolerant to the viologen (MV, paraquat)‐mediated oxidative damage [238]. Ascorbic acid
is an important antioxidant [156] in plants. Tomato (Solanum lycopersicum) plants over‐
expressing GDP‐Mannose 3’,5’‐epimerase (SlGME1 and SlGME2) are able to accumulate
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ascorbic acid and improved the tolerance to viologen stress, cold stress, and better biomass
under salt stress.

To date, there are only a few examples of how the genetic engineering is able to improve plant
growth and crop yield during situations of pathogen attack and different abiotic stresses such
as nutrient deficiency or environmental stresses.
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Abstract

Iron deficiency is a common nutritional disorder in developing countries and contrib‐
utes significantly to reduced work productivity and economic output as well as to
increased morbidity and mortality. There are well-established biochemical tests for
assessing iron status in developed countries.  However,  cost  and interference from
infectious conditions make it difficult to assess iron status in many developing country
settings. Examination of the hemoglobin distribution in the population and assess‐
ment of the hemoglobin response to supplementation are alternative approaches to
define iron status and the nature of anemia. Prevention and control of iron deficiency
requires the combined approach of dietary improvement, fortification of a common
staple  food  when  feasible,  and  appropriate  iron  supplementation  for  infants  and
pregnant women. In all these intervention activities, operational research is needed to
improve effectiveness. In addition, controlling iron deficiency requires coordination
with other nutrition and primary health care programs as part of an integrated approach
to improved health and nutrition of the population. A randomized, controlled double-
blind clinical trial was conducted to compare the efficacy and safety of herbal medici‐
nal treatment syrup Sharbat-a-Folad versus syrup Ferplex for the treatment of iron
deficiency anemia (IDA).

Keywords: iron deficiency, herbal medicine, anemia

1. Introduction

Iron deficiency anemia (IDA) is the most common nutritional deficiency worldwide. It can cause
reduced work capacity in adults [1] and impact motor and mental development in children and
adolescents [2]. There is some evidence that iron deficiency without anemia affects cognition in
adolescent girls [3] and causes fatigue in adult women [4]. IDA may affect visual and auditory
functioning and is weakly associated with poor cognitive development in children.

© 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.



The term “anemia” is used for a group of conditions in which the number of red blood cells
in the blood is lower than normal, or the red blood cells do not have enough hemoglobin. The
estimates of the prevalence of anemia vary widely and accurate data are often lacking, and it
can be assumed that significant proportions of young children and women of childbearing age
are anemic [5, 6].

Iron deficiency results when iron demand by the body is not met by iron absorption from the
diet. Thus, patients with IDA presenting in primary care may have inadequate dietary intake,
hampered absorption, or physiologic losses in a woman of reproductive age. It also could be
a sign of blood loss, known or occult. IDA is never an end diagnosis; the work-up is not
complete until the reason for IDA is known.

The risk factors associated with IDA includes the following: low socioeconomic status, race as
black women have a lower mean hemoglobin and a wider standard deviation than white
women, inadequate dietary intake or parity, suggesting that there may be an unidentified,
possibly racial factor predisposing these women to iron deficiency [7].

Anemia cannot be reliably diagnosed by clinical presentation. Fatigue, the most common
reason to check hemoglobin, was caused by anemia in only one out of 52 patients in a primary
care practice [8]. In a hospital setting, pallor predicted anemia with a likelihood ratio (LR) of
4.5. However, the absence of pallor was less helpful in ruling out anemia, giving an LR of 0.6
even when anemia was defined as less than 9 g per dL (90 g per L), a lower diagnostic level
than that of the World Health Organization (WHO) or the Centers for Disease Control and
Prevention (CDC) [9]. Other classic symptoms such as koilonychia (spoon nails), glossitis, or
dysphagia are not common in the developed world [10].

The diagnosis of IDA requires that a patient be anemic and show laboratory evidence of iron
deficiency. Red blood cells in IDA are usually described as being microcytic (i.e., mean
corpuscular volume less than 80 μm3 [80 fL]) and hypochromic; however, the manifestation
of iron deficiency occurs in several stages [11]. Patients with a serum ferritin concentration less
than 25 ng per mL (25 mcg per L) have a very high probability of being iron deficient. The most
accurate initial diagnostic test for IDA is the serum ferritin measurement. Serum ferritin values
greater than 100 ng per mL (100 mcg per L) indicate adequate iron stores and a low likeli‐
hood ratio of IDA [12]. In some populations, such as those with inflammatory disease or
cirrhosis, these tests must be interpreted slightly differently because ferritin is an acute-phase
reactant. Cutoffs for abnormality in these patients generally are higher [13].

Another laboratory change that occurs in patients with IDA is an increase in the iron-carry‐
ing protein transferrin. The amount of iron available to bind to this molecule is reduced,
causing a decrease in the transferrin saturation and an increase in the total iron-binding
capacity. The serum transferrin receptor assay is a newer approach to measuring iron status
at the cellular level. Increased levels are found in patients with IDA, and normal levels are
found in patients with anemia of chronic disease [14].

The treatment arms were chosen by block randomization in batches of eight using computer-
generated random numbers to assign women to one of the four combinations of trial inter‐
vention. Block randomization was chosen to ensure that the experimental groups would not
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become unbalanced if the rate of recruitment at sites differed greatly. A research fellow with
no other role in the project is overseeing the labeling and packing of all the trial medications
and holding the randomization schedule until the code is broken.

1.1. Level of significance

This is the set standard to decide the cutoff value between treatment groups when compar‐
ing the two groups. If the results are significant at this set level (α = 0.05), the null hypothesis
will be rejected.

2. Patients, materials, and methods

2.1. Study design

The study was based on an experimental, randomized double-blind clinical trial. The study
had been conducted according to principles of good clinical practice (i.e., an informed consent
was obtained before enrollment and proper history and clinical examination were recorded
on each follow-up), and the study was carried out during May 2003 to June 2004. A random‐
ized double-blind experimental design was employed to test the hypotheses; therefore, by
manipulating the independent variables (efficacy, side effects), any effects on dependent
variable (herbal and allopathic treatment) could be monitored.

2.2. Patients

The study was conducted on 50 patients aged 12–40 years who were attending gynecologi‐
cal outpatient visits in Shifa-ul-Mulk Memorial Hospital.

2.3. Setting

The study was conducted in the Department of Gynecology and Obstetrics at Shifa-ul-Mulk
Memorial Hospital for Eastern Medicine at Hamdard University in Karachi.

2.4. Sample selection

In this study, only the patients selectively enrolled were diagnosed with IDA through clinical
history and laboratory investigations were enrolled. Diagnosis of IDA was based on the typical
signs and symptoms and laboratory finding. Complete blood picture (CBC), hemoglobin,
erythrocyte sedimentation rate (ESR), and urine (routine and microscopic) tests were also
performed.

Recruiting GPs identify eligible women in their clinical practice and invite them to consider
participation in the trial, after provision of sufficient information to make an informed decision.
Women who meet the eligibility criteria and agree to participate are required to give written
informed consent. Recruiting GPs also obtain demographic and relevant past and current
medical data, particularly data relevant to risk factors for developing iron deficiency anemia.
The interventions being tested are as follows:
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(i) Control group received allopathic treatment (syrup Ferplex two teaspoons for seven days),
(ii) and the test group received the herbal medicine (two teaspoons of syrup Foulad for seven
days). All participants were observed for three follow-up visits over the course of treatment
until they improved.

Blood samples were collected for CBC when the clinical picture shows the complete improve‐
ment to access the efficacy of the trial and confirmation and improvement in hemoglobin
status. Same parameters were followed in control group.

2.5. Assessment

The normal hemoglobin count in reference to age set standard of WHO, blood morphology,
was used as the primary outcome of the study. Secondary outcomes included the total
symptoms score, the global assessment of the treatment by the investigator, and the women
safety of the drugs and severity of adverse events at each follow-up visit. The relationship of
each event to the study drug was also assessed. The safety outcome measure was the inci‐
dence of treatment-emergent adverse events in both groups. A blood specimen for routine
CBC was obtained prior to the treatment.

2.6. Inclusion criteria

Persons may be included in the trial, if they meet the following criteria:

• Female patients between the aged of 12–40 years suffering from IDA.

• All socioeconomical classes were included.

• Verbal consent and willingness to participate in all scheduled study visits and tests.

• Patients suffering from IDA.

• Patients living in Karachi, Pakistan.

2.7. Exclusion criteria

Patients were excluded, if they have any of the following criteria:

• Patients having other associated pathologies such as uncontrolled diabetes, hypertension,
liver disorders, etc.

• Patients having other types of anemia such as protein deficiency anemia, pernicious anemia,
sickle cell anemia, and thalassaemia.

• Known cases of iron therapy failure.

• Patients suffering from iron deficiency in secondary to malignancies.

• Patient belonging to any area outside Karachi because of intrinsic difficulty to follow up.
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liver disorders, etc.

• Patients having other types of anemia such as protein deficiency anemia, pernicious anemia,
sickle cell anemia, and thalassaemia.

• Known cases of iron therapy failure.

• Patients suffering from iron deficiency in secondary to malignancies.

• Patient belonging to any area outside Karachi because of intrinsic difficulty to follow up.

Nutritional Deficiency102

3. Results

The present study is to investigate formulated herbal medicine syrup Foulad for the treat‐
ment of IDA. The clinical screening of hematopoietic activity between Foulad and Ferplex was
carried out to determine the efficacy and side effects towards off this malaise. These evalua‐
tions were based on clinical and laboratory findings so as to ascertain the rate of improve‐
ment in hemoglobin. In this study, a total of 50 patients were initially randomized and
screened, the intent-to-treat population enrolled. The patients were evenly distributed to test
or control group with the ratio of 1:1, that is, 25 in each group. This loss was distributed evenly
between the treatment groups. The demographic and baseline characteristics of the intent-to-
treat group were comparable for the herbal medicine and allopathic medicine treatment.

3.1. Patient characteristics

There were no significant differences in the mean age (26.12 ± 7.92 vs. 26.48 ± 4.75 test and
control group, respectively, (Table 1) values between the treatment groups at the start of the
clinical trial. All the patients were distributed in five-class interval ranging from age 12 to 40
years. The mean age of the married women’s was 32.0 versus 32.46 and mean age of the single
patients was 19.75 versus 20.0.

Marital status Treatment group Mean Number (n) Standard deviation Sum

Married Control 32.46 13 4.75 422

Test 32.00 13 4.98 416

Total 32.23 26 4.78 838
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Marital status Treatment group Mean Number (n) Standard deviation Sum

Single Control 20.00 12 3.86 240

Test 19.75 12 5.17 237

Total 19.88 24 4.47 477

Total Control 26.48 25 7.65 662

Test 26.12 25 7.98 653

Total 26.30 50 7.74 1315

Table 1. Marital status by treatment group.

3.2. Treatment assignment and follow-up

All subjects were clinically studied and completed assigned therapy during the period May
2001 to June 2004. Results presented below represent an intention-to-treat analysis, as
stipulated by this study protocol. Baseline patient characteristics for all study variables were
balanced among treatment groups (Table 2).

Anemia history and examination at baseline Treatment group Total n = 50 pvalue

Control Test

Severity of anemia Mild 10 7 17 0.650

Moderate 12 15 27

Severe 3 3 6

Symptoms of anemia Asymptomatic 5 2 7 0.613

Fatigue 2 5 7

Reduced concentration 0 1 1

Loss of appetite 3 1 4

Pica 1 2 3

Signs of anemia Koilonychia 1 1 2

Brittle nails 1 0 1

Pallor 9 11 20

Tachycardia 3 2 5

Causes of anemia Blood loss 14 13 27 0.990

Decreased iron utilization 6 7 13

Dietary inadequacy 4 4 8

Malabsorption 1 1 2

Table 2. Baseline demographic variables.
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3.3. Baseline demographic variables

The baseline pretreatment analyses of IDA history and examination were performed. The
clinical evaluation proforma of IDA was filled at the time of enrollment in both treatment
groups. Patient’s baseline demographic variables for IDA history and general physical
examination were summarized for each treatment group. As depicted in Table 2, patient
characteristics were equally balanced between the test and control groups. The two treat‐
ment groups did not differ significantly (all p < 0.05) from each other at any time point. The
most common IDA symptom was pallor 44.0% in allopathic treated and 36.0% in herbal-treated
patients. Whereas the common cause of IDA noted in this trial was the blood loss 56% in
allopathic treated and 52% in herbal-treated patients.

3.4. Baseline severity of anemia

The assessment of severity of IDA at the time of enrollment exhibited following results test
group versus control group, mild anemia 7 patients (28%) versus 10 (40%), moderate anemia
15 patients (60%) versus 12 (48%), severe anemia 3 patients (12%) versus 3 (12%) patients
noticed in the both treatment groups. Baseline severity of anemia did not differ between the
two groups. Comparative analysis of the baseline data using chi-square test confirms that there
were no baseline differences among the treatment group as evident from p values in Table 2.

3.5. Effects of therapy on hemoglobin status

Hemoglobin increased dramatically in both treatment groups after therapy (as dissipated in
graph 2). The rates of the improvement in hemoglobin concentration were higher in the herbal
treatment group at all times after treatment and it revealed that the efficacy of herbal treat‐
ment is as superior to allopathic treatment (p = 0.001). The total duration of treatment was 4
weeks in both treatment groups. The clinical success rates on the basis of self-assessment of
patient regression of complaints and physician examination on follow-up were more effec‐
tive in test group (as in graph 2).
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Clinical failures or no significant improvement in hemoglobin after treatment occurred in 1/25
patients (4%) receiving herbal medicine and in 7/25 patients (28%) receiving allopathic
medicines (graph 2). Clinical success rates for those with mild-to-moderate infections and those
with severe infections were higher in test treatment group. For the overall, clinical success was
observed in 15/25 patients (60%) of cases in herbal-treated patients and in 2/25 (8%) of cases in
allopathic-treated patients.

The overall evaluation was mainly based on the efficacy of drugs in reducing anemia in terms
of both objective and subjective symptoms. The syrup Foulad produced a better result than
allopathic medicines, which showed an overall cure rate of 60% versus 8% significantly
effective as confirmed by chi-square test and the test treatment has superior efficacy than
control treatment (p = 0.001).

3.6. Safety evaluations

All the patients enrolled in the study were evaluated for safety. Adverse effects observed after
administration of medicine are summarized in Table 3. The majority of adverse events were
assessed as mild in severity. Adverse events categorized by the physician (researcher) as
possibly or definitely drug related were reported in 3/25 patients (12%) receiving herbal
medicine and in 15/25 patients (60%) given allopathic medicine.

Observed Side effects Treatment group Total p value

Control Test

Constipation 2 1 3 0.010

Diarrhea 3 1 4

Nausea 9 1 10

Vomiting 1 0 1

No complaints 10 22 32

Total patients 25 25 5

Table 3. Side effects on patient’s self-assessment.

Nausea was the most common drug-related events among allopathic medicine (36%) and
herbal group (4%) recipients. Overall side effects (p = 0.010) were greater in control-treated
participants than in test participants. No severe or serious adverse side effects were ob‐
served that interfere with activities of daily living. Comparison of data recorded by partici‐
pants relating to these variables showed highly significant differences between test and control
groups for measurements side effects as shown in Table 3.

Consequently, the generated data rejected the null hypothesis (when p < 0.05); hence, the null
hypothesis was rejected on the basis of statistical findings in regard to efficacy and safety.
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4. Discussion

Iron deficiency anemia (IDA) is most often a polysymptomatic disease. The use of allopathic
drug combination has been considered as one of the effective therapy. But this is not feasible,
as besides being cost prohibitive, they are not without side effects. The herbal formulation
syrup Foulad contains herbs, which are known for its wide range of clinical use in indige‐
nous medicine. It has been proved that these herbs exert profound activity for the improve‐
ment of hemoglobin percentage.

This unicenter trial demonstrated that herbal medicine was more effective in the manage‐
ment of patients with IDA. Herbal treatment resulted in a 60% clinical cure or improvement
rate, which is superior to that achieved with allopathic therapy 8% clinical success rate. The
response rate of hemoglobin improvement status before and after treatment suggests that
syrup Foulad has the higher efficacy as allopathic medicine (p > 0.001).

In light of study that the authors have presented, it is concluded that phytomedicine admin‐
istered under a randomized double-blind trial is exhibiting desirable effects with a profound
margin of safety. The plus point is that the formulations are absolutely cost-effective and have
shown promising results even in surveillance studies. The spectrum of herbal medicine has
been widening following the modalities of integrated medicine like our eastern system of
medicine.

The medicinal word is switching over to alternative medicine, including herbal medicine
especially South Asia, due to its tremendous potential that is being confirmed by current
researches. In this unicenter study, syrup Foulad was well tolerated and had a rate of drug-
related adverse events less than to that of patients treated with syrup Ferplex (p = 0.010). Mild
nausea was the most commonly reported adverse events in test treatment groups and control
group.

5. Conclusion

Based on the statistical result of present clinical trial, it can be concluded that

• a comparative evaluation of the IDA treatment by Sharbat Foulad vis-a-vis the syrup Ferplex
differs in treatment response, the herbal medicine is superior to allopathic medication.

