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Abstract

Abstract

Zinc (Zn) is a vital micronutrient for humans, being involved in multiple enzymatic, biochemical and
structural processes within the body. Zn deficiency, the main cause of early childhood morbidity and
mortality, is a global health problem and is estimated to affect 17% of the world’s population. A precise
assessment of the magnitude of Zn deficiency is challenging, as Zn intake and status data for a large
number of countries are either outdated or missing. Zn deficiency has been recently recognized as possibly
responsible for the expansion of iron (Fe) deficiency and Fe deficiency anemia, but there is a lack of
information on the mechanism of that interaction. Zn biofortified wheat is a newly developed strategy that
aims to contribute to the alleviation of Zn deficiency, yet its efficacy is still awaiting confirmation. A lack of
a sensitive and specific Zn biomarker additionally limits the accurate assessment of the magnitude of Zn

deficiency and the impact of nutrition intervention strategies, such as biofortification.

This PhD project aims to identify a new biomarker that can act as a reliable and sensitive indicator of Zn
status in humans. Additional goals of this research project were to provide an up to date assessment of Zn
and Fe intake and status data in an apparently healthy adult population, to investigate the role of Zn in the Fe
absorption process and clarify the mechanism by which Zn deficiency contributes to the development of Fe
deficiency and Fe deficiency anemia. Finally, the project investigates the efficacy of Zn biofortified wheat in

improving Zn status of consumers.

The linoleic: dihomo-y-linolenic acid (LA:DGLA) ratio was examined as a potential biomarker of Zn status.
The content of plasma phospholipid LA, DGLA and changes in the LA:DGLA ratio were compared to the
dietary Zn intake and plasma Zn status in healthy human subjects. Zn and Fe nutritional status of apparently
healthy European adults (25-65 years of age) was examined by means of anthropometric, dietary,

and biochemical measurements and the relation of usual Zn and Fe dietary intake to Zn and Fe status was
investigated. The structure and function of major Zn and Fe transport proteins and Zn and Fe interaction at
these sites is comprehensively reviewed to illuminate the mechanism of Zn involvement in the Fe absorption
process. The amount of Zn absorbed from Zn biofortified wheat material was estimated using a range of

physiological and molecular parameters within an in vivo (Gallus gallus) model of Zn absorption.
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Abstract

This PhD project provided several new contributions to knowledge: it demonstrated that there is a positive
link between Zn and Fe for absorption and that the cellular Zn concentrations control Fe absorption
processes. A comprehensive model of Zn involvement in the Fe absorption process, both at the local and
systemic level, is delivered. In addition, it was revealed that marginal Zn deficiency is present in apparently
healthy populations, so regular monitoring is of crucial importance. The core contribution of the work
presented within this thesis is the evidence of the responsiveness of the LA:DGLA ratio to dietary Zn
modifications in both animals and humans. The ratio can be used as an additional indicator of Zn status.
Finally, it was confirmed that the additional Zn present in biofortified wheat is equally biologically available
for absorption as Zn from conventional wheat varieties; consumption of Zn biofortified wheat improved the

Zn status of consumers.

Keywords: Zinc, iron, Zn & Fe interaction, dietary intake, Zn biomarker, Zn and Fe status, LA:DGLA, Zn

biofortification, wheat
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this thesis (not presented as reprints). The candidate is the first author on every publication included in this
thesis. The contribution of each of the authors is clearly presented before bibliography sections within every
single publication. Besides that, details of the candidate’s contribution to individual publications and co-

authorship approvals are presented in the Appendix 4.

Please note: An Editor has not been used in the construction of this thesis and the candidate is entirely
responsible for the writing and the drafting of presented work. The Note System, superscripted number
referencing style is used* Photos included are taken from pexels free image stock available at:

https://www.pexels.com.

* Dodd, J.S.; Solla, L.; Bérard, P.M. The ACS Style Guide. 3rd ed.; Coghill, A.; Garson, L., Eds.; American Chemical Society: Washington. DC, USA,
2006; pp. 287-341, ISBN-13: 978-0-8412-3999-9.
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The Organization of the Thesis (Thesis Summary)

This thesis is written in five main sections:

Section 1. Introduction
* Outlines the structure of the thesis and explains the candidate’s contribution to the research
(Chapter 1)
» Provides background information, explaining the rationale and major goals of this research project
(Chapter 1)

* Contains a literature review covering the most important aspects of Zn nutrition (Chapter 2)

Section 2. Zn deficiency, an underlying cause for Fe deficiency

¢ Is devoted to the Fe and Zn interaction mechanism

» Investigates the role of Zn in the Fe absorption process and explains the potential mechanism of the

interaction, both at the local and systemic level (Chapter 3)

» Examines the relationship between Zn and Fe intake and status data in an apparently healthy

population (Chapter 4)

Section 3. A biomarker of Zn status, LA:DGLA ratio

* Contains studies related to a proposed biomarker of Zn status, the LA:DGLA ratio
* Describes the way the biomarker has been tested in humans (Chapter 5)

* Provides a summary of the structure, role and major functions of LA and DGLA. In addition, it explains
the current findings related to the LA:DGLA ratio as a biomarker of Zn status and proposes guidelines

for further research (Chapter 6)
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Section 4. Zn biofortification, a solution for alleviating Zn deficiency

» Discusses Zn biofortification as a possible solution for alleviating Zn deficiency

» Presents findings of an animal study that examines the efficacy of Zn biofortified wheat in improving

the Zn status of consumers (Chapter 7)

Section 5. Conclusion

* Summarizes the main research findings, illuminates contributions to knowledge and provides

recommendations for further research (Chapter 8)
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1.1 Background and Rationale

Zinc (Zn) is an essential micronutrient for human health and is required for numerous biological processes,
including growth and development, neurological and enzyme functions, immune response, skin and bone
metabolism, gene expression, cell mediated immunity, hormonal excretion and protein synthesis .

Due to its many functions, Zn deficiency can significantly disrupt the homeostatic mechanisms in the human
body. Insufficient Zn intake has been associated with poor growth, depressed immune function,

increased vulnerability to and severity of infections, adverse outcomes of pregnancy, and neurobehavioral
abnormalities 57. Inadequate Zn intake has negative consequences at all points of the human lifecycle,

from the point of conception through to old age ®.

Zn deficiency was first described in humans during the early 1960s, in Middle Eastern, male adolescent
dwarfs, consuming plant-based diets °. Subsequently, Zn deficiency was identified in many other regions

of the world and nowadays Zn deficiency is a global health problem, estimated to affect 17% of the total
world’s population . Zn inadequacy, in combination with other micronutrient deficiencies, is identified as
one of the major contributors to the burden of disease in developing countries ®!'*. Zn deficiency contributes
significantly to early childhood morbidity and mortality and is responsible for more than 450,000 deaths
per year in children under the age of 5. This equates to 4.4% of global childhood deaths **. Zn insufficiency is
also accountable for death and disability among other age groups *2. There is a strong correlation between
the development of chronic diseases (i.e. cardiovascular, depression, type 2 diabetes) and Zn deficiency 3.

Finally, deficiency of Zn increases the severity and the risk of death from other illnesses .

Knowledge of Zn nutrition has advanced considerably over the last 60 years. Remarkable advances in

both clinical and the basic science of Zn metabolism in humans has been observed V. Zn deficiency was
acknowledged as a public health problem on the World Health Organization list 1*'® and progress in our
understanding of Zn homeostasis, cellular Zn absorption and excretion mechanisms, the identification of
and in some cases the functioning of numerous Zn transporters has been made 9%. The Zn intake for various
study populations in a number of industrialized countries has also been reported and phytate as a limiting
factor for Zn absorption has been acknowledged and a significant research effort has been undertaken to
identify a physiological biomarker that predicts Zn status 22,

Over recent years, there have been ground breaking events in the history of Zn nutrition but still many

unknowns exist for this critical micronutrient.
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Zn deficiency does not occur in isolation and it is very often followed by deficiencies of other micronutrients;
the most important being Fe deficiency, reported to affect around 30% of people worldwide .

The simultaneous occurrence of Zn and Fe deficiencies in humans has been known since the discovery of Zn
deficiency %28, however for a long period of time, Zn and Fe absorption processes were seen as competitive.
Fisher-Walker et al. (2005) ?° were first to publish a review article providing support for non-competitive
absorption mechanisms between Zn and Fe. There were also hypotheses made that a significant proportion of
Fe deficiency anemia in humans is due to an underlying Zn deficiency *. Additionally, a positive link between
Fe and Zn for absorption and a strong influence of Zn on Fe absorption and Fe status has been confirmed by a
number of studies 313¢, However, the potential mechanism that could explain this causality, and clarify the Zn
and Fe interaction at the absorption sites hasn’t been elucidated and requires further research.

In order to address the concurrent problem of Zn and Fe deficiency effectively, one needs to elucidate the
absorption mechanisms that control the uptake and transport of these nutrients. This would help not only in
the more appropriate treatment of Zn deficiency, but also in the alleviation of Fe deficiency that is caused by

insufficient cellular Zn concentrations.

The burden of Zn deficiency is most common in low income countries, however inadequate intake of Zn

is also becoming an important public health problem in developed countries. Low dietary intake of Zn is
arecognized health issue in the USA, the UK and Australia, especially among women, children and elderly
people ¥*-42, Recent results from the nutritional surveys conducted in the United States, Great Britain and
Germany indicate that the recommended intake of Fe and Zn is not always achieved 4. Inadequate Zn
intakes have been documented among healthy people of various age and sex groups 4. The prevalence of
inadequate intakes of Fe and Zn is not consistent between studies performed across developed countries.
For certain countries, the relevant data for Zn and Fe intake, and status are either limited or outdated,
therefore needing further investigation. Regular monitoring of dietary Zn intakes of various populations is
needed for obtaining an accurate picture on the magnitude of Zn deficiency, not only of severe etiology but
marginal insufficiencies that usually pass unrecognized. Finally, the relationship between Zn and Fe intake
and status should additionally be examined and explained not only in Zn deficient but in apparently healthy

population cohorts too.
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An additional factor that hinders the appropriate assessment of the magnitude of Zn deficiency is the lack
of an accurate biomarker of Zn status. An indicator that accurately represents Zn status under various
physiological conditions in humans is still missing, particularly for individuals affected by mild to moderate

Zn deficiency 22 It is generally accepted that currently there is no specific, reliable biomarker of Zn status é.

As set by the World Health Organization, the development of a sensitive Zn biomarker is still a high

priority . A more profound and specific biomarker is needed to provide a more objective assessment of Zn
status. Out of 32 prospective biomarkers investigated over the years, serum/plasma Zn concentrations, hair
Zn concentration and urinary Zn excretion are the only three biomarkers identified as potentially useful

2, The BOND (Biomarkers of Nutrition for Development) Zinc Expert Panel recommended the following Zn
biomarkers for use: dietary intakes, plasma/serum Zn concentrations and stunting ?2. However, there are
reservations in terms of the reliability of these biomarkers as all of the currently accepted and commonly
used biomarkers of Zn status have certain limitations. Serum/plasma Zn, hair Zn concentration and urinary
Zn levels decrease in severely Zn depleted individuals 8. However, the concentration of Zn in the serum or
plasma is perceived as an unresponsive index of Zn nutritional status over an extended period of time; due to
effective homeostatic regulation that acts to maintain plasma Zn concentration within the physiologic range,
by maintaining losses via GI tract and kidneys 8. Similarly, dietary Zn intake very often is not correlated with
plasma Zn status and does not realistically reflect the nutritional state of an individual ?>5*52, For example,
unchanged plasma Zn concentrations were observed with the intakes as low as 2.8 mg/kg to as much as

40 mg/kg, showing the limitation of plasma Zn status to reliably represent the dietary Zn intake 5354,

Plasma Zn levels have a tendency to rise and then drop after a meal 5. The concentration of Zn in the plasma
can fall as a result of factors not related to Zn status or dietary Zn intake, i.e. infections, inflammation, trauma
and stress 822, The reliability of all currently used biomarkers under infection and inflammatory

conditions is ambiguous 822,

In 2014, Reed et al.*¢ discovered a significant negative correlation between dietary Zn deficiency and the ratio
of two essential fatty acids, linoleic (LA) and dihomo-y-linolenic acid (DGLA). Using supplemental Zn in the
chicken (Gallus Gallus) model, the authors clearly demonstrated that the LA:DGLA ratio is able to differentiate
Zn status between Zn adequate and Zn deficient subjects, showing that the LA:DGLA ratio can be used as an

effective indicator to detect an early stage Zn deficiency, before the onset of any symptoms .
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The same association may be seen in humans and the LA:DGLA ratio may possibly be a novel, effective,
non-invasive, sensitive and reliable biomarker of Zn status; yet, this hypothesis certainly requires further
examination. Initially, the correlation of the LA:DGLA ratio with dietary Zn intake and plasma Zn status in
humans should be tested. Similarly, it is important to first determine the efficacy of prospective biomarker in

predicting Zn status of consumers on traditional diets rather than supplements.

