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With the progressive elimination of
dietary
protein-energy
deficits,
deficiencies
of
micronutrients
are
emerging as the limiting factors in
ensuring children’s optimal health. Data
from several countries in Asia and Latin
America indicate that deficiencies of
vitamin C and zinc continue to be at
alarming levels. This article reviews the
roles of vitamin C and zinc in supporting
children’s growth and development, with
a particular focus on the complementary
roles they play in supporting immune
functions and combating infections. The

contemporary relevance of vitamin C and
zinc deficiency in the Asian and Latin
American regions, both undergoing a
rapid nutritional transition, are also
discussed. Overall, there is increasing
evidence that deficiency of vitamin C and
zinc adversely affects the physical and
mental growth of children and can
impair their immune defences. Nutrition
should be the main vehicle for providing
these essential nutrients; however,
supplementation can represent a valid
support method, especially in developing
regions.
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Introduction
Diet and nutrition are important in the
promotion and maintenance of good health
throughout the entire lifespan and occupy a
prominent
position
in
prevention
1
–
3
measures.
Both malnutrition and
excessive caloric intake can have deleterious
effects on health, especially when they occur
during infancy and childhood.4,5 Extensive
research strongly suggests that nutrition in
early life has a major effect on long-term
health
and
well-being.6
Negative
consequences of an inadequate diet with
insufficient micronutrient density include
impairment of physical growth,7,8 mental
development8 – 10 and immune function,11,12
resulting in higher infection rates.

INFECTIONS;

One out of every four children aged < 5
years – or 146 million children in the
developing world – is underweight for their
age and at increased risk of an early death.13
Every
year,
it
is
estimated
that
undernutrition contributes to the death of
about 5.6 million children aged < 5 years.
Undernutrition, particularly in children,
prevents individuals and even whole
societies from achieving their full potential.
Several organizations and committees
worldwide13 – 17 are heavily engaged in
combating undernutrition and dietary
micronutrient deficiencies, especially in
developing countries, in order to reduce
mortality and the burden of disease, and to
improve growth, learning ability, overall
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health and work capacity and, thereby,
ensure a better quality of life. At the same
time, emerging regions, such as Asia and
Latin America, are undergoing a rapid
nutritional transition characterized by
persistent nutritional deficiencies coexisting
in the same country and, sometimes, even
within the same individual, with a
progressive rise in the prevalence of obesity,
diabetes and other nutritional-related
chronic diseases.4,5 Even in industrialized
countries, it is not uncommon for children
not to receive adequate amounts of essential
vitamins and minerals through their diet.5,18
This can be due to dietary and cultural
habits, socio-economic reasons (e.g.
unemployment and working poors),
frequent infections, and exposure to
pollutants and passive smoke, but can also
be due to a reduction in the micronutrient
content of fruit and vegetables as a result of
changes to their growth, transport and
storage conditions.12,18,19
As they grow, children undergo major
physiological, psychological and cognitive
developmental processes. As part of its
‘learning curve’, the immune system is often
challenged by pathogens unknown to the
child’s growing body and, indeed, children
have more frequent infections compared
with adults.20,21 All these processes and the
frequent immune challenges require
adequate nutrient and micronutrient
supplies,5,22 which are not always easily

achieved as poor eating habits are quite
common in this age group.4,23 Children have
their food preferences and are also quite
fussy about eating fruit and green leafy
vegetables, thereby often compromising
their intake of micronutrients from dietary
sources even in situations of abundant
dietary availability.24,25
Vitamin C (ascorbic acid) and zinc are
essential
micronutrients
required
to
maintain the physiological functions and
integrity of an organism.26 – 29 Humans
cannot synthesize them and depend on a
continuous
exogenous
supply.
This
indispensability of regular intake is
expressed in the need for official
Recommended Dietary Allowances (RDAs),
elaborated and published by the World
Health Organization (WHO) and several
other health authorities in various
regions.30,31 Table 1 shows children’s vitamin
C and zinc RDAs as set by the Institute of
Medicine in the USA.
This article reviews the roles of vitamin C
and zinc in supporting children’s growth and
development, with a particular focus on the
complementary
roles
that
these
micronutrients play in supporting immune
functions and combating various infections.
The contemporary relevance of vitamin C
and zinc deficiency, especially in the Asian
and Latin American regions, both of which
are undergoing a rapid nutritional
transition, will also be discussed.

TABLE 1:
Recommended dietary allowances of vitamin C and zinc
Age
Micronutrient

0 – 12
months

1–3
years

4–8
years

9 – 13
years

References

Vitamin C (mg)
Zinc (mg)

40 – 50
2–3

15
3

25
5

45
8

Institute of Medicine, 200030
Institute of Medicine, 200131
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General functions
Vitamin C is an essential micronutrient
required for normal metabolic functioning of
the body.29,30,32 It is a cofactor for several
enzymes involved in the biosynthesis of
collagen,
carnitine
and
neurotransmitters.30,33,34 Unlike other watersoluble vitamins, vitamin C acts as a
cosubstrate in these reactions, not as a
coenzyme.29,30,32 The chief biological
function of vitamin C is as a water-soluble
antioxidant,29,30 with the potential to reduce
cytochromes of the respiratory chain, as well
as oxygen itself. Reduction of iron by
vitamin C has also been implicated in
enhanced gastrointestinal absorption of
dietary non-haem iron.29,30,32,35 Other
proposed activities include maintenance of
enzyme thiols in a reduced state and sparing
of glutathione, an important intracellular
antioxidant and enzyme cofactor. Finally,
vitamin C has been implicated in
strengthening of the immune system.29,30,32,36
Vitamin C deficiency results in a
weakening of collagenous structures,
causing tooth loss, joint pain, bone and
connective tissue disorders, and poor wound
healing, all of which are characteristic of
scurvy.29 Carnitine is essential for the
transport of activated long-chain fatty acids
into the mitochondria; as a result, fatigue
and lethargy are early symptoms of vitamin
C deficiency.29 Vitamin C deficiency has also
been shown to reduce significantly the
delayed-type hypersensitivity responses that
indicate compromised immunity.37
Zinc is one of the most abundant and
important trace elements in the body,
playing three major roles as a catalytic,
structural and regulatory ion.26,38 It is
required for many biological functions,
including reproduction, growth, immune
function and defence against free
radicals.26,31,36,39 – 41 It is a component of over

