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Preface to ”Dietary Zn and Human Health”

The importance of micronutrients in health and nutrition is undisputable and, among them, zinc

is an essential element whose significance to health is increasingly recognized and whose deficiency

may play an important role in the appearance of diseases. Zinc is one of the most important

trace elements in living organisms with three major biological roles, as catalyst, structural, and

regulatory ion. Zinc-binding motifs are found in many proteins encoded by the human genome

physiologically, and free zinc is mainly regulated at the single-cell level. Zinc has a critical effect

in homeostasis, in immune function, in oxidative stress, in apoptosis, and in aging, and significant

disorders of major public health interest are associated with zinc deficiency. In many chronic

diseases—including atherosclerosis, several malignancies, neurological disorders, autoimmune

diseases, aging, age-related degenerative diseases, and Wilson’s disease—concurrent zinc deficiency

may complicate the clinical features, affect adversely immunological status, increase oxidative stress,

and lead to the generation of inflammatory cytokines. In these diseases, oxidative stress and chronic

inflammation may play important causative roles. It is therefore important that the status of zinc is

assessed in all cases and zinc deficiency is corrected, since the unique properties of zinc may have

significant therapeutic benefits in these diseases.

Zinc deficiency is a common ailment predicted to affect 17% of the world’s population. Deficiency

of zinc is a major cause of early childhood morbidity and mortality. Globally, zinc deficiency is

widespread, particularly in rural and developing regions where populations consume cereal-based

diets and have less opportunities for diet diversification; however, its presence is also detected

in prosperous areas where diets are unbalanced, contributing to “hidden hunger”. Although

whole blood, plasma, and urine zinc decrease in severe zinc deficiency, accurate assessment of

zinc status, especially in mild to moderate deficiency, is difficult as studies with these biomarkers

are often contradictory and inconsistent. Hence, considering the complexity of zinc metabolism

and absorption, the assessment of marginal zinc status is problematic as there is no universally

accepted single measure to assess zinc status. As was indicated by the World Health Organization

(WHO), the need to develop additional robust indicators of zinc status and to further expand the

already known clinical markers, for which limited data of reliability exists, is evident. Functional

biomarkers are those indicators which can detect chronic dysfunctions, such as mild–moderate zinc

deficiency, that do not initially present with precise organ pathologies. Functional biomarkers may be

well-positioned to indicate zinc deficiency, especially because clinical symptoms are usually absent

in mild–moderate zinc deficiency. Due to the paucity of sensitive and specific biological indicators

of dietary zinc intake and whole-body zinc status, the WHO has urged further development of

Zn indicators, especially those in which a marginal deficiency may be detected. Based upon these

recommendations, and in terms of evaluating the efficacy of a zinc intervention (supplement and/or

biofortified crop), it is incumbent upon researchers to identify biomarkers which may:

(1) respond solely to dietary zinc depletion and repletion; (2) respond rapidly so that early

intervention, if necessary, may be properly initiated; (3) indicate sensitivity to all levels of

zinc deficiency, especially mild–moderate; (4) appropriately respond to zinc deficiency in both

non-healthy and healthy subjects; and (5) be relatively inexpensive and uncomplicated to use and

interpret, especially in field circumstances. Further, it remains a central priority to elucidate what,

if any, confounding variables exist which can affect the validity, or at least interpretation of, the

purported biomarker. This issue is evident in many of the commonly used biomarkers in which,

ix



for example erythrocyte MT, dietary recall plays an integral role in interpreting the biomarker, yet

mistakes in recall are common and can affect the determination of zinc status.

In the current manuscript collection, we present a selection of recent knowledge related to dietary

zinc and human health, this includes research that discusses updates on zinc dietary requirements,

zinc metabolism, zinc deficiency and metabolic disease and zinc status biomarkers.

Elad Tako

Special Issue Editor
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Abstract: Zinc (Zn) deficiency is a common aliment predicted to affect 17% of the world’s population.
Zinc is a vital micronutrient used for over 300 enzymatic reactions and multiple biochemical and
structural processes in the body. Although whole blood, plasma, and urine zinc decrease in severe zinc
deficiency, accurate assessment of zinc status, especially in mild to moderate deficiency, is difficult
as studies with these biomarkers are often contradictory and inconsistent. Hence, as suggested
by the World Health Organization, sensitive and specific biological markers of zinc status are still
needed. In this review, we provide evidence to demonstrate that the LA:DGLA ratio (linoleic
acid:dihomo-γ-linolenic acid ratio) may be a useful additional indicator for assessing Zn status more
precisely. However, this biomarker needs to be tested further in order to determine its full potential.