In Zn deficient populations where cereals are a primary staple in a diet, up to 75% of the daily calorie intake
comes from cereal-based foods with very low Zn concentrations and low Zn bioavailability 5. In many
developing countries (i.e. North Africa and the Eastern Mediterranean) nearly 50% of the daily food energy
is derived from wheat 5. Wheat contains substantial amounts of phytate, a compound known to inhibit Zn
absorption %. In addition, after significant extraction, the remaining white flour of modern wheat cultivars
becomes inherently poor in Zn *.

The widespread occurrence of Zn deficiency in developing countries, low consumption of animal products,
and a large number of people dependent on wheat as a major food source, stimulated the development of
biofortified wheat varieties with enhanced Zn concentrations. Biofortification, the delivery of Zn via staple
food crops accomplished through the use of conventional plant breeding techniques, has been proposed to
complement existing intervention efforts for the alleviation of Zn deficiency . Agronomic biofortification
(application of Zn fertilizers) represents a quick approach to the problem and wheat has been found to be
the most promising cereal crop for increasing Zn in grains through foliar Zn fertilization (an average of
about two-fold increase in grain Zn concentration after foliar application of Zn) 5. While these conventional
agronomic initiatives can be exceptionally beneficial to poor rural populations 5%, quantitative data on
efficacy of the biofortified products is still limited. Welch et al. (2005) ¢* and Rosado et al. (2009) % indicated
that newly developed Zn biofortified varieties of wheat may be useful in improving the Zn status

of consumers. Nevertheless, a more precise measurement of Zn bioavailability from Zn biofortified products
is still needed. The efficacy of consumption of Zn biofortified wheat varieties in improving Zn status of
consumers’ needs to be verified. A protocol for a proposed Cochrane review (intervention) %, to assess the
benefits and harms of biofortification of staple crops on vitamin and mineral status, health and cognitive
function in the general population, should be implemented. In conclusion, the effectiveness of various
other Zn nutrition intervention strategies in improving Zn status should additionally and more explicitly

be examined and compared, in order to identify the most suitable approach for treating and reducing the

number of people currently affected by dietary Zn deficiency.
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1.2 The PhD Project Aim, Research Goals and Study Objectives

The main intention of this PhD work was to address previously discussed gaps in our knowledge of Zn

nutrition. Several specific goals and objectives were set in order to achieve this broad general aim:

GOAL 1. To explore the extent of the impact of inadequate Zn intake on the development of Fe deficiency by

examining the role of Zn in Fe metabolism.

Objectives:

* To elucidate the mode of action in the Zn and Fe interaction and explain the mechanism by which

cellular Zn concentrations may control the Fe absorption process.

» To provide an up to date data set on Fe and Zn dietary intake and status for an apparently healthy

population with no recent data on the intake of these nutrients.

* To explore the link between dietary Zn and Fe intake and status in humans, both in apparently healthy

and in Zn deficient population cohorts.

GOAL 2. To test the efficacy of a newly proposed biomarker (LA:DGLA ratio) in predicting Zn status in both

humans and animals.

Objectives:

» To assess the correlations among the concentration of linoleic (LA, 18:2n-6), dihomo-y-linolenic acid

(DGLA, 20:3n-6) and the LA:DGLA ratio, with plasma Zn status and dietary Zn intake in humans.

* To evaluate the efficacy of the LA:DGLA ratio in predicting the Zn status of subjects consuming a cereal

based diet rather than a supplement.

* To describe the structure and main functions of the LA:DGLA ratio, summarize the current knowledge

related to this biomarker and pinpoint the most important areas for further research.

GOAL 3. To examine the efficacy of Zn biofortified wheat in improving Zn status of consumers.

Objectives:

* To examine the bioavailability of Zn from Zn biofortified wheat plants.

* To complete an in vivo study to demonstrate the effectiveness of Zn biofortified wheat in improving the

Zn status of consumers.
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2.1 Introduction

This literature review provides a concise summary of the most important aspects of Zn nutrition. It starts

by explaining the importance of Zn, its main biochemical and physiological functions, Zn homeostasis,
absorption and excretion mechanisms, food sources of Zn and human physiological requirements. This is
followed by an overview of dietary Zn intake and the up to date research related to the role of Zn in the Fe
absorption process; with the major focus on the mechanism of the Zn and Fe interaction. Research efforts
undertaken to identify a sensitive biomarker of Zn status are extrapolated, concentrating mainly on the
discoveries presented in the last ten years. The last section of this review explains the current magnitude,
causes, clinical manifestations and consequences of Zn deficiency. Finally, Zn biofortification of wheat, as a
potential strategy for increasing Zn bioavailability of plant based diets, and its efficacy in improving Zn status

of consumers and alleviating Zn deficiency states are reviewed.

The review is not covering every single aspect of Zn biology, but is providing a brief general overview of the
most relevant information required for understanding the material presented within this thesis.

The interaction of Zn with micronutrients other than Fe is not included as it is not the focus of this work.

The review summarizes the information related to the link between Zn and Fe absorption processes, more so
the research related to the mechanism of this interaction. Out of all the Zn nutrition intervention strategies
presented over the years, the emphasis in this review is exclusively on the efficacy of Zn biofortified wheat

plant foods.

The material presented within this literature review is, in some instances, intentionally shortened to avoid
the repetition of information presented in subsequent chapters of the thesis, which, when this is done, is

clearly indicated.
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2.2 Overview of Zn Nutrition

2.2.1 Zinc: Importance and Main Biological Functions

Zinc (Zn) is an important trace element required for a number of biochemical, immunological, and clinical
functions. It is involved as a structural metal in at least 3000 proteins and in over 300 enzymes as a catalytic
metal . Zn is the only metal that is associated with all six classes of enzymes: oxido-reductases, hydrolases,
transferases, isomerases, lyases and ligases >¢. Zn has an important role in numerous biological processes
including growth, cell division and differentiation 7. Zn regulates a variety of genes involved in nucleic

acid metabolism, cell signaling and apoptosis #'%, and has a crucial role in immune system functioning 8,

Moreover, Zn is responsible for enzyme activity; performing as an activator or inhibitor ion °.

Zn is a bluish-white metallic element categorized as a group IIB post-transition metal with an atomic weight
of 65.37 and an atomic number of 30 22, It is the second most abundant trace element in humans (after Fe) 2.
It is found in all tissues and fluids in the body, but is predominantly an intracellular ion. In biological systems,
Zn exists as the Zn?* cation. The human body contains 1.5-2.5 g of Zn, of which 60% is in skeletal muscle, 30%
is in bone, and 5% is in liver and skin 224, Only about 0.1% of the body Zn is replaced daily by the

diet % (Figure 2.1).

There are two major Zn reservoirs in the body, one with a short and another with a long half-life 2627,

The short-term pool of Zn, also known as exchangeable pool of Zn (EZP) or ‘functional pool’ has a turnover
rate of about 12.5 days and represents only 10% of the total body Zn 262829, This pool contains the most
metabolically active form of Zn in plasma, intestine, extracellular fluid, kidney and liver and can be easily
mobilized for Zn-dependent functions . The exchangeable Zn pool is linked to endogenous fecal excretion
of Zn and to total daily absorption of Zn *. The size of the EZP is between 1.5-3 mmol (100-200 mg) 3! and is
related to habitual dietary intake 28. A larger exchangeable pool leads to a larger endogenous excretion *.

When EZP becomes depleted, Zn deficiency is manifested 3.
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Figure 2.1 Zn homeostasis and distribution of Zn in the body

Zn homeostasis is tightly regulated by the harmonized regulation of the uptake, distribution, storage and efflux of Zn.

The gastrointestinal tract is the major site for regulation of Zn homeostasis. An insufficient Zn intake stimulates Zn absorption in the small
intestine Zn is absorbed and distributed to the organs (bones and skeletal muscles are major reservoir tissues). At very low Zn intakes
absorption can increase between 60-84% and urinary and faecal losses decrease accordingly. The absorbed Zn is bound to either albumin
(lightly, exchangeable pool) or a2-macroglobulin (tightly, non-exchangeable) or chelated by amino acids “**. Low dietary Zn intake induces
the mobilization of amino acids from muscle to liver for gluconeogenesis and releases Zn into circulation to retain constant serum Zn levels .

The additional (extra) Zn is taken out mainly via gastrointestinal secretion and through sloughing of epithelial mucosal cells.

2.2.2 Zn Homeostasis

The maintenance of cellular and systemic Zn homeostasis is essential for human health 333, Zn homeostasis
in humans is managed through an equilibrium between intestinal absorption and excretion including
adaptive mechanisms regulated by the dietary Zn intake levels 2°3536, The modifications in gastrointestinal
Zn absorption and endogenous Zn excretion are synergistic. Changes in the endogenous excretion occur
rapidly with modifications in dietary intake. On the other hand, the absorption of Zn ensues gradually, and it
has the capacity to manage large variations in dietary intake 234 During exceptionally low Zn intakes or with
persistent marginal intakes, secondary homeostatic alterations may complement the gastrointestinal changes.
These secondary modifications include variations in urinary Zn excretion, changes in plasma Zn turnover
rates and a conservation of Zn release from certain tissues (i.e. bone, muscle) (Figure 2.1).

Homeostatic mechanisms keep serum Zn concentrations in a healthy person within a narrow range (12-15
umol/L; 80 to 100 ug/dL) even in the presence of noticeably varying Zn levels 2333738, The mean serum Zn

concentration is 1 mg/L %.
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2.2.3 Zn Absorption and Excretion Mechanisms

Zn is absorbed in the small intestine, predominantly in the proximal jejunum by passive diffusion and on the
brush border of enterocytes via a carrier-mediated process “2. The absorption occurs within the whole small
intestinal tract with the maximum rate of absorption in the jejunum *. Zn is released from food as free ions
throughout digestion. The ions attach to endogenously secreted ligands before they get transported .

Within the enterocytes, absorbed Zn is bound to several molecules, including metallothionein (MT) and
cystein-rich intestinal protein which are important in transmucosal transport %. Intestinal concentrations

of Zn are controlled by the activity of Zn transporters (mainly Zip4, Zip5, ZnT1 and ZnT5) and Zn binding

proteins such as metallothioneins (MTs) 14,

The gastrointestinal tract is the main site for regulation of Zn homeostasis 35%. Zn absorption is mainly
influenced by dietary Zn intake and to a lower extent by Zn status ?°. Fractional Zn absorption is inversely
related to dietary Zn intake, whereas intestinal absorptive capacity is high at low levels of Zn intake. During
periods of increased Zn intake, there is a decrease in absorptive efficiency but an increase in the total amount
of Zn absorbed. With high intakes, Zn is also absorbed via a passive paracellular route (absorbed through a

non-saturable process or passive diffusion) ¢47. 15%-60% of dietary Zn intake is absorbed.

At intakes under 9 mg/day, Zn absorption occurs mainly by a saturable process including Zip4, ZnT1, and
other transporters. There is no evidence that past Zn intakes, or status, affects Zn absorption. The latest Zn
intake is the principal determinant of Zn absorption 4.