1000 transcription factors, including DNAbinding proteins with zinc fingers, and is
required in more than 300 zinc-containing
metalloenzymes.26,38
Worldwide,
zinc
deficiency is an important public health
problem affecting two billion people.41 – 43 It
is even estimated that a considerable
proportion of the Western population is at
risk of marginal zinc deficiency.41,43 Zinc
deficiency increases the risk and severity of a
variety of infections, restricts physical
growth, results in hypogonadism in male
adolescents, causes delayed wound healing,
affects specific outcomes of pregnancy and
may increase the risk of some chronic
diseases, including cancer.26,31,36,41,44,45 This
link is attributed to the role of zinc in
antioxidant defence and DNA damage
repair.43 Current indicators for zinc
deficiency, such as plasma or hair zinc
concentrations, have poor sensitivity and
specificity, and do not change with marginal
zinc deficiency.43,46 Thus, the identification of
more sensitive biomarkers of zinc status,
especially at the individual level as opposed
to the population level, is a critical issue in
this field.41,43,46,47 It has recently been shown
that dietary zinc depletion in healthy men
increases DNA damage, suggesting that
marginal zinc deficiency could have
significant health consequences because of
its essential role in maintaining DNA
integrity.43 Notably, the study highlighted
the sensitivity of DNA integrity to marginal
dietary zinc depletion compared with
traditional measures of zinc status.43

Role in growth and
development
The health and well-being of children
depend on the interaction between their
genetic potential and external factors, such
as adequate nutrition, environmental safety,
social interaction and stimulation.8 With the
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progressive elimination of protein-energy
deficits in the diet, deficiencies of
micronutrients are emerging as limiting
factors to ensuring optimal growth and
mental development.8 There is increasing
evidence that deficiencies of micronutrients,
such as vitamin C and zinc, adversely affect
the physical and mental growth of children.
Vitamin C supports growth via its role in
collagen synthesis and, hence, the
development of bone and soft tissues, and
also indirectly by improving absorption of
non-haem iron.30,35,48 Although scurvy is a
rare condition, at least in industrialized
countries, it is still encountered in the daily
practice of general paediatricians and
paediatric rheumatologists. In children,
scurvy is typically the result of a delay in
starting weaning foods, improper dietary
habits involving small amounts of fruit
and
vegetables,
and
developmental
behaviour.49 – 53 Among the observed
symptoms are musculoskeletal complaints,
weakness, limping and inability to walk, and
debilitating bone pain.49 – 53 Vitamin C has
been convincingly shown to stimulate the
absorption of non-haem iron from the diet
by two mechanisms: the reduction of ferric to
ferrous iron (i.e. to the form required for
uptake into mucosal cells) and the
prevention of the formation of insoluble and
unabsorbable iron compounds. Vitamin C,
therefore, counteracts the influence of
ligands, such as phytates and polyphenols,
that bind iron ions and inhibit iron
absorption.35,48,54 – 56 Thus, vitamin C
contributes to combating anaemia,57
another factor that negatively affects
physical growth.58
A clinical study supplementing 44 pairs of
monozygotic twins (18 male and 26 female
pairs, aged 6 – 15 years) with 500 – 1000
mg/day vitamin C for 5 months resulted in
enhanced growth only in the group of

younger boys aged 6 – 11 years who received
500 mg/day vitamin C; on average, the
active supplementation group showed an
increase of 1.3 cm versus the untreated
controls in this group of younger boys.59
Physical growth retardation is an early
and prominent feature of zinc deficiency and
was first reported in 1963 by Prasad et al.60,61
During the last decade, several randomized,
controlled trials have provided evidence that
zinc deficiency, which can be reversed by zinc
supplementation, contributes to stunting in
children in both developing47,62,63 and
developed64 – 66 countries. Table 2 shows the
prevalence of nutritional stunting in
children in various in Asia-Pacific, Latin
American and Caribbean countries, plus
India.22,67 – 70 Several zinc-dependent
enzymes are involved in the synthesis of
nucleic acids and proteins and, hence, in the
fundamental processes of cell replication
and
differentiation
and,
ultimately,
growth.26,31 Furthermore, zinc deficiency has
been shown to reduce insulin-like growth
factor I production and growth hormone
levels.71 The risk of stunting is greatest
during the period of rapid body growth and
development, and slows down after about 3
years of age.72 Breast milk is an important
source of zinc for infants. The bioavailability
of zinc from human milk has been shown to
be higher than from cow’s milk and cow’s
milk-based formulas.73 This difference may
be explained by the higher proportion of
zinc bound to citrate in human milk which,
in turn, positively affects zinc absorption.73 – 75
Although zinc citrate from breast milk is well
absorbed73 – 75 it becomes insufficient to
support growth after 6 months of lactation.76
Improvement of maternal zinc nutrition
during pregnancy is the key to infant zinc
nutritional support and the prevention of
low zinc concentrations in breast milk.77
Early stunting is likely to persist through
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TABLE 2:
Prevalence of children with stunted growth in the Asia-Pacific, Latin American and
Caribbean regions, plus India
International Zinc
Nutrition Consultative
Group, 200667
Region/Country
Asia-Pacific
South Central
South-Eastern
Indonesia
China
Philippines
Malaysia
Singapore
Thailand
Vietnam
Cambodia
India
Latin America and Caribbean
Caribbean
Central America
South America
Brazil
Argentina
Mexico
Venezuela
Peru
Bolivia
Chile
Colombia
Ecuador
Guatemala
El Salvador
Honduras

Stunting
prevalence

Additional data
Stunting
prevalence

Year

34.4%
43.7%
32.8%
42%
14%
32%

2002
2000
1998

16%
2%
13%
37%
45%
45%

1999
2000
1995
2000
2000
1999

14.3%
25% – 52%

12.6%
16.3%
24.0%
9.3%
11%
12%
18%
12%
25%
27%
1%
12%
26%
49%
19%
29%

References
Stephenson et al., 200022
Stephenson et al., 200022
Stephenson et al., 200022
Ma et al., 200768
Khor and Sharif, 200369,
Zalilah and Tham, 200270