• there was less untoward manifestation associated with the use of syrup Foulad and this is
found a good acceptability by most of the treated patients. Syrup Foulad has added the
benefit of safety.
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Abstract

Anemia during pregnancy is a considerable health problem, with around two-fifths of
pregnant women worldwide being anemic. Many gynecological and infectious diseases
are predisposing factors for anemia during pregnancy. Anemia during pregnancy—
especially the severe form—can lead to various maternal and perinatal adverse effects
such as preterm labor, low birth weight, and intrauterine fetal death. It is one of the
leading causes of maternal mortality. Therefore, preventive measures are needed if
anemia and its adverse effects are to be prevented. Iron and folic acid supplements are
the cornerstone for the prevention of anemia during pregnancy and one of the earliest
preventive measures adopted in antenatal care. Other measures to prevent anemia
during pregnancy include the fortification of principle foods with iron, increasing health
and  nutritional  awareness,  combating  parasitic  infections,  and  improvement  in
sanitation. There is a controversy concerning the benefit of other elements such as zinc,
copper, and magnesium, so the use of these elements is not widely adopted for the
prevention of anemia.

Keywords: anemia, pregnancy, prevention, treatment, adverse effects

1. Introduction

Anemia in pregnancy is a major public health problem, where it has been estimated that 41.8%
of pregnant women worldwide are anemic [1]. The majority (at least half) of this burden is
due to iron deficiency [2]. However, there is a significant variation in prevalence of anemia,
both within and between countries.  Because of physiological  changes during pregnancy,
pregnant women are at higher risk of anemia and in particular iron deficiency anemia, which
is  the  most  common  type  of  anemia  during  pregnancy.  Hematological  changes  during
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pregnancy, especially expansion of blood volume, often confuse the diagnosis of anemia and
its treatment. Because of increased iron and folic acid demands during pregnancy, pregnant
women are  more  susceptible  to  develop  anemia.  Moreover,  pregnant  women are  more
susceptible to the other types of anemia that affect other women of childbearing age such as
hereditary  anemia,  sickle  cell  disease  and  aplastic  anemia.  Anemia  during  pregnancy,
particularly the severe form, is associated with increased maternal morbidity and mortality
and contributes to 20% of the maternal mortality in Africa [2–5]. Anemia in pregnancy is
associated with negative consequences for both the woman and neonate. Therefore, great
effort is needed to develop/reassess and implement programs to control and prevent anemia
during pregnancy.

2. Physiological changes during pregnancy related to anemia

During pregnancy, there is a considerable increase in plasma volume, which increases by
40–45% above the level of nonpregnant women. The blood volume expands by 15% com‐
pared with non-pregnancy levels. The disproportionate amount of blood creates the physio‐
logical and dilution anemia during pregnancy [5, 6]. However, these changes are of great
importance and may protect pregnant woman against supine hypotension, guard against
the adverse effects of the expectant blood loss during labor, and meet the demand for in‐
creased blood flow to the uterus and fetus [5, 7–9]. Despite this hemodilution, there is usual‐
ly minimal change in mean corpuscular volume (MCV) or mean corpuscular hemoglobin
(Hb) concentration (MCHC). The increase in iron demand during pregnancy is met by in‐
creased iron absorption. The maternal plasma erythropoietin level increases during preg‐
nancy and reaches its peak in the third trimester [5, 7–9]. This accelerates erythropoiesis, but
hemoglobin concentration and hematocrit decrease.

3. Iron metabolism

In adult men, there is usually little iron loss from the body. Because females lose iron during
menses, their iron needs are greater. Usually only around 4% of the ingested iron is absor‐
bed in the upper part of the small intestine, mainly in the ferrous state, while the majority is
ingested in the ferric state. Many metal-binding proteins bind not only to iron but the other
metals such as zinc and copper. After crossing the intestinal cells, most of the absorbed iron
is bound to apoferritin forming ferritin. Usually around 35% of the transferritin is saturated
with iron. The details of the process, involving intestine, plasma, liver, and bone marrow are
shown in the Figure 1.
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Figure 1. Iron metabolism

4. Iron requirements during pregnancy

The daily requirement of iron is around 1.5 mg in nonpregnant women. This requirement
increases dramatically during pregnancy to reach 6–7 mg/day (total 1000 mg) with ad‐
vanced gestational age. Pregnancy causes a twofold to threefold increase in the requirement
for iron and a 10- to 20-fold increase in folate requirement. The increase in demand for iron is
mainly due to fetal requirement, placenta, blood volume, tissue accretion, and the intra-partum
potential for blood loss [5, 10]. This sixfold increase in need is quite difficult to meet with diet
alone, especially in situations of poverty. In many underdeveloped countries, pregnant woman
may have depleted iron stores and/or iron-deficiency anemia and, therefore, are at increased
risk of becoming anemic during pregnancy and developing the adverse consequences of iron
deficiency and anemia. For this reason iron supplementation during pregnancy is very
important to keep the maternal hemoglobin within the normal range. It was previously
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thought that even in the absence of sufficient iron supplementation, fetal hemoglobin
production was not impaired because the fetus obtains iron even if the mother suffers from
severe anemia. This is now an obsolete theory, and maternal anemia may lead to fetal anemia
and many other perinatal adverse effects.

5. Folate during pregnancy

The normal level of folic acid is not sufficient to prevent megaloblastic changes in bone marrow
in about 25% of pregnant women. Moreover, folic acid deficiency is more likely to occur in
twin pregnancy, and in women taking anti-convulsion and sulfa-containing drugs. All
pregnant women in developing countries should receive daily supplementation of 60 mg iron
and 40 mg folic acid. Folate level is affected by sickle cell disease, malaria, and hemolytic
anemia. The issue of folate deficiency has received global attention due to its association with
neural tube defects.

6. Definition of anemia in pregnancy

The World Health Organization (WHO) defines anemia during pregnancy as a hemoglobin
concentration <11 g/dl. However, this cutoff value for hemoglobin concentration is affected by
many factors such as ethnicity, altitude, and smoking [10]. Anemia in pregnancy is further
classified as mild/moderate (Hb 7–10.9 g/dl) and severe (Hb < 7 g/dl) [2]. The Centers for
Disease Control and Prevention (1990) defined anemia as hemoglobin <11 g/dl in the first and
second trimesters and <10.5 g/dl in the third trimester. This is based on the reduction in
hemoglobin level during pregnancy caused by the disproportion in volume expansion
between the plasma and erythrocytes. This disproportion is considerably greater during the
second trimester. Postpartum anemia is defined by the WHO as hemoglobin <10 g/dl [10].

7. Etiology of anemia

There are several different factors responsible for anemia. The most common is iron deficien‐
cy anemia (IDA), which is generally assumed to represent 50% of cases [11]. Among the various
risk factors for IDA nutritional or low iron intake together with acute blood loss are the leading
causes. During pregnancy, symptoms such as nausea and vomiting together with other
contributing factors may cause maternal anemia; the other factors include history of heavy
menstruation, high parity, short birth spacing, lack of antenatal nutritional education, and
multiple pregnancy. Malabsorption interferes with iron absorption and parasitic infestation
such as hookworm may also lead to low hemoglobin levels. Iron absorption is enhanced by
ascorbic acid and inhibited by phytic acid and tannins present in tea, coffee, and chocolate.

The second common leading cause of anemia in pregnancy is folic acid deficiency. Other
micronutrient deficiency such as vitamin A, B12, and riboflavin, zinc, and copper may also
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contributing factors may cause maternal anemia; the other factors include history of heavy
menstruation, high parity, short birth spacing, lack of antenatal nutritional education, and
multiple pregnancy. Malabsorption interferes with iron absorption and parasitic infestation
such as hookworm may also lead to low hemoglobin levels. Iron absorption is enhanced by
ascorbic acid and inhibited by phytic acid and tannins present in tea, coffee, and chocolate.

The second common leading cause of anemia in pregnancy is folic acid deficiency. Other
micronutrient deficiency such as vitamin A, B12, and riboflavin, zinc, and copper may also
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contribute to anemia. Malaria, hookworm infestation, infection, and deficiency of a number of
micronutrients are leading causes of anemia during pregnancy. The relative contribution of
each of these factors to anemia during pregnancy varies greatly by geographical location. Iron
deficiency in anemic subjects in poor communities may be complicated by one or more
additional micronutrient deficiencies. The etiologic pattern of anemia during pregnancy is
often complex such that, for example, infection and nutritional deficiencies coexist.

Obstetric/gynecologic

  Previous history of menorrhagia/metrorrhagia

  History of miscarriage

  Fibroid

  Multiple pregnancies

  Teenagers

Infections

  Infections, for example, urinary tract infection

  Parasitic infections, for example

  Malaria, schistosomiasis, and hookworms

  HIV

  Helicobacter pylori

Bleeding from other site

  Peptic ulcer

  Hemorrhoids

General

  Pica, for example, eating mud

  Nutrition habits, for example, vegetarian

Table 1. Causes of and predisposing factors for anemia during pregnancy.

Other etiologies for anemia in pregnancy include malaria, chronic infection including HIV/
AIDS, hemolytic anemia, thalassemia, and sickle cell disease.

Pregnancy is suggested as a possible cause for aplastic anemia due to the suppression of
hematopoiesis by placental lactogens [12]. This is supported by the clinical observation that
pregnancy-associated aplastic anemia is frequently self-limiting, ending with delivery.
Pregnancy is one cause of bone marrow suppression, and aplastic anemia is likely to be
immune-mediated since pregnancy is a state of hypo-immunity, likely involving suppres‐
sion by cytotoxic T lymphocytes. In patients with aplastic anemia, CD4 and HLA-DR+ are
detectable in both blood and bone marrow. The cells produce inhibitory cytokines such as
tumor necrosis factor and gamma interferon, which affect the mitotic cells and induce nitric
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oxide synthase and nitric oxide production by bone marrow cells, related to immune-mediat‐
ed cytotoxicity and elimination of hematopoietic cells.

Table 1. shows causes and predisposing factors for anemia in pregnancy.

8. Diagnosis

While mild anemia is usually asymptomatic and may be detected during routine prenatal
check up for hemoglobin, moderate and severe anemia may present with different symp‐
toms, including fatigue, dizziness, tiredness, lethargy, fainting, palpitation, symptoms of
congestive heart failure, and leg swelling. In severe cases, there may be difficulty in swallow‐
ing and/or blindness if there is a vitamin A deficiency. It is worth mentioning that some of
these symptoms can overlap and hence be attributed to symptoms detected in normal
pregnancy (Table 2).

Fatigue
Dizziness
Tiredness
Lethargy
Fainting
Palpitation
Symptoms of congestive heart failure
Legs swelling

Table 2. Symptoms of anemia during pregnancy.

Pallor and physical findings of iron deficiency may also be present, such as angular stomati‐
tis, smooth tongue, and koilonychias, in the Figure 2.

Figure 2. Signs of IDA (iron deficiency anemia)
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8.1. Signs of IDA

An abdominal examination to rule out enlarged spleen and/or liver is mandatory in approach‐
ing anemic pregnant woman. A complete blood picture (include peripheral blood film) is the
first step in tailoring the next investigations aimed at determining etiology as shown in the
Figure 3.

Figure 3. Peripheral blood picture in IDA

These may include stool examination for hookworms, hemoglobin electrophoresis, and tests
for infectious organisms such as malaria, tuberculosis, and HIV. Bone marrow aspirate or
biopsy may be needed to diagnose the underlying cause of anemia.

The definition and identification of iron deficiency have been problematic, especially in
situations in which chronic inflammation is present. The gold standard for identifying iron
deficiency anemia has been the examination of suitably stained bone marrow aspirates for
storage iron as hemosiderin. Biochemical measurement of iron status is influenced by
inflammation and clearly defined and validated cutoffs for diagnosing iron deficiency in
pregnancy in the presence of coexisting infection have been lacking. A lowered MCV is the
most sensitive indicator of iron deficiency, where serum iron is low and the total binding
capacity raised. Macrocytosis with megaloblastic changes in bone marrow in an indicator of
folate deficiency anemia (Table 3).
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Factor Lower cutoff

Hemoglobin 11 g/dl

Hematocrit 30%

Mean corpuscular volume 80 fl

Mean cell hemoglobin 28 pg

Mean cell hemoglobin concentration 32 g/dl

Serum ferritin 12 μg/l

Total iron binding capacity 15%

Table 3. The lower cut off points of the hematological indices during pregnancy.

9. Consequences of anemia in pregnancy

Anemia during pregnancy is associated with increased maternal morbidity and mortality.
Anemia in pregnancy is associated with negative consequences for both the woman and
neonate. Fetal anemia, low birth weight, preterm birth, and stillbirth have been associated with
anemia [13]. Anemia was observed as a predictor for poor perinatal outcomes such as fetal
anemia and low birth weight deliveries [13, 14]. A meta-analysis showed that anemia during
early pregnancy, but not late pregnancy, is associated with slightly increased risk of preterm
delivery and low birth weight [15]. Interestingly, recent reports revealed that the prevalence
of preeclampsia and eclampsia was significantly higher in women with severe anemia [16]. In
some African countries, anemia was reported to be associated with stillbirth [17, 18]. In
addition, there is also association between anemia and postpartum hemorrhage and pulmo‐
nary edema.

Maternal

Anemic heart failure

Maternal death

Septicemia

Preterm labor

Low tolerance to systemic diseases, for example, heart disease

Postpartum hemorrhage

Lack of tolerance of minimal bleeding

Impaired ability to push during the second stage of labor

Impaired lactation

Breast milk of low nutritional value

Deep venous thrombosis
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Puerperal psychosis

Cognitive abnormalities

Perinatal

Intrauterine growth restriction

Intrauterine fetal death

Low birth weight

Fetal anemia

Low APGAR score

Increased perinatal motility

Increased infant death

Table 4. Complications/adverse effects of anemia during pregnancy.

10. Treatment and prevention

10.1. Dietary advice

As physiological iron requirements are several times higher in pregnancy than they are in the
nonpregnant women, the recommended daily intake of iron for the second half of pregnan‐
cy is 30 mg with iron absorption increasing threefold. The amount of iron absorbed depends
upon the following factors: (1) amount of iron in the diet, (2) its bioavailability, and (3)
physiological requirements. Dietary heme iron is found mainly in red meats, fish, and poultry.
Heme iron absorption is twofold to threefold greater than non-heme iron. Moreover, meat
contains organic compounds (including peptides), which promote the absorption of iron from
other less bioavailable non-heme iron sources. While heme iron is more readily absorbed than
non-heme iron, the latter still forms approximately 95% of dietary iron intake. Ascorbic acid
significantly increases iron absorption from non-heme sources, with the magnitude of this
effect concordant with the increase in quantity of vitamin C in the meal. The bioavailability of
non-heme iron is enhanced by germination and fermentation of cereals and legumes which
results in a decrease in the phytate content, a food constituent that hinders iron absorption.
Tannins in tea and coffee hinder iron absorption on consumption with or shortly after a meal.

Nutritional education is the main objective of antenatal care to assist in the prevention of
anemia. In addition, family planning and control of birth spacing is another preventive
measure that should be considered by health-care providers. The WHO jointly with the
International Nutritional Anemia Consultative Group and the United Nations Children’s Fund
recommend routine supplements of 60 mg iron per day and 400 μg folate per day to all
pregnant women for at least 6 months. This guideline also recommends continuation until 3
months postpartum in areas of high prevalence of anemia (>40%). The standard oral prepara‐
tion, Fefol, comprising 100 mg iron and 350 μg folate, is suitable for both prevention and
treatment. Parenteral iron does not provide rapid correction of hemoglobin levels compared
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with oral form but is an option for those with poor compliance and who cannot tolerate the
oral formulation. It is also suitable in cases of malabsorption. The maximum rise in hemoglo‐
bin achievable with either oral or parenteral formulations is 0.8 g/dl/week. Blood transfusion
is indicated in cases of severe anemia (Hb% < 7 g/dl) and anemia in late pregnancy when
delivery is due.

Referral to secondary care level should be considered if any of the following situations exist:

1. Significant symptoms and/or severe anemia (Hb < 70 g/l), or

2. Advanced gestation (>34 weeks), or

3. If there is no rise in Hb at 2 weeks.

4. In non-anemic women who are at increased risk of iron depletion such as those with:

a. Previous anemia,

b. Multiple pregnancy,

c. Consecutive pregnancies with <1 year’s interval between

d. Vegetarians

e. Women at high risk of bleeding

f. Pregnant teenagers

g. Jehovah’s witnesses.

10.2. Postnatal anemia

The WHO definition for postnatal anemia is Hb < 10 g/dl. Complete blood count should be
checked within 48-hour post-delivery in all women with an estimated blood loss >500 ml and
in women with uncorrected anemia in the prenatal period or symptoms suggestive of
postpartum anemia. Elemental iron 100–200 mg daily for at least 3 months should be offered
to women with Hb < 100 g/l, who are hemodynamically stable, asymptomatic, or have mild
symptoms, and a repeat complete blood count and ferritin level assessment should be
undertaken to ensure hemoglobin and iron stores are replete [17].

10.3. Parenteral iron therapy

Indications for parenteral iron therapy [19]:

1. absolute noncompliance with oral iron therapy

2. intolerance to oral iron therapy

3. proven malabsorption.