Keywords: biomarker; Zn; LA:DGLA; Zn status; fatty acid

1. Introduction

Zinc (Zn) deficiency was first described in humans in the early 1960s, in Middle Eastern, male
adolescent dwarfs consuming plant-based diets [1]. Subsequently, Zn deficiency has been identified in
many other regions of the world, and it became evident that dietary deficiency of Zn in humans is
a widespread phenomenon. Today, Zn deficiency affects around 17% of the world’s population [2].
During the last 50 years, tremendous advances have been made both in our basic and clinical
understanding of Zn metabolism [3]. Major progress has been made in understanding the importance
of Zn as a structural and catalytic factor in a wide range of biological reactions, in uncovering
the cellular Zn absorption and excretion mechanisms, and in clarifying the activities of major Zn
transporters (15 Zip and 10 ZnT transporters) [4,5]. A significant research effort has tried to identify a
physiological biomarker that predicts Zn status truthfully, especially in mild to moderate Zn deficiency.
However, to this day, we are still without an entirely accurate biomarker of Zn status. In 2009, Lowe
and colleagues evaluated 32 biomarkers in their review and identified only three as potentially useful:
serum/plasma Zn concentrations, hair Zn concentration, and urinary Zn excretion [6]. Similarly, the
BOND (Biomarkers of Nutrition for Development) Zinc Expert Panel recommended the following
zinc biomarkers for use: dietary intakes, plasma/serum Zn concentrations, and stunting [7]. Last year,
an update on Zn biomarkers was provided, recognizing a few as emerging biomarkers that require
further investigation: Zn-dependent proteins, taste acuity, oxidative stress, and DNA integrity [8].

This review is a summary of research related to the LA:DGLA ratio (linoleic
acid:dihomo-γ-linolenic acid ratio) as a novel biomarker of Zn status. We describe the chemical
structure and function of the Δ6 desaturase enzyme, outline the current knowledge related to the role

Nutrients 2017, 9, 825 1 www.mdpi.com/journal/nutrients
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of Zn in desaturase activity and fatty acid metabolism, and provide recent data that demonstrates the
usefulness of the LA:DGLA ratio to be used as a potentially new biomarker of Zn status. Lastly, we
allude to further research needed on this topic.

2. The Limitations of the Currently Used Biomarkers: “Emerging” Biomarkers

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 tend to fall in severe
Zn depletion [9]. However, while plasma Zn concentration responds to altered intake over a short
period of time, low plasma Zn concentrations do not remain constant for an extended period due to
the homeostatic mechanisms that act to maintain plasma zinc concentration within the physiologic
range; by maintaining losses via the GI (gastrointestinal) tract and kidneys [6]. Similarly, dietary
Zn intake very often is not correlated with plasma zinc status, and does not realistically reflect the
nutritional state of an individual [7,10–12]. For example, unchanged plasma/serum Zn concentrations
were observed with intakes as low as 2.8 mg kg−1 to as high as 40 mg kg−1, showing the limitation of
plasma Zn status to reliably present the dietary Zn intake [13,14]. Serum Zn levels tend to rise and
then fall after a meal [15].

While urinary Zn decreases under severe Zn deficiency [16], the precise evaluation of Zn status
in mild to moderate Zn deficiency is challenging, as studies with this biomarker give inconsistent
and conflicting results [6]. Urinary Zn has been shown to be a poor indicator of early stage Zn
deficiency [14,16].

Recently, a few studies provided some evidence to support the effectiveness of hair Zn
concentrations in predicting the Zn status of individuals [17–19]. The hair Zn biomarker has some
advantages, such as low cost and viability; however, hair zinc still lacks sufficient evidence towards
validity as a method to assess Zn status [8,20]. Finally, the reliability of all currently used biomarkers
under infection and inflammatory conditions is intricate [6,7]. Plasma Zn concentration can fall as a
result of factors not related to Zn status or dietary Zn intake, i.e., infections, inflammation, trauma,
and stress [7].

An indicator that truthfully represents Zn status under various physiological conditions in humans
is still missing [7]. The role of Zn in various processes and pathways in the body is multifaceted, and
this may indicate that one single biomarker may never be sufficiently sensitive and that we need to use
a spectrum of Zn biomarkers to be able to precisely differentiate between various Zn deficiency states.

Emerging biomarkers are defined as ‘biomarkers for which there is some theoretical basis of a
relationship to zinc intake or status, but the testing is insufficient to confirm the relation’ [8]. Currently,
nail Zn concentration, Zn-dependent proteins, oxidative stress, DNA integrity, and taste acuity are
placed in the group of emerging biomarkers [8]. However, for many of the newly identified biomarkers,
insufficient evidence is available to demonstrate their true potential and further studies are needed to
confirm which ones can be used as biomarkers of Zn status. In this review, we provide the existing
evidence to show that the LA:DGLA ratio is likewise an emerging biomarker of Zn status that needs to
be assessed further.