Stephenson
Stephenson
Stephenson
Stephenson

et
et
et
et

al.,
al.,
al.,
al.,

200022
200022
200022
200022

1996
1996
1999
2000
2000
2004
2004
2005
1998
2002
2003
2001

adolescence if children remain in the same
environment. Zinc supplementation has
been shown to increase linear growth and
weight gain in previously stunted or
underweight children.78 – 82 These results
support the view that interventions to
improve the zinc nutrition of children should
be considered in populations at risk of zinc
deficiency, especially if there are elevated

rates of being underweight or stunting.78
Stunting in poor populations is usually
associated with poor mental development.22
Of course, many socio-cultural and
economic disadvantages that coexist with
stunted growth may also negatively affect
mental development;22 however, both
vitamin C and zinc deficiencies on their own
can also compromise mental development.
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The highest concentrations of vitamin C
in the body are found intracellularly in brain
neurons and the brain is known to retain
vitamin C preferentially in cases of
deficiency.83,84 Animal experiments have
demonstrated that vitamin C is crucial for
early brain development.85,86 Several
mechanisms may be involved in neuronal
damage induced by vitamin C deficiency.
Ascorbate not only functions as the primary
antioxidant reducing oxidative neurotoxic
insults in the brain, but it also prevents
additional
neurotoxicity
from
the
neurotransmitters,
dopamine
and
glutamate, by catalysing the conversion of
dopamine to noradrenaline and via glutamate–ascorbic acid heteroexchange.87 – 91
Furthermore, vitamin C can affect synaptic
neurotransmission because it is able to
prevent the binding of neurotransmitters to
receptors,92 – 94 to modulate the release and
reuptake of neurotransmitters89 and to
function as a cofactor in neurotransmitter
synthesis.95,96 Especially in the neonatal
brain, the extensive growth during
development increases the demand for
antioxidants in order to prevent oxidative
damage.97 Poor vitamin C status has been
postulated to deprive the brain of its primary
antioxidant, thereby leading to neuronal
damage during early brain development.87,98
Zinc is essential for brain development
and central nervous system function and is
present in synaptic vesicles in a group of
glutamatergic neurons in the brain.99 – 101 In
this form, zinc may modulate responses for a
number
of
neurotransmitters,
both
excitatory and inhibitory.99,102 – 104 Zinc is
concentrated in specific neuronal structures,
notably in the nerve terminals of the
hippocampus, cortex and pineal body, and
deficiency alters autonomic nervous system
regulation as well as hippocampal and
cerebellar development.101 Some, but not all,

randomized clinical trials have, indeed,
shown improvements of neurocognitive
function in children aged 6 – 9 years,82,105
improved psychomotor development in the
first year of life in very low birth weight
infants,106 and improvements in behavioural
aspects in both infants and children
following zinc supplementation.107 – 109 In a
recent review, a relationship between low
zinc concentrations and mental health
problems (depression and attention-deficit
hyperactivity disorder) in children was
reported.110

Role in immune support
The immune system is a multifaceted and
sophisticated network of specialized tissues,
organs, cells, proteins and chemicals
(including free radicals), which has evolved
in order to protect the host from a range of
dangerous agents, such as bacteria, viruses,
fungi and parasites, as well as cancer cells
and foreign substances or matter, as for
example organ transplants and other
noxious insults.111 – 113 The immune system
can be divided into epithelial barriers, and
cellular and humoral constituents of either
so-called innate (unspecific) immunity or
acquired (specific) immunity, as well as into
organs (lymph nodes, gut-associated
lymphoid tissue, spleen and bone marrow)
and special transport systems such as the
lymphatic system.111 – 113 These constituents
interact in multiple and highly complex
ways and networks, and both vitamin C and
zinc have been shown to be crucial players in
immunonutrition.36
The immune-enhancing role of vitamin C
has been previously reviewed.36,114 – 116
Vitamin C regulates the immune system
because of its antioxidant properties and its
role in collagen synthesis required for
stabilization of epithelial barriers.37 It plays
a role in phagocytic function and has an
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immunostimulatory effect on lymphocyte
cells.116 Vitamin C is highly concentrated in
leucocytes and is used rapidly during
infection.117,118 In fact, it has been defined as
a stimulant of leucocyte functions, especially
of
neutrophil
and
monocyte
movement.116,119 High vitamin C levels in
neutrophils are necessary to counteract the
extremely high levels of oxidative stress to
which they are exposed following reactive
oxygen species (ROS) production.119 – 121 ROS
are generated during the respiratory burst to
kill pathogens and are elevated in the
inflammatory response. The oxidant–
antioxidant balance is an important
determinant of the immune function and
immune cells are particularly sensitive to
changes in this balance because of the
higher percentage of polyunsaturated fatty
acids in their plasma membranes.122
Oxidative damage can lead to a loss of
membrane integrity, altered membrane
fluidity and result in alterations in the
transmission of signals both within and
between different immune cells.123 Vitamin C
supplements have been shown to enhance
neutrophil chemotaxis in healthy children,
whereas no effects on antibody production
have been detected.117 Vitamin C may also
play a significant role in regulation of the
inflammatory response.124,125 Large doses of
vitamin C are able markedly to lower blood
histamine levels and this reduction is
inversely
related
to
leucocyte
chemotaxis.126,127 Vitamin C stimulated
interferon production in vitro when
incubated with cultured mouse cells and in
vivo when administered to mice.128 Some
evidence is available suggesting that
ascorbic acid may have antiviral activity in
humans.129 – 131 Vitamin C deficiency is
associated with a decreased resistance to
disease, while high supplemental intakes
can stimulate phagocytic and T-lymphocytic