Parenteral iron therapy bypasses the natural gastrointestinal regulatory mechanisms to supply
nonprotein-bound iron to the red blood cells. It is characterized by fast increases in Hb and
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better replenishment of iron stores compared with oral therapy, particular iron sucrose.
However, issues concerning its safety are waiting to be addressed.

Contraindications for parenteral iron use are as follows:

1. history of anaphylaxis or reactions to parenteral iron therapy

2. first trimester of pregnancy

3. active acute or chronic infection

4. chronic liver disease.

Appropriate setting and staff trained in management of anaphylaxis should be available on
contemplating usage of parenteral iron.

10.4. Dealing with delivery of women with iron deficiency anemia

With good practice, this situation should generally be avoided; nonetheless, there are instances
when women book late have recently arrived from abroad or have not engaged with antena‐
tal care. In such circumstances, it may be essential to take active measures to minimize blood
loss at parturition. Attention should be paid to delivery in hospital, securing an intravenous
access and blood group and save, and consideration of active management of the third stage
of labor to reduce postpartum blood loss.

10.5. Blood transfusion: indications and risks

There are multiple potential hazards from blood transfusions but most arise from clinical and
laboratory errors. Moreover, specific risks for women of child-bearing age include the potential
for transfusion-induced sensitization to red blood cell antigens, creating a future risk of fetal
hemolytic disease. Massive obstetric hemorrhage is widely appreciated as an important cause
of morbidity and mortality and necessitates prompt use of blood and components as part of
appropriate management.

Both clinical assessment and hemoglobin concentration are of immense significance postpar‐
tum to decide on the optimum method of iron replacement. In the absence of bleeding, the
decision to transfuse blood should be made on an informed individual basis.

Blood transfusion should be reserved for women with:

a. continued bleeding or at risk of further bleeding,

b. imminent cardiac compromise

c. significant symptoms requiring urgent correction.

If, after careful consideration, elective blood transfusion is needed, women should be fully
counseled about potential risks and given written information, and consent should be
obtained.
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10.6. Prophylaxis

Efforts aimed at preventing iron deficiency and iron deficiency anemia among pregnant
women include iron supplementation, fortification of staple foods with iron, increasing health
and nutritional awareness, combating parasitic infections, and improvement in sanitation [20].
A prophylactic dose of 300 μg (0.3 mg) daily during pregnancy was proposed in 1968 by the
WHO.

During pregnancy, women need iron supplementation to ensure they have sufficient iron
stores to prevent iron deficiency [21]. Hence, in most developing countries, iron supple‐
ments are used extensively during pregnancy to prevent and correct iron deficiency and
anemia during gestation.

A dose of 60 mg of elemental iron was accepted as standard supplemental dose in 1959,
depending on estimates of iron needs during pregnancy [22]. This has since been endorsed by
several experts [23, 24]. Gastrointestinal discomfort is a common observation among women
consuming large amounts of supplemental iron, especially if taken on an empty stomach.
Gastrointestinal side effects are recognized as the critical adverse effect on which the tolera‐
ble upper limit of intake for iron is determined. Use of high-dose iron supplements common‐
ly leads to gastrointestinal manifestations, such as constipation nausea, vomiting, and
diarrhea, with the frequency and severity being determined by the amount of elemental iron
released in the stomach.

10.7. Folic acid supplementation

Following publication of a number of studies supporting the periconceptional use of folic acid
in the prevention of neural tube defects, the supplemental dose was increased to 400 μg (0.4
mg) of folic acid daily in 1998. This dose was considered to provide more folic acid than needed
to produce an optimal hemoglobin response in pregnant women. If supplementation is
delayed till after the first trimester of pregnancy, it will not contribute to preventing birth
defects [25]. Interestingly, a recent Cochrane review showed that supplement with folic acid,
alone or in combination with vitamins and minerals, prevents neural tube defects, but it does
not have a clear effect on other birth defects [26].

Likewise, it has been found that folic acid alone, or in combination with vitamin and mineral
supplements during pregnancy, improved iron status in women without affecting perinatal
anemia, perinatal mortality or other infant outcomes [27, 28].

11. Hemoglobinopathies

Hemoglobinopathies such as thalassemias and sickle cell diseases should be considered during
pregnancy because of their impact on maternal and perinatal outcomes. They are genetic
disorders of hemoglobin structure and synthesis and may transmit to the offspring. The main
clinical manifestation of these disorders during pregnancy is anemia. Usually the iron store is
quite normal necessitating folate supplementation without iron to avoid iron overload. Pre-
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conceptual counseling is a very important issue in patients with hemoglobinopathies. It allows
establishment of the hemoglobin status of the parents and prediction of the likelihood of an
affected offspring [29].

11.1. Sickle cell disease

Sickle cell disease is caused by the substitution of glutamic acid by valine at position 6 of the
globin chain. It includes sickle cell anemia, sickle hemoglobin C disease, sickle beta thalasse‐
mias, and sickle cell anemia with alpha thalassemia. Sickling and crystallization of the
hemoglobin are induced by de-oxygenated states such hypoxia, acidosis, and dehydration.
Almost always the patients are already diagnosed prior to pregnancy, but the diagnosis is
made by hemoglobin electrophoresis. Sickle cell disease substantially increases maternal and
perinatal mortality. It leads to miscarriage, intrauterine growth restriction, preterm labor,
preeclampsia, abruptio placentae, and thrombosis [29]. There is also an increased incidence of
infection, and the sickle cell crisis should be managed as aggressively as in nonpregnant
women. The management of sickle cell disease in pregnancy should be in collaboration with
hematologist. Folic acid supplementation with avoidance of iron is very important together
with penicillin prophylaxis. The patient should be removed from factors that may have
triggered the crisis. These may include dehydration in early pregnancy (hyperemesis gravi‐
darum) and during labor. Regular antenatal monitoring, serial growth scans, and intrapar‐
tum avoidance of dehydration, hypoxia, acidosis, and infection are very important, as are
consideration of analgesia and anesthesia. The routine use of prophylactic blood transfusion
is controversial in this situation.

11.2. Thalassemias

The genetically determined hemoglobinopathies termed thalassemias are characterized by
impaired production of one or more of the normal globin peptide chains. Thalassemias occur
according to which globin chain is deficient.

Alpha thalassemia minor (three normal alpha gene) is usually asymptomatic, but the patient
may become anemic. Alpha thalassemia major is incompatible with life, and the fetus is
severely hydropic. Beta thalassemia minor may also be a symptomatic but may present with
iron deficiency anemia with lowered MCV, MCH, and MCHC. The patient will need oral folate
and iron supplementation. Beta thalassemia major in adults presents with iron overload.

12. Acquired hemolytic anemia

This is an uncommon type of anemia and is either primary or secondary. It is usually due to
antibody production. Secondary hemolytic anemia may be due to chronic infection, drugs, or
connective tissue disease. Typically both direct and indirect Coombs tests are positive and
spherocytosis and reticulocytosis are the typical characteristics of a peripheral blood smear.
Steroids are usually effective treatment (prednisolone 1 mg/kg/day). The presentation and
symptoms depend on the severity of hemolysis. Very rarely, as in gestational thrombocyto‐
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penia, there is pregnancy-induced hemolytic anemia. However, usually the condition is benign
and resolves spontaneously. Some obstetric conditions such as pre-eclampsia and eclampsia
may induce micro-angiopathic hemolysis, and this might progressed to hemolysis, elevated
liver enzymes, and low platelets (HELLP) syndrome [29].
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Abstract

Parasitic infections (e.g.,  malaria and helminthiases) have a huge impact on public
health  in  endemic  areas.  Moreover,  parasitic  infestations  are  prominent  causes  of
anemia in the tropics and subtropics, further perpetuated by malnutrition, inflamma‐
tory, and genetic diseases. Anemia-associating parasitic infections vary depending on
the requirements and pathophysiology of the parasites. There is an interplay between
different factors that can be segregated as host and parasite factors, resulting in severe
anemia  accompanying  these  parasitic  infestations.  The  pathophysiological  mecha‐
nisms leading to anemia associated with the different parasites vary greatly, includ‐
ing hemolysis, anemia of inflammation, bone marrow suppression, and micronutrients
deficiency. The major means to deal with this anemia include prevention and treat‐
ment of such infestations.

Keywords: malaria, schistosomiasis, anemia, pathogenesis, parasite

1. Overview

Parasitic infestations (e.g., malaria and helminthiases) have an enormous impact on public
health in endemic areas. Moreover, parasitic infections are leading causes of anemia in the
tropics  and  subtropics,  worsened  by  malnutrition,  inflammatory,  and  genetic  diseases.
Anemia-associating parasitic infections vary depending on the requirements and pathophysi‐
ology of the parasites. It sounds reasonable that the closer the parasite's association with the
red blood cells  (RBCs),  the more severe the expected anemia.  On speaking about blood
parasites, malaria is the most important and well-known infection worldwide. Anemia is a
clinical condition where the values of hemoglobin, hematocrit, or RBCs counts are more than
two standard deviations below the mean for a particular age and sex, with severe anemia
characterized by hemoglobin of less than 5 g/dL. Anemia develops as a consequence of blood
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loss, when red cells are destructed prematurely, or when the normal erythroid production of
red cells is disturbed. These mechanisms often overlap with a number of factors contribu‐
ting to anemia.  Among the important causes of increased cell  destruction leading to ac‐
quired hemolytic anemia is malaria. Hypersplenism and splenomegaly as in hyper-reactive
malaria also play an important role in hemolysis. Another blood parasite of importance is
schistosomiasis which is caused by a blood fluke that undergoes a complex life cycle using a
species of freshwater snail. Adult flukes pair post maturation inside a human host, for life and
begets thousands of eggs that brings harm to organs and are excreted in urine and feces. The
larvae hatching from the eggs manage their way into the snails that in turn begets vast numbers
of larvae capable of penetrating the human skin. The fluke lives in the veins, urinary blad‐
der, and large intestine of their human hosts and borrow molecules from their hosts to put on
their surfaces so that the hosts’ immune system would not recognize them as strange.

2. Malaria and anemia

Malaria is an ancient febrile illness that continues to jeopardize human existence. It is one of
the major killers, particularly among the tropical countries in Africa, Southeast Asia, and Latin
America which is a mosquito-borne disease the characteristic symptoms of which are cyclical
bouts of fever with muscle stiffness, shivering, and sweating whose periodicity reflects the
intraerythrocytic cycle. Malaria is a disease resulting from the parasitic infestation by
Plasmodium species, such as Plasmodium falciparum, P. malariae, P. ovale, P. vivax, and P. knowlesi
with P. falciparum being the most virulent. Malaria is estimated to be a burden for over 200
million people, leading to more than one million fatalities annually. The main vector for this
Plasmodium is Anopheline species, which are most common tropical inhabitants [1]. Malaria is
dependent on the vector-human cycle, and it affects impoverished people in the suburban‐
ized endemic areas with economic and social consequences. Despite decades of efforts on the
battle against malaria, it remains to be an important health threat in tropical areas [2]. Malaria
can manifest a vast clinical spectrum from silent carrier to fatal shock.

3. Common clinical features of malaria

Fever

Chills

Headache

Myalgia

Malaise

Anemia

Petechie
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4. Manifestations of severe disease

Seizures

Jaundice

Mental confusion

Renal failure

Acute respiratory disease syndrome (ARDS)

Coma

Thrombocytopenia

Severe anemia

Hypoglycemia

Hyperparasitemia

Hypotension

Bleeding

Blackwater fever

5. Genetic basis of malaria-associated anemia

Malaria is a polygenic disease, and the genetic basis of malaria-related anemia is under study.
Variable genes have been shown to be involved in host predisposition to the severe forms of
malaria, part of which is malaria-related anemia; nevertheless, it is likely that there are
undetected malaria-susceptibility genes. It has been found that severe malaria-related anemia
is associated with a number of genes, such as FcγRIIA-131H/FcγRIIIB-NA2 haplotype,
interleukin-13 promoter polymorphisms (-7402 T/G and -4729G/A), and TNF-238 A allele [3–
5]. The host-parasite interaction is complex and not fully understood. Such an interaction leads
to a release of a number of cytokines, resulting in the so-called "cytokine storm" in the setting
of severe malaria, where injurious cytokines and small molecules become dysregulated and
results in a systemic inflammatory response syndrome (SIRS)-like state characterized by high
circulating levels of tumor necrosis factor (TNF) and nitric oxide. However, evidence of direct
correlation between severe malaria and the activity of these markers is limited [6]. Elevated
serum levels of the different cytokines such as TNF, lymphotoxin, interleukins 6, 10, 12, and
18, and macrophage inflammatory protein (MIP)-1 are seen in the setting of malaria.
Nevertheless, more studies are needed to clarify whether these predate or follow clinical
markers of severe infection [6]. It is proposed that interferon-regulated gene transcripts
influence the inflammatory response to cytokines, and these results demonstrated previous‐
ly undiscovered transcriptional changes in the host that might govern the development of
malaria-associated syndromes, such as anemia and metabolic dysregulation [7]. On the other
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hand, a number of genes were found to be protecting against malarial anemia such as SCGF,
also called C-type lectin domain family member 11A [CLEC11A]), IL12Bpro-2/3’ UTR-T
haplotype, FcγRIIA-131H/FcγRIIIB-NA1 haplotype, and NOS2 promoter polymorphisms,
along with HLA class II allele DQB1*0501 [3, 8, 9]. In addition, specific genes for commonly
inherited diseases found in the tropics are also known for their role in resistance to malaria-
related anemia. Such effects imposed by these genes are thought to reflect good examples in
the natural selection process in the tropical area. Upon discussing the genetic basis of anemia,
it is prudent to speak about the different hemoglobinopathies and their genes such as sickle
cell anemia. The most commonly mentioned of such genes are Hb S, hemoglobin E, glucose-6-
phosphate dehydrogenase deficiency, pyruvate kinase deficiency hereditary elliptocytosis
(HE), and thalassemia genes where several studies have found an inhibitory effect of thalas‐
semic gene on malaria-related anemia [10].

6. Pathophysiology of malaria-associated anemia

Anemia is one of the primary pathophysiological events contributing to fatal malaria [11].
Severe and refractory anemia causes hypoxia and leads to heart failure in malaria patients [12].
A number of mechanisms contribute to the pathogenesis of malaria-related anemia, such as
erythrocyte destruction and phagocytosis, sequestration of infected RBCs, dyserythropoiesis,
and bone marrow suppression. Erythrocyte lysis could be due to hemolysis of either parasi‐
tized red cells or non-parasitized cells. Red cells of malaria patients suffering from severe
anemia have been found to display abnormal distribution of the different membrane phos‐
pholipids, for example, (phosphatidylserine (PS), phosphatidylcholine, and phosphatidyl
ethanolamine) non-parasitized, along with membrane damage induced by heme released from
the digestion of hemoglobin by the parasite which underwent lipid peroxidation [6].
Expression of specific antibodies directed against the variant parasite antigens (PfEMP-1)
surface of the red cells that results in opsonization of the infected red cells [13]. Interestingly,
lysis of cells is not confined to parasitized RBCs only where it has been found that non-
parasitized erythrocytes inside the parasite culture showed a significant increase in the lipid
peroxide genesis and vulnerability to lysis [14]. Moreover, a direct correlation between
membrane lipid peroxidation and peroxide hemolysis exists, both before and after mono‐
cyte exposure, implying a primary role of membrane peroxidation in red cell lysis. Children
with malaria showed low levels of the antioxidant α-tocopherol in the membrane of red cells,
a finding that might support the hypothesis that local antioxidant consumption may contrib‐
ute to erythrocyte loss. It is also suggested that parasite products forming part of the immu‐
noglobulin-antigen complexes retained on non-parasitized erythrocytes include the P.
falciparum ring surface protein 2 (RSP-2), which results in opsonization of these non-parasi‐
tized RBCs and thus provides a mechanism of removing non-parasitized RBCs [6]. A steady
decline in the hemoglobin level accompanied by an inappropriate reticulocyte response occurs
following an acute malarial infection, where this sort of anemia is explained by sequestra‐
tion of iron in the spleen and other reticuloendothelial system organs together with a short‐
ened red cell survival. It is considered to be very rare in malaria despite the presence of some
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evidences in support of the nature of the normocytic normochromic anemia with evidence of
malaria-related anemia due to hemolysis; however, recent data indicate that these mecha‐
nisms (singly or in combination) do not fully explain the severity of this anemia. Dyserythro‐
poiesis is proposed to play a role in malaria-related anemia, although malaria-related anemia
might partially be attributed to sequestration of parasitized cells, the continuous reduction in
hemoglobin level for several weeks after the acute episode should raise the possibility of
involvement of other factors. Hematologic studies have shown that bone marrow suppres‐
sion and inefficient erythropoiesis have an important share in the severe anemia of malaria
infection [15]. Host mechanisms in control of suppression of erythropoiesis might involve an
exaggerated and steady innate immune response or a pathologic alteration of the T-cell
differentiation response along with the concomitant production of certain proinflammatory
cytokines. We are not to over-look the erythrocytes destructed by the spleen and reticuloen‐
dothelial hyperactivity, where large numbers of both parasitized and non-parasitized red cells
are destructed. Dyserythropoiesis and severe anemia attributed to malaria are closely
associated with excess release of interferon (IFN)-γ and TNF-ᾳ, along with nitrous oxide, which
promote enhanced malarial anemia pathogenesis also resulting in bone marrow suppression
and erythrophagocytosis. Other cytokines like interleukin (IL)-12 and 18 have also been
implicated in dyserythropoiesis. Hemozoin, which is a malarial pigment resulting from
incomplete hemoglobin digestion by the parasite, has also been incriminated in the im‐
paired erythroid development through its direct effects on human monocyte function and/or
erythroid precursors [16]. Other contributing factors to malarial anemia are coinfection with
other organisms such as bacteria, viruses (e.g., human immunodeficiency virus), and helmin‐
thiasis. In summary, the pathogenesis of malaria-related anemia seems to be very complex. It
is indicated that there is a cardinal defect in erythroid maturation with existence of a signifi‐
cant degree of erythrophagocytosis. Nevertheless, more elaboration on the subject of patho‐
physiology of malaria-related anemia is needed. Concerning non-falciparum malaria,
although not common, but it can be seen in the non-falciparum malarial patients, particular‐
ly in cases where hemolysis due to G-6-PD deficiency is encountered and those receiving some
drugs inducing hemolysis. The most important drug to be considered on speaking about
hemolysis due to G-6-PD deficiency is primaquine, which is an effective antimalarial drug
recommended for the dormant hypnozoites of vivax malaria.