3. Delta 6 Desaturase: Structure, Regulation, and Function

Delta 6 desaturase (Δ6 desaturase, D6D or Δ-6-desaturase) is a membrane-bound desaturase
enzyme required for the synthesis of polyunsaturated fatty acids (PUFA). The enzyme is molecularly
identical across all living organisms. Δ6 desaturase is widely expressed in human tissues, in the
liver, the membrane of red blood cells, lung, and heart, with the highest levels being present in the
brain [21,22].

Linoleic acid (LA) is an essential omega 6 (n = 6) fatty acid that cannot be synthetized in the
human body and must be obtained from the diet to ensure the appropriate development of various
cells throughout the body [23]. It is the most abundant PUFA in human tissues [24]. LA is a metabolic
precursor of dihomo-γ-linolenic acid (DGLA) (Figure 1). Δ6 desaturases are rate-limiting enzymes
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in the synthesis of PUFA, responsible for conversion of LA to DGLA, and the enzyme catalyzes the
addition of a double bond at the sixth carbon-carbon bond position from the carboxylic acid end in
fatty acids [22,25].

Figure 1. Desaturases involved in the biosynthesis of omega 6 polyunsaturated fatty acids.
LA: linoleic acid; GLA: γ-linoleic acid; DGLA: dihomo-γ-linolenic acid; ARA: arachidonic acid;
DTA: docosatetraenoic acid; DPA: docosapentaenoic acid. Δ6 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 Δ6 desaturase, introducing a D6
double bond into the substrate, giving γ-linolenic acid (GLA, 18:3-6). GLA is then elongated by a Δ6
elongase to dihomo-γ-linolenic acid (DGLA, 20:3-6). Modified from: Meesapyodsuk & Qiu, 2012 [25].

The first Δ6 desaturase gene was cloned in 1993 from a cyanobacterium, Synechocystis [26].
Subsequently, desaturases have been identified and characterized from a wide range of species,
and in 1997 the first eukaryotic Δ6 desaturase gene was cloned [27,28]. Mammalian Δ6 desaturase
encoded gene is a protein made of a cytochrome b5-like domain, attached to the N-terminus of
the main desaturation domain, and a histidine motif, located on a desaturation domain at the
C-terminus [29]. The histidine sequence is made of three highly conserved histidine-rich motifs,
i.e., HX3-4H, HX2-3HH, and H/QX2-3HH (Figure 2). The first histidine of the third motif is commonly
substituted by glutamine [27]. The conversion of glutamine back to histidine results in the loss of
activity, suggesting that the process might be very important not only for the structural configuration
of desaturases, but also for their activity [30]. The gene coding for Δ6 production is located on human
chromosome 11 (11q12.2-13.1), and is made of 12 exons and 11 introns [31].

Figure 2. Schematic presentation of the structure of a Δ6 desaturase enzyme. A cytochrome b5-like
domain is attached to the N-terminus and a histidine motif is located at the C-terminus. The histidine
sequence is made of three histidine-rich motifs. The first histidine of the third motif is often replaced by
glutamine. NADPH reductase has a Zn-dependent activity. NADH: nicotinamide adenine dinucleotide
hydride; NADPH: nicotinamide adenine dinucleotide phosphate-oxidase.

To date, there has been limited information available on how the expression of the Δ6 desaturase
is regulated. Some scientists believe that the regulation is achieved by the feedback control of the
transcriptional regulation of fatty acid desaturase genes, mediated through signaling pathways
activated by sensors embedded in cellular membranes, in response to environmental factors [32].
There is also some evidence showing that Δ6 desaturase enzymatic activity may be determined by
tissue-specific mechanisms that involve both pre- and post-translational events [25].
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NADPH reductase is important in the action of the Δ6 desaturase and is a Zn-dependent
enzyme [33–35]. Typically, the Zn atom is bound to three or four ligands, which are composed
of amino acids residues with histidine being the most frequent, followed by glutamic acid, aspartic
acid, and cysteine [36]. Finally, the mutation of the cytochrome b5 domain is critical for the activity of
Δ6 desaturases [37,38].

4. The Role of Zn in the Regulation of Δ6 Desaturase Activity and Fatty Acid Metabolism

Zn is an essential component of many enzymes and constitutes a part of their prostetic group [39].
It is present in DNA and RNA polymerases, dehydrogenases, and desaturases, regulating their
functions via its catalytic, structural, or regulatory role. Over the years it has been noted that Zn is
an important co-factor for the metabolism of fatty acids [40]. Zn is also necessary for at least two
stages in essential fatty acid (EFA) metabolism; the conversion of linoleic acid to γ-linolenic acid,
and the mobilization of dihomo-γ-linolenic acid (DGLA) to arachidonic acid [41]. Zinc has an effect
on Δ6 desaturase itself [41], and affects linoleic acid absorption [42]. Once it was identified that Zn
and essential fatty acid deficiencies give similar symptoms, a close association between fatty acid
metabolism and Zn status was proposed [41,43,44].