activities.36,132,133 Administration of vitamin
C results in improvement in several
components of the human immune
response, such as antimicrobicidal and
natural killer (NK) cell activities, lymphocyte
proliferation, chemotaxis and delayed-type
hypersensitivity response.37,133
Several recent reviews have documented
the
ever
increasing
immune-related
functions of zinc.26,36,45,134 – 138 Zinc is
considered key for optimal functioning of
both innate and acquired immunity, and
impaired immune function because of
inadequate zinc status may be the most
common
cause
of
secondary
immunodeficiency in humans.139 Zinc
deficiency impairs cellular mediators of
innate immunity, such as phagocytosis of
macrophages and neutrophils, NK cell
activity, generation of the oxidative burst
and complement activity.140 – 144 Deficiency
also cause thymus involution145,146 and zinc
is required for the activity of thymulin,147 a
hormone involved in T-cell differentiation
and enhancement of T-cell and NK cell
actions.148
Zinc
deficiency
depresses
lymphocyte proliferation, Th1 cytokine
production (interleukin-2 and interferon-γ),
causes Th1/Th2 imbalance44,149,150 and
depresses delayed-type hypersensitivity skin
responses and antibody responses to T-cell
dependent antigens. Zinc homeostasis
influences the development and function of
immune cells (particularly T-cells),44,140,150
the activity of stress-related and antioxidant
proteins and helps to maintain genomic
integrity and stability. In addition to its
effects on cell-mediated immunity, zinc is
also an anti-inflammatory and antioxidant
agent.26,45,138
The latest advances in understanding the
role of zinc homeostasis on immunity are
only the tip of the iceberg and new roles are
constantly emerging.38,134,135 For example,
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recent findings in murine mast cells, indicate
that zinc is a novel second messenger with
the potential to influence many aspects of
cellular signalling through its effects on zincbinding proteins.38,45,151

COMPLEMENTARY ROLES OF
VITAMIN C AND ZINC
The complementary roles of vitamin C and
zinc in immune functions are visualized in
Fig. 1 and shown in Table 3.12,36,152 – 154
Vitamin C and zinc are required to support
the functions of innate immunity, such as
epithelial barriers and the cellular
components involved in phagocytosis. While
vitamin C and zinc both support epithelial
barriers, although by different mechanisms,
they target different populations of
phagocytic cells, thereby complementing

each other to ensure an effective phagocytic
response.30,31,36,153,155 With regard to
adaptive immunity, zinc is the key player.
Zinc is essential for the process that causes
stem cells in the bone marrow to form
lymphocytes, and for the subsequent
differentiation into B- and T-lymphocytes. It
is also required for the proper functioning of
T-lymphocytes, for the production of
antibodies by B-lymphocytes, and for
efficient interaction between B- and Tlymphocytes.36,134,153,156 – 161
An effective immune response to an
external or internal threat can only occur
when all the sophisticated components of the
immune system work properly together.
Among the micronutrients required to
ensure proper immune function, vitamin C
and zinc play a central role through their

Stem cells

Zinc

Monocytes

B-cells
Eosinophils

Neutrophils

Basophils

T-cells
Zinc

in C

Vitam

Macrophages

in C

Granulocytes

Lymphocytes

Vitam

Phagocytes
Leucocytes

FIGURE 1: Complementary effects of vitamin C and zinc on the cellular immune
system in haematopoiesis12,36,152 – 154
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TABLE 3:
The complementary roles of vitamin C and zinc in body defences12,36,152 – 154
Defence

Vitamin C

Zinc

Skin and mucosal
barriers
Neutrophils and
macrophages

Collagen synthesis (improved
strength)
Protection of neutrophils against
reactive oxygen species-induced
damage
Improved motility and chemotaxis
Enhanced killing
Overall improvement of phagocytosis
B lymphocytes and Proliferation
T lymphocytes

Interferon

Cellular proliferation (thickness
maintenance)
Deficiency impairs phagocytosis

Proliferation of stem cells
Proliferation and appropriate
response
B and T cell differentiation
B and T cell interaction
Balance of T helper (Th) 1 and Th2
Antibody production by B cells
Destruction of infected tissue cells
and tumours

Enhanced production

complementary
roles
in
supporting
components of both innate and adaptive
immunity, such as epithelial barriers,
cellular
proliferation
and
antibody
production. Finally, both vitamin C and zinc
provide
complementary
antioxidant
protection to exogenously derived and
endogenously generated ROS.12,36,152,153
There is, therefore, a good scientific rationale
that the combination of vitamin C and zinc
support immune functions and reduce the
risk of infections as described further in the
following sections.

COMMON COLD, RESPIRATORY
TRACT INFECTIONS AND ASTHMA
Viral respiratory tract infections, such as the
common cold and influenza, are among the
most common illnesses in humans, with
significant
health
and
economic
consequences especially for vulnerable
groups such as children.162 Acute respiratory
tract infections have been reported as being

one of the leading causes of death in
children aged < 5 years and can lead to
severe lower respiratory tract disease, such as
pneumonia, bronchiolitis and other
conditions.163
Vitamin C is a major antioxidant present
in the airway surface fluid of the lungs.164
Based on its immunostimulatory and
antiviral properties, vitamin C was already
postulated in 1960 to be effective in
ameliorating the symptoms of upper
respiratory tract infections, especially the
common cold. Furthermore, plasma and
leucocyte vitamin C concentrations fall
rapidly with the onset of infection and return
to normal with the amelioration of
symptoms, suggesting that vitamin C could
be beneficial for the recovery process.165 In
recent decades, a large number of placebocontrolled studies have been carried out,
including
several
studies
with
schoolchildren.59,166 – 168 A recent metaanalysis of all well-conducted, available
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studies
concluded
that
vitamin
C
administration provides significant benefit
with respect to the duration and severity of
common cold symptoms when taking ≥ 200
mg/day as a prophylactic agent. The effect
on the duration of cold symptoms was
shown to be stronger for children compared
with the effects on adults (14% and 8%,
respectively). No consistent prophylactic
effect on the incidence of the common cold
could be seen from the pooled analysis.21
Hyper-responsiveness to histamine is
associated with many of the symptoms seen
in respiratory tract infections, allergic
disorders and bronchial asthma. In view of
its antihistaminic effects, high doses of
vitamin C may be beneficial in such
cases.126,127 In addition, an acute dose of 2 g
vitamin C significantly reduced bronchial
responsiveness to inhaled histamine in
patients with allergy.130 The observed
antihistamine property may contribute to
the prophylactic effect of supplemental
vitamin C in people with asthma and
attenuate the severity of symptoms seen with
respiratory infections.169,170 Low vitamin C
intake is associated with pulmonary
dysfunction171 and children with asthma
have lower concentrations of vitamin C
compared with normal subjects.172 In the
latest Cochrane review, however, the current
evidence was considered insufficient to
recommend a specific role of vitamin C in
the treatment of asthma in children, and
large-scale, randomized, controlled trials
were advocated in order to address the
potential effectiveness.173 Recently, the role
of ω-3 fatty acids, vitamin C and zinc, either
singly or in combination, was evaluated in
60 children with moderately persistent
asthma.174 Childhood asthma control test
(C-ACT), pulmonary function tests and
sputum inflammatory markers were
evaluated at the beginning of the study and