7. Mechanisms of anemia in malaria

Increased destruction Inadequate response to anemia

1. Destruction and lysis of
parasitized erythrocytes

2. Destruction and lysis of un parasitized
erythrocytes

3. Drug-induced hemolysis

Dyserythropoiesis due to:

1. Excess IFN-γ

2. Excess TNF-ᾳ

3. Deficient interleukin-12 production
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Increased destruction Inadequate response to anemia

4. Destruction by the spleen and
reticuloendothelial system

4. Effect of hemozoin leading to impaired erythroid development

Table 1. Mechanisms of anemia in malaria.

8. Clinical manifestation of malaria-associated anemia

Malaria-related anemia is a frequent manifestation of P. falciparum malaria; nevertheless, it is
increasingly being reported as a manifestation of P. vivax malaria. The most vulnerable groups
of people are those under five years old and pregnant women. Furthermore, micronutrient
deficiencies caused stunting and also impaired host immunity, thereby increasing the degree
to which malaria is associated with low concentrations of hemoglobin, beside increased
inflammation, and with increased need for iron in young erythroblasts where the anemia might
be severe enough to require blood transfusion. Generally speaking, the spectrum of presen‐
tation is broad and influenced by a number of factors that are host related or parasite related
or a mixture of both such as the age at presentation, whether it is acute or chronic malaria, the
patient’s immune status and if he already lives an endemic area or not and the association with
other conditions that might worsen or protect against the anemia. Pallor is the most common‐
ly encountered presentation of malarial anemia that can be detected by physical examina‐
tion and confirmed by a simple hemoglobin test. Additional symptoms requiring referral and
blood transfusion are an ejection systolic murmur, change in the consciousness level, the
presence of splenomegaly, or malarial parasitemia. In severe malaria-related anemia, it is
proposed that cardiac symptoms could be caused by a cardiomyopathy as an after-effect of
malarial chronic anemia. Moreover, severe malarial anemia might present with severe lactic
acidosis. Severe malarial anemia has been commonly linked to P. falciparum; nevertheless, P.
vivax has been found to cause severe malarial anemia. It is known that parasite density in P.
vivax malaria plays a significant role that influences the fragility of the RBCs, Heinz body
formation, Mean Corpuscular Volume (MCV), Mean Corpuscular Hemoglobin (MCH), and
Mean Corpuscular Hemoglobin Concentration (MCHC) levels; there for, the RBCs of the
patients recurrently infected with P. vivax parasite are imposed to structural and functional
dysfunction, finally culminating in anemia. However, the anemia is not an uncommon
presentation in the patients with P. vivax malaria. This is the case that is commonly seen when
antimalarial treatment is used in G-6-PD deficient individuals. As in other types of drug
induced hemolytic anemia, drug-induced P. vivax malaria hemolytic anemia warrants prompt
detection and early management. The type of anemia in P. falciparum malaria is that of
normocytic and normochromic, and absent reticulocytes. Blackwater fever is another type of
hemolytic anemia in malarial patients that tends to present with classical features of hemoly‐
sis such as hemoglobinuria. This fever is a special clinical entity that presents with features of
acute intravascular hemolysis that classically occurs after the reintroduction of quinine in long-
term inhabitants in malaria endemic areas and repeatedly inadequately using it. Those patients
suffering from G-6-PD deficiency are at particular risk of this syndrome, when being subject‐
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ed to oxidant drugs even in the absence of malarial infection. The features of this serious
complication are bilious vomiting, prostration, intravascular hemolysis, hemoglobinuria, and
renal impairment. This is usually a serious and severe complication that should be avoided.

9. Common clinical presentations of malaria-associated anemia

Pallor

Ejection systolic murmur

Change in the consciousness level in association with splenomegaly and parasitemia

Myocardiopathy

Severe lactic acidosis

Blackwater fever

10. Diagnosis of severe malaria-associated anemia

The severe malarial anemia is defined by the World Health Organization (WHO) as:

A hemoglobin less than 5 g/dL or hematocrit less than 15%.

Parasitemia with more than 100,000 parasites/μL of blood.

Normocytic blood film (thus excluding thalassemia as well as iron, B12, and folate deficien‐
cies).

[17, 6].

11. Management of malaria-associated anemia

The fundamentals of management of malaria-related anemia is based on the main principles
of dealing with anemia “improvement of RBC genesis, where decreased RBC production is
the fundamental pathophysiology along with RBC replacement and decrease RBC lysis in
cases that have increase RBC destruction as the culprit pathophysiology” and fundamentals
of management for infection “elimination of the source of infection and control of complica‐
tions from pathogen virulence, host responses and treatment”.

11.1. Role of erythropoietin

Despite the fact that ineffective or inadequate erythropoietin production might contribute to
malaria-associated anemia in some settings; nevertheless, studies from endemic areas such
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as Africa showed that children with malaria have elevated erythropoietin production than
expected. Therefore, a plausible explanation is that it is rather the response to erythropoietin
which contributes to the pathology rather than synthesis, as seen in the anemia of chronic
diseases. And as such, administering erythropoietin is not expected to improve malarial
anemia [6]

11.2. Is there any role for blood transfusion?

The blood transfusion for malaria-related anemia is an old practice that has been practiced
for a long time, the benefits of which have not been validated. Nevertheless, the use of blood
transfusion in management of malaria-related anemia carries a high risk for blood-borne in‐
fections, particularly in poor resource settings where screening in the blood bank process is
lacking or ineffective.

11.3. Is there any role for iron supplementation?

A group of researchers reported that iron supplementation with antimalarial treatment sig‐
nificantly reduced malaria. Moreover, they refuted the assumption that supplementation
during an acute attack of malaria increases the risk for parasitological failure or deaths [18].

11.4. Eliminating source of Infection

Theoretically, the fastest way of getting rid of the source of malarial infection and its prod‐
ucts is the blood exchange, where it was thought to decrease the degree of parasitemia,
when used as adjunct therapy to quinine; however, since there was no supporting evidence,
the CDC is now advising against it [19, 20]. On the other hand, antimalarial drug therapy is
considered to be the slower method for getting rid of the source of infection, and is definite‐
ly needed to manage malaria-related anemia although some of these drugs are to be used
cautiously fearing drug-induced hemolytic anemia.

11.5. Treating coinfecting organisms

Studies addressing the effect of coinfection on malarial anemia showed variable results with
complex outcomes on anemia [21]. Similar outcomes were seen with studies dealing with
the issue of treating coinfection or not [22].

11.6. Control of complications

It is of paramount importance to bear in mind the early recognition of malarial anemia as
one of the serious complications of malaria, and thus it is recommended to include hemoglo‐
bin measurement as part of the management plan of malaria patients at the primary-care
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level, especially in determining whether a patient should be referred to an appropriate treat‐
ment center or not.

11.7. Prevention

The following measures are to be taken so as to prevent and control complications of malar‐
ia-related anemia:

1. Follow-up for the patients to decide on the response to treatment.

2. Control of complications of malaria-related anemia.

3. Close monitoring for the possible complications of malaria related anemia especially for
cardiac and respiratory complications.

4. Monitoring for selected treatment methods such as adverse drug reactions in antimalar‐
ial therapy.

5. Intermittent prophylactic treatment for pregnant women as per the WHO recommenda‐
tions [23].

12. Anemia in schistosomiasis

Schistosomiasis is considered to fall just second to malaria upon discussing the prevalence of
parasitic infestations in the world, being prevalent in more than 70 countries worldwide, with
an infection rate affecting one in each 30 individuals. It is most prevalent in tropical and
subtropical areas of South America, Africa, and Asia. World Health Organization (WHO)
estimates the disease burden to be more than 240 million people infected worldwide, with
400−600 millions of people at risk [24, 25]. Schistosomiasis tends to involve a number of organs
leading to dysfunction of these particular organs, such as renal and bladder dysfunction
(Schistosoma haematobium) or liver and intestinal disease caused by Schistosoma (mansoni,
japonicum, mekongi, and intercalatum) in endemic areas, and it is also a contributory cause of
anemia and stunting of growth. Schistosomiasis is acquired when cercaria breaks through the
skin while swimming or bathing in fresh water when the human host comes into contact with
the infectious, free-living, cercarial larvae that are released by the parasite’s intermediate
hosts [25]. Therefore, patterns of water supply, sanitation, and human water use are critical
factors in defining the risk of infection [25, 26]. Moreover, the geographic distribution of the
different Schistosoma species depends solely on the distribution of the particular snail species
that serve as intermediate hosts. On the other hand, the distribution of snails depends on
climate, water quality, and other ecologic factors [27, 28]. Thanks to animal models of
schistosome infection, where they have allowed intensive study of the immunology and
molecular biology of schistosomiasis. Analysis of host responses to these complex multicellu‐
lar parasites has granted considerable awareness about the regulation of cell-mediated and
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humoral immunity [29], as well as the resistance pathways available for elimination of
macroparasites [30]. Molecular studies of the parasite have granted information on new
manners of genetic expression, not only but even the whole genome of the parasite has been
sequenced [31, 32], as well as leads for the development of vaccines and new pharmaceuti‐
cals for control of this prevalent chronic infection [25].

12.1. Schistosomiasis-related anemia: molecular and genetic basis

The most common presentation of chronic infestation with S. mansoni is with the relatively
asymptomatic intestinal form of the disease, while a minority develops hepatosplenomegaly
characterized by severe hepatic disease complicated by portal hypertension. Such distinct
heterogeneity of disease severity is seen among both, humans and experimental mouse model.
Severe disease is featured by profound hepatic egg-evoked granulomatous inflammation in a
proinflammatory cytokine setting, whereas mild disease conforms with reduced liver
inflammation in a Th2 distorted cytokine setting. This distinct variation reflects that genetic
differences play a pivotal role in disease development. Smith et al. demonstrated in their study,
that severe hepatic pathology in F2 mice 7 wk after infection was significantly associated with
a surge in the synthesis of the proinflammatory cytokines IL-17, IFN-γ, and TNF-α by
schistosome egg antigen-evoked mesenteric lymph node cells. A quantitative analysis of trait
loci revealed a number of genetic intervals governing immunopathology along with IL-17 and
IFN-γ production. Egg granuloma size was found to have a significant linkage to the domi‐
nantly inherited loci; D4Mit203 and D17Mit82. Moreover, these genetic loci were found to have
a decisive effect on the development of immunopathology in murine as evidenced by the
significantly reduced hepatic granulomatous inflammation and IL-17 synthesis in interval-
specific congenic mice [33]. It is likely due to these genetic differences that a minority of infected
persons tends to show the severe form of schistosomiasis with hepatosplenic involvement and
hypersplenism.

12.2. Epidemiology of schistosomiasis-associated anemia

In addition to hookworm anemia, anemia in schistosomiasis poses an important public health
problem, particularly for those tropical countries in Africa where schistosomiasis is endemic
and a strong correlation is found between it and anemia.

12.3. Pathophysiology and manifestations of schistosomiasis-associated anemia

Schistosomiasis or bilharziasis is a group of helminthic infestations that are brought about by
blood flatworms of the Schistosoma genus. The pathology of schistosomiasis is typically
evoked by ova trapped in the tissues, where the activation of CD4 T cell-mediated immunity
results in granulomatous inflammation. Three important forms of schistosomiasis have been
described: intestinal, urinary, and hepatic. The former two forms of schistosomiasis are the
two common forms relating to anemia. It has been noted that there are several negative effects
of the mentioned two forms of schistosomiasis on the coming nutritional parameters in
humans [25]:
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1. Urinary and fecal blood and iron loss

2. Anemia and hemoglobin levels

3. Proteinuria

4. Child growth and adult protein-energy status

5. Physical fitness and physical activity

It is well known that schistosomiasis can cause iron deficiency anemia by direct blood loss in
case of urinary and gastrointestinal schistosomiasis through urine and stools [34]. Interest‐
ingly, the hemoglobin level and the hematocrit were found to be inversely related to egg count,
in contrary to the prevalence of anemia which tends to increase with increasing egg count [35].
There for it is concluded that this negative association between the degree of infection by S.
haematobium and iron status showed a deleterious consequence of urinary schistosomiasis on
nutrition and hematopoietic status, a thing that should be put in consideration when design‐
ing nutrition intervention programs [35]. Other explanations for the anemia associated with
schistosomiasis are the anemia of inflammation and the presence of coinfection with other
parasites such as hook worm [36, 37].

12.4. Schistosomiasis-related anemia: diagnosis and management

The diagnosis of anemia in schistosomiasis needs evidence of coexistence of both anemia
validated by the measurement of hemoglobin and blood fluke infestation by stool or urinary
examination for detection of blood fluke ova. Nevertheless, great care should be taken be‐
cause not all cases with both anemia and blood fluke infestation can be attributed to blood
fluke infestation as anemia can be a common copresentation with helminthic infestation in
tropical countries. Other etiologies for iron deficiency anemia, particularly hookworm infes‐
tation, should be evaluated. Undoubtedly, the coinfestation between hookworm and blood
fluke is reported to coexist in the tropics. Compared to hookworm anemia, treatment of ane‐
mia in schistosomiasis is usually started with an antihelminthic drug. It has been found that
a blanket coverage of a single-dose anthelminthic treatment covering the at-risk population
like school children in the endemic areas achieved hematological benefits among most of the
children with S. haematobium infestation [38]. Such a recommendation is yet waiting estab‐
lishment in the case of pregnant women [39]. The drug of choice for treatment of schistoso‐
miasis infection is praziquantel (40 mg/kg), similar to other fluke infestations. Moreover, the
nutritional supplementation therapy should be similar to hookworm anemia. Nevertheless,
as praziquantel does not reduce the hookworm intensity of infection, which is another major
cause of anemia in the endemic area, alterations in the prevalence of anemia among the pop‐
ulation should be due only to the elimination of Schistosoma species infestation. Accordingly,
in the area with high prevalence of mixed infection of hookworms and blood flukes, com‐
bined antihelminthic drugs for both infestations are advised. It has been found by Friis et al.
that the combination of multi-micronutrient fortification and anthelminthic treatment inde‐
pendently raised the hemoglobin. The treatment effect was thought to be due to decrement
in S. mansoni and hookworm load of infection [40]. However, meta-analysis on this issue did
not support their findings, but rather suggested further research on the subject [41]. It has
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been noted that in areas with schistosomiasis and hookworm infestations, combination
treatment with praziquantel and albendazole, plus iron supplementation, is likely to pro‐
mote good population health and improve hemoglobin levels.

12.5. Schistosomiasis-related anemia: prevention

It is advisable to implement community-level treatment and control of schistosomiasis in
endemic areas where protein-energy malnutrition and anemia frequently coexist where such
strategies will likely improve child growth, appetite, physical fitness, and activity levels and
decrease anemia and symptoms of the infestation [42]. Therefore, screening and early
management of identified cases are the best means to prevent schistosomiasis-associated
anemia. The development of vaccines will give the solution to this dilemma [43].
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Abstract

Currently, humans can easily live for 60 years and more. This increase in life expectan‐
cy produces myriad changes in our bodies that diminish the individual’s physical and
mental capacities and affect as well the functional capacity of individuals to interact
appropriately with their social and physical environments. The oxidative theory of aging
predicts an accumulation of oxidative damage to proteins, lipids, and DNA with age; as
a consequence, the aged brain gradually suffers loss in neuronal functions, increasing the
risk of developing neurodegenerative diseases and cognitive impairment. To date, there
are no effective treatments to prevent age-related cognitive decline, making it urgent to
identify the neural mechanisms that are altered during aging. In this chapter, we discuss
the mechanisms that underlie synaptic plasticity, emphasizing the relationship between
redox balance and neuronal function, and we also address current evidence supporting
oxidative stress as an important contributing factor in brain aging.