An upper limit exists where increasing Zn intake >20 mg in solution does not result in greater Zn

absorption . The portal system transports absorbed Zn straight to the liver and after that Zn is taken into
systemic circulation for delivery to other tissues. Approximately 60%-70% of Zn in the circulation is bound to
albumin, so any condition that changes serum albumin levels can consequently have an effect on plasma Zn
levels #5152, Even though, serum Zn presents only 0.1% of the whole body Zn, the circulating Zn turns over

quickly to meet tissue requirements 4.

Zn excretion is also an essential process in Zn balance maintenance. Zn is excreted from the body through
the intestine, kidneys and skin. The endogenous intestinal losses fluctuate from 7 mmol/day (0.5 mg/day) to
more than 45 mmol/day (3 mg/day), depending on Zn intake . Half of all Zn eliminated from the body is lost
through the gastrointestinal tract *. Minor amounts of Zn are also excreted via urine and surface losses

(i.e. skin, hair) *. Urinary and skin losses are less affected by the usual variations in Zn intake, being between
7-10 mmol/day (0.5-0.7 mg/day) *. Zn is predominantly excreted through the biliary and intestinal secretions,

most of it being reabsorbed 36,
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2.2.4 Estimated Physiological Requirements for Zn

An adequate estimation of physiological requirements for Zn is crucial for several reasons: for understanding
human Zn nutrition, Zn homeostasis, Zn status of populations, and for providing an indication on how to best
prevent and treat human Zn deficiency . Additionally, accurate estimates provide critical reference points

for bioavailability studies of Zn in biofortified crops 5.

The estimations of physiological Zn requirements were set by various expert groups: US IOM (2001) %,
IZiNCG (2004) 58, WHO (2004) © and EFSA European Food Safety Agency (2014) . All four groups used

a factorial approach* to estimate Zn requirements, however there were certain discrepancies in the
recommendations as different body weights, various ways for estimation of external Zn losses, and
different nomenclature were used. The recommendations are based on the frequency distribution

of requirements of a group or an individual and the resultant values are presented differently: EAR
(Estimated Average Requirement), RDI (Recommended Dietary Intake), in Australia and New Zealand, RDA

(Recommended Dietary Allowance) in US and Canada and RNI (Reference Nutrient Intake) in UK &,

The estimated average requirement (EAR) is the median intake level of Zn for a particular sex and life stage
group of healthy individuals at which the needs of 50% of the population will be met 33%. Assessment of
requirements was based on estimates of the minimal amount of absorbed Zn necessary to match total daily
excretion of endogenous Zn 3233, Estimates were made using factorial approach that includes both intestinal
and non-intestinal losses 5. However, as the needs of the other half of the population will not be met by the
EAR, the EAR is enlarged by 20% to rich the Recommended Dietary Allowance (RDA). Since, currently there is
no sufficiently sensitive biomarker of Zn status the RDA for Zn is based on a number of different indicators of
Zn nutritional status and represents the desirable daily intake that is expected to prevent deficiency in nearly
97.5% of individuals in a specific sex and life stage age group 2*5'. The EAR for Zn across various countries
ranges from 5.5-12 mg/day (Table 2.1). The recommended tolerable upper intake level (UL) of Zn is set for 40

mg/day for adults, 34 mg/day for adolescents and 5 mg/day for infants (Table 2.1).

The European Food Safety Agency was the only agency that provided data that accounted for different levels
of phytate intake. Increasing dietary phytate from 300 to 1200 mg/d doubles the dietary Zn requirements .
The inconsistencies and large heterogeneity between the currently available recommendations were noted

and are discussed in great detail by Hambidge et al. (2011) %, Lowe et al. (2013) % and by Gibson et al. (2016) S

* Factorial approach is based on the estimates of the amount of absorbed Zn required to offset all obligatory Zn losses plus additional
requirements for absorbed Zn for growth, pregnancy or lactation.
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Table 2.1 Estimated physiological requirements for absorbed Zn (mg/day), by age group and sex as defined by
expert committees of the WHO, IOM, IZING and EFSA.

Age group/Life stage WHO IOM IZINCG EFSA

Infants and children

6-11 months 0.84 0.84 0.84

1-3 years 0.83 0.74 0.53 1.07

4-6 years 0.97 1.39

4-8 years 1.20 0.83

7-9 years 1.12 1.87

9-13 years 2.12 1.53

Adolescents

10-12, males 1.40

12-15, males 1.82 2.63

14-18, males 3.37 2.52

15-18, males 1.97 3.54

10-12, females 1.26

12-15, females 1.55 2.66

14-18, females 3.02 1.98

15-18, females 1.54 2.96

Adults

19-50, males 1.40 3.84 2.68

19-50, females 1.00 3.30 1.86

Pregnancy

14-18 years 0.10° 0.16¢ +0.70 +0.40
0.30P 0.39"

19-50 years 0.70¢ 0.63¢ +0.70 +0.40

Lactation

14-18 years 1.40° +1.35 +1.00 +1.1
0.80P

19-50 years 0.50¢ +1.35 +1.00 +1.1

WHO: World Health Organization; IOM: Institute of Medicine, IZINCG - International Zn Nutrition Consultative Group.
EFSA: European Food Safety Authority. Estimated additional average requirements for Zn needed during pregnancy and lactation (+).

2 first trimester, »second trimester, ¢ third trimester.

44 | Page



Section 1 | Introduction Chapter 2

2.3 Dietary Zn Intake

2.3.1 Food Sources of Zn

Zinc (Zn) is found in a wide range of foods, however its bioavailability is variable . Foods with a high
protein content are rich in Zn, while foods and diets made of carbohydrates were found to be much lower

in Zn content %, Richest sources of the Zn include oysters (25 to 39 mg per 100g), red meats (4.5 to 5.2 mg

per 100g), liver (4 to 7 mg per 100g), nuts and seeds (6.5 to 7.8 mg per 100g) %. The highest content of Zn is
found in animal source foods; 0.40 to 6.77 mg per 100 g. The grains have 0.30 to 2.54 mg per 100 g, dairy
products between 0.36 to 0.49 mg per 100 g, vegetables from 0.12 to 0.60 mg per 100 g, and fruits have 0.02

to 0.26 mg per 100 g ©°. Moderate sources of Zn include: cheese, whole grain cereals, and legumes

(Table 2.2). Zn in animal products is more easily absorbed when compared to Zn absorbed from plant foods.
Cereal grains, legumes, and nuts are rich in phytate, a compound known to bind Zn in the intestine and

this reduces its absorption 7. The first recognized cases of Zn deficiency were linked with high phytate
containing foods, unleavened bread from unrefined wheat flour and beans 2. The intake of phytate around
the world has been investigated to some degree and omnivorous adult intakes of phytates range from 395-
1293 mg/day in the US and UK 7. The molar ratio of phytate:Zn in the diet has been perceived as an indicator
of Zn bioavailability, and ratios >15 have been related to suboptimal Zn status 7174,

Currently there are several useful resources that provide data on Zn and phytate values of foods. The most
complete source for low income countries is available from the World Food System International Mini-list 757,
Industrialized countries mainly use USDA database from the Nutritional Coordinating Center, University of
Minnesota (USDA National database for standard reference) ”7 as well as the publications by Reddy and

Sathe (2002) 7® and Wessells and Brown (2012) 7.

Table 2.2 Food sources of Zn (high, moderate and low Zn content)

High Moderate Low
Shellfish: oysters, crab, lobster, Legumes: chickpeas, lentils, Fruits: avocado, blackberries,
shrimp beans pomegranate, raspberries
Meat: red meat, ground beef, lamb, = Whole grain cereals: wheat, Vegetables: mushrooms,
liver, poultry quinoa, rice, oat potatoes, lentil sprouts
Seeds: hemp, squash, pumpkin, Dairy products: milk, cheese, Green vegetables: spinach,
sesame seeds yoghurt broccoli, green beans, kale
Nuts: pine nuts, peanuts, cashews, Eggs

almonds

Cocoa: dark chocolate, cocoa
powder
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2.3.2 Dietary Recommendations for Zn Intake

Table 2.3 A summary of the currently used dietary recommendations for Zn intake (mg/day) for various life stage
and sex group as set by WHO, IOM, IZING and EFSA

Age group/life stage WHO IOM IZINCG EFSA
LBA MBA HBA UL EAR RDA UL A B UL EAR UL

Infants and children

0-6 months 6.6 2.8 1.1 4
7-12 months 8.4 4.1 2.5 13 2.5 3 5 3 4 6 2.4
1-3 years 8.3 4.1 2.4 23 2.5 3 7 2 2 8 3.6 3
4-6 years 9.6 4.8 2.9 23 4.6
4-8 years 4 5 12 3 4 14 4
7-9 years 112 56 3.3 28 6.2
9-13 years 7 8 23 5 7 26 7
Adolescents
10-12, males 17.1 8.6 5.1 34
12-15, males 171 8.6 5.1 40 8.9
14-18, males 8.5 11 34 8 11 44 22
15-18, males 171 8.6 5.1 48 11.8
10-12, females 144 7.2 4.3 32
12-15, females 144 7.2 4.3 36 8.9
14-18, females 7.3 9 34 7 9 39 22
15-18, females 144 7.2 4.3 38 9.9
Adults
18-60, males 14.0 7.0 4.2 45
19-50, males 9.4 11 40 10 15 40 7.5 25
>51, males 14.0 7.0 4.2 45 9.4 11 40 10 15 40 25
18-60, females 9.8 49 3.0 35
19-50, females 68 8.0 40 6 7 40 6.2 25
>51, females 9.8 4.9 3.0 35 6.8 8.0 40 6 7 40 25
Pregnancy
14-18 years 11.0* 5.5 3.4 105 13 34  +2 +3 +1.3

14.00  70P 4.2v
19-50 years 20.0° 10.0¢ 6.0¢ 9.5 11 40 +2 +3 +1.3
Lactation
14-18 years 19.00 9.5 5.8 109 14 34 +1 +1 +2.4

17.5> 8.8 5.3
19-50 years 14.4c  7.2¢ 4.3¢ 104 12 40 +1 +1 +2.4
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Table 2.3 Footnote

WHO: Worlds Health Organization; IOM: Institute of Medicine, IZINCG - International Zn Nutrition Consultative Group. EFSA: European
Food Safety Authority. A: IZINCG P:Zn<18; B: IZINCG P:Zn >18. BA: Bioavailability LBA: Low bioavailability (15%); MBA: Moderate (30%) and
HBA: High (50%). UL: Upper limit of intake (the highest intake likely to cause no risks of adverse health effects); EAR: Estimated Average
Requirements (meets the needs of 50% of individuals in the life stage group); RDI/RNI/RDA: Recommended Dietary Intake/Reference Nutrient
Intake/Recommended Dietary Allowance (meets the needs of nearly all individuals in the life stage group). There is insufficient data for
upper level of Zn intake for children. Estimated additional average requirement for Zn needed during pregnancy and lactation (+) . first
trimester, ® second trimester, ¢ third trimester. Modified from WHO (1996) 6, IOM (2001) 7; IZiNCG (2004) ; Lim et al. (2013) *; King et al.
(2016) % and Gibson et al. (2016) 6.

2.3.3 Zn Intake in Developed and Developing Countries

The adequacy of dietary Zn intake is assessed by comparing the usual dietary Zn intakes with the Estimated
Average Requirements (EAR). As the assessment of Zn status by biomarkers is still challenging, evaluation

of inadequacy is typically based on the assessment of dietary intakes, prevalence of child stunting, and the
accessibility of Zn from the food supply #. The US, Canada, New Zealand and Australian government agencies
have evaluated population dietary Zn intakes and documented the main dietary sources 8828384,

In Europe, the European Micronutrient Recommendations Aligned Network of Excellence

(EURRECA; www.eurereca.org) is responsible for tracking projected prevalence of inadequate Zn intakes and
determining Zn requirements .