at the end of each therapeutic phase. There
was significant improvement in the C-ACT,
pulmonary function tests and sputum
inflammatory
markers
with
diet
supplementation for 6 weeks with ω-3 fatty
acids, vitamin C and/or zinc. There was also
significant improvement with combined use
of the three supplementations compared
with the single use of any one of them.174
Despite the mixed results in trials of
vitamin C supplementation, the significant
association of low vitamin C dietary intakes
with increased odds for asthma and
wheezing have been newly confirmed in a
recent meta-analysis.175 It is well established
that exposure to oxidants from different
sources, including cigarette smoke176,177 or
air pollutants, can deplete antioxidants such
as vitamin C and lead to increased asthma
incidence or severity.164,178 A study on
children with asthma living in Mexico City
showed that supplementation with vitamins
C and E provided some protection against
the acute effects of ozone on their lungs.179 It
is also interesting to note that a higher body
mass index in children aged 6 – 16 years was
also found to be associated with an increased
risk of self-reported current asthma and
wheezing.164 The authors suggested that
body fat per se may play a role in asthma
prevalence and found that low vitamin C
intake was marginally related to selfreported wheezing.164
Many of the changes observed in zinc
deficiency
are
considered
important
contributors to the increased susceptibility to
infections, especially for children. In children,
low concentrations of circulating zinc are
associated with an increased risk of
respiratory tract morbidity.180,181 Zinc
supplementation to maintain a normal
serum concentration may help to reduce the
mean incidence of infections (i.e. common
cold, cold sores and flu)180 and was shown in
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children to reduce the incidence of
pneumonia by 40% – 45%, as well as reduce
its duration.182 These findings were
subsequently confirmed by other trials, where
a 26% – 30% reduction in the risk of
pneumonia was observed.183,184 While some
researchers are in agreement regarding the
benefits of zinc supplementation for
pneumonia in children,185,186 others consider
that, for this disease, the role of zinc is less
established than its efficacy in diarrhoea
(discussed below) and advocate further
evaluation.187
Finally,
preventive
supplementation with zinc was shown in a
meta-analysis to reduce acute lower
respiratory tract infections by about 15%.188

HELICOBACTER PYLORI
Infection with Helicobacter pylori occurs
generally during childhood and is prevalent
in approximately 50% of the world’s
population, with an even higher prevalence
in developing countries; although variations
by geographic area, age, race, ethnicity and
socioeconomic status also occur.189 – 191 H.
pylori has been recognized as the major
aetiological factor in the development of
chronic gastritis, peptic ulcer disease and,
possibly, gastric cancer in adults and
children.191
In chronic diseases, such as H. pylori
infection, an active inflammatory response
is induced by neutrophil infiltration. These
neutrophils,
macrophages
and/or
monocytes, produce free radicals that can
cause DNA damage that has, in turn, been
implicated in increased cancer risk.192 – 194
Additional deleterious effects include a
membrane peroxidation cascade leading to
mucosal damage; a polarized (Th1 cellmediated) response with interferon-γ release
activating
phygocytic
cells.195,196
Inflammation induced by H. pylori in the
stomach causes enhanced consumption of

vitamin C and has been shown to reduce
significantly its secretion into gastric juice,
thereby impairing systemic bioavailability of
dietary vitamin C192,197 and creating a
vicious circle.198
Vitamin C is not only an antioxidant and
a free radical scavenger but it also shows
antimicrobial activity both in vitro and in
vivo,192 and is able to inhibit H. pylori growth
in vitro.199,200 Several investigators201,202 have
suggested that vitamin C supplementation
may be important in the management of H.
pylori infection in adults and children, and
vitamin C intake has been found to modify
favourably the relationship between H. pylori
and gastric cancer.193 Park et al.201
demonstrated that vitamin C levels in whole
blood, plasma and gastric juice, and the pH
of gastric juice in Korean children were
closely related to the severity of H. pylori
infection and histological changes in the
stomach. These data suggest that vitamin C
may play a role in determining infection and
its progression, and that vitamin C
supplementation may be an important axis
for the management of H. pylori infection in
children. These findings are in line with a
population-based study in Colombian
children aged 2 – 9 years in which children
with a daily dietary vitamin C intake of < 40
mg had greatly increased odds of H. pylori
infection.203
Since available data strongly indicate a
preventive effect of vitamin C against
carcinogenesis in the stomach associated
with H. pylori infection, an adequate intake
of vitamin C is warranted, especially during
childhood when children are most
susceptible to H. pylori infection.204,205 High
dietary intake of vitamin C might also
decrease the risk of H. pylori re-infection.206

DIARRHOEA
Despite improving trends in mortality rates,
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diarrhoea still causes 18% of all deaths in
children aged < 5 years and accounts for
nearly two million child deaths in
developing countries every year.207,208 On
average, in developing countries, a child
aged < 5 years will have approximately 3.2
episodes of diarrhoea each year, based on
data published between 1992 and 2000.209
Diarrhoea is also an important cause of
malnutrition, particularly when it is
prolonged.210 Zinc cannot be stored in the
body and zinc excretion through the
gastrointestinal tract is increased during
episodes of diarrhoea.211
It is anticipated that over half of deaths
caused by diarrhoea could be averted
through the successful application of zinc as
a treatment for childhood diarrhoea.212
Given this potential reduction in mortality
and the strength of the evidence at hand in
support of zinc treatment,161,182,213 – 220 the
WHO/United Nations Children’s Fund
(UNICEF) issued a joint statement on
updated guidelines for the management of
childhood diarrhoea.221 This included the
recommendation that all children aged < 5
years be treated with zinc (20 mg/day if aged
6 – 59 months and 10 mg/day if aged < 6
months) for 10 – 14 days. A recent Cochrane
review re-enforced the importance of zinc for
treating diarrhoea and concluded that
research evidence shows that zinc is clearly
of benefit in children aged ≥ 6 months.211
In addition to its role in the treatment of
diarrhoea, a recent meta-analysis focused on
the preventive role of zinc supplementation
for diarrhoea.188 Zinc supplementation
(typical dosage 10 mg) was found to reduce
the incidence of diarrhoea by about 20%
among children in low-income countries,
although the evidence indicated that this
beneficial effect was limited to children aged
> 12 months.188 Among the subset of studies
that enrolled children with a mean initial