Keywords: synaptic plasticity, aging, neuronal function, oxidative stress, cognitive
decline

1. Introduction

Currently, humans can easily live for 60 years and more. This increase in life expectancy produces
myriad changes in our bodies that diminish the individual’s physical and mental capacities and
that affect as well the functional capacity of the individual to interact appropriately with the
environment. To date, there are no effective treatments to deter the age-related cognitive decline.

© 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.



Thus, in order to identify potential therapeutic targets and thus improve the quality of life of
aging individuals it becomes urgent to decipher the neural mechanisms that are altered during
aging. This knowledge will allow the design of molecules for the prevention, delay or even the
reversal of age-related cognitive malfunction.

During aging, the brain undergoes a progressive accumulation of oxidative damage to
macromolecules, such as synaptic proteins, lipids, and DNA, which gradually alters neuro‐
nal functions and increases the risk of developing neurodegenerative diseases and cognitive
impairments.

As you would expect, various nutritional interventions that somehow prevent or counteract
this oxidative accumulation, they have proved effective in mitigating the effects of brain aging.
Although there is no consensus, the evidence suggests that the consumption of dietary
antioxidants may have a beneficial effect on the mental health of aging individuals by a
mechanism that involves improvement of synaptic plasticity (SP) [1], as well as an increase in
the flow of blood and neurogenesis [2]. Caloric restriction, a significant decrease in caloric
intake, is another nutritional intervention in animal models with positive impact in synaptic
plasticity, which produces attenuation in the effects related to aging in the CA3 region of the
hippocampus [3, 4].

In particular, aging entails synaptic failure, so to achieve a better understanding of the changes
associated with the aging process and how to prevent, it is necessary to understand how it
affects the mechanisms underlying synaptic plasticity.

This chapter discusses the following topics:

a. Cellular mechanisms of synaptic plasticity.

b. Redox regulation mechanisms acting in synaptic plasticity.

c. Disturbances of neuronal redox homeostasis and accumulation of oxidative damage
during aging.

2. Cellular mechanisms of synaptic plasticity

Synaptic plasticity, defined as functional and structural changes occurring in the synapse in
response to specific neuronal activity, is critical for the processing of information by the brain.
It is widely accepted that changes in synaptic connections, which represent the cellular basis
of memories, are encoded and stored in the central nervous system. At the cellular level, these
changes occur when a postsynaptic neuron responds to a given presynaptic stimulation caused
by either depolarization or neurotransmitter release. This postsynaptic response initiates a
series of metabolic changes that promote, in turn, the stimulation of gene expression necessa‐
ry to enable and consolidate long-lasting structural and functional changes. In its most general
form, the hypothesis linking SP and memory states that neuronal activity-dependent plastici‐
ty is induced in certain synapses during memory formation. This fact is necessary and sufficient
to store information, outlining the type of memory involved in the area of the brain in which
plasticity is observed [5–7].
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At the electrophysiological level, SP entails an increase or a decrease in synaptic efficiency;
these changes are known as long-term potentiation (LTP) (Figure 1) or long-term depression
(LTD), respectively [8]. If changes occur on the same synapse that was stimulated, they give
rise to homosynaptic plasticity. Alternatively, if changes occur in synapses other than those
stimulated, they originate heterosynaptic plasticity [9, 10]. The cellular and molecular
mechanisms of LTP and LTD have been extensively studied in the hippocampus [11], an area
involved in the formation of spatial memory in rodents and humans. In the hippocampus,
many forms of plasticity, including LTP and LTD, require an increase in calcium concentra‐
tion in the postsynaptic neuron [7, 12, 13].

Figure 1. Cartoon depicting the signaling pathways involved in synaptic plasticity. In response to glutamate, NMDA
(N-methyl-D-aspartate) receptors (NMDARs) and L-type voltage-dependent calcium channels (VDCCs) open allowing
the influx of calcium into the cell. The increase in cytosolic calcium concentration activates the release of calcium from
the endoplasmic reticulum (ER) by ryanodine receptors (RyRs) through a calcium-induced calcium-released mecha‐
nism (CICR) amplifying calcium signaling. In young synapses, this calcium elevation leads to the activation of calci‐
um-dependent kinases, which are relevant to synaptic plasticity and learning and memory. NMDAR activation also
induces the generation of ROS by the activation of NADPH oxidase. Mitochondrial-generated ROS can also contribute
to the increase of calcium concentration through the modulation of the activity of NMDARs and RyRs. In aged synap‐
ses, the generation of ROS by mitochondria is exacerbated leading to oxidative stress. Ion imbalance, lipoperoxidation,
DNA damage, and metabolic impairment are signatures of aged conditions. Increased density of VDCC and calcium-
dependent potassium channels produce an increase of the slow component after hyperpolarization (sAHP), contribu‐
ting to the aging process.

In the hippocampal CA1 area, activity-dependent postsynaptic calcium increments are
initiated by calcium influx from the extracellular space through glutamate receptors of the N-
methyl-D-aspartate (NMDA) type or through voltage-dependent calcium channels (VDCCs)
(Figure 1). The resulting calcium signals are amplified and propagated through the calcium-
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induced calcium release (CICR) mechanism, which engages calcium release from intracellu‐
lar stores [14]. Much of the experimental work concerning the possible role of LTP in learning
has been focused on NMDA receptor (NMDAR)-dependent LTP [15–19]. These studies have
shown that pharmacological NMDAR blockage impairs both learning and SP [16, 18–20].
Similarly, spatial memory is impaired in mice with a mutation in the NMDAR R1 subunit; this
impairment correlates with alterations in LTP or LTD [21]. Hippocampal NMDAR-depend‐
ent SP includes classical associative long-term plasticity between the perforant/dentate gyrus
pathway and between neurons in the CA3 and CA1 circuits; the coupling between the
excitatory postsynaptic potentials (EPSPs) is associated with action potentials [22]. In addi‐
tion, post-tetanic potentiation (PTP) and paired pulses facilitation (PPF) are two forms of short-
term plasticity, which critically require NMDAR activation [23–25]. A number of NMDAR-
independent SP also occur in the hippocampus, including LTP between the mossy fibers of
the dentate gyrus and CA3 neurons; this plasticity is induced by the brief application of certain
growth factors or neurotransmitters [26, 27].

At glutamatergic synapses, glutamate released from the presynaptic vesicles diffuses across
the synaptic cleft and then binds to ionotropic receptors for α-amino-3-hydroxy-5-methyli‐
soxazole-4-propionic acid (AMPA) and to NMDAR present in the postsynaptic membrane.
The activation of AMPA receptors (AMPARs) allows sodium influx and potassium efflux
through these channels, causing excitatory postsynaptic currents and transient postsynaptic
depolarization, which can be recorded as EPSP. This depolarization allows the removal of
NMDAR blockage by magnesium ions (Mg2+), which occurs under resting conditions and
prevents ion conduction through the channel. However, the strong depolarization is typical‐
ly achieved during a train of high-frequency presynaptic activity or direct current injection to
the postsynaptic neuron, release Mg2+ from the channel pore, leading to NMDAR opening and
allowing calcium/sodium influx into the postsynaptic terminal [28].

Calcium ion (Ca2+) is a versatile cellular messenger engaged in numerous functions, includ‐
ing muscle contraction, apoptosis, cell growth, cell proliferation, synaptic plasticity, and gene
expression regulation [29]. The extracellular Ca2+ concentration ranges from 1.5 to 2 mM,
whereas the intracellular resting concentration is four orders of magnitude lower and ranges
from 70 to 100 nM [30–32]. Increments in neuronal intracellular calcium concentration are of
great physiological importance because they play an important role in neuronal functions such
as neurotransmitter release, excitability, neuronal plasticity, and gene expression, all func‐
tions that are associated with SP and memory formation [30, 31, 33, 34]. In particular, postsy‐
naptic calcium influx triggers amplification and signal propagation by CICR; this process
involves the activation of intracellular calcium channels present in endoplasmic reticulum (ER)
[14, 30, 34, 35], a continuous membranous network distributed throughout the neuronal cell,
including dendrites and dendritic spines, the soma, and the surrounding the nucleus and
extending into the axon to reach the presynaptic terminals, where it is closely associated with
mitochondria [36] (Figure 1).

Two different types of intracellular calcium channels are involved in calcium release from the
ER: the inositol 1, 4, 5-trisphosphate (IP3) receptor (IP3R) and the ryanodine receptor (RyR)
channels [14, 30, 34, 35]. In areas such as the hippocampus, calcium release is mediated
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primarily through RyR [37] (Figure 1), providing the largest share of the increase of calcium
in the postsynaptic spines. The RyR channel has been cloned, purified, and sequenced from
several species. Three isoforms of this receptor have been identified: RyR1, RyR2, and RyR3,
each one encoded by a different gene. All three RyR isoforms have about 5000 amino acid
residues and present 65% of identity among them [38, 39]. RyR1 is the isoform primarily
expressed in skeletal muscle, RyR2 in cardiac muscle, and RyR3 in diaphragm muscle [34, 40,
41]. All isoforms are expressed in the brain, RyR2 being the most abundant isoform [41–43].
At the anatomical level, RyR channels have been found in the frontal cortex, olfactory bulb,
thalamus, amygdala, cingulate cortex, piriform cortex, entorhinal cortex, occipital cortex, and
hippocampus [40–42, 44].

The ryanodine receptor is a homotetramer with a molecular mass of >2 MDa in which each
subunit has a weight of ∽560 kDa [38, 39]. It has a large N-terminal segment located in the
cytoplasm that represents about 90% of the protein, while its C-terminal is small and also facing
the cytoplasm. The presence of a large N-terminal site allows its scaffold function for vari‐
ous proteins that play central roles in signal transduction pathways mediated by calcium [45].
The RyR channel can be activated by calcium, caffeine, 4-chloro-m-cresol (4-CMC), and
ryanodine, the alkaloid from which its name comes. However, ryanodine has a dual effect on
the receptor because at low concentrations (<1 μM) it activates the channel, whereas at high
concentrations (>10 μM) it abolishes channel activity [37, 46]. RyR channels are also suscepti‐
ble to inhibition by dantrolene and are modulated by adenosine triphosphate (ATP), H+, Mg2+,
kinases, phosphatases, and reactive oxygen species (ROS) [38].

Different authors have shown that RyR-mediated Ca2+ signals have a role in SP, learning, and
memory. In primary hippocampal cultures, RyR agonists such as ryanodine and caffeine
generate calcium signals that trigger neuritic growth [47] as well as dendritic remodelling [43].
At the electrophysiological level, RyR inhibition by inhibitory concentrations of ryanodine
suppresses sustained LTP, while ryanodine concentrations that activate RyR promote
hippocampal LTP induction [48]. Moreover, RyR2/RyR3 expression in young rats increases
after a hippocampal-dependent behavioral task [43, 44].

Using a genetic approach, it has been demonstrated that the absence of the RyR2 or the RyR3
isoforms, but not of RyR1, impairs spatial memory, while ryanodine concentrations that
activate RyR channels promote memory consolidation in rats [39], mice [49], and chickens [50].
By contrast, the RyR inhibitor dantrolene alters spatial memory [35].

3. Reactive oxygen species in synaptic plasticity

As mentioned in the previous section, NMDAR activation is required for various forms of
hippocampal plasticity, which produce a number of second messengers, including cAMP,
nitric oxide, arachidonic acid, and, certainly, calcium. Recently, ROS have been added to the
list of molecules generated upon activation of NMDAR [51, 52].

The role of ROS as synaptic transmission modulators is complex and depends on the concen‐
tration and duration of the oxidant stimulus [53, 54]. However, after LTP induction, neuro‐
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nal ROS generation has been detected [54, 55]. This observation not only suggests that ROS
may be necessary for LTP induction but also suggests that ROS generation is important for
normal neuronal activity, as discussed subsequently.

Pharmacological activation of NMDAR induces the production of superoxide (O2
.-) [51], which

raises the question of whether ROS generation meets some physiological function. Ascribing
to O2

.- only a neurotoxic effect is not correct, because inhibition of O2
.- production results in

significant reduction of LTP induction [54, 55]. The NADPH oxidase complex is a recently
characterized superoxide-generating source during NMDAR activation in neurons [52, 56].
This oxidase has been extensively characterized in immune cells [57, 58], but compelling
evidence also suggests that superoxide anion generation mediated by this enzyme plays an
important role in LTP induction. Incubation of brain slices with superoxide dismutase (SOD),
an antioxidant enzyme that catalyzes the removal of superoxide, or with permeable and
impermeable superoxide scavengers results in LTP attenuation [55, 59, 60]. Consistent with
the above reports, hippocampal LTP is also affected in transgenic mice overexpressing Cu/Zn-
SOD isoform [59, 61]. Thus, superoxide anion may be produced as a result of, or in conjunction
with, other molecules necessary for LTP. Although superoxide has been implicated to SP-
related kinases, such as protein kinase C (PKC) [62] and extracellular signal-regulated
kinase (ERK) [63], its mechanism of action is not yet defined.

In addition to the modulating effect of superoxide on SP and memory, hydrogen peroxide
(H2O2) also affects signaling pathways involved in SP [64]. For instance, H2O2 regulates the
activity of several kinases, such as PKC and the mitogen-activated protein kinase (MAPK)
family [65–67], as well as phosphatases such as calcineurin [66]. Accordingly, incubation of
hippocampal slices with catalase, an enzyme that degrades H2O2 to water, exhibits altered
hippocampal LTP, further supporting a role for H2O2 in SP [53, 68, 69].

Remarkably, another electrophysiological study reported conflicting results that are difficult
to interpret [53], illustrating the complexity of redox signaling. Using hippocampal slices, it
was found that a high concentration of H2O2 reduces synaptic responses, while exposure to an
intermediate concentration has no apparent effect on the expression of pre-established LTP,
but prevents induction of a new LTP. Surprisingly, a low concentration of H2O2 increased LTP
expression compared to control (absence of peroxide). Another important effect of a low
concentration of H2O2 is the suppression of LTD [53]. It seems that high concentrations of H2O2

can give rise to secondary oxidative reactions unrelated to a physiological response; by
contrast, low concentrations of H2O2 can be part of the normal mechanism for LTP induction.

Within the context of ROS as cellular messengers, both Fenton and Haber-Weiss reactions are
catalyzed by iron and involve superoxide anion and hydrogen peroxide. This feature im‐
plies that the mentioned reactions may have biological relevance [70]. While there are few
studies that make a direct relation between iron-generated ROS and SP [71, 72], there are
clinical data showing that iron deficiency during childhood has a strong impact on some
cognitive functions related to SP and that this effect persists in the adult individual despite
restoration of normal iron levels [73–75].
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4. Redox imbalance in the aged brain

One of the most plausible theories of aging, which involves free radicals, was proposed by
Harman in the mid-1950s [76]. This theory suggests that free radicals generated during aerobic
metabolism produce cumulative damage in various cellular components, resulting in a loss of
function characteristic in the physiology of organisms during aging. Subsequently, this
hypothesis was refined including mitochondria as the main source of free radical produc‐
tion in physiological processes [77], as the inner membrane of mitochondria consumes
nearly 90% of the oxygen generated by cellular respiration. According to this theory, ROS
generated as by-products produce oxidative stress that damages the mitochondria itself, which
results in dysfunctional mitochondria with the passing of years.

Particularly, the brain is sensitive to oxidative damage due to several factors. Among them,
we can mention its mitochondrial high metabolic rate, the presence of high concentrations of
polyunsaturated fatty acids, the presence of transition metals such as iron that are involved in
the generation of the hydroxyl radical and the consequent lipid peroxidation, and, finally, a
lower antioxidant capacity compared with other organs [78, 79].

This theory predicts that by controlling oxidative stress it is possible to delay the effects of
aging. However, studies in Drosophila melanogaster, Caenorhabditis elegans, and mice, in which
the expression of antioxidant genes was experimentally increased, did not achieve the expected
impact on lifespan [80–82]. Furthermore, a recent study using post-mortem brains showed no
significant differences in glutathione levels in aged individuals compared to younger ones,
although a number of increments were found in some brain regions as the frontal and occipital
cortex, caudate nucleus, and cerebellum [83]. The fact that this theory cannot fully explain the
changes associated with aging shows how complex and multifactorial the aging process is.

Evidence supporting this theory in patients or in Parkinson’s and Alzheimer’s disease animal
models suggests a decrease of glutathione and glutathione transferase activity with age in
selected areas of the brain and ventricular cerebrospinal fluid [84]. In this regard, it has been
described that ROS and oxidative damage may contribute to cerebral aging and also to a higher
prevalence of neurodegenerative diseases. Thus, whereas diverse evidences correlate neuro‐
nal changes in redox status with progressive aging in the brain [85–90], others show that the
cumulative effect of oxidative stress in neurodegenerative diseases may depend on the
organism [91]. Multiple lines of evidence suggest that in the brain changes in the redox
environment induce cognitive decline with age, by alterations in synaptic function or
intracellular calcium regulation [92, 93]. Aging is associated with impairment in the ability to
store, retain, and retrieve information, affecting declarative memory in humans, primates,
dogs, and rodents [94–98].