Over the years, a number of studies have demonstrated an effect of Zn deficiency on the
metabolism of essential fatty acids by impaired Δ6 desaturation activity [34,42,44–46]. On the other
hand, there are a few studies completed in early 1990 that showed no role of Zn in fatty acid
desaturation [47–51].

The effect of Zn deficiency on Δ5 and Δ6 activity was initially investigated by a number of
groups in the early 1980s [42,45,52]. The findings were consistent, proving the reduced activity of Δ6
desaturase during Zn deficiency. Ayala and Branner [42] used male weaning Wistar rats and examined
the influence of Zn on desaturating enzymes of liver and testes microsomes and their impact on fatty
acid and lipid alterations of the tissues. The rats were fed Zn-adequate (55 ppm of Zn) or Zn-deficient
diets (1.2 ppm of Zn) for 60 days. The progress of the effect of Zn deficiency was notable; Zn deficiency
induced a decrease of essential fatty acids of the linoleic family in plasma after only 18 days, which
indicates that Zn deficiency causes a rapid change in desaturase activity [42]. The activities of both
desaturases were affected by Zn deficiency, but to a different degree. The same level of Zn deficiency
caused a 45% reduction in Δ6 activity, while Δ5 was almost completely attenuated [42].

Similar findings were provided by Cunnane and Wahle [53] when it was shown that Zn modulates
linoleic acid metabolism in rat mammary glands, modifying the Δ6 desaturation of microsomes.
Specifically, 38 Sprague-Dawley rats were fed either a purified Zn-supplemented or a Zn-deficient
diet for six weeks. The effects of Zn deficiency on the fatty acid composition of plasma lipids and
microsomes of liver, intestine, and testes were studied. Among the polyunsaturated fatty acids, DGLA
was significantly reduced by the Zn-deficient diet. Interestingly, the activity of Δ6 activity in liver
microsomes was decreased by 25%, while the Δ5 desaturation was reduced by 53% in Zn-depleted
rats. In addition, hypertriglyceridemia was observed in the serum of Zn-deficient rats. This study
demonstrated that Zn supplementation returned serum triglycerides to normal levels, which shows
a strong physiological interaction between Zn and EFAs (essential fatty acids) and confirms that Zn
deficiency is responsible for the defects in desaturation [54].

Ten years later, studies completed by Eder and Kirchgessner [44,55,56] provided somewhat
contradictory results, demonstrating that Zn deficiency does not affect Δ5 and Δ6 desaturation.
The experiments were conducted using various types of dietary fats, including coconut, sunflower,
or linseed oil. The proposition was that the activities of Δ5 and Δ6 desaturase depend on the type
of dietary fat consumed. Diets rich in fats with high levels of polyunsaturated fatty acids suppress
activities of desaturases, while fat free diets significantly raise the activities of these desaturases.

Later in 1995, the authors suggested that one reason for the contradiction between the findings
might be the experimental design used in the studies, where the effects of Zn deficiency on desaturase
activity was misperceived by a low food intake. After that, the role of Zn in desaturase activity was
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examined by a serious of experiments with Zn-deficient rats using a force-feeding technique that
ensures identical food intake [44]. Δ5 and Δ6 desaturation was investigated in the presence of Zn
deficiency in force-fed rats by previously raising the levels of enzymes by feeding a fat-free diet [44].
Zn-deficient rats fed a diet consisting of 5% safflower oil had lower levels of total PUFA than the
corresponding rats fed a Zn-adequate diet. The authors clearly demonstrated the role of Zn in Δ5
and Δ6 desaturation in subjects with adequate food and energy intake. Similarly, in subjects with a
low-fat intake (fat-free diets), the effect of Zn deficiency on Δ6 desaturation activity was even more
pronounced, with a significantly lower activity of the enzyme being observed [44].

In 1999, Waldhauser and colleagues [57] looked at the ratio between n-3 PUFA and n-6 PUFA in
zinc-deficient animals. Four groups of rats were fed zinc-deficient (0.5 mg Zn kg−1) or zinc-adequate
(45 mg Zn kg−1) diets with either olive oil or linseed oil as the source of fat. To ensure an adequate
food intake, the rats were force-fed by gastric tube over a period of 13 days. The study confirmed
that Zn deficiency influences the metabolic balance between n-3 and n-6 PUFA, whereas saturated
and MUFA (monounsaturated fatty acids) seem to remain unaffected by Zn deficiency. In the rats
that were fed linseed oil, zinc deficiency caused a marked increase in the ratio between n-3 and n-6
polyunsaturated fatty acids in liver phospholipids, particularly in phosphatidylcholine. In contrast, in
the rats that were fed olive oil, Zn deficiency had only slight effects on the fatty acid composition of
the liver phospholipids. Therefore, this study confirms the previous results demonstrating that the
effects of Zn deficiency on lipid metabolism may be influenced by the type of dietary fat. However, it
must be noted that only hepatic Δ6 desaturase enzymatic activity may be reliant upon the composition
of dietary fat [58]. This is not applicable to all other tissues. While, the consumption of an essential
fatty acid-deficient diet is paralleled by a similar increase in the hepatic abundance of Δ6 desaturase
mRNA and the increase in hepatic Δ6 desaturase activity [21], Δ6 desaturase activity was very low in
non-hepatic tissues [58,59].