age > 12 months, the relative risk of
diarrhoea was reduced by as much as
27%.188
The possible mechanisms for the
beneficial effect of zinc in diarrhoea include
improved absorption of water and
electrolytes by the intestine,222 – 224 faster
regeneration of gut epithelium,225 – 228
increased levels of enterocyte brush-border
enzymes,229,230
and
enhanced
immunological
mechanisms
for
the
clearance of infection. Supplementation of
zinc, resulting in an improved immune
reponse,231 – 233 may also promote rapid
clearance of diarrhoea pathogens from the
intestine, which is in line with the major role
of zinc in supporting the immune system.181
It is now > 5 years since the WHO and
UNICEF released their joint statement
recommending
low
osmolarity
oral
rehydration salts and zinc supplementation
for diarrhoea management, but millions of
children continue to die since few of them in
developing countries are receiving these lifesaving interventions. For nearly all
countries, zinc availability continues to be a
major obstacle.234 Experts in the field have
recently emphasized that a revitalization of
diarrhoea management must become an
international priority in order to reduce the
burden of deaths from diarrhoea and overall
child mortality worldwide.234

OTHER INFECTIONS/DISEASES
There are limited data relating zinc
supplementation to a decrease in the
incidence of febrile illnesses with malaria
infections (pooled reduction of 36%).155,235,236
The Zinc Against Plasmodium Study Group
evaluated the therapeutic effect of zinc as an
adjunct therapy to standard treatment in
large, double-blind, controlled trials, but
could not confirm any effect on malaria
episodes.237
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Deficiencies: relevance and
prevalence
Deficiency of vitamin C may start with mild
symptoms, such as lassitude or fatigue, and
may develop into a life-threatening
deficiency (scurvy). Plasma vitamin C
concentrations < 0.2 mg/dl (< 11 µmol/l)
indicate deficiency, while concentrations of
0.2 – 0.5 mg/dl (11 – 28 µmol/l) characterize
a marginal deficiency state with inadequate
tissue stores.118 The clinical features of
vitamin C deficiency include follicular
hyperkeratosis, inflamed and bleeding
gums, perifollicular haemorrhages and
impaired wound healing.118,238,239 Deficiency
in infants may result in bone abnormalities,
such as impaired bone growth and disturbed
ossification, haemorrhagic symptoms and
resultant anaemia.240
While scurvy is rare in modern societies
(as previously discussed), subclinical vitamin
C deficiency is relatively common even in
affluent societies. In particular, plasma and
leucocyte concentrations of vitamin C are
significantly decreased during acute and
chronic infections and disease.37,241 This is
also seen during the first days of a common
cold with a significant reduction in leucocyte
ascorbic acid concentrations.165 Furthermore,
children with H. pylori have reduced vitamin
C levels.201 Another risk group is children
exposed to environmental tobacco smoke via
passive smoking. Even at a low amount of
smoke exposure, children showed reduced
plasma ascorbate concentrations, by an
average of 3.2 µmol/l compared with
unexposed children who received equivalent
quantities of vitamin C.176 Plasma ascorbic
acid concentrations in passive smokers were
intermediate between levels found in
smokers and those found in non-exposed
non-smokers.242 Hypovitaminosis C (i.e. < 23
µmol/l or < 0.5 mg/dl) was observed in 12%
of passive smokers, indicating that they may

have lowered body ascorbic acid pools.242
Vitamin C supplementation was found to
decrease the oxidative stress biomarker F2isoprostane in the plasma of non-smokers
exposed to environmental tobacco smoke.243
Exposure of non-smokers to second-hand
smoke for only 30 min in a smoke-filled
room was shown to result in a significant
decline in serum vitamin C concentration,
and increased lipid peroxidation and
oxidized low-density lipoprotein.177 These
findings seem of considerable importance,
since low vitamin C concentrations (< 17
µmol/l) are strongly predictive of all-cause
and cardiovascular disease mortality in later
life.3
Table 4 summarizes the data on vitamin C
deficiency or inadequate dietary intake in
Asia-Pacific
and
Latin
American
countries.69,244 – 250 Although vitamin C
deficiency is not the public health problem
that zinc deficiency is, suboptimal vitamin C
intake/status is still seen in a non-negligible
proportion of the paediatric population.
During the past 50 years, in both developed
countries and cities in developing countries
there have been many changes in the way
fruit, vegetables and other crops are grown,
stored, transported and distributed. These
changes
have
resulted
in
lower
micronutrient content and densities,
including vitamin C, in many foods.19 On
the other hand, countries less affected by
these changes have experienced a significant
decline of fruit intake due to dietary and
habit changes. In Brazil, for instance, the
annual pro capita fruit intake halved in only
16 years (from 48 kg/year in 1987 to 24.5
kg/year in 2003).251
There is no specific zinc storage tissue in
the body and a restriction in dietary zinc is
rapidly followed by signs of zinc
deficiency.252 Nearly 50% of zinc excretion
takes place through the gastrointestinal tract
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Dietary intake

Dietary intake

Dietary intake

Dietary intake
Dietary intake

Philippines 16 months 1089

Philippines 22 months 454

Malaysia
Malaysia

399

1 – 3 years
4 – 6 years

29
28

NA

Argentina 2 – 5 years NA

6 – 23
months

Serum
concentration
Dietary intake

< 6 years

11 415 Serum
concentration

Serum
concentration
Serum
concentration
Serum
concentration

Marker

149

Mexico
(Tabasco)
Argentina

5 – 11
years

< 5 years 8011

Mexico

Mexico

< 12 years 1815

Mexico

85

< 2 years

Mexico

n

Age

Country

1% – 25% meeting
WHO needs
(depending on
number of feeds/day
and geography)
9% – 75% meeting
WHO needs
(depending on
number of feeds/day
and geography)
63% of RDA
74% of RDA

41% with inadequate
intake

57% with inadequate
intake

47% deficient

30% deficient

~30% high risk of
deficiency
25% at moderate to
high risk of deficiency
25% deficient