Initially, the deficit in cognitive function associated with aging was partly attributed to a
decrease in the number of neurons in the hippocampus [31, 36, 99], a critical region for spatial
memory [100–102], or by diminished activity in the prefrontal cortex, the brain area in‐
volved in working memory, attention, and planning [95, 103]. However, subsequent studies
reported that the loss of neurons does not contribute significantly to the cognitive decline
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associated with aging; rather, a decrease in synaptic connectivity has been linked to cogni‐
tive impairment [99, 104]. On the other hand, numerous evidences suggest that cognitive
impairment associated with aging may be due to changes in gene expression [40, 102, 105–
109], alteration of calcium homeostasis [32, 93, 110, 111], or changes in the redox state of the
cell [14, 34, 86]. All these changes will trigger alterations in the LTP and LTD, two models of
SP considered the cellular mechanism of learning and memory [112].

Intracellular calcium deregulation affects a number of synaptic components and calcium-
dependent processes [31, 113]. The activity of NMDAR depends on neuronal redox state, so
that variations of oxidative stress strongly impact both synaptic responses and NMDAR-
dependent plasticity [88, 90]. This property is of great interest since the spatial memory
impairment occurred in middle-aged animals is also dependent on NMDAR function [114].
Interestingly, manipulating ROS levels by genetic overexpression of antioxidant enzymes has
revealed a direct relationship between the cognitive impairment in aged animals and the
regulation of NMDAR [89].

Another synaptic process affected by aging is the increase in the slow component of the Ca2+

activated K+- after hyperpolarization (sAHP) in neurons of the hippocampal CA1 region in
aged rodents [115–117]. While it has been described that the sAHP can be modified by an
increase in L-type voltage-dependent calcium channels [102, 105] or an increase in calcium-
dependent potassium channel density [118], enhanced calcium release from intracellular
compartments could also make a significant contribution [85, 111, 119]. In fact, among these
factors, the latter becomes crucial because oxidative stress increases during aging and RyR
channels are highly sensitive to cellular redox state, increasing their activity in response to
oxidation [34, 120, 121].

Certainly, further research is needed in the search to understand and combat the deleterious
effects of aging; knowledge gained from these studies should help the development of effective
treatments for brain pathologies associated with aging.
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Abstract

Previously, known actions of vitamin D were confined to skeletal health, but accumu‐
lating evidence has consistently suggested that vitamin D has pleomorphic roles in
overall human physiology. Hence, no other micronutrient deficiency in the modern
times has gained as much global attention as vitamin D deficiency. In this chapter, the
author reinforces what is already known in vitamin D and highlights several impor‐
tant findings in vitamin D research, with a special focus on one of the most vitamin D-
deficient regions in the world, the Middle East, and Saudi Arabia, in particular.

Keywords: vitamin D, deficiency

1. Vitamin D physiology

Vitamin D plays an essential role in the regulation of calcium and phosphorus absorption and
metabolism for bone health. Nevertheless, the influence of vitamin D is more than just miner‐
al and skeletal homeostasis. The existence of vitamin D receptors (VDR) in several tissues and
organs  implies  that  vitamin  D  physiology  encompasses  beyond  bone  maintenance  [1].
Furthermore, the enzyme responsible for the conversion of 25[OH]D to its biologically active
form [Vitamin D (1,  25[OH]2D)] has been recognized in several  other tissues aside from
kidneys with evidence growing that extra renal synthesis of 1,  23[OH]2D may be just as
important in regulating the cell growth of cellular differentiation via paracrine or autocrine
regulatory mechanisms [2–4]. Figure 1 shows the schematic overview of vitamin D metabo‐
lism that starts in the liver, where vitamin D is hydroxylated to 25(OH)D, the main circulating
vitamin D metabolite used for vitamin D deficiency diagnosis [5]. Further hydroxylation of
25(OH)D to 1, 25(OH)D is catalyzed by 1α-hydroxylase which is expressed in multiple tissues
and binds to vitamin D receptors that in turn regulates various genes [5].
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Figure 1. Vitamin D metabolism overview (figure reprinted from Pilz et al. [5]).

Vitamin D’s etymology was obtained in the early part of the twentieth century after the
discovery of the antirachitic effect of cod liver oil [6]. Then, the unidentified vitamin in cod
liver oil was labeled as “D,” similar to vitamins A, B, and C, which have been already identified.
Synthesis of vitamin D from the skin provides most of the vitamin to the body (80–100%) and
with adequate sunlight exposure, dietary vitamin may be unnecessary. However, time spent
outdoors or the amount of incidental sun exposure on a regular basis, latitude, age, and skin
color influence the cutaneous production of vitamin D and therefore affect vitamin D status.
Foods rich in vitamin D include high-fat content fish (sardines, salmon, herring, and macker‐
el) that are meager and costly, since the study site is situated far from the coast, meat and egg,
and fortified milk, juice and margarine. Even in some countries where certain foods are
fortified with vitamin D, dietary intake of vitamin D is usually insufficient to maintain
adequate levels of 25-hydroxyvitamin D [7]. Currently, there are three treatment modalities
for vitamin D deficiency: sunlight, artificial ultraviolet B (UVB) radiation, and vitamin D
supplementation [7]. Ideal 25-hydroxyvitamin D [25(OH)D] levels continue to be debated in
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scientific circles and the definition of vitamin D deficiency changes almost yearly and ranges
become higher than previously thought. As of this writing, the most commonly accepted
definition of vitamin D deficiency is the one endorsed by the US Endocrine Society, that is,
circulating serum 25(OH)D levels <50 nmol/l (<20 ng/ml) [8].

2. Vitamin D deficiency prevalence

Globally, vitamin D deficiency is widespread and is considered as an epidemic [9]. In a
systematic literature review done by Hilger et al. in 44 countries involving more than 168,000
participants, 37.3% of the studies reported mean values <50 nmol/l, with the highest values
reported in. Furthermore, it was only in the Asia/Pacific and Middle East/African regions
where they observed age-related differences [10]. The recent study of Haq et al. also meas‐
ured vitamin D deficiency prevalence in a single laboratory in United Arab Emirates, and this
time involved 60,979 patients coming from 136 countries and revealed severe vitamin
deficiency (25(OH)D <25 nmol/l) in 23% of the subjects tested and another 37% falling under
mild deficiency (25(OH)D <50 nmol). This study is unique among other large-scale epidemio‐
logic studies since it involved several nationalities in one setting and using only one labora‐
tory, minimizing the need to adjust for known vitamin D cofactors such as geographical
location and variability between measurements [11]. The Middle East and North African
(MENA) region in general has a very high prevalence of vitamin D deficiency and is most
prominent in women of varying ages [12]. The Kingdom of Saudi Arabia (KSA), being part of
the MENA region, is not spared from vitamin D deficiency, despite the sunlight-rich environ‐
ment.

Sedrani [12] was the first to document vitamin D deficiency in KSA, and this was observed
among apparently healthy student males of King Saud University, Riyadh, KSA. Since then
and in the same year [12], other studies using different healthy subpopulations have emerged,
mostly women of child-bearing age [13–16]. In all studies, henceforth, vitamin D deficiency
ranged from one out of five Saudis, to almost 100%. Consequently, at this time, rapid indus‐
trialization was taking place at KSA. Environmental risk factors in lifestyle such as daytime
sleep and night time activities, work environments, which are sedentary and extreme weather
conditions, may have been contributory [17]. Certain groups, such as the elderly, dark skinned,
and/or veiled women and their children, are at particular risk of hypovitaminosis D [7, 18].
But more importantly, urbanization and tremendous socioeconomic growth has resulted in
profound changes in the way of life during the last three decades, resulting in an increased
and sustained incidence of obesity and type-2 diabetes mellitus [19], diseases known to elicit
depressed circulating levels of vitamin D. As time passed, and with advancing technology and
faster dissemination of information, epidemiologic studies on vitamin D deficiency across KSA
has emerged. Through the initiatives of HRM, King Abdullah bin Abdulaziz Al-Saud, and the
thrust for a knowledge-based economy, the research industry in KSA exponentially flourish‐
ed and with it, several large scale studies paved way for exposing the worsening vitamin D
deficiency in KSA [20, 21]. Furthermore, debilitating diseases associated with vitamin D
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deficiency have started to emerge and become more prominent, including osteoporosis [22],
type-2 diabetes mellitus [23, 24], and systemic lupus erythematosus [25] to name a few.

3. Diseases associated with vitamin D deficiency

Vitamin D deficiency has been consistently associated with hypertension, diabetes mellitus,
cardiovascular disease, stroke, multiple sclerosis, inflammatory bowel disease, osteoporosis,
periodontal disease, macular degeneration, mental illness, propensity to fall, and chronic pain
and various cancers [26]. Most tissues have not only vitamin D receptors, but also hydroxy‐
lase enzyme that is required to convert 25(OH)D to the active form, 1α,25-dihydroxyvitamin
D3 [27]. Therefore, vitamin D can affect tissues that are not involved in calcium homeostasis
and bone metabolism. Almost all tissues in the body possess vitamin D receptors including
brain, heart skeletal muscle, smooth muscle cells, pancreas, activated T and B lymphocytes,
and monocytes [28].

The major diseases associated with vitamin D deficiency in KSA are listed in Table 1. Among
these, the most widely documented include vitamin D deficiency rickets among Saudi children
and type-1 diabetes mellitus and osteoporosis in adults. It is expected that with the increasing
elderly Saudi population, the prevalence of chronic noncommunicable diseases, including
osteoporosis in KSA, will increase if not remain steady, and uncorrected vitamin D deficiency
being a risk factor for these diseases will play a major role in the progression of these diseases.
It is worth to note that among these diseases, the emergence of increasing incidence of
fibromyalgia or chronic muscle pain is mostly experienced by Saudi women, which showed
significant improvement after treatment of high-dose vitamin D [52, 53], and reversal of
metabolic syndrome manifestations among Saudi adults by mere increased sun exposure [54].
Several intervention studies are further required for the rest of the nonskeletal diseases where
vitamin D is involved to determine whether vitamin D status correction will provide major
beneficial effect.

Diseases References

Chronic low back pain [29]

Fibromyalgia [30, 31]

Hyperparathyroidism [32, 33]

Obesity and the metabolic syndrome [21, 23, 24, 34, 35]

Osteoporosis/osteopenia/osteomalacia [20–22, 36–44]

Sickle cell disease [45, 46]

Systemic lupus erythematosus [25]

Type-1 diabetes mellitus [47–49]

Type-2 diabetes mellitus [39, 50, 51]
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Table 1. List of major diseases associated with vitamin D deficiency in Saudi Arabia.

4. Treatment

The two commonly available forms of vitamin D supplements are ergocalciferol (vitamin D2)
and cholecaleiferol (vitamin D3). Some, but not all, studies suggest that vitamin D3 increase
serum 25[OH]D more efficiently than does vitamin D2 [55–57]. The best indicator of vitamin
D status is 25-hydroxyvitamin D because it is the major circulating form of vitamin D; it reflects
cutaneous and dietary intake [58]. A nonfasting sample taken at any time of the day is suitable
for the measurement of 25-hydroxyvitamin D status. Although calcitriol 1,25 dihydroxycho‐
lecalciferol is the active form of vitamin D, it is not an appropriate indicator of vitamin D status.
It is usually normal or even elevated in patients with vitamin D deficiency. Although reliable
and consistent evaluation of serum 25[OH]D level remains an issue, reliable laboratories
currently exist, and efforts are in progress to improve and standardize assays to enhance
accuracy and reproducibility at other laboratories.
Adults with 25 OHD 50–75 nmol/L require treatment with 800 to 1000 IU of vitamin D3 daily.
This intake was hypothesized to increase the vitamin D status to 7 nmol/L over a three-month
period, but still, many individuals might require higher doses. In malabsorptive states, oral
dosing and treatment duration depend on the individual patient’s vitamin D absorptive
capacity. Mega doses of vitamin D (10,000 to 50,000 IU daily) may be essential for
postgastrectomy patients or patients with malabsorption. In cases where such patients remain
deficient/insufficient despite such doses, they should be treated with hydroxylated vitamin D
metabolites (since they are more readily absorbed) or with sun or sun camp exposure. All
patients should maintain a daily calcium intake of at least 1000 mg (for ages 31 to 50 years)
to 1200 mg (>51 years old) per day [59].
Since vitamin D is a fat-soluble vitamin, there are concerns about toxicity from excessive
supplementation. Widespread fortification of food and drink from the 1930s to 1950s in the
United States and Europe led to reported cases of toxicity. Increased levels of vitamin also raise
calcium levels. Most of the symptoms of vitamin D toxicity are secondary to hypercalcemia.
Early symptoms include, but are not limited to, gastrointestinal disorders like anorexia,
diarrhea, constipation, nausea, and vomiting. Other reported symptoms include bone pain,
drowsiness, continuous headaches, irregular heartbeat, loss of appetite, muscle, and joint pain
are other symptoms that are likely to appear within a few days or weeks; frequent urination,
especially at night, excessive thirst, weakness, nervousness and itching, and kidney stones [60].

5. Conclusion

This chapter provides a glimpse on the essential knowledge about this micronutrient vitamin
D, as it is one of the most clinically important nutritional deficiencies. It is by no means
comprehensive but nevertheless equips the reader with vital information on vitamin D with
special attention in the Middle East and Saudi Arabia.
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Abstract

Increasing cancer incidence and improved survival rates have seen the number of
cancer  survivors  increase  exponentially  throughout  the  last  few  decades.  As  a
consequence of this, cancer survivors may experience a number of permanent side
effects from their cancer or the treatment. Traditionally, patient follow-up has been
undertaken  by  oncological  specialists  with  a  major  focus  on  possible  cancer
reoccurrence;  however,  this  fails  to  identify  or  adequately  address  many patients’
concerns regarding post-cancer treatment. For a majority of patients, nutrition during
treatment and post-cancer diagnosis and treatment is an area they can control and
change for their own health and well-being. The following chapter addresses nutrient
deficiencies  associated  with  certain  cancers,  chemotherapy  agents,  radiation  and
surgical procedures. Potential treatment protocols for different oncological stages post
diagnosis are explored and conditions that may induce nutrient deficiencies and how
they can be treated or decreased are explained.

Keywords: chemotherapy, radiation, cancer survivorship, nutrient deficiencies, well-
being

1. Introduction

Increasing cancer incidence and improved survival rates have seen the number of cancer
survivor’s increase exponentially throughout the last few decades. As a consequence of this,
cancer survivors may experience a number of permanent side effects from their cancer or the
treatment [1]. Traditionally, patient follow-up has been undertaken by oncological specialists
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with a major focus on possible cancer reoccurrence; however, this fails to identify or adequate‐
ly address many patients’ concerns regarding post-cancer treatment. For a majority of pa‐
tients, nutrition during treatment and post-cancer diagnosis and treatment is an area they can
control and change for their own health and well-being.

However, Zhang (2015) [2] published a study indicating that cancer survivors are usually
motivated to improve their health but were found to have suboptimal diets. She examined the
dietary intake of 1533 cancer survivors and 3075 individuals who had never had cancer. The
researcher estimated the quality of the diets using the Health Eating Index, which is based on
the United States government’s 2010 Dietary Guidelines for Americans. The scores ranged
from 0 to 100, with 0 indicating no adherence to 100 which is total adherence. After adjust‐
ing for age, sex and ethnicity, Zhang found that the group who had not had cancer had an
average index of 48.3 and the cancer survivors on average indexed 47.2. It was found that
cancer survivors in general from this population ate less fibre, more empty calories and more
refined sugars and fats. In addition, they examined patients who had different types of cancer
and found that those who had breast cancer had the healthier diets and those who had lung
cancer had the worst diets. It was also identified that cancer treatment may cause people to
have specific food cravings, or change the way food tastes. This may influence the food choices
they make post treatment.

Nutritional deficiencies in people with cancer who are undergoing traditional oncology
treatment are a critical component for the health and survival of patients with or after cancer
diagnosis. To date, a majority of research and nutritional screening has focused on malnutri‐
tion and weight loss in relation to nutritional deficiencies. This nutritional assessment is
essential for the diagnosis of nutritional compromise as nutritional deterioration has been
found to be associated with adverse outcomes in terms of cancer prognosis such as response
rate and survival [3]. The nutritional screening and identification for malnutrition has been
well documented. However, this screening omits the general patient undergoing treatment
for cancer who is not elderly, malnourished or losing weight. Patients who have lung,
oesophagus, stomach, colon, rectum, liver and pancreas cancer have been found to be at
greatest risk of weight loss and malnutrition [3].

However, breast and prostate cancer, which are two of the most common cancers, have been
found to be associated with weight gain, not weight loss [4]. To date, nutritional screening of
patients undergoing adjuvant or neo-adjuvant chemotherapy has not been conducted to as‐
certain nutritional status. Research into possible nutritional insufficiencies may provide an
insight to assist clinicians in aiding patients to thrive with or after cancer. Moreover, individ‐
ual research has identified a number of nutritional deficiencies that can occur from certain
chemotherapeutic agents, radiation and surgery. Combining the research that has been con‐
ducted for people with cancer or post cancer may provide the information necessary for clini‐
cians and patients post diagnosis and treatment to live a healthy, balanced life based on
nutrient sufficiency, not deficiency.
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2. Background

Nutritional therapy for cancer requires a greater understanding of nutritional biochemistry,
interactions as well as patients’ expectations and disease impact. Nutritional analysis and early
nutritional interventions (diet counselling, oral supplementation, enteral or total parenteral
nutrition) may reduce, prevent or even reverse poor nutritional status, improve perform‐
ance status and consequently affect their quality of life (QoL) [5]. The nutritional interven‐
tion may also depend on the type of cancer treatment, either curative or palliative. A nutritional
intervention for a curative cancer treatment can have an additional role which is to increase
the tolerance and response to the oncology treatment, decrease complications, reduce
morbidity by optimizing the balance between energy expenditure and food intake, and
decrease the possible risk of metastasis, whereas nutritional interventions for palliative care is
aimed at improving the patients’ QoL, controlling symptoms including vomiting, nausea,
constipation and pain related to food intake [5].