It seems that the potential role of dietary fat on desaturase activity, under relevant conditions, is
only related to hepatic tissue. Similarly, in situations when EFA deficiency is of dietary origin, there is
an increased attempt to synthetize more linoleic acid, so Δ6 desaturase activity is increased. However,
when EFA deficiency is metabolic (as in Zn deficiency) Δ6 activity is inhibited [60]. Finally, increased
Δ6 desaturase activity will not necessarily lead to the elevated metabolizing of linoleic acid and its
conversion to DGLA. Below, we summarize the findings that confirm the interaction between Zn
deficiency and the metabolism of linoleic acid via desaturase enzymes:

1. Zn may have a role in the absorption of linoleic acid. Lower levels of Zn produce lower levels of
linoleic acid [60].

2. Zn has a role in relation to the NADH-NADPH cycle (Figure 2) [35].
3. Cytochrome P-450 activity is significantly reduced under Zn deficiency [34].
4. Zn deficiency reduces the availability of linoleic acid metabolites γ-linolenic and arachidonic

acid [52,61].
5. Zn deficiency decreases the mobilization of DGLA from tissue stores [62].
6. Zn is needed in the formation of GLA and in the mobilization of DGLA [41].
7. EFA supplementation worsens the effect of Zn deficiency [43,52,63].
8. Zn deficiency decreases the esterification of essential fatty acids into phospholipids [46].
9. During Zn deficiency, linoleic acid accumulates in tissues when EFA supplements are

administered [63].
10. Zn deficiency results in a higher concentration of linoleic and a lower concentration of arachidonic

acid in tissue phospholipids [34].
11. Zn-deficient subjects have an increased β-oxidation of linoleic acid, resulting in decreased

amounts of linoleic acid available to be metabolized into arachidonic acid [64].
12. The most important EFA functions are carried out by molecules downstream of GLA [41].
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13. In animals exposed to diets deficient in essential fatty acids, the characteristic symptoms develop
much more rapidly if the diets are also deficient in Zn [43,65].

14. The inhibition of the desaturases by Zn deficiency is so strong that it causes a more rapid decline
in tissue arachidonic acid and docosahexaenoic acid than does the direct dietary deficiency of all
the omega 6 or omega 3 polyunsaturated fatty acids [64].

15. Enzymes involved in prostaglandin synthesis are also Zn-dependent, and defects in prostaglandin
synthesis are observed under Zn deficiency [52].

In summary, Zn has both a direct role in the modulation of desaturase activities involved in the
fatty acid metabolism and an indirect effect on fatty acids by influencing their absorption, oxidation,
and incorporation [34]. Zn deficiency causes inconsistencies in the ratio of desaturase substrates and
products, and linoleic acid (LA) and dihomo-γ-linolenic acid (DGLA), respectively (Figure 1). The most
important EFA functions are carried out by molecules downstream of GLA. The Δ6-catalyzed step
required for the transformation of LA to DGLA is generally the highest flux pathway, so an elevation
in the LA:DGLA ratio could be a sensitive marker for Zn deficiency.

5. The LA:DGLA Ratio as a Biomarker of Zn Status, Current Evidence

In 2014, the concept of the essential role of Zn for Δ6 desaturase activity was reinvented. For the
first time, Reed et al. [66] tested and implemented a previously unexplored biomarker of zinc status
related to erythrocyte Δ6 desaturation, the LA:DGLA ratio. By using the chicken (Gallus gallus)
as a model, the authors evaluated the sensitivity of the erythrocyte LA:DGLA ratio to changes in
supplemental Zn intake. A significant negative correlation was found between dietary Zn deficiency
and the LA:DGLA ratio.