Results

References

24-h recalls for 2 days
24-h recalls for 2 days

Dietary intake from
complementary foods

Khor and Sharif, 200369
Khor and Sharif, 200369

Perlas et al., 2004248

Probalistic sample from National Villapando et al., 2003244
Nutrition Survey, 1999
Probalistic sample from National Villapando et al., 2003244
Nutrition Survey, 1999
Conclusions of the Mexican
Rivera and Sepúlveda Amor,
National Nutrition Survey, 1999. 2003245
Cut-off for deficiency < 0.2 mg/dl
Conclusions of the Mexican
Rivera and Sepúlveda Amor,
National Nutrition Survey 1999. 2003245
Cut-off for deficiency < 0.2 mg/dl
Cut-off for deficiency
Dewey, 1983246
< 0.2 mg/dl
Encuesta Nacional de
Nutrición y Salud (ENNyS),
2006247
Encuesta Nacional de
Nutrición y Salud (ENNyS),
2006247
Dietary intake from
Perlas et al., 2004248
complementary foods

Comments
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Dietary intake
~170
1–7
years
Hong Kong

NA, not available; WHO, World Health Organization, RDA, recommended dietary allowance; DRI, dietary reference intake.

Leung et al., 2000250
Dietary history, 24-h recall and
food frequency

Gibson et al., 2007249
24-h recalls

22 mg mean intake,
i.e. 50% of DRI for
9 – 13 years
Intake corresponds to
> 60% of DRI
Dietary intake
220
6 – 13
years
Thailand
(north-east)

References
Comments
Results
Marker
n
Age
Country
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and is increased by diarrhoea. Young
children
regularly
exposed
to
gastrointestinal pathogens and with diets
low in animal products and high in phytaterich foods are most at risk.211
The risk of inadequate zinc status in a
population group can be estimated by
measuring serum zinc concentrations. The
suggested cut-off levels for the 2.5th
percentile are 11.3 µmol/l (74 µg/dl) in
fasting men, 10.7 µmol/l (70 µg/dl) in
fasting women (age group ≥ 10 years) and
9.9 µmol/l (65 µg/dl) for unfasting children
aged
<
10
years.253
Serum
zinc
concentrations, although convenient to
measure, are physiologically insensitive and
may not indicate overall zinc status because
concentrations remain within the accepted
range even at zinc intakes of 2.6 – 3.6
mg/day, which is below the recommended
daily intake.254 Other measures of zinc
deficiency include hair zinc, functional
measures such as height- or length-for-age,
and incidence of infectious diseases
(diarrhoea and pneumonia).255 Recently,
DNA breaks have been proposed as a
sensitive marker for marginal zinc
deficiency.43,255 Since the central role of zinc
is in cell division and protein synthesis,
infants, children and adolescents are,
therefore, considered to be high-risk groups
in zinc undernutrition and deficiency.26,41,256
Zinc deficiency, which is highly prevalent
in low- and middle-income countries, is
related to growth retardation in children,
skin changes, impaired immune response,
increased susceptibility to infection, delayed
wound healing, abnormal dark adaptation,
delayed sexual maturation and impaired
fertility.28,42,161,257 – 260 Zinc deficiency arises
mainly as a result of inadequate dietary
intake.181,261 High levels of zinc are found in
’expensive foods’ (e.g. meat and fish). Zinc is
also present in nuts, seeds, legumes and
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wholegrain cereal; however, the high
phytate content of these foods interferes with
its absorption.181,211 Vegetarians, and
especially vegans, whose major food staples
are grains and legumes and whose diet has a
phytate:zinc ratio > 15:1, may have as much
as a 50% higher zinc requirement due to
lowered bioavailability, but no special RDA
has been set by the Institute of Medicine due
to insufficient data.31 Other health
authorities have, however, taken into
account dietary composition in setting their
RDAs.
The
Food
and
Agriculture
Organization of the United Nations
(FAO)/WHO262 as well as the proposed zinc
RDAs for Southeast Asia263 take into
consideration the bioavailability of zinc from
the diet and the fact that, compared with
western diets, those in Asia generally tend to
have lower amounts of animal products and
higher amounts of plant-based foods
containing phytate.
Table 5 summarizes data on zinc
deficiency or inadequate dietary intake in
Asia-Pacific
and
Latin
American
countries.68,245,249,264 – 279 These data show
that suboptimal zinc intake/status is still
present in a considerable part of the
paediatric population. Considering that, for
example, marginal zinc deficiency is
associated with about a 50% increased risk
and number of days with diarrhoea181 and
that, overall, zinc-deficient children are at a
three-fold increased risk of acute respiratory
infection,259,260 these figures are disturbing
and urgently require intervention.234
Regions such as Asia and Latin America
are undergoing profound socioeconomic
transformations
accompanied
by
a
nutritional transition, and are experiencing
a progressive increase in obesity and
nutrition-related chronic diseases. In these
transitional
countries,
stunting
and
micronutrient deficiencies (including zinc

and vitamin C) in children coexist with
obesity,
representing
energetic
‘overnutrition’, and nutrition-related chronic
diseases resulting in a double burden of
nutritional disease.4 Acting early in life with
strategies
to
correct
micronutrient
deficiencies and prevent obesity and chronic
diseases can save healthy life years and also
significant resources that address the health
and well-being of populations.

Conclusions
Diet and nutrition are important in the
promotion and maintenance of good health
throughout a person’s entire life. Especially
in early life, an inadequate diet with
insufficient micronutrient density results in
impairment of physical growth, mental
development and immune function, and in
increased risk of chronic diseases later in life.
Despite the joint efforts of several
international organizations, undernutrition
is still contributing to over five million
deaths in children aged < 5 years and it
continues to prevent individuals and even
whole societies from achieving their full
potential.
Infants and children undergo major
developmental processes that will influence
their future life and they also suffer more
frequently from infections compared with
adults. These events need to be adequately
supported by proper nutrition, including
essential micronutrients provided at
appropriate levels.
Many children in low- to middle-income
countries do not have adequate access to
micronutrient-rich foods and sometimes the
discriminating food preferences typically
observed in children (e.g. dislike for green
leafy vegetables and fruit) further exacerbate
micronutrient intake. At the same time,
emerging countries especially in Asia and
Latin America are experiencing major
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Age

n
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2 – 3 years NA

4 – 6 years NA

Chinaa

NA

948

Chinaa

Brazil
7 – 11
(Pernambuco) months
Brazil
1–4
(Pernambuco) years
China
< 6 years

Dietary intake

Dietary intake

Dietary intake

Dietary intake

Dietary intake

Serum
concentration

3 – 6 years 229

Brazil

Mexico

Mexico

Serum
concentration
5 – 11 11 415 Serum
years
concentration
< 2 years 4955 Serum
concentration