Understanding the biochemistry associated with a patient who has a solid tumour versus a
patient who is tumour-free post surgery/treatment is important for nutritional assessment.
Cancer can have a major impact on a patient’s physicality and psychological well-being. For
example, proteolysis and lipolysis are accelerated while muscle protein synthesis is de‐
pressed in a person with a solid tumour. In addition, carbohydrate metabolism is modified by
tumour growth such as an increased hepatic glucose production and Cori cycle activity and a
reduction in insulin sensitivity in peripheral tissues. This results in a loss of lean body mass
and fat tissue, causing an increase in energy expenditure and resulting in wasting [6, 7]. This
type of cancer-related weight loss is different from simple starvation whereby normal
refeeding can restore normal nutritional status. These tumour-associated metabolic abnor‐
malities can frequently prevent the restoration of muscle mass and lead to cachexia due to
complex interactions between pro-inflammatory cytokines and the host metabolism [8–10].

In addition to the effects of having a tumour, oncological treatments such as surgery, chemo‐
therapy and radiotherapy can cause side effects and physiological changes that can affect food
intake and nutritional status [11–14]. Moreover, the stress response from the treatment can
have an effect on nutritional status and body composition. The changes in glucose metabo‐
lism, loss of muscle mass and increased fat distribution during chemotherapy also affect energy
expenditure [15, 16]. In addition, the fatigue and nutritional status will vary depending on the
patient who is assigned curative or palliative treatment.

A study conducted in 2015 on breast cancer patients analysed weight gain during adjuvant
chemotherapy and survival. It was found that weight gain (between 1 and 12 kg) had a negative
impact on both disease-free and overall survival rates [17]. Currently, the cause of weight gain
during chemotherapy has not been revealed.

Individual nutrient deficiencies or insufficiencies can also occur during treatment. An example
of this is vitamin D3. A systematic review published in 2013 found that 31% of cancer patients
undergoing treatment were vitamin D3 deficient and 61% had insufficient levels [18]. The
following chapter will investigate evidence-based research on nutrient deficiencies and
insufficiencies during different phases of cancer treatment, stages and side effects of treatment.
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3. Tumour-induced effects on nutritional status

The majority of research on tumour-induced effects on nutritional status is focused on cachexia
or weight loss. Research has found that the progressive nutritional deterioration displayed in
cachexia is different from starvation and is the result of the tumour burden on the body. The
increased proteolysis and lipolysis is due to possible biochemical reactions in the body such
as pro-inflammatory cytokine activation or specific molecules released by the tumour itself
[19]. The proteolysis that is found in cachexia has also been found in cancer growth and can
occur in individuals with a solid tumour who are not cachexic. The neoplasm or cancer growth
can compromise the normal biochemical mechanisms that regulate muscle homeostasis, which
results in the loss of muscle mass, functional impairment and compromised metabolism. The
end result of this tumour-induced condition is enhanced muscle protein breakdown and amino
acid release that sustains liver gluconeogenesis and tissue protein synthesis [20].

Research on individual nutrient deficiencies or insufficiencies has not been completed to date.
It is uncertain at this stage if solid tumours cause nutrient deficiencies or nutrient insufficien‐
cies. Further research is required to ascertain individual nutrient status of patients with cancer.

4. Nutritional implications from cancer therapies

Patients undergoing cancer treatment have been found to frequently experience malnutri‐
tion. The nutritional status of cancer patients varies depending on the treatment, the type of
cancer and the ability to eat. A study on Indian patients published in 2015 investigated 57
cancer patients and evaluated them during treatment using a Patient-Generated Subjective
Global Assessment (PG-SGA). The results found that 15.8% (9/57) were well nourished, 31.6%
(18/57) were moderately or suspected of being malnourished and 52.6% (30/56) were found to
be severely malnourished [21]. The researchers found that the highest malnutrition was in lip/
oral cancer patients (33.3%) and that the prevalence of malnutrition was highest in patients
during treatment (84.2%) [21].

Therefore, although not all nutrients have been researched to identify specific nutritional
deficiencies or insufficiencies, it is highly likely that patients undergoing cancer treatment
would have certain nutrient deficiencies or insufficiencies. These would vary just as patient
responses to treatment vary as well.

4.1. Surgery

4.1.1. Head and neck cancers

Surgery for head and neck cancers includes tumours inside the sinuses, nose, mouth, saliva‐
ry glands and down the throat including oesophageal cancer (Australian Cancer Research
Foundation (ACRF)). The greatest impact on nutritional status from surgery for head and neck
cancers is dysphasia (difficulty swallowing, approximately 14.7%) [22]. This impacts the
patient’s ability to eat and therefore nutrient intake. Research on specific nutrient deficien‐
cies due to dysphasia has not occurred to date. Further research in this area is required.
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4.1.2. Gastrointestinal cancers

The gastrointestinal cancers involve surgery for stomach (gastric), bowel (colorectal), liver,
oesophageal in some cases, pancreatic, anal, bile duct, gastrointestinal carcinoid, gallbladder
and small intestinal cancers (ACRF). Depending on the cancer, location, staging and possi‐
ble metastasis will depend on the implications on nutritional status.

A study published in 2016 investigated lean body mass after gastrointestinal surgery [23]. The
loss of lean body mass has been found to decrease the compliance of adjuvant chemothera‐
py particularly in patients undergoing gastrectomy for gastric cancer. The researchers
examined 485 patients. They found that the median loss of lean body mass was 4.7%. In 225
patients (46.4%), a lean body mass of 5% or more occurred. A statistical significance was found
using both uni- and multivariate logistic analysis for severe lean body mass loss due to surgical
complications including infection or fasting (odds ratio (OR) = 3.576; p = 0.001), total gastrec‐
tomy (OR: 2.522; p = 0.0001) and gender (OR: 1.929; p = 0.001) [23].

Hence, the identification of nutritional intervention requirements of patients undergoing
surgery for gastrointestinal cancer is required. This is an important factor and could impact
on patient adjuvant treatment compliance and possible survival post surgery.

4.1.3. General surgery considerations

All surgical interventions for cancer will have some form of nutritional impact on patients.
Individual assessment of patients prior to and post surgery is important for patient health,
compliance and health/well-being through treatment and post treatment.

Considering that a large percentage of cancer patients undergo surgery for a biopsy or to
remove tumours, lymph nodes or de-bulking a neoplasm, the human body requires support
for both minor and major surgeries. The body is an amazing machine when supported
correctly. The main nutritional support required is based on decreasing inflammation,
supporting the immune system and the body to fight infection.

Traditionally, it is suggested to avoid alcohol, tobacco, simple sugars, processed foods and
recreational drugs prior to and post surgery [24, 25]. Smoking and hazardous drinking have
been found to be the most common lifestyle risk factors that influence surgery complications
[25]. In addition, avoiding nutrient supplementation that could increase the risk of bleeding
such as fish oils, vitamin E, turmeric and herbs such as ginkgo should be stopped before 1 week.

Antibiotic use is common in surgery pre- or postoperatively [26, 27]. Prophylactic use of
antibiotics has been to prevent the potential risk of infection postoperatively as pre- and
perioperative antibiotics have been found to lower the infection rate [26]. To assist the
recolonization of the microbiota, it is recommended to use pre- and probiotics [28].

Possible nutrient deficiencies pre- and postoperatively such as iron [29] need to be taken into
consideration in addition to possible insufficiencies and nutrients to assist in healing such as
vitamin C, zinc and amino acids such as proline and glycine [30, 31]. The prevalence of nutrient
deficiencies postoperatively has been mainly focused on bariatric patients rather than on
cancer patients [32]. However, nutrients found to be deficient in these patients may be
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correlated to some cancer patients as a high percentage of patients with cancer have been found
to have a higher body mass index (BMI) [33]. Therefore, nutrients such as vitamin D, which
has been found to be deficient in approximately 57% of patients, vitamin B12, iron and folate,
are best to be monitored pre- and postoperatively [32].

Hence, nutritional screening, management and support pre- and postoperatively assist the
patient in chance for compliance through further interventional treatments in addition to
survival.

4.2. Chemotherapy and immunotherapy

4.2.1. Identify certain nutrient deficiencies from chemotherapy administration

There are a large number of chemotherapy agents now on the market and are all divided into
groups depending on their mechanism of action. Chemotherapy is often an effective treat‐
ment; however, each agent can cause particular side effects that can affect the person’s health
and well-being. Many of the new drugs now available do not cause the same severity of side
effects and the new development in conventional medicine has helped to manage and reduce
the main side effects of nausea, vomiting and leucopenia [34, 35].

Nutrient deficiencies that can occur from chemotherapy have limited research. A common side
effect is chemotherapy-induced anaemia; however, this is not caused by low iron levels or
deficiency. This side effect is due to the chemotherapy agent’s mechanism of action on the
development of red blood cells. Supplemental iron has been effective for an iron deficiency
but not for chemotherapy-induced anaemia. Too much iron may promote tumour growth or
worsen chemotherapy side effects. Therefore, iron supplementation should only be recom‐
mended if there is a diagnosed iron deficiency confirmed by pathology tests.

Vitamin B12 has been found to be deficient in certain individuals after chemotherapy [36]. A
case study was presented in which a patient in a clinical trial for chemotherapy-induced
peripheral neuropathy was found to be deficient in vitamin B12 post chemotherapy. This
woman had normal vitamin B12 blood parameters pre-chemotherapy administration and
again upon intramuscular vitamin B12 injection and supplemental vitamin B12 and 6 months
after supplementation. Although this represents only one individual, it is possible that certain
individuals may develop vitamin B12 deficiencies during chemotherapy, which may induce
more severe presentation of other chemotherapy-induced side effects.

Hereditary disorders that cause haemolytic anaemias have also been found to induce a vitamin
B12 deficiency, which require lifelong vitamin B12 administration [37]. These conditions need
to be identified prior to chemotherapy administration to ensure that the patient is not in a
deficient state. Another consideration is the use of protein pump inhibitors (PPI) and hista‐
mine H2-receptor antagonists as an association has been found with their use and a vitamin
B12 deficiency [38]. PPIs are used during chemotherapy to assist with reflux and could have
an impact on vitamin B12 absorption. In addition, metformin is another drug that has been
found to decrease vitamin B12 and in combination with either histamine H2-receptor antag‐
onists or PPIs, neuropathy due to vitamin B12 depletion has been found [39].
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Another vitamin that has been found to be deficient during chemotherapy is vitamin D3. Teleni
et al. in 2013 conducted a meta-analysis on vitamin D3 status in cancer patients [18]. They
found that 31% of patients undergoing active treatment were deficient in vitamin D3 and 67%
had insufficient levels. These findings and the awareness, impact and importance of vitamin
D3 in the medical fraternity have now seen it being one nutrient that has been commonly
prescribed to cancer patients undergoing treatment.

The main mineral that has been found to be deficient in patients undergoing chemotherapy
such as cetuximab is magnesium [40]. Hypomagnesaemia has also been found in patients on
PPIs particularly in combination with diuretics [41], which are common medications used in
conjunction with chemotherapy agents. It is important to monitor magnesium levels in patients
and potential oral supplementation may be required.

Research on nutrients to assist side effects from chemotherapy has continued; however,
nutrients that are depleted during chemotherapy are still required. Potential nutrient defi‐
ciencies rather than macronutrient depletion may play an important role in patient mortality
or morbidity. Further research is required to ascertain possible insufficiencies and deficien‐
cies that could contribute to poor health and well-being of patients diagnosed with cancer and
undergoing chemotherapy.

4.3. Radiation

Radiation, similar to chemotherapy, is considered to be an effective treatment against actively
dividing cells. According to the American Cancer Society, more than 50% of all cancer patients
undergo radiotherapy (www.cancer.org). Nutritional impact from radiation depends on
where the person is receiving radiation. Head and neck cancers, lung cancer and gastrointes‐
tinal cancers have been found to have the greatest nutritional impact on cancer patients. The
nutritional status of patients undergoing radiation therapy has been assessed, with specific
nutritional indicators measured. One particular study focused on chemoradiotherapy on
nasopharyngeal cancer. They found that after radiotherapy, 20.2% of patients had more than
10% weight loss. Statistically significant (p = 0.05) risk factors for poor nutritional status
included old age, females, late stage of the disease, depression, high side effects and moder‐
ate nutritional status prior to radiotherapy [42]. It is advised that patients undergoing
radiotherapy, particularly head and neck, gastrointestinal and lung cancer patients, be
nutritionally assessed and intervention commenced to prevent malnutrition during treatment.

Individual nutrient screening of patients undergoing radiation is extremely limited. The main
nutritional research on radiation is based on the prevention of malnutrition and weight loss,
particularly for head and neck cancers. The importance of early nutritional management and
intervention has been stipulated and implementation in hospitals has been encouraged [43].
Further research into individual nutrient deficiencies and insufficiencies during radiothera‐
py may also contribute to the health and outcome of cancer patients.
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5. Nutritional screening

Effective nutritional screening, implementation of nutritional care plans and support are
essential components for cancer patients. The screening and early detection of malnutrition is
considered crucial in identifying patients at nutritional risk. A high prevalence of malnutri‐
tion has been identified in hospitalized cancer patients undergoing treatment, for example,
colorectal cancer [44].

5.1. Current screening and assessment tools

Currently, there are a number of nutritional assessment tools used in clinical practice for cancer
patients. The accuracy of diagnostic tools is based on sensitivity, specificity and positive- and
negative-predictive values calculated on the likelihood that a given test result would be
expected when the target condition is present compared with the likelihood of the same result
if the condition was absent [44].

Tables 1 and 2 evaluate the nutritional tools available. The information has been obtained from
the Queensland Government of Australia who conducted and published a malnutrition
screening and assessment tool comparison in addition to a validated nutrition assessment tool
comparison [45]. The screening tools evaluated used the parameters such as recent weight loss,
poor intake/appetite and body weight measurements. It was found that all tools evaluated
generally performed well. Choosing the correct nutritional screening tool will depend on
various aspects such as complexity, sensitivity to that population group, who will be per‐
forming the screening, what actions will be undertaken and how the outcomes will be
incorporated into the current facility procedures [45].

Name
author, year

Setting and patient
population

Nutrition assessment parameters Rationale/clarification

Subjective Global
Assessment
(SGA) 1987 [46]

Setting:
Acute [47–49]
Rehab [50]
community [51]
Residential aged care
[52]
Patient group:
Surgery [47]
Geriatric [50–53]
Oncology [48]
Renal [49]

Medical history (weight, intake, GI
symptoms, functional capacity) and
physical examination
Categories:
1. SGA A (well nourished)
2. SGA B (mild-moderate malnutrition)
3. SGA C (severe malnutrition

Requires training
Easy to administer
Good intra- and inter-rater
reliability
Patent-Generated

Subjective Global
Assessment
(PG-SGA)
Ottery, F. 2005 [54]

Setting:
Acute [55–57]

Patient group:
Oncology [55]

Medical history (weight, intake,
symptoms, functional capacity,
metabolic
demand) and physical examination

Numerical score assists in
monitoring changes in
nutritional
status
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Name
author, year

Setting and patient
population

Nutrition assessment parameters Rationale/clarification

http://pt-global.org/ Renal [56]
Stroke [57]

Categories:
SGA categories (A, B or C) as well as
providing a numerical score for
triaging.
Global categories should be assessed as
per SGA.

Easy to administer
Scoring can be confusing
requires training
Patients can complete the first
half
of the tool by themselves

Mini-Nutritional
Assessment
(MNA)
Guigoz Y et al.
1994 [58]
http://www.mna-
elderly.com/

Setting:
Acute [58]
Community [58]
Rehab [58]
Long-term care [58]
Patient group:
Geriatric [58]

Screening and assessment component
includes diet history, anthropometry
(weight history, height, MAC, CC),
medical and functional status.
Assessed based on numerical score as:
- no nutritional risk
- at risk of malnutrition or
- malnourished

Lengthy
Low specificity for screening
section of tool in acute
populations
Can be difficult to obtain
anthropometric data in this
patient
group

Table 1. Validated nutrition assessment tools: comparison guide [45].