The Gallus gallus has a similar membrane fatty acid composition to mammals [67] and is highly
sensitive to dietary Zn manipulations [66,68–70], which makes it a potentially ideal animal model
for exploring changes in the production of essential fatty acids in relation to Zn nutrition. In the
original study, birds were fed either a Zn-adequate control diet (42.3 μg Zn g−1) or a Zn-deficient
diet (2.5 μg Zn g−1). Diets had identical FA (fatty acids) content/profile. The body weight, feed
consumption, Zn intake, and serum Zn concentrations of the birds were measured weekly, showing
higher values of all parameters in the Zn control versus the Zn-deficient diet group of birds (p < 0.05).
There was a relative increase in gene expression of the cytokines: tumor necrosis factor alpha (TNF-α),
interleukin 1 beta (IL-1β), and interleukin-6 (IL-6) in the control group. Other assessed parameters
included metal transporters (i.e., ZnT1, ZnT5, ZnT7, Zip6, Zip9); transcription factor: nuclear factor
kappa B (NF-κB); brush border enzymes: aminopeptidase, sucrose-isomaltase, Na+K+ATPase, sodium
glucose transport protein 1 (SGLT-1), and binding metallothionein-4 protein (MT4). These parameters
were found to not be significantly different between the groups. However, the expression of hepatic
Δ6 desaturase was significantly higher in the control group (p < 0.001). Accordingly, the LA:DGLA
ratio was noticeably elevated in the low Zn compared to the control Zn group (22.6 ± 0.5% and
18.5 ± 0.5% w/w, respectively, p < 0.001). This study demonstrated that the erythrocyte LA:DGLA
is able to differentiate zinc status between zinc-adequate and zinc-deficient subjects. Furthermore,
variations in the LA:DGLA ratio were noticeable within seven days, signifying that this biomarker
can show changes in the dietary Zn status quickly and that it may be able to detect early stages of Zn
deficiency that usually, due to the lack of obvious signs and symptoms, pass unrecognized.

This proposed biomarker has been evaluated further in humans [71]. A study was completed on
healthy human volunteers, 25–55 years of age. 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 human
subjects. Participants were separated into two groups based on dietary Zn intakes, assessed using
three 24-h recall questionnaires provided on three non-consecutive days. There were no statistically
significant differences in the dietary intake of LA and PUFA among the groups of participants.
Plasma phospholipid fatty acid analysis was conducted by gas chromatography, and plasma analysis
of minerals was conducted by atomic absorption spectrometry.
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In addition, the study assessed correlations of plasma Zn and the LA:DGLA ratio with various
biochemical, anthropometrical, and hematological parameters. It was shown that while the plasma
Zn concentrations of participants remained unchanged (most likely due to the good homeostatic
regulation), there was a statistically significant difference in DGLA production and the LA:DGLA ratio
between the groups (p < 0.05). The concentration of plasma DGLA was decreased and the LA:DGLA
ratio was increased in people with lower dietary Zn intakes. Besides, docosatetraenoic acid (22:4n-6;
D5D) was also lower in the group of people with lower dietary Zn intake.

Finally, the efficacy of the LA:DGLA ratio to predict the Zn status of subjects consuming a
wheat-based diet, a diet more representative of a diet of the target Zn-deficient populations, was
recently evaluated in vivo by using the Gallus gallus model [72]. Two groups of birds (n = 15) were fed
two different diets, a “high-Zn” diet (46.5 ppm Zn) and a “low-Zn” diet (32.8 ppm Zn), for six weeks.
Dietary zinc intake, body weight, serum zinc, and the erythrocyte fatty acid profile were assessed.
Serum zinc concentrations were greater in the high-Zn group (p < 0.05). Similarly, the concentration
of Zn in tissues (feather and nail) was higher in the high-Zn group of birds as opposed to the birds
fed a low-Zn diet (p < 0.05). Duodenal mRNA expression of various Zn transporters (i.e., Zip4, Zip6,
Zip9, ZnT1, Znt5 and Znt7) demonstrated a higher mean value in the tissues collected from the birds
fed a low-Zn diet (n = 15, p < 0.05). The measurements of hepatic Δ6 desaturase expression showed
significant differences between the groups, with a higher mean value in birds fed high-Zn diets.
The LA:DGLA ratio was higher in the low-Zn group of birds at all time points measured (weeks 2, 4,
and 6). Once more, the LA:DGLA ratio responded to changes in dietary Zn intake. Even though both
groups of birds were fed Zn-deficient diets, with only 14 ppm differential in dietary Zn content, still
the LA:DGLA ratio differentiated clearly between the groups, which demonstrates the sensitivity of
the biomarker to change in accordance with dietary Zn intake.

6. Conclusions and Recommendations for Further Research

The evidence provided in this review demonstrate the potential of the LA:DGLA ratio to be used
as an additional biomarker of Zn status in humans. To date, research shows that the LA:DGLA ratio
corresponds to dietary Zn manipulations, both in animals and humans. This biomarker should be
tested and evaluated further to illuminate its full potential. This review provides some evidence to
justify the requirements for further research.