Results from the nutritional surveys conducted in the United States, Great Britain, Spain and Germany
concluded that the recommended intake of Zn is not always achieved 8+#”. For example, 10% of 1-3 years old
children from Poland had Zn intakes below the recommendations and 39% of girls age 4-10 from Denmark
had Zn intakes below the EAR 87888, Similarly, the percentage of inadequate Zn intakes for adolescents in the
UK was between 3%-48%, while the percentage of inadequacy for adults was a bit lower; between 10%

to 21% 838790, 39% of Spanish man over 60 years of age had Zn intakes below the EAR 9192,

People living in Ireland failed to meet estimated average requirements for Zn; 13% of the elderly, 11% of
men and 29% of women %. Comparable findings were provided for the USA, where data from the NHANES
indicated that 11%-17% of people had Zn intakes below the EAR %,

Similarly, the Canadian Community Health Survey from 2004 demonstrated that 10%-35% of Canadians
consume Zn in inadequate amounts and most vulnerable being men over 70 years of age where 41% were
Zn deficient ®. People living in the UK also had Zn intakes below the EAR and girls 11-18 years of age were at
the highest risk of inadequate intakes %. The estimated prevalence of poor Zn intake among children in New

Zealand ranged from 5.4% for males and 9.2% (5-6 years old) to 16.4% for girls’ age 11-14 years °.
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An adult nutrition survey from New Zealand identified that 39% of males and 11% of female adults is in

risk of dietary Zn deficiency *. In addition, 52% of men and 9% of women consumed less than the Australia/
New Zealand estimated average requirement for Zn, while 15% of men and 7% of women had low serum Zn
levels %. Furthermore, low serum Zn was observed in 18% of men 50 years or older and 30% of men 70 years
or older 6. Similarly, 19% of premenopausal (age 18-50) Australian women were susceptible to inadequate
Zn nutrition ¥. Finally, 7.8% of people living in China and around 10% of people from Central and Eastern
Europe consume Zn in inadequate amounts 7.

The most current review of available micronutrient intake and status data in Europe °, encompassing the
majority of available research related to Zn intakes of people living in European countries, pointed out that
data on Zn intakes in Europe are lacking for all life stages while for certain countries data on Zn intakes are

either outdated or do not exist %,

The nationally representative surveys that evaluated the adequacy of Zn intakes in low income countries are
very limited due to the high cost and logistical challenges. The global risk of Zn deficiency decreased from 22
to 16%, between 1992 and 2011, but it still remains prevalent *°. In 2011, 1.1 billion people were at risk of

Zn deficiency *. Comparable findings were provided by Wessells and Brown in 2012 7, when the national
food balance sheet data taken from the Food and Agriculture Organization ' of the United Nations were used
to estimate a country and region specific risk of dietary Zn inadequacy in 188 countries. The global estimates
on the prevalence of inadequate intakes were relatively stable over the 20-year period and there were no
inter-regional variations in Zn intake among individual countries 7. 17.3% of the world’s population is at risk
of inadequate Zn intakes 7°, with more than 20% inadequacy seen in people living in South and South East
Asia and the Pacific (22%), Sub-Saharan Africa (25%) and South Asia (close to 30%). The Zn deficiency risk for
Africa in 2009 was estimated to be around 40% '°'. A more recent systematic review documented that 34% of
women of reproductive age and 46%-76% of pregnant women in Kenya, Ethiopia, Nigeria and South Africa

are Zn deficient 12,

The prevalence of inadequate Zn intakes is most common in low income countries, however it is also
increasingly seen in developed country populations. In addition, there is no national data from a specific
survey period that can show Zn intakes and its adequacy. No cross country comparison could have been
appropriately made as many countries have no regular nutritional monitoring programs in place

(this includes both developing and European countries).
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Comparison of data on Zn intake between countries is a challenging task due to heterogeneity in
methodologies and study purposes being used, various assessment methods of food intake and no
representative nutritional surveys at the national level for all countries. Additional, up to date and higher
quality studies are undoubtedly needed to address gaps in current knowledge. Regular follow ups are
necessary to ensure that potential deficiencies of Zn do get acknowledged and addressed in a timely manner,
particularly in countries where their existence is less expected. More targeted measurements of population
Zn status including biochemical and dietary assessments are needed for countries recognized as being at the
highest risk of inadequate Zn intakes (i.e. South Asia, Sub-Saharan Africa and Central America).

Supporting evidence and additional research on dietary Zn intake globally would not only help in obtaining a
more accurate estimate of Zn inadequacy, but also, in adequately directing nutritional interventions aimed at

controlling Zn deficiency.

2.4 Zn Bioavailability

2.4.1 Zn Bioavailability, Inhibitors and Enhancers

Bioavailability of Zn refers to the portion of dietary Zn intake that can be absorbed into the blood system and
used for physiological functions within the body 34. Main factors that define the bioavailability of Zn are the
total Zn content of the diet, the individual’s Zn status, and the availability of soluble Zn from the diet’s food
components 1%. If the individual’s Zn status is reduced, Zn absorption mainly depends on Zn solubility in the
intestinal lumen, which is determined by the chemical form of Zn and the occurrence of certain inhibitors
and enhancers of Zn absorption 3. Fractional Zn absorption is a fraction of Zn that could potentially be
absorbed from a single meal %+%. It is inversely proportional to dietary Zn intake and is negatively associated
with the phytate content of a meal %74 In contrast, total Zn absorption is greater with Zn adequate diets
compared with low Zn diets *.

As demonstrated in a number of studies, feeding low Zn diets increases fractional Zn absorption in all age
groups and homeostatic mechanisms up-regulate Zn absorption and retention 519197, Reduced fractional
absorption of Zn at higher doses is due to saturation of the transport mechanisms of Zn and increased
intestinal Zn excretion %1%, Adults on higher bioavailable diets are capable in regulating Zn absorption
upwards or downwards to absorb 4-5mg of Zn per day %1%, With regard to the time of adjustment, the
variation of Zn absorption from the low Zn diet took place within the four week period and the degree of

adjustment was no greater after eight weeks 1%.
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In conclusion, the absorption efficacy of Zn is up-regulated in response to extended low Zn intakes and the
major predictors of Zn absorption are daily Zn and phytate intakes 1. Total Zn absorption will be the greatest

from low phytate, Zn adequate meals 3.

2.4.2 Main Zn Inhibitor in Plants - Phytate

Phytate is the key dietary component known to limit Zn bioavailability and it does this by strongly binding Zn
in the gastrointestinal tract ®>11%11, Phytate is the magnesium, calcium, or potassium salt of phytic acid (myo-

inositol hexakiphosphate, IP,) and is present in seeds, cereal grains, nuts, and legumes 2,

=0-
+H3N-C-C-O protein
Figure 2.2 Arrangement of phytic acid; six phosphorous acid molecules attached to a phytic acid molecule

Modified from Coulibaly et al. (2011) 2.

In cereal grains (such as wheat) it is concentrated in the bran. The anti-nutritive effect of phytic acid is
attributable to its molecular structure. At complete dissociation, the six phosphate groups of phytic acid carry
twelve negative charges which, in weak acidic to neutral pH conditions, bind to various di and trivalent
cations (Ca, Mg, Fe, Zn, Cu, Mn) into a stable complex (Figure 2.2).

The phytate:Zn molar ratio of a diet is used to assess the quantity of Zn available for absorption. In general,
unrefined cereal grains have very high phytate:Zn molar ratios (ranged from 22-88). Diets with molar ratio
>15 have poor Zn bioavailability and are linked to biochemical Zn insufficiency in human subjects 5871109113,
The IZiNCG separates diets into high and low phytate:Zn molar ratios, with a cut-off of 18 %.

The inhibitory effect of phytate on Zn absorption was originally demonstrated by Lonnerdal et al. (1988) 14
via a radioactive isotope study in infant rhesus monkeys and suckling rat pups. The results pointed out that
the negative effect of phytate followed a dose-dependent response and that Zn absorption can be enhanced in

humans by decreasing the phytate content of the diet. Similar findings were provided by others 15116,
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Dietary Zn intake that’s needed to meet the Zn requirements of an adult doubles with every 1000 mg of
phytate consumed 5417. With the phytate to Zn ratio of more than 15-20, any amount of Zn available for
absorption is insufficient to up-regulate Zn absorption %, so the goal for the phytate:Zn molar ratio should be
less than 12 so that sufficient amounts of Zn are absorbed with unsupplemented diets 54'®°. Additionally, only
the higher inositol phosphates (i.e., hexa- and penta-inositol phosphates) suppressed Zn absorption, whereas

the lower phosphates had no negative effect %,

Humans have a negligible capacity to adaptively increase Zn absorption from diets high in phytic

acid 10119120 Tn humans, unlike in rats, hydrolysis of the higher inositol phosphates does not happen in the
gastrointestinal tract because of the absence of phytase enzymes 7. Lower inositol phosphates are formed
during certain food preparation and processing procedures such as soaking, germination and fermentation
of whole grain cereals and legumes that stimulate enzymatic hydrolysis of phytic acid in whole grain cereals
and legumes by increasing the activity of exogenous or endogenous phytase enzyme 7121,

Similarly, non-enzymatic methods, i.e. milling, has also been shown to successfully lower the amount of

phytic acid in plants 22,

2.4.3 Other Dietary Factors Known to Affect Zn Availability of Plant Foods

In addition to phytate, some other dietary ingredients can also reduce Zn absorption (i.e. polyphenols, fiber,
oxalate, tannin, and lignin) 1123, Polyphenols, a class of antioxidant, reduce Zn bioavailability by forming
complexes between the hydroxyl groups of the phenolic compounds and Zn molecules ?4. Generally, the

degree of inhibition is inversely related to the condensed polyphenol content 2.

Calcium (Ca) is a dietary ingredient for which there is no definite evidence regarding the effect it has on Zn
absorption and Zn bioavailability. Some believe that Ca may inhibit Zn absorption and additionally enhance
the inhibition of Zn absorption by phytate 2%, while others have shown no effect on Zn retention or balance.
High levels of dietary Ca impair Zn absorption in animals 127128 however, it is unclear if this also happens in
humans. Current findings offer inconsistent results !'*. Increased Ca intake of post-menopausal women by 890
mg/day in the form of milk or Ca phosphate (total Ca intake; 1,360 mg/day) diminished Zn absorption and Zn
balance in postmenopausal women !¥. However, increasing the Ca intake of adolescent girls by 1,000 mg/day
(total Ca intake, 1,667 mg/day) did not disturb Zn absorption or balance **°. Similarly, a study with ten healthy
women (21-47 years old) demonstrated that high intake of dietary Ca (~1,800 mg/day) did not further impair
Zn absorption of a high-phytate diet 3. The effect of Ca is not significant and an enhancing effect is only

observed in the diets with low phytate levels 1%.

51 | Page



Section 1 | Introduction Chapter 2

On the other hand, Sandstrom et al. (1989) ™ showed that the presence of Ca enhanced Zn absorption by the
addition of dairy products to a high-phytate bread meal, but no change in absorption was evident in a low-
phytate white bread meal 7.

There were also studies that provided evidence of a positive effect of Ca on Zn absorption showing that

Zn absorption from soy formula was increased when Ca was added to it '32. Authors explained this by
hypothesizing that Ca is making complexes with phytate in the gut, hence making phytate unavailable to bind
Zn. Miller et al. (2013) !* based their mathematical model of Zn absorption on this hypothesis, stating that Ca
has a positive effect on Zn absorption. The inconsistent findings of the Ca studies on Zn absorption clearly
show that complex nutrient interactions exist (beyond that with phytate) and that further research is needed

to clarify the effect of Ca on Zn availability and absorption.

The effect of dietary protein on Zn absorption is also ambiguous. Dietary protein and protein digestion
products (i.e. casein phosphopeptides) have been shown to increase Zn absorption 741313 jnhibit absorption'*
and to have no effect 1341%, The protein source, animal or plant, can also have an effect . Likewise with Ca,
inconsistencies in findings were explained by means of nutrient interactions where the phytate content is

having a central role.