< 5 years 8011

Hair zinc

Marker

Mexico

USA
6 – 7 years 54
(Mexican)

Country
Mexican children in the USA
consume ethnic foods (maize
tortilla, refried beans, etc.)
known to inhibit intestinal zinc
absorption
Cut-off: serum zinc < 65 µg/dl.
National Nutrition Survey, 1999
Cut-off: serum zinc < 65 µg/dl.
National Nutrition Survey, 1999
Cut-off: serum zinc < 65 µg/dl

Comments

13% and 28% zinc
deficiency in rural and
urban areas, respectively
74% zinc deficiency
Cut-off: serum zinc < 40 µg/g
haemoglobin. Survey in North
East Brazil (Teresina)
57% with inadequate State of Pernambuco. 24-h recall
intake
53% with inadequate State of Pernambuco. 24-h recall
intake
31% of boys and 33% Results based on 1992 data
of girls with intake less (National Nutrition Survey).
than 0.5 RDA
3 days inventory change plus
food weighing and 24-h recalls
for 3 days
7% and 24% deficient China National Nutrition and
in urban and rural
Health Survey, 2002. 24-h recalls
areas, respectively
for 3 consecutive days
12% and 16%
China National Nutrition and
deficient in urban and Health Survey, 2002. 24-h recalls
rural areas, respectively for 3 consecutive days

20% zinc deficient

33% zinc deficient

42% zinc deficiency

Results

Ma et al., 200768,269

Ma et al., 200768,269

Martins Ferreira Fidelis and
Osório, 2007267
Martins Ferreira Fidelis and
Osório, 2007267
Ge and Chang, 2001268

da Costa et al., 2008266

Rivera and Sepúlveda Amor,
2003245
Rivera and Sepúlveda Amor,
2003245
Duque et al., 2007265

Sandstead et al., 2008264

References
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567

220

Serum
concentration

4.4 mg mean intake
corresponding to 55%
of DRI for 9 – 13 years
old
57% low zinc

87% zinc deficient

36% zinc deficient

50% marginal
deficiency or zinc
deficiency
20% deficient

8% and 14% deficient
in urban and rural
areas, respectively
0.7% deficient based
on serum and 15%
based on hair zinc
34% with very low
zinc
48% low zinc

Results

References

Hai Duong Province (80 km
North of Hanoi)
Thai Nguyen Province (rural)
(150 km North of Hanoi)
24-h recalls

West Java is a rural area

Low zinc: < reference 2.5th
percentile
Cut-off < 100 µg/g

Cut-off < 70 µg/g

Thurlow et al., 2006279

Gibson et al., 2007249 and
Krittaphol et al., 2006278

Van Nhien et al., 2008277

Thu et al., 1999276

Dijkhuizen et al., 2001274 and
2003275

Zhao, 1992273

Sheng et al., 2006272

Chen et al., 1985271

China National Nutrition and
Ma et al., 200768,269
Health Survey, 2002. 24-h recalls
for 3 consecutive days
Jiangsu is a rural area with low
Qin et al., 2009270
soil zinc concentrations

Comments

Estimated population affected by zinc intake inadequacy and stunting in Chinese children: 86 million and 10 million, respectively.68,269
NA, not available; RDA, recommended dietary allowance; DRI, dietary reference intake.

6 – 13
years

Thailand
(north-east)

a

6 – 13
years

6 – 24 ~150
months
1 – 6 years ~240

Thailand
(north-east)

Vietnam

Vietnam

Indonesia 2.4 – 10.5 155
(West Java) months

Serum and
urinary zinc
concentration
Serum
concentration
Serum
concentration
Dietary intake

43

19 – 25
months
< 6 years

NA

Plasma
concentration
Hair zinc

303

< 6 years

China

Serum
concentration
and hair zinc
Hair zinc

6 – 9 years 297

Dietary intake

Marker

China
(Jiangsu
Province)
China
(Beijing)
China

n

7 – 10 years NA

Age

Chinaa

Country
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socioeconomic and dietary habit changes.
The rapid nutritional transition observed in
these regions is characterized by persistent
nutritional deficiencies coexisting in these
same regions, and sometimes even in
individuals, with a progressive rise in the
prevalence of obesity, diabetes and other
nutritional-related chronic diseases.
Vitamin C and zinc are essential
micronutrients with profound effects on
children’s physical and mental development,
health maintenance and well-being. Both
are required for optimum immune response
and are, therefore, important for disease
prevention and combating infections.
Vitamin C is a cofactor for several enzymes
involved in the biosynthesis of collagen,
carnitine and neurotransmitters; it is a
water-soluble antioxidant and enhances
gastrointestinal absorption of dietary nonhaem iron. Marginal vitamin C deficiency
results in fatigue, lack of well-being and poor
concentration, whereas severe deficiency
causes weakening of collagenous structures,
resulting in tooth loss, joint pains, bone and
connective tissue disorders (e.g. impaired
bone growth and disturbed ossification),
poor wound healing and a compromised
immunity. Zinc is required in numerous
transcription factors and enzymes, it plays a
central role in cellular differentiation and
proliferation, and its deficiency causes
growth retardation, skin changes, impaired
immune response, increased susceptibility to
infections,
delayed
wound
healing,

abnormal dark adaptation, delayed sexual
maturation and impaired fertility.
The health and well-being of children
depend upon the interaction between their
genetic potential and external factors, such
as adequate nutrition, environmental safety,
and social interaction and stimulation. With
the progressive elimination of protein–
energy deficits in the diet, deficiencies of
micronutrients are emerging as the
restriction to ensuring optimal health in
growing children. Data from several
countries in Asia and Latin America indicate
that deficiencies of vitamin C and,
particularly, zinc continue to be present at
disturbing levels. Data on zinc deficiency are
backed up by matching data reporting
stunted growth.
Overall, there is increasing evidence that
deficiencies in micronutrients, such a
vitamin C and zinc, adversely affect the
physical and mental growth of children and
can impair their immune defences. Nutrition
should be the main vehicle for providing
adequate amounts of these essential
nutrients; however, supplementation can
represent a valid support especially in
developing regions.
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