Well-controlled human dietary intervention trials are needed to examine the sensitivity of this
biomarker in larger healthy cohorts, as well as in Zn-deficient populations. Hence, additional research
is needed to elucidate any potential limitations of this biomarker, i.e., the effect of inflammatory
conditions and infection states on this biomarker. Similarly, the enzymatic activity of hepatic
desaturases should be compared to the expression and activity of Δ6 desaturases in non-hepatic
tissues in order to determine the exact role of dietary fats in Δ6 desaturase activity. Additional studies
are needed to clarify the potential impact of other nutrient deficiencies on the LA:DGLA ratio, in
particular the effect of iron and copper deficiencies. The effectiveness of the LA:DGLA ratio, in relation
to Zn status and Zn bioavailability over time, requires further investigation. The kinetics of other
desaturase enzymes in relation to Zn intake should also be tested (i.e., Δ5 desaturase). Finally, the
modifications of Zn-dependent proteins and genes at the main sites of Zn absorption, namely, in the
small intestine, in relation to Zn intake and the LA:DGLA ratio need to be tested and evaluated further.
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Abstract: The trace element zinc plays an important role in human life. Zinc deficiency
impairs growth, reproduction, metabolism and immunity in both human and animals.
Thus, zinc supplementation is recommended in daily life. However, the effect of long-term chronic
zinc supplementation on adipose homeostasis has not been well elucidated. In the current study, mice
were supplemented with zinc sulfate in the drinking water for 20 weeks. The results suggested that
chronic zinc supplementation impaired systemic glucose clearance after exogenous insulin or glucose
challenges, as compared to the control mice. Further study revealed that chronic zinc supplementation
made no difference to body weight, but increased visceral adipose tissue weight and adipocyte size.
In addition, gene expression of leptin and IL6 in the visceral adipose tissue of zinc-supplemented mice
were higher than those of control mice. Moreover, serum level of leptin of the zinc-supplemented
mice was twice as high as that of the control mice. Besides, phosphorylation level of AKT T308 was
attenuated in the perirenal adipose tissue of zinc-supplemented mice. In comparison, the expression
of macrophage marker genes and lipogenic genes were not affected by chronic zinc supplementation,
but the protein levels of FAS and SCD1 decreased or tended to decrease in the perirenal adipose tissue
of zinc-supplemented mice, as compared to the control mice. Our findings suggest that chronic high
dose zinc supplementation induces visceral adipose tissue hypertrophy and impairs AKT signaling
in perirenal adipose tissue.

Keywords: zinc; visceral adipose tissue; hypertrophy; glucose clearance; leptin; IL6; AKT

1. Introduction

The trace element zinc is essential for human health as it plays an important role in
growth, immunity, reproduction, inflammation, metabolism and gastrointestinal function [1–5].
Notably, zinc deficiency induces metabolic diseases, such as non-alcoholic fatty liver disease (NAFLD),
insulin resistance, adipose tissue inflammation and hyperglycemia [6–8]. Zinc displays an insulin-like
character, which can stimulate cellular insulin signaling [9]. Short-term zinc supplementation
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reduces blood glucose level in individuals with obesity and type 2 diabetes [10–12], as well as
reverses alcohol-induced steatosis [13]. Moreover, it is also reported that zinc stimulates the adipose
differentiation of preadipocytes in vitro [14]. Besides, Zhang et al. reported that zinc supplementation
induced intramuscular adipocytes content in weaned piglets [15].

Adipose tissue is a storage pool for excess energy, while triglyceride is the major source of energy
in adipose tissue [16]. On the one hand, when energy intake is in excess, adipocytes uptake glucose
and lipids from the blood stream to synthetize triglyceride, which is subsequently stored in adipocytes,
in a process known as lipogenesis. On the other hand, when the body is in a negative energy balance
state, triglyceride is mobilized by hormones to release free fatty acid (FFA) and glycerol into the blood
stream, which is also known as lipolysis. FFA is subsequently used by the body as an energy source,
while glycerol is used for gluconeogenesis [17]. Additionally, adipose tissue is a major endocrine
organ, which secretes cytokines and adipokines, including adiponectin, leptin, monocyte chemotactic
protein 1 (MCP1), interleukin 6 (IL6) and tumor necrosis factor alpha (TNFα) [18]. Furthermore,
adipose tissue is a target organ of insulin, which stimulates the glucose uptake and lipogenesis while
inhibiting the lipolysis in adipocytes. Notably, the insulin sensitivity of adipocytes can be regulated
by cytokines, trace elements and drugs [19]. Increased lipogenesis or decreased lipolysis results in
adipocyte hypertrophy, which subsequently induces the secretion of inflammatory cytokines and
impairs insulin sensitivity of adipose tissue [20]. Afterwards, the reduced insulin sensitivity of adipose
tissue breaks the balance of systemic glucose metabolism, which manifests as hyperglycemia, insulin
resistance and glucose intolerance [21,22].

Lipogenesis is regulated by lipogenic enzymes, such as fatty acid synthase (FAS), stearoyl-CoA
desaturase-1 (SCD1) and acetyl-CoA carboxylase 1 (ACC1), whose expression is up-regulated by
peroxisome proliferator-activated receptor gamma (PPARγ), CCAAT-enhancer-binding protein alpha
(C/BPα) and sterol-regulatory element binding protein (SREBP1). In comparison, hormone-sensitive
lipase (HSL) is the rate-limiting enzyme for lipolysis [17,23,24]. In vitro study has revealed that
a high zinc level in the medium stimulates the expression of SREBP1, FAS, SCD1 and ACC1 in
hepatocytes [25]. Moreover, in vivo study also demonstrates that zinc supplementation for 40 days
increases the expression of PPARγ, SREBP1, FAS, SCD1 and ACC1, while decreasing the expression of
HSL in the intramuscular fat tissue [15]. However, the effects of long-term chronic zinc supplementation
on fat metabolism in visceral adipose tissue have not been well elucidated.