2.4.4 The Interaction Between Zn and Fe

Iron (Fe), is an essential micronutrient with important biological functions. Fe deficiency and Fe deficiency
anemia remain a global problem, with approximately 25% of people worldwide being affected *%.

In some older nutrition textbooks, Fe deficiency anemia is recognized as a Zn deficiency symptom ¥’ and Zn
deficiency was described as a cause of Fe deficiency anemia 38139,

Zn is found in similar food sources to Fe and the same constituents disturb the absorption of both elements,
so nutritional Zn and Fe insufficiencies often occur at the same time %41, Nutritional deficiency of Fe in the
developing world never arise alone and Zn deficiency always co-exists with Fe deficiency 42,

In recent years, an extensive progress in our understanding of Fe and Zn absorption and the interaction
processes in humans has been made. A negative interaction among Zn and Fe for absorption ensues when
elements are supplied simultaneously, in high doses, in an aqueous solution or in a simple food matrix 43,
However, the inhibitory effect is not observed in complex food matrices, except when Zn to Fe

ratio is >1:25 144,
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The longstanding belief of a negative effect of Zn on Fe absorption and vice versa was forgotten as no
antagonistic effect is constantly present, more so, when these nutrients are supplied in lower amounts (closer
to ‘physiological’ concentrations) or with food 1145146 Gradually, evidence has accumulated to show that
plasma Zn is a good predictor of hemoglobin concentrations, independent of Fe status 7147153,

Additionally, a number of data sets have revealed a positive association between anemia and signs of the risk
of Zn deficiency in children, pregnant women and adults ***'%6. Zn deficiency (low serum Zn concentrations)
coexists with the presence of anemia, particularly in developing countries 149157158,

Moreover, Fe supplementation, on its own, was not always effective in treatment of anemia 916,

The positive influence of Zn in addition to Fe has been shown by Kolsteren et al. (1999) %2, Alarcon et al.
(2004) 1 ; Nishiyama et al. (1996) *%4; Nishiyama (1999) !** and many others Shoham and Youdim (2002) %;
Ramakrishnan et al. (2004) '¢7; Hossain et al. (2011) !%; Kaluza et al. (2014) '*°. Zn supplementation is known
to improve hematological response among young children at risk of Zn deficiency 47163170 and to increase
serum ferritin by approximately 50% %12, Micronutrient interventions with simultaneous provision of

both elements were more effective in the treatment of deficiencies '%¢1¢7. Over the years, many studies have
confirmed positive interactions between Zn and Fe during absorption 47171175, The findings were initially
summarized by Fisher-Walker et al. (2005) '7® who compiled findings from randomized placebo controlled
trials of supplementation of Fe and Zn separately or in combination, showing no competitive interaction
between Fe and Zn for absorption. A few years later Graham et al. (2012) " reviewed the medical literature
on Zn and Fe deficiency, with a particular focus on the interaction of these elements during the absorption
processes in the human gut. They proposed that a significant proportion of Fe deficiency anemia may be due
to Zn deficiency . New perspectives reveal that Zn in not inhibiting the Fe absorption process but in fact that
adequate amounts of Zn are required for proper absorption of Fe and that Zn is having a major regulatory
role in the Fe absorption path.

Certain justifications that could explain this link have been provided. It is believed that Zn affects
hemoglobin via a Zn dependent enzyme system or that the link is based on erythropoietin

stimulation 78181, DMT1 (divalent metal transporter 1, the main Fe import protein) has been ruled out as a
site of Fe and Zn antagonism and what’s more it has been proven that DMT1 is regulated by dietary/intestinal
Zn concentrations 8218 The Fe export protein (FPN1, ferroportin 1) is also shown to be controlled by cellular
Zn concentrations '#1%, Finally, hepcidin, the major Fe absorption regulator located in the liver, is under the

control by matriptase 2, a family of Zn dependent endopeptidases 18188,
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Despite all these achievements in explaining the Zn and Fe interaction, it is still unknown what is happening
at the transporter level and how exactly Zn concentrations may affect the Fe absorption process. This PhD
project aims to explain the biological mechanisms of this interaction that have not been elucidated so far.

An improved understanding of the machinery that controls Zn and Fe absorption processes would help in a
more appropriate treatment of both nutritional deficiencies; deficiency of Zn primarily, but also Fe deficiency
and Fe deficiency anemia. Correcting Zn deficiency can possibly make more Fe available for absorption

from a similar diet, which is important for planning nutrition intervention programs that would alleviate Zn

deficiency and with it some of the anemia.

2.5 Zn Transporters in the Human Body

2.5.1 Zn Transporters in Human Enterocytes and Hepatocytes

Zn movement inside a cell is regulated by an activity of various Zn transporters. There are 24 Zn transporters
in different parts of the human body and they are responsible for uptake, intracellular trafficking and efflux
of Zn 9189192 Ten Zn transporters are classified as ZnT family and they export Zn from the cytosol, while 14
members of the ZRT/IRT-like protein Zip family import Zn into the cytosol. These transporters control cellular
Zn and its movement through the plasma membrane and between cytosol and different cellular segments

and are described in great detail elsewhere 319219,

ZIP10 ZnT1
ZIP5
Renal Epithelial Cell

Pancreatic Acinar Cell

Intestinal Epithelial Cell

ZIP10
ZnT1

ZIP14
Erythroid Cell

Hepatocyte

Figure 2.3 Zn transporters in the human body

Zn is present as a divalent cation and does not require redox reduction for the membrane transport process. Absorption occurs by means of

a sophisticated process (control system) in which unique transport proteins are operative for each organ.
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The activity of these transporters is regulated transcriptionally, translationally, and at the protein level via
heterodimer formation, ubiquitination, phosphorylation, and proteolysis 3719219, The expression and function
of some of these proteins is stimulated by physiological stimuli (hormones and cytokines) and/or dietary
conditions 19519, The activity of most of the Zn transporters is predominantly transcription controlled by the

metal responsive element binding transcription factor 1 (MTF 1) 192197198,

2.5.2 Zn Transporters Regulated by Dietary Zn Concentrations

Out of the 24 Zn transporters identified to date, eight of them are shown to be regulated by dietary Zn intake.
They include: ZnT1, ZnT2, ZnT4, ZnT5 and ZnT6 and three Zips: Zip3, Zip4 and Zip10 >!*. The transporters are
mainly located within the small intestine, with only a few located in other tissues; blood cells: Zip3 and ZnT1

and Zip10 found in brain and liver (Table 2.4).

Table 2.4 Zn transporters regulated by dietary Zn intakes

Response during

Zinc transporter dietary Zn restriction Tissue/cell
ZnT1 negative Ubiquitous & blood cells
ZnT2 negative Small intestine, liver, kidney
ZnT4 negative Small intestine
ZnT5 negative Small intestine
ZnT6 negative Small intestine
Zip3 negative Blood cells
Zip4 negative Small intestine
Zip10 negative Plasma membrane

Note: The structure and function of most important Zn transporters is described in detail within Chapter 3.
In order to avoid unnecessary duplication the same information is not presented here. The role of Zip4, ZnT1,

Zip14 & Zip8 in Zn, as well as in Fe, absorption processes was explained.
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2.6 Assessment of Zn Status

2.6.1 Currently Used Biomarkers and their Limitations

The assessment of Zn status is perplexing as currently there is no single specific and reliable biomarker of
Zn status. Zn status of individuals is estimated through assessment of dietary Zn intakes and by biochemical
markers. Various categories of biomarkers have been examined over the years and they include tissue
concentrations (plasma, hair, nail Zn content), mineral homeostasis and metabolism parameters

(Zn excretion, measurements of the Zn pool sizes), body stores, response to increase in dietary intake. Out of
32 potential biomarkers from 46 publications, serum/plasma Zn concentrations, hair Zn concentration and
urinary Zn excretion are the only three identified as potentially useful biomarkers of Zn status **.

In 2016, the Biomarkers of Nutrition for Development (BOND), an international Zn Expert Panel ® completed
a thorough literature review of Zn biomarkers considering both functional and biochemical indicators of Zn
status, and classified Zn related biomarkers into four categories: recommended, potential, emerging and not

useful (Table 2.5).

Table 2.5 Summary of biomarkers of Zn status

Recommended Potential Emerging Not useful
Dietary assessment Hair Zn Nail Zn Zn dependent enzymes
Plasma/serum Zn Urinary Zn Zn dependent proteins Erythrocyte and

leukocyte zinc

Neurobehavioral Oxidative stress and

Stunting development DNA integrity

Zn Kinetics

Taste acuity

The biomarkers were graded on the basis of their strength to be used for assessing Zn exposure, Zn status, Zn function & Zn effects .

Modified from King et al. (2016) % & Lowe (2016) 2.
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2.6.2 Assessment Methods of Dietary Zn Intake

Chapter 2

An inadequate dietary Zn intake is usually the main cause of Zn deficiency. The assessment of the dietary

intake is accepted as the best scheme for estimating Zn exposure in individuals and populations and is the

central element in evaluating the risk of Zn deficiency %. A comprehensive historical overview of the progress

in the evaluation of dietary Zn intake as an indicator of Zn status was provided by Gibson in 2012 201,

The Dietary Zn intake of individuals can be assessed by several methods (Table 2.6). The details of methods

presented here are described explicitly elsewhere 202203,

Table 2.6 Assessment methods of dietary Zn intake for individuals

Method Principle Advantages Disadvantages

Dietary Quantities of food Detailed information about Motivation bias, high burden
regord/ Food consumed per the food intake, provides on participants, expensive,
dairy day are recorded quantitative information not suitable for people who

24-hour food
intake recall

Food
frequency
questionnaire

(FFQ)

Diet history

andweighed

Food intake
during the past 24
hours; subjective
measure using
open ended
questionnaires

Questions

on habitual
consumption of
certain foods (in
the past several
months or a year),
data on frequency
and size of food
eaten

Frequency of
food intake and
food preparation,
estimation

of usual
consumption,
use both open
and closed-ended
questionnaires

about food consumed

Provides detailed intake data,
relatively small respondent
burden, high literacy not
required

Easy and cheap to accomplish,
cost effective, time saving,
information of food intake
over a longer period, no
influence of eating behaviour,
captures the intake of Zn rich
foods that are irregularly
consumed, useful in
epidemiological studies

No influence of eating
behavior, information of food
consumption over a longer
period of time, information on
the whole diet is obtained

frequently eat outside the home

Recall bias, requires skilled
interviewers, depends strongly
on the memory of participants,
food intake may not be reported
accurately, expensive, time
consuming

Closed ended questions,
recalling and measurements
errors, not appropriate for
clinical setting, cognitive
effort required, no specific
quantification of amounts,
depends on memory, no
correlations between
consumption of foods, dietary
phytate may not be included
in the food composition
tables, portion sizes need to be
cautiously quantified

High cost, time consuming,
consumption often misreported
and cannot be precisely
quantified

Based on data provided by Shim et al. (2014) ?* & King et al. (2016) .

57 | Page



Section 1 | Introduction Chapter 2

Once the daily food intake is known, the total Zn intake can be estimated by multiplying the amount of each
food item that is consumed by its Zn content. The information on Zn content of certain foods is recorded

in local food composition tables or databases. The values are based on the chemical analyses of food and
beverages, or they are estimated from available data, including manufacturers’ information 5675, The most
commonly used and the most complete databases are the USDA food composition, FAO/INFOODS and EFSA
food composition databases 757>, Nowadays, many countries have their own national food composition
databases. Theoretically, local databases are advantageous as Zn content of foods can vary according to

soil conditions, agronomic practices and local food processing techniques 3¢, however the country specific
composition tables contain fewer food items and fewer replicate analyses per item . The values for phytate
content of local foods do not exist %, and the information on Zn content of particular foods is very often taken
from other more complete data-sources . Even the most comprehensive and most widely used databases
have their limitations; they do not contain information on the Zn content of all foods and the amount of Zn
that is added as a fortificant may very among similar foods . The information on dietary phytate, which
helps in assessing Zn absorption, is rarely included in food composition databases . Finally, internationally
representative data may not always be useful for individuals, so they are not reliable enough for use in
clinical studies where intakes are compared with biological measures .