Name
author, year,
country

Patient
population

Nutrition screening
parameters

Criteria for risk
of malnutrition

When/by
whom

Reliability
established

Validity
established

Malnutrition
Screening
Tool (MST)
[59]
Ferguson
et al.
(1999)
Australia

Acute adults:
inpatients
and
outpatients
[59, 60]
Elderly [61]
Residential
aged-care
facilities [61]

Recent weight loss
Recent poor intake

Score 0–1 for
recent intake
Score 0–4 for
recent weight
loss
Total score:
>
2 = at risk of
malnutrition

Within 24 h
of
admission
and weekly
during
admission.
Medical,
nursing,
dietetic,
admin
staff; family,
friends,
patients
themselves

Agreement by 2
Dieticians in
22/23
(96%) cases
Kappa = 0.88
Agreement by a
Dietician and
Nutrition
Assistant in 27/29
(93%) of cases
Kappa = 0.84;
and 31/32 (97%)
of cases
Kappa = 0.93

Compared with
SGA
and objective
measures of
nutrition
assessment.
Patients classified
at
high risk had
longer length of
stay.
Sensitivity = 93%
Specificity = 93%

Mini-
Nutritional
Assessment
– Short Form
(MNA-SF) [62]
Rubenstein et

Elderly
Best used in
community,
subacute or
residential
aged-care

Recent intake
Recent weight loss
Mobility
Recent acute disease
or psychological
stress

Score 0–3 for
each parameter
Total score:
<11 = at risk,
continue with
MNA

On
admission
and
regularly
not stated

Not reported Compared to
MNA and
clinical nutritional
status.
Sensitivity = 97.9%
Specificity = 100%
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Name
author, year,
country

Patient
population

Nutrition screening
parameters

Criteria for risk
of malnutrition

When/by
whom

Reliability
established

Validity
established

al.
(2001)
United States

settings,
rather than
acute care
[63]

Neuropsychological
problems
BMI

Diagnostic
accuracy = 98.7%
Compared with
SGA in older
inpatients
Sensitivity = 100%
Specificity = 52%2

Malnutrition
Universal
Screening
Tool
(MUST) [64]
Malnutrition
Advisory
Group,
BAPEN
(2003) UK

Adults –
acute
and
community

BMI
Weight loss (%)
Acute disease
effect score

Score 0–3 for
each parameter
Total score:
>2 = high risk
1 = medium risk
0 = low risk

Initial
assessment
and repeated
regularly
Able to be
used by all
staff

Internally
consistent and
reliable.
Very good to
excellent
reproducibility
Kappa = 0.8–1.0

Face validity,
content
validity,
concurrent
validity with other
screening tools
(MST and NRS)
[65]
Predicts mortality
risk
and increased
length of stay
and discharge
destination in
acute
patients [66]

Nutrition Risk
Screening
(NRS-2002)
[67]
Kondrup et al.
(2003)
Denmark

Acute adult % of recent weight
loss
% of recent poor
intake
BMI
Severity of disease
Elderly

Score 0–3 for
each parameter
Total score:
>3 = start
nutritional
support

At
admission
and
regularly
during
admission
Medical and
nursing staff

Good agreement
between a Nurse,
Dietician and
Physician
Kappa = 0.67

Retrospective and
prospective
analysis.
Tool predicts
higher likelihood
of positive
outcome from
nutrition support
and reduced
length of stay
among patients
selected at risk by
the screening tool
and provided
nutrition support.

Table 2. Comparison of malnutrition assessment and screening tools [45].
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5.2. Nutritional deficiencies linked with specific cancers

5.2.1. Breast cancer

Breast cancer has been found to be the most frequently diagnosed cancer in women world‐
wide. It is estimated that 1.7 million cases and 521,000 deaths in 2012 were attributed to breast
cancer and breast cancer alone accounts for 25% of all cancer cases and 15% of all cancer deaths
among females [68]. There have been a number of different nutrient deficiencies or insuffi‐
ciencies that have been attributed to an increased risk of breast cancer development. These
include vitamin D3, iodine, folate, zinc, betacarotene and coenzyme Q10. Table 3 shows the
association of these nutrients and the risk of breast cancer.

Nutrient Outcome

Coenzyme
Q10

One study in 1998 investigated the role of coenzyme Q10 or ubiquinone in 200 women
hospitalized for a biopsy and/or ablation of a breast tumour. They found that 80 patients (40%) with
carcinomas
and 120 patients (60%) with a non-malignant lesion had a coenzyme Q10 deficiency. There was also a
correlation between the intensity of the deficiency and the prognosis of the
breast cancer severity [69].

Folate A lot of focus has been placed on the methylenetetrahydrofolate reductase (MTHFR)
polymorphisms of late. A case-controlled study and pooled meta-analysis conducted in 2007 found that
peri-menopausal ladies with the C677T polymorphism did have an increased risk of developing breast
cancer [70].

Folate, zinc,
betacarotene

A recent study in 2014 found that multiple genetic polymorphisms and/or deficiencies in folate, zinc
and betacarotenes were associated with the triple negative breast cancer development, particularly in
combination [71].

Iodine Iodine was presented as a possible anti-proliferative agent for mammary glands in 2005 [72].
It has been found in both animal and human studies to exert a suppressive effect on the development
and size of benign and cancer neoplasms [72]. As iodine stores in the thyroid and breast tissue, it exerts
a protective action on the development of breast cancer. As hypothyroidism has been
found to be high in breast cancer patients, it is proposed that low iodine levels may be considered a risk
factor for breast cancer [73].

Selenium In a meta-analysis conducted in 2014, an inverse relationship was found between selenium serum
levels and
the risk of breast cancer [74]. Therefore, maintaining selenium levels may decrease the risk of breast
cancer for some women.

Vitamin D3 A vitamin D deficiency is highly prevalent among breast cancer females [75].
A vitamin D deficiency has been found in 99% of breast cancer females at diagnosis and
approximately in 90% in healthy females [76].
Alcohol status and weight have an impact on vitamin D status and breast cancer risk [77].

Table 3. Nutrient deficiencies and breast cancer risk.
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5.2.2. Prostate cancer

Nutrient Outcome

Selenium A systematic review and meta-analysis of selenium and prostate cancer found that the relationship
between plasma/serum selenium and prostate cancer showed that the risk of developing prostate cancer
decreased with increasing plasma/serum selenium levels (170 ng/mL) [78]. Further studies are required
but there is a link between low selenium levels and prostate cancer risk.

Vitamin
D3

Vitamin D3 (25(OH)D concentrations have been found to be inversely correlated with prostate cancer risk
but not vitamin D–related polymorphisms or parathyroid hormone. This indicates that there is a
possibility that low vitamin D3 blood pathology may pose a risk of prostate cancer risk [79].
No association has been found to vitamin D levels or vitamin D supplementation on prostate-specific
antigen (PSA) levels [80].
It has been suggested that adding vitamin D supplementation might be an economical and safe way to
possibly reduce the prostate cancer incidence and improve the cancer prognosis and outcome [81].

Vitamin E
and trace
minerals

As mentioned, a study on Nigerian prostate cancer males was conducted. This study showed that the
levels of whole blood superoxide dismutase (SOD), vitamin E, serum selenium and zinc were significantly
lower in prostate cancer patients. Therefore, the authors conclude that deficiencies in vitamin E, zinc and
selenium may be risk factors for the development of prostate cancer [82].

Zinc Human studies on zinc deficiencies and prostate cancer are limited. In vitro studies have found that a zinc
deficiency does impact prostate cells and can compromise DNA integrity by impairing the function of
zinc-containing proteins [83, 84].
One study conducted on Nigerian prostate cancer patients did find an association with a zinc deficiency
and prostate cancer in addition to selenium and vitamin E deficiencies [82].

Table 4. Nutrient deficiencies linked with prostate cancer.

A majority of the population feel that prostate cancer is the most frequently diagnosed cancer
in men worldwide, but in fact it is the second with 1.1 million new cases estimated to have
occurred in 2012. However, it is the most frequently diagnosed cancer in men in developed
countries. The incidence rates vary with the highest rates found in Australia/New Zealand,
Northern America, Northern and Western Europe and some Caribbean nations. The lowest
incidence rates are found in the Asian countries [68]. Nutrient deficiencies that have been
studied and identified as potential risk factors include vitamin D3, selenium, zinc and vitamin
E (Table 4).

5.2.3. Colon cancer

Colon or colorectal cancer is the third most commonly diagnosed cancer in males and second
in females. It is estimated that 1.4 million cases and 693,000 deaths occurred in 2012 due to
colorectal cancer. The highest incidence rates have been found in Australia/New Zealand,
Europe and North America. The lowest incidence rates are found in Africa and South-Central
Asia [68]. Nutrients that have been associated with an increased colon cancer risk include
vitamin D3 and folate. Folic acid is controversial with a deficiency and if excess is linked with
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colorectal cancer risk. In addition to specific nutrients, dietary factors are linked with colorec‐
tal cancer development as seen in Table 5.

Nutrient Outcome

Fibre, low-fruit
and -vegetable,
high red and
processed meat
intake

Although not a specific nutrient, it has been well established that a diet low in fruits and vegetables,
fibre and high in red and processed meat intake is a risk factor for colorectal cancer development [85–
87].

Folic acid Folic acid is a controversial nutrient for colorectal cancer. High levels have been associated with a
reduced colorectal cancer risk; however, excessive folate levels may promote tumour progression
[88]. These facts have prevented countries fortifying foods with folate due to the risk of colorectal
cancer. Preventing a deficiency in folic acid is recommended as it is a risk factor for cancer
development but monitoring levels to prevent excess is also recommended.

Selenium Animal studies have found that a selenium deficiency can acerbate colitis and promote tumour
development and progression in inflammatory carcinogenesis [89].

Vitamin D3 Vitamin D may protect and treat inflammatory bowel disease and assist colon cancer [90]. Vitamin
D3 deficiency and insufficiency has been linked as a risk factor for colorectal cancer as found in
observational studies in both human and experimental studies (animal and cell lines). The protection
from vitamin D3 has been attributed its influence on cell proliferation, differentiation, apoptosis,
DNA repair mechanism, inflammation and immune function [91].
A high prevalence of a vitamin D3 deficiency and insufficiency has been found in colorectal cancer
patients [75].

Table 5. Nutrient deficiencies linked with colorectal cancer.

5.2.4. Lung cancer

Nutrient Outcome

Selenium Several epidemiological studies have shown an increased risk of lung cancer
among adults with low blood levels of selenium; however, the results
are inconsistent. One study conducted in the south-eastern United States
found that there was a risk of lung cancer development in lower
income and black Americans [92].

Vitamin A Cigarette smoking has been directly associated with the development of
lung cancer. It has been demonstrated that cigarette smoke
significantly reduces retinoic acid in the lungs of rats and increases the
formation of precancerous and cancerous lesions [93]. It has been
found that this is attributed to two independent pathways, RARα- and RARβ-mediated
pathways. Human studies are limited if a vitamin A deficiency increases
the risk of lung cancer development if exposed to cigarette smoke.
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Nutrient Outcome

Vitamin D3 A high prevalence of low vitamin D3 has been found in lung cancer patients
ranging from a mild deficiency to severe deficiencies [75].

Zinc Human studies on zinc deficiency and lung cancer are limited. Cell culture
work on human lung fibroblasts has found that a zinc deficiency
can cause DNA instability and compromise its integrity and therefore may be
important in the prevention of DNA damage and cancer [94].

Table 6. Nutrient deficiencies linked with lung cancer.

The popularity of breast and prostate cancer override the one cancer that is the most fre‐
quent cause of death among males in 2012 and is the leading cause of death in females in
developed countries and second in less developed countries, lung cancer. The highest lung
cancer incidence rates include Europe, Eastern Asia and Northern America and the lowest
rates are in sub-Saharan Africa. Although smoking has high correlation with lung cancer
development, a high prevalence of non-smoking individuals has been diagnosed with lung
cancer. This high prevalence has been thought to reflect indoor air pollution, cooking fumes,
exposure to occupational and environmental carcinogens such as asbestos, arsenic, radon and
polycyclic aromatic hydrocarbons. Recently, outdoor pollution as also been attributed as a
cause of lung cancer [68]. In addition, certain nutrients may also play a role in the develop‐
ment of lung cancer. These include vitamin D3, zinc, vitamin A and selenium as seen in
Table 6.

6. Nutritional deficiencies and therapy for certain conditions linked with
cancer treatment

Condition Possible nutrient deficiency or insufficiency

Alteration of taste and smell Zinc

Cachexia Multiple nutrient deficiencies, protein, essential fats

Chemotherapy-induced peripheral
neuropathy

Vitamin B12, vitamin B6, vitamin E, omega 3 fatty acid (DHA)

Dehydration Water, electrolytes

Diarrhoea Water, electrolytes, gut bacteria (lactobacillus, bifidus etc.)

Eczema/dermatitis Essential fats, omega 3 fatty acids, vitamin E, vitamin D3, zinc, vitamin A

Hand and foot syndrome Vitamin B6

Mucositis Glutamine, vitamin A, zinc, glucosamine, vitamin C

Radiation-induced enteritis Glutamine, vitamin A, zinc, glucosamine, vitamin C

Table 7. Potential nutritional deficiencies or insufficiencies for conditions linked with cancer treatment.
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Research into nutrient deficiencies linked with certain conditions is limited. Certain nu‐
trients have been found to be insufficient or deficient for certain conditions and may assist the
patient in managing the situation. Table 7 lists some conditions and possible nutrients, which
could be found to be deficient or insufficient. It may be beneficial to consider the replace‐
ment of these nutrients for patients, or at least pathological or physical assessment to check
the status.

7. Nutrition for patients who have had treatment for curative cancer

Curative cancer treatment normally occurs after surgery and can be intense. The impact on the
nutritional status of the patient strongly depends on the tumour site, stage and progression of
the cancer, the risks of the active treatment and the base nutritional status of the patient. For
example, a patient undergoing concurrent chemotherapy and radiation for head and neck or
lung cancer has a higher risk of malnutrition and impact on nutritional status than a patient
undergoing adjunct chemotherapy for breast cancer.

Nutritional assessment and management should be started at the time of diagnosis and
monitored throughout active treatment and afterwards. An ideal nutritional intervention and
management commences with the initial evaluation of the patient’s nutritional status through
preliminary assessment tools and blood pathology tests. Regular re-evaluation is required
throughout the treatment and post treatment until a good nutritional status is restored.

8. Nutrition in advanced cancer/palliative

Advanced cancer or palliative treatment is defined as patients who have metastatic cancer or
are not responsive to curative treatment [5]. The life expectancy for these patients can vary
from 1 month to many years. Therefore, nutritional assessment and intervention will de‐
pend on the stage of the cancer, the individual’s current state, controlling the symptoms,
maintaining an adequate hydration state and maintaining or restoring the patients ‘well-
being’.

Body weight will vary depending on the person as weight gain can occur due to lack of mobility
and fatigue or weight loss/cachexia towards the end of life. Oedema and ascites from the
tumour sites can also cause discomfort and impact digestive ability. Nutritional intake can also
influence the QoL of the patient [5]. Constant re-evaluation and nutritional options are
required as the patient’s physical state changes. Consideration of nutrient intake, supplemen‐
tation and nutritional fluid replacements are all important for each stage. Optimal nutrition‐
al status may not be restored in some cases; however, maintaining nutritional status for as long
as possible has been found to be beneficial for the patient’s well-being and QoL [5].
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9. Summary

Current treatment for cancer is focused on survival, cure or pain management of the patient
through active treatments such as surgery, chemotherapy, immunotherapy, radiation or
hormone treatment. The nutritional status of patients generally is not a major consideration of
primary health professionals unless malnutrition or weight loss is present, or the treatment
may induce malnutrition. However, with the increasing number of cancer survivors, base
nutritional status, nutritional assessment and support need to be extended to all cancer patients
prior, during and post active cancer treatment. Nutritional screening and assessment needs to
be considered an essential component of all aspects of cancer treatment.

This increased likelihood of individuals with cancer living longer after treatment has seen
‘cancer survivorship’ become a popular concept amongst organizations, hospitals, institu‐
tions and researchers within the field of oncology. A cancer ‘survivor’ is commonly defined
as any person who has been diagnosed with cancer from the time of diagnosis through the
balance of their life [95], although, many parties advocate for use of the term to relate to
individuals who have had a previous cancer diagnosis and are now pursing life ‘after active
treatment’ [95]. There are three distinct phases of cancer survivorship: time of diagnosis to active
treatment, the transition from active treatment to extended survival and long-term survival [96]. In
2013, the American Society of Clinical Oncology (ASCO) released its assessment of survivor‐
ship care in adults [97] and conducted its first Inaugural Survivorship Symposium this year,
2016, in San Francisco.

One of the main focuses of cancer survivorships is diet, nutrition, exercise and long-term side-
effect management. From definition, this starts from cancer diagnosis. Potential nutrient
deficiencies or insufficiencies are areas that need further attention as well as their possible
impact on side effects experienced by patients. Integration of nutritional assessment and
intervention can be achieved through the current medical system and should be an impor‐
tant component of cancer patient-centred care.

10. Further directions

• Investigation into nutrient deficiencies in newly diagnosed cancer patients with emphasis
on the type of cancer, social and economic status, gender and culture.

• Future trials and/or nutritional monitoring, assessment and intervention throughout cancer
patient’s active treatment and post treatment.

• Research into how nutritional deficiencies or insufficiencies may affect patient side effects
to treatment.

• Research into potential nutrient deficiencies and insufficiencies as risk factors for cancer
development and their mechanisms of action in cell impairment and cancer initiation and
progression.
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