It is important to highlight that the dietary Zn intake data provides only an approximation of Zn exposure
or Zn insufficiency. The inadequacy cannot be identified with certainty as the actual Zn requirements of an
individual are not always known. If dietary phytate can be assessed, the bioavailability of Zn can be defined.
Nevertheless, the implications about the adequacy of an individual’s Zn intake can be made by comparing
the variance among the reported intake and the EAR, however certain conditions need to be met before the
method can be used 252, The day to day variation in dietary Zn intake needs to be addressed appropriately.
Nowadays, certain software programs are available for making those corrections. They include the IMAPP,

Intake, Modelling, Development and Planning Program and the National Cancer Institute method 6127,

The assessment of the dietary Zn intake of populations can be determined from the food balance sheet data
provided by FAO . The balance sheets give an indication of the total amount of Zn accessible to populations
within a certain country or region. Additional research is needed to evaluate the accurate proportion of a

population affected by Zn deficiency or a population subgroups ‘at risk’ of Zn deficiency 208,
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2.6.3 Methods for Evaluation of Intake of Bioavailable Zn

There are currently three algorithms that can be employed for assessing the intake of bioavailable Zn.

The initial algorithm, produced by Murphy et al. (1992) 2 was created on the semi-quantitative classification
system of WHO ¢ for diets in low income countries with a low content of animal protein, a moderate to low
content of Ca and moderate to high content of phytate.

The second model was developed in 2004 by the IZINCG group and used a regression model to calculate
bioavailable dietary Zn %2'°. Zn and the phytate:Zn molar ratios were involved in the final model and both
were very important predictors of the percentage of Zn absorption (r?=0.413, p<0.001) 521,

Hambidge et al. (2011) > calculated the effect of different levels of phytate on Zn absorption and intestinal
excretion of endogenous Zn by using the staple isotope studies ¢ and developed a new physiologically based
mathematical model of Zn absorption based on the quantities of dietary Zn and phytate. The new trivariate
model is the most commonly used nowadays and accounts for >80% of the discrepancy in the amount of

7Zn absorbed 5460133,

2.6.4 Blood Plasma or Serum Zn Concentrations

The concentration of Zn in blood plasma or serum is presently the best available biomarker for estimating Zn
status in humans 066200211 Previously, it was thought that plasma Zn is a more appropriate choice because of
the lack of contamination of Zn from the erythrocytes, however when both samples were kept for identical
periods of time before separation of the cells, the results between plasma and serum were no different 360212,
Therefore, both plasma and serum Zn concentrations are seen as identically valid markers of Zn status.

The normal range of plasma Zn concentration in a healthy human population (PZC) is 15 pmol/L or 100 pg/dL.
The efficacy of plasma/serum Zn concentrations (referred to as plasma Zn hereafter) as a suitable biomarker
of Zn status in humans is frequently evaluated. By combining the data from 46 publications,

both the depletion and supplementation studies in various settings and population groups, an overall
significant (p<0.001) response of PZC to dietary Zn intake has been found ¢'%. Every doubling in Zn intake
leads to the 6% difference in PZCs 2!3. However, there are studies that demonstrate no relationship amongst
the dietary Zn intake and PZCs 30214217 The discrepancies are explained by a good homeostatic mechanism
that acts to keep PZC within the physiological range and prevent high plasma concentrations from being
persistent over a prolonged period of time .

The PZCs oscillate as much as 20% during a 24-hour period and the highest levels are usually seen in the
morning #8221 After a meal, there is an instant initial increase in Zn concentration after which it declines

gradually for the next four hours and then increases until food is consumed again .
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There are also discrepancies in PZCs when additional Zn was administered as a supplement or as a Zn
fortified food; an increase in PZCs is observed after the provision of a supplement but not when the same
quantity of Zn is given with food ??2%?4, In addition, there is significant inter-individual variability in PZCs .
The reliability of PZCs as a marker of Zn status depends on several factors; health state of an individual,
collection and storage of samples, the time of the day when the sample is collected, time of consumption of
previous meal, time passed until centrifugation of sample. In addition, the PZCs are affected by infection,
inflammation, stress and trauma, certain drugs, nutritional supplements and hormonesg 6012320225228,

During an acute infection and inflammation states the PZCs are reduced as a result of the redisposition of Zn
from the plasma to the liver (cytokines released during acute phase response activate hepatic metalothionein
synthesis and alter the hepatic uptake of Zn) ?*. Hemodilution, as seen during pregnancy, hormonal
treatments and use of oral contraceptive also result in lower serum Zn levels ??62%°. Plasma Zn levels are
significantly reduced in severe, acute Zn deficiency states; for example in acrodermatitis enterohepatica .
Low plasma Zn levels in the presence of hypoalbuminemia need to be interpreted cautiously, as albumin

is the main carrier protein for circulating Zn 232, Conditions causing an intrinsic or extrinsic hemolysis

of blood cells can lead to extremely high plasma Zn levels since the concentration of intracellular Zn is
significantly greater than in plasma 2.

As plasma Zn concentrations decline during acute and chronic infections and other conditions that cause
systemic inflammation, it is suggested that biomarkers of the inflammatory response, such as C-reactive
protein (CRP) and/or a 1-acid glycoprotein (AGP) are measured along with plasma Zn concentrations 9.
Subclinical inflammation is defined as > 5 mg/L for CRP and/or 1 g/L for AGP ?2. The correction factors
recommended to be used are the following: 1.08 for subjects in incubation stage (CRP>5 mg/L and/or AGP>1.0
g/L); 1.17 correction factor is used for those in early convalescence (CRP>5 mg/L and AGP>1.0 g/L) and 1.06
for those in late convalescence (CRP <5mg/L and AGP >1.0mg/L) 2?%. Plasma Zn values should be adjusted with
these correction factors, and certain statistical procedures are proposed for it, however further research is
still needed to validate the sensitivity and specificity of this particular method *°.

The appropriate collection and storage of samples is crucial for proper determination of Zn concentration in
a sample, as Zn can easily be added to samples by environmental exposure and unsuitable handling

of samples **°. The contamination can easily occur from the collection or storage vessel or by hemolysis of
the sample when Zn is released from the red blood cells into the plasma 22. The period between taking the
sample and the separation of plasma from the red blood cells is also important %. Detailed guidelines of the
suitable procedures for collection and processing of blood samples for assessing PZCs are presented by the

International Zinc Nutrition Consultative Group 2%,
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In conclusion, the appropriate interpretation of plasma Zn concentration requires inclusion of various
potential confounders '*°. However, despite obvious disadvantages the plasma/serum Zn is currently accepted

as the most consistent biological marker of Zn status in humans.

2.6.5 Stunting

Stunting (height for age) is the best known biomarker of Zn status of children within a population. Stunting
prevalence is calculated as the proportion of children under 5 years of age with height-for-age beneath

the estimated range of a reference population (i.e., <2.0 standard deviations with respect to the reference
median) %. An incidence of stunting larger than 20% of the population point to a public health concern,
according to the WHO %8234, However, it must be acknowledged that Zn deficiency is not the only element
affecting children’s growth and that growth stunting could be the result of deficiency of one or several

other nutrients. Similarly, the precise measurements of length or standing height involve the use of calibrated
equipment and strict commitment to standard procedures which in developing countries may often be

a problem. One person should complete all of the measurements to exclude between-examiner errors .

In brief, the assessment of growth and stunting can only be used to determine the risk of Zn deficiency in

high-risk countries and mainly for children under the age of 5 years 34,

2.6.6 Hair Zn Concentrations, Urinary Zn Excretion, Neurobehavioral and Cognitive
Function as Biomarkers of Zn Status

Zn is a structural component of the hair matrix that is formed in the follicle 2°2%, Hair Zn is a non-invasive
technique that may give an indication of Zn status. The concentrations of Zn in hair are about three times
higher than in plasma or serum (199 in hair and 72 ppm in plasma) 2*¢. Recently, studies have provided data
to support the usefulness of hair Zn concentrations in predicting Zn status of individuals 237-2%°,

The hair Zn method has certain advantages, such as: low cost, practicability (samples can be collected,
transported and stored at room temperature), higher concentrations (compared to concentrations of Zn in
blood and urine) and less variability (not affected by a recent meal, inflammation, cosmetic hair treatments,
hair color) 19240242, However, hair Zn concentrations are affected by age, sex, rate of hair growth and season
within a year %45, To summarize, the hair Zn still lacks necessary evidence towards validity and reliability
as a method of assessing Zn status %2°. Similarly, the reference values for interpreting hair Zn concentrations

need to be established 60-246-248,
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Urinary Zn excretion normally plays a minor role in Zn homeostasis, with 0.3-0.7 mg (15% of daily losses) of
Zn being excreted daily in the urine ?€°2°, The consumption of a low Zn diet reduces the excretion of Zn by
96% %’. Lowe et al. (2013) % evaluated the response of urinary Zn excretion to alterations in dietary intake,
by comparing the data extracted from five supplementation and four depletion studies. Primary analysis
revealed a noteworthy effect of Zn intake on urinary Zn excretion without an important heterogeneity, so it
was concluded that urinary Zn could be a useful marker of Zn status ®. However, the urinary Zn excretion is
increased in diabetes sufferers, during starvation, after strenuous physical exercise 3. Certain metabolites,
such as histidine and cysteine, also increase excretion of Zn via urine 2. Urinary Zn excretion is reduced
during pregnancy and lactation 21252, Finally, the need to obtain a 24 h urine sample additionally hinders the

usefulness and simplicity of urinary Zn as a biomarker.

Zn acts as a neurotransmitter playing a role in learning and memory functions during the lifecycle 2.
Supportive evidence for the use of some aspects of cognitive functions (mainly memory associated
characteristics) as functional markers of Zn status have been provided 54?57, nevertheless the efficacy of

neurobehavioral functions in predicting Zn status in individuals still remains to be clarified.

In conclusion, considerable research is still needed before any of these biomarkers can be employed to assess

the Zn status of humans (either individuals or populations).

2.7 New/Emerging Biomarkers of Zn Status in Individuals

2.7.1 Zn Dependent Proteins, Nail Zn Concentrations, Oxidative Stress, DNA
Integrity, Erythrocyte and Leukocyte Zn Concentrations, Zn Kinetics and Taste Acuity

When a certain biomarker is theoretically linked to Zn intake or Zn status, but no sufficient testing is
presented to confirm this relationship, this biomarker is referred to as emerging biomarker of Zn status 2®.
Five emerging biomarkers have been identified by the BOND Zn Expert Panel (Table 2.4). A short description

of each of these potential biomarkers follows.

Zn dependent proteins are responsible for the maintenance of cellular Zn homeostasis and thus it has been
hypothesized that they respond to changes in dietary Zn intake. 3000 proteins are reliant on

Zn as a cofactor 3560,
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Metallothionein (Zn binding proteins) and Zn transporters (ZnT1 and Zip1) were the most commonly
measured. A few other proteins have also been proposed i.e. dematin, a cytoskeletal protein, and retinol
binding protein but they have not been adequately tested 25825, The expression of metallothionein (MT) is
seen as a potential biomarker as its function is dependent on MTF-1, metal transcription factor-1, regulated
by cellular Zn concentrations 2%. Its expression is shown to be reduced in Zn deficiency and increased during
Zn supplementation regardless of the baseline Zn status 2¢-26, Inconsistent data exists on the responsiveness
of Zn transporters to Zn concentrations. Generally, it is assumed that the expression of the cellular Zn efflux
transporters (ZnT1 or ZnT2) is reduced while there is an increase in the expression of the influx transporters
(Zips) with a reduction in cellular Zn concentrations 2266267 However, there are studies that demonstrate
the opposite effect; either decreased expression of Zips during Zn supplementation or no apparent effect

on Zn transporter activity %268 Hennigar et al. (2016) 2% provided a systematic review related to MT and Zn
transporters expression in circulating human blood cells as biomarkers of Zn status. The general conclusion
based on the sixteen identified studies is that changes in Zip transporters were not consistent across

studies, while MT in leukocytes was the most consistent and receptive indicator out of all investigated 265
Leukocytes MT was sensitive to changes in dietary Zn. In contrast, plasma and tissue Zn concentrations were
unresponsive to variations in Zn intake due to the tight homeostatic regulation, which confirms that changes
in the function of Zn transporters and Zn binding proteins, particularly these found in leukocytes (i.e.
leukocyte metallothionein), may be a more appropriate measure of Zn status 2%.

More recent data show that in the absence of pre-existing Zn deficiency, no changes in the expression of Zn
transporters following supplementation is observed %°. However, if Zn deficiency is present, there seems to
be an increase in Zip1 and a decrease in Zip2 and Zip3 gene expression 266267, Briefly, the baseline dietary Zn
intake was a significant predictor of the gene expression of Zn transporters. Further research is required to

precisely determine the sensitivity of Zn proteins as markers of Zn status.

With respect to nail Zn concentrations as a biomarker, this has been shown to vary from between 80-200 ug/g.
The usefulness of this biomarker has been limited by the lack of an appropriate measurement technique.
Recently, a laser-Induced breakdown spectroscopy has been tested as a method for measuring nail Zn

concentrations 2’°, but additional work is required to elucidate the efficacy of this potential biomarker.

As Zn is an essential constituent of proteins involved in defence against oxidative stress and DNA damage
repair, it is therefore highly likely that Zn deficiency has undesirable effects on DNA integrity. In Zn deficient
individuals, Zn supplementation reduces the cellular DNA damage by increasing the number of

strand breaks 264271272,
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The pro antioxidant nature of Zn has been shown in several studies, where Zn supplementation caused

a reduction in both biomarkers of oxidative stress and inflammation 2324, Further work is necessary to
delineate the ability of inflammation and oxidative stress to predict Zn status. Additional studies are also
needed to clarify the influence of other nutrient deficiencies on DNA strand formation, and to confirm that

the same effect exists in various settings and across different populations 27122,

Blood cellular Zn concentration (both the erythrocyte and leukocyte Zn concentrations) has been investigated
as a biomarker of Zn status, providing mixed results and unconvincing evidence for their use as indicators of

Zn status 60275,

Zn kinetics; the rate of movement of Zn in and out of plasma, has been explored as a biomarker of Zn

status *°. The plasma Zn turnover rate is normally 150 times/day, and it increases during Zn depletion 276277:27,
The exchangeable body Zn pool (EZP) contains 150-200 mg Zn and has a turnover rate of 12.5 days 272,

The size of EZP fluctuates with dietary Zn intake (it reduces during Zn deficiency), which makes it a
potentially good biomarker of Zn status 27281, However, EZP does not seem to be a valid indicator of
modest short-term changes in Zn intake 22, Additionally, the impact of age and sex on the EZP mass 2760280

demonstrates that the biomarker needs to be evaluated further.

Zn deficiency lead to increased absorption of Cu (hypercupremia) 2%. A Cu:Zn ratio above 1.5 is suggested as a
biological marker of Zn deficiency, but it also requires additional testing 2. Finally, gustin, a protein involved
in taste perception, is a Zn dependent protein. Zn deficiency may impair taste acuity 2#+?%7, but again further

research is needed to validate it as a potential biomarker of Zn status.

The BOND group highlighted the need to identify and validate Zn biomarkers to assess Zn exposure, status
and functional effects at both the individual and population levels ®. A number of ‘cross-cutting’ issues were
identified that affect biomarker discovery, development and implementation, especially in low and middle
income countries .

The selection of a biomarker, regardless of use, is often constrained by the setting both in terms of the
environment (i.e. sanitation, temperature) and technical capability (i.e. trained technicians, requisite

equipment, sample collection procedures, storage needs and facilities) .

64 | Page



Section 1 | Introduction Chapter 2

The costs involved for all aspects from specimen collection and specimen transport to laboratory analysis
should also be considered as it can be a limiting factor. Finally, it should be acknowledged that there are often
limitations to the ability to collect specimens due to social/cultural acceptability (i.e. a lack of community
acceptance, resistance to venous blood collection) . All these factors should be taken into account when a Zn

biomarker is selected for use within a particular setting.

In summary, several new biomarkers of Zn status have been suggested over the last few years, some of them
being tested to a certain degree, however additional research is necessary before any of these biomarkers can

be employed as an accompanying biomarker of Zn status.

2.7.2 A Potentially New Biomarker of Zn Status in Humans (LA:DGLA Ratio)

Zn dependent enzymes have been evaluated as biomarkers of Zn status to a certain degree %1, with the
alkaline phosphatase '*® being the most frequently studied and demonstrating no dependable variations with
dietary Zn intake or PZCs ***?75. For many of the Zn dependent enzymes, there was insufficient, up to date
research available for evaluation of their potential, so they are classified as non-useful or non-recommended
biomarkers of Zn status 502,

Battger et al. (1979) 258 were the first to propose an association between Zn and essential fatty acids (EFAs)
signifying that Zn is an essential co-factor for the metabolism of fatty acids. Similarly, it was shown that
desaturase enzymes need Zn as a cofactor for proper functioning . Zn is necessary for at least two stages in
essential fatty acid (EFA) metabolism; the transformation of linoleic acid to y-linolenic acid (Figure 2.4) and
the mobilization of dihomogamma linolenic acid (DGLA) to arachidonic acid ?*°. Zn has an effect on delta 6
desaturase (A6 desaturase) itself, and affects linoleic acid absorption #.. Deficiencies of Zn and essential fatty
acids show remarkable similarities, which include growth retardation, dermal lesions, alopecia, delayed
sexual maturation, decreased rate of wound healing supressed immune response and visual development

and diminished gene expression, neurotransmission and cognition 36288291293,

LA GLA DGLA ARA DTA DPA

— — — — —
18:2-6 18:3-6 20:3-6 20:4-6 22:4-6 22:5-6

A-6-desaturase N-6-elongase A-5-desaturase A-5-elongase A-4-desaturase

Figure 2.4 Desaturases involved in the biosynthesis of omega 6 polyunsaturated fatty acids

LA: linoleic acid; GLA: y-linoleic acid; DGLA: dihomo-y-linolenic acid; ARA: arachidonic acid; DTA: docosatetraenoic acid; DPA:
docosapentaenoic acid. A6 desaturase is responsible for the formation of the carbon-carbon double bonds, and the function of an elongase is
to lengthen fatty acid chains by the addition of two carbon units. LA (18:2-6) is desaturated by a A6 desaturase, introducing a A6 double bond
into the substrate, giving y-linolenic acid (GLA, 18:3-6). GLA is then elongated by a A6 elongase to dihomo-y-linolenic acid (DGLA, 20:3-6).
Modified from: Meesapyodsuk & Qiu (2012) 2.

65 | Page




Section 1 | Introduction Chapter 2

Once it was recognized that Zn and essential fatty acid deficiencies give comparable symptoms, a close
relationship between fatty acid metabolism and Zn status was suggested 282%0291, Numerous studies over the
years demonstrated that Zn deficiency affects metabolism of essential fatty acids by impaired A6 desaturation
activity 21-2%, §till, the activity of A6 desaturase and subsequent variation in the LA:DGLA ratio, as a

biomarker of Zn status, was not investigated widely.

The concept of an essential role of Zn for A6 desaturase functioning was rediscovered in 2014, by Reed et al.%”
when the authors using the Gallus gallus (chicken) as a model demonstrated that the LA:DGLA ratio is able to
differentiate Zn status between Zn adequate and Zn deficient subjects and that a change in the LA:DGLA ratio
may be a sensitive biomarker of Zn status 7.

The initial findings for the development and application of the LA:DGLA ratio as a biomarker of Zn status
looked promising. However, studies that test the usefulness of the newly proposed biomarker in humans are
missing. If the LA:DGLA ratio is going to be used as a potential biomarker of Zn status in humans, its efficacy
should be somehow validated within the human study population. Similarly, there is no up to date research
data available to show how the biomarker operates when a typical food (diet consumed by people in Zn

deficient populations) rather than a supplement is used, which indeed requires further research.

A sufficiently sensitive biomarker is needed to correctly evaluate the dietary Zn intake in regards to
biochemical status, and correspondingly to accurately define Zn inadequacy as a public health problem.
Finally, a discovery of a more suitable biomarker for assessing Zn status (a goal of this PhD project) would

help in the development of targeted nutritional programs that could address Zn deficiency appropriately.

Note: With the intention of keeping this review succinct the material related to the chemical structure,
regulation and function of the LA:DGLA ratio and A6 desaturase is not repeated here as it is comprehensively

described within Chapter 6.
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2.8. Overview of Zn Deficiency. Zn Biofortification and
its Effectiveness

2.8.1 The Magnitude and Clinical Manifestations of Zn Deficiency

In humans, Zn deficiency was first recognised in early 1960s by Prasad and colleagues 2%. Initially, it was
described in an adolescent male in Iran, and later on observed in Egypt 1372, A few years later, deficiency

was documented among young children in the United States 30030,

The historical aspect of Zn discovery as a vital element for humans and its pronounced impact on health
and disease was nicely summarized by Prasad et al. (2013) 142, Similarly, the circumstances leading to the
discovery of human Zn insufficiency in the Middle East were presented by Sandstom et al. (2013) 3°2.
Although, it has long been disregarded as a ‘global health problem’, today Zn deficiency is acknowledged
as one of the most severe problems of human malnutrition worldwide 3%, It is a public health challenge of
global proportions 7211, As stated by the WHO, Zn deficiency ranks as the fifth most important health risk

factors in developing countries and eleventh worldwide 6304,

. INTERMEDIATE
. HIGH

Figure 2.5 Prevalence of Zn deficiency in developing countries
Adjusted from Welch & Graham (1999) 3% and Wessells & Brown (2012) 208,
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The magnitude of Zn deficiency is currently estimated based on: National Stunting Prevalence Data
(documented in the WHO Global Database on Child Growth and Malnutrition and UNICEF’S Annual Report on
the State of the World’s Children (SWOC)) 304305; on the information of Zn amounts presented in national food
balance supplies derived from the Food and Agricultural Organization of the United Nations’ food balance
sheets (FBSs) 1°, and finally the prevalence of Zn inadequacy is based on the evaluation of PZCs from national
surveys. In view of all these analyses, it is estimated that Zn deficiency affects around 17%-20% of the global

human population 7.

The populations at the highest risk of Zn deficiency are concentrated in South and South East Asia, Sub-
Saharan Africa, Central America, and the Andean region (Figure 2.5) where the diets are mostly plant
based and the intake of animal source foods is low. Additionally, in recent years, Zn deficiency becomes

progressively more and more apparent in developed countries 306307,

Table 2.7 Recommended cut-offs of plasma Zn concentrations for evaluating the risk of Zn deficiency by sex, age
group and fasting status

Fasting status and time of day Plasma Zn concentration, pg/dL

Children< 10y Females > 10y Males> 10y
Morning, fasting 70 74
Morning, non-fasting 65 66 70
Afternoon 57 59 61

Modified from Hotz et al. (2004) 5!; Wieringa et al. (2015) ?2° & Wessells et al. (2014) 7.

Zn deficiency generally exists due to one or more reasons: insufficient Zn intake, interference of other dietary
factors with the absorption and bioavailability of dietary Zn, enlarged losses of Zn, reduced utilization, and
increased requirements for Zn during physiological conditions, such as periods of rapid growth, pregnancy
and lactation 37309310 Currently used cut-offs of PZCs for assessing the risk of Zn deficiency are

presented in Table 2.7.
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Clinical manifestations of Zn insufficiency are nonspecific, differ extensively and depend on the severity

of deficiency. The clinical features of severe Zn deficiency in humans are growth retardation, skin lesions,
diarrhoea, dermatitis, alopecia, pneumonia, delayed sexual and bone maturation, impaired appetite, defects
in the immune system, delayed wound healing, increased vulnerability to infections and the appearance of
behavioural changes 2!8311-314, Zn deficiency has also been shown to be associated with sepsis 335 and may be
a risk factor for developing asthma 3!¢. Impaired growth, child morbidity and mortality and preterm births
are manifestations most commonly seen in populations with inadequate Zn intake in low

income countries %310,

The variable estimates for Zn attributable mortality oscillate from 97,330 in the Global Burden of Disease
Study 2010 %9, to 116,000 in the Lancet 2013 Maternal and Child Nutrition series '8, to 453,207 in a previous
review 32, An excessively high number of avertable childhood deaths is caused by Zn deficiency . Poor Zn

nutrition is associated with >50% of diarrhoea deaths 8, 10% of malaria and 7% of pneumonia deaths 2.

The consequences of marginal or mild Zn deficiency are less clear. The most vulnerable groups are
prematurely born babies, infants and young children, particularly those 6-23 months of age. Mild Zn
deficiency is frequently seen in healthy elderly subjects, contributing to impaired cell-mediated immune
responses %%, Moderate Zn deficiency can lead to hypogonadism, delayed puberty, reduced appetite, mental
lethargy, hyperammonemia, dermatitis, cell mediated immune dysfunction, delayed wound healing and

abnormal neurosensory changes 225321,

Zn deficiency has been linked to certain health diseases in developed countries: cancer, diabetes, depression,
multiple sclerosis, coronary heart disease 226322325, Childhood obesity, insulin resistance, metabolic syndrome
and atherosclerosis are also associated with Zn inadequacy %2632, Numerous clinical risk factors and
pathologies related to Zn deficiency have been comprehensively described by Mocchegiani et al. (2000) ** and

Roohani et al. (2013) 34
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2.8.2. Biofortification: To Improve Staple Food Crops with Zn

Since there is no efficient reserve or body store for Zn, an appropriate consumption of dietary Zn is needed
on a regular basis 3%, Staple diets in low income countries are primarily plant based. The use of animal
protein foods that contain a higher level of Zn; for instance, red meat, fish and poultry, is often small for
various reasons, including economic, cultural, or religious restrictions ?'. Consequently, the amount of
bioavailable Zn from such diets is low and often the main source of Zn insufficiency !?. Severe Zn deficiency
is seen in people whose diets are mainly based on cereal grains produced on Zn-deficient soils, for instance in

India, Pakistan, China, Iran and Turkey 532,

This relationship of poverty with micronutrient malnutrition advocates that it is not simple to accomplish
adequate intake of Zn by dietary modifications (e.g. more fish, poultry and meat consumption), which would
in theory provide an answer 3%°. Furthermore, changes in dietary habits require primarily the availability

of alternative foods at affordable prices, as well as individual and society acceptance. Alternatives to this
approach are supplementation by oral provision, i.e. Zn salts in the form of tablets; or the fortification

of staple food such as flours through the addition of Zn 3%!. Supplementation with pharmaceutical Zn
preparations can be efficient in alleviation of Zn deficiency on an individual basis, nevertheless this strategy
is often shown as unsuccessful on a population level in developing countries, due to the absence of suitable
infrastructure and education 2%, Similarly, food fortification can be implemented promptly at a national
level without personal contact to and change of delivery habits by consumers, but its successful application
into society involves existence of safe delivery systems, steady policies, suitable social infrastructures and
constant financial support *. All these strategies have limited success in developing countries as they were
often difficult to sustain or were too expensive 33133,

Taking all these aspects into account, biofortification, i.e. the development of crop plants with greater levels
of bioavailable Zn, is seen as the most manageable method for developing countries as it does not involve
changes in customary diets and has the capacity to reach rural families with very restricted access to
infrastructure 33336337, Besides, it may provide a significant increase in plant growth and the extra benefit of

considerable yield increases on Zn deprived soils 331333338,
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Increased bioavailability of Zn in plant foods (i.e. wheat) can be accomplished by plant breeding or genetic
engineering approaches that either increase the concentration of Zn, reduce the content of inhibitors
(primarily phytate) or increase the expression of compounds that augment Zn absorption

(i.e. amino acids) 339340341, 7Zn biofortification through Zn application is generally suggested to increase grain
Zn concentration 333334342343 gnd Zn bioavailability 3. This is termed, agronomic biofortification and this is
achieved by application of minerals to the soil or by foliar application of fertilizers directly to the leaves

of the plants. Foliar Zn application was shown to be effective in improving both Zn concentration and
bioavailability of Zn in wheat grains without changing the phytic acid concentrations 335343345346,

The HarvestPlus Fertilizer and HarvestZinc project (www.harvestzink.org) established that foliar application
of Zn fertilizers to wheat can increase grain Zn concentration by 28%-68% 330347348 Target Zn concentrations
set by HarvestPlus program are 38 ppm of Zn in wheat 33!. The success of agronomic biofortification has been

already reported for many wheat varieties 338319350,

The agronomic biofortification strategy, breeding nutrient rich staple food crops, is anticipated to be of
special benefit to poor rural populations considerably affected by dietary Zn deficiency %35 Economic
analyses demonstrate that biofortification is the most concrete, cost effective and durable strategy for
increasing dietary Zn intake of vulnerable populations 20133533635 Certain economic analyses propose

that genetic approaches towards biofortification are more cost effective than dietary diversification,
supplementation or food fortification programs 3235635 More lately, the likely influence of Zn biofortification
has been calculated as the saving of disability-adjusted life years 3. The annual burden of Zn deficiency in
India was shown to be 2.8 million lost DALYs and it was predicted that Zn biofortification of rice and wheat

could cut this burden by 20%-51% 357

In conclusion, improvement of Zn concentrations of crop plants via conventional breeding and genetic
engineering procedures represents the core biofortification strategy. Zn biofortification of wheat grain

by genetic and agronomic approaches is commonly suggested to resolve Zn deficiency problem in people
dependent on wheat as a main food source 3331, Relevant actions have been organized in the past ten years,
many of them being initiated by the HarvestPlus program.

Finally, biofortification strategies based on crop breeding and application of Zn fertilizers have a great
potential to alleviate Zn malnutrition in humans. Additional research is certainly needed to assess various

variables that will determine the ultimate success of biofortification of staple crops with Zn.
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2.8.3. The Effectiveness of Zn Biofortified Wheat Grains on Zn Availability and Zn
Absorption in Animals and Humans: Current Knowledge

As previously mentioned, methods to increase dietary diversification, mineral supplementation and food
fortification have not always been effective in alleviating the problem of Zn deficiency in developing
countries. The biofortification of crops by either plant breeding or by using mineral fertilizers has been
suggested as a potential strategy that could produce a solution to the Zn deficiency problem 330360, It is crucial
that biofortification strategies focus on the staple food that dominates people diets (i.e. wheat and rice which

are staple food for almost a half of the world’s population) 332333349,

In developing countries, a minimum of 60% of Zn in human diets is derived from grain and legumes 36,
Wheat is one of the three major cereal crops worldwide 332349362 Wheat grains are major source of calorie

and mineral intakes in many developing countries of the world 76190340 Global wheat production exceeds

720 million tons per year, most of it being used as food for humans 761%0:362, The concentration of Zn in wheat
plants is low; 20-35 mg/kg of whole grain, due mainly to the low content of Zn of the soils where wheat

is grown 434 More than 40% wheat plants are grown on soils with low levels of Zn 2. In addition, a
significant amount of Zn in grain is lost during the wheat processing technique (i.e. removal of aleurone layer

and embryo during milling) 3.

The concentration of Zn in refined wheat flour is less than 15 mg/kg 364. However, the percentage of Zn
retained in flour after milling is anticipated to be 60% 3%. Furthermore, besides being naturally low in

Zn, wheat is rich in phytic acid which is known to limit Zn bioavailability to a great extent 38346, The Zn
concentration in wheat grain needed to prevent Zn deficiency in humans is estimated to be 45 mg/kg 3635,
A daily net absorption of approximately 3 mg of Zn from 300 mg of wheat flour is necessary for human

health 58352,

Theoretical studies indicate that biofortification strategy of staple crops would increase the delivery of Zn to
human diets and improve nutritional status of vulnerable populations is developing countries 3.

The HarvestPlus group has recommended a target for added Zn in biofortified crops of 30% of the estimated
average dietary requirements for humans 3436, Wheat varieties with enhanced Zn content have been
produced, but before they can be introduced into the food supply, their efficiency in improving Zn status of

consumers needs to be confirmed.
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Over the years, both in vitro and in vivo methods (animal and humans studies) have been used to assess the
efficacy of biofortified crops in improving nutritional status of consumers.

In in vitro studies (mainly using Caco-2 cells) are suitable for preliminary screening of biofortified wheat
plants but these studies do not provide data that are necessarily applicable to humans. Similarly, a protein
that can be used as an indicator of Zn uptake and is specific for Zn only is still missing *” making this
approach unsuitable for merely assessing Zn absorption. Human studies certainly provide the most valuable
results, as they are capable of investigating host factors and physiological changes during digestion. However,
they are time consuming and very expensive 36,

An alternative approach to in vitro and human studies are studies in animal models, that can provide a
whole body assessment of absorption as dissection of individual tissue parts is possible 38370, In recent years,
the chicken (Gallus gallus) model has often been used for evaluating the effectiveness of biofortified foods
crops 27371372 The Gallus gallus model has been shown as appropriate for Zn related studies >%7. Lately, a
good correlation between the results obtained though this animal model and via human efficacy trials was
confirmed, additionally proving the suitability of the model in examining mineral bioavailability 372

The faster output, the ability to assess an extensive range of physiological and molecular parameters
thoroughly, and the cost effectiveness are features that make the use of animal models appealing for testing

dietary Zn bioavailability of staple crops.

The usefulness of biofortified wheat products to improve Zn nutritional status of subjects has rarely been
tested. Welch et al. (2005) % were the first to demonstrate the beneficial effect of Zn biofortified wheat in
improving Zn status of rats. The wheat genotypes with increased grain Zn concentrations provided increased
amounts of bioavailable Zn to rats, supporting the idea that breeding for Zn enhanced wheat grain may
contribute to decreasing Zn deficiency in target human populations 3.

In a 2009 human trial, Zn absorption from biofortified versus conventional wheat as 95% and 80% extraction
flours was compared 352. Adult women were given 300 g of the high or low extraction flours as tortillas for
two consecutive days using either biofortified (41 mg Zn/g) or control (24 mg Zn/g) wheat. Zn intake from

the biofortified wheat meals was 5.7 mg/day (72%) higher at 95% extraction (p<0.001) and 2.7 mg/day (68%)
higher at 80% extraction compared with the corresponding control wheat (p=0.007). The absorption of Zn

from the Zn bioforitfied wheat remained significantly higher than that from the control wheat.
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Mean total Zn absorption from biofortified wheat was 2.1+0.7 mg/day and 2.0+0.4 mg/day for 95% and 80%
extraction, respectively, 0.5 mg/day higher than for the control wheat (p<0.05) 352. The higher absorption
was maintained with moderate extraction of the grain, even though substantial quantities of Zn were lost
with extraction (80%), which indicates that benefits of Zn biofortified wheat are not lost with a moderate
degree of milling. Zn absorption is greater from biofortified wheat, than from typical wheat with lower Zn
concentration, from the same quantities of each type of wheat flour consumed 332

Carlson et al. (2012) 3¢ investigated the bioavailability of three wheat varieties using a pig as a model by
collecting urine and faeces samples for seven days. The soluble Zn content of the three wheat samples was
9.9, 12.8 and 21.7 mg/kg. The Zn excretion in urine of pigs was very low (below 1 mg/day) for all treatments.
The daily Zn intake differed between all dietary groups (p<0.001) with the highest intake in pigs fed the high
Zn diet (57.5 mg/day) and the lowest intake in pigs fed the low Zn diet (7.3 mg/day). Consequently, the net Zn

absorption in milligrams per day differed (p<0.001) between the dietary groups.

The measurement of Zn absorption from biofortified wheat varieties is a crucial first step in demonstrating
the efficacy of these products in improving Zn status of consumers. Limited a