In the current study, mice were supplemented with zinc sulfate in the drinking water for over
20 weeks. The results indicated that, as compared to the control group, chronic zinc supplementation
increased serum zinc concentration, impaired systemic glucose clearance, increased visceral adipose
tissue weight and adipocyte size, as well as stimulated the expression and secretion of leptin in
visceral adipose tissue. In addition, phosphorylation level of protein kinase B (AKT) and protein
levels of FAS and SCD1 were decreased in the zinc-supplemented perirenal adipose tissue. Our study
suggested that long-term chronic over-dosage zinc intake might increase the risk of visceral adipose
tissue hypertrophy.

2. Materials and Methods

2.1. Animal Study

Animal study protocol (MICE2015012, 7 October 2015) was reviewed and approved by the Animal
Care and Use Committee of Sichuan Agricultural University. All animal procedures were performed
according to the National Institutes of Health guide for the care and use of Laboratory animals.
3-week-old C57BL/6 male mice were obtained from Vital River Laboratory Animal Technology
Co. Ltd. (Beijing, China). The mice were allowed one week of acclimation in a pathogen- free
room at the temperature of 22 ◦C and the humidity of 60%. Subsequently, they were randomly
divided into 2 groups according to similar average body weight. One group was given spring
water, and the other was given 30 ppm zinc-supplemented spring water (Supplementary Table S1)
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(132.4 mg/L zinc sulfate heptahydrate (Z0251, Sigma, Shanghai, China)). Both groups were fed with
normal chow diet according to AIN93, which contained 38.3 ppm zinc (Supplementary Table S1)
(Dashuo, Chengdu, China). Mice were free to access water and food. Food intake, water consumption,
and body weight were measured every two weeks. At age of 25 weeks, mice were made to fast
overnight. Body weight and tail-vein blood glucose levels (Blood glucose strips (5D-2) were purchased
from Beijingyicheng, Beijing, China) were measured at 8 a.m. in the next morning. Then, mice were
euthanized using carbon dioxide, followed by cervical dislocation. Serum was collected for further
analysis. Perirenal and epididymal adipose tissue were rapidly dissected and weighed. One piece
of fat tissue was fixed in 10% formalin for H&E, while the remaining was frozen at −80 ◦C for
further analysis.

2.2. Insulin Tolerance Test and Glucose Tolerance Test

For insulin tolerance test (ITT), 20 weeks old mice were deprived of food in the morning. 6 h later,
mice were injected intraperitoneally with 0.5 U/kg insulin (Novo Nordisk, Beijing, China). Tail-vein
blood glucose levels were measured 0, 15, 30, 45, 60 and 90 min after insulin injection.

For glucose tolerance test (GTT), 23 weeks old mice were deprived of food for 14 h
(overnight). The next morning, mice were intraperitoneally injected with 1.5 g/kg dextrose
(G7021, Sigma, Shanghai, China). Tail-vein blood glucose levels were measured at 0, 15, 30, 45,
60 and 90 min after dextrose injection.

2.3. Zinc Content Analysis

Zinc contents in the water and feed and copper levels in the serum were measured using
the method of flame atomic absorption spectrometry (ContrAA, Analytik Jena, Jena, Germany).
Serum zinc concentration was measured with a zinc detection kit (E011, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to the manufacturer’s instruction.

2.4. Serum Metabolites Profile Analysis

Serum triglyceride and FFA levels were measured on an automatic biochemical analyzer
(7020, HITACHI, Tokyo, Japan) with their analysis kits respectively according to the manufacturer’s
instructions. Triglyceride kit (CH0105151) was purchased from Muccura (Chengdu, China), and FFA
kit (GS191Z) was obtained from Beijing Strong Biotechnologies (Beijing, China).

2.5. Serum Hormone Levels Measurement

Serum insulin levels were measured with a mouse insulin ultrasensitive ELISA kit (80-INSMSU,
ALPCO, Salem, MA, USA) according to the manufacturer’s instruction.

Serum leptin levels were measured with a mouse leptin ELISA kit (ezml-82, Millipore,
Billerica, MA, USA) according to the manufacturer’s instruction.

Serum IL6 and MCP1 levels were measured with the respected ELISA kits (431301 and 432701,
BioLegend, San Diego, CA, USA) according to the manufacturer’s instruction.

2.6. Fat Tissue Histology Staining

For H&E staining, fresh fat tissues were fixed in 10% formalin for 48 h, and then dehydrated and
embedded in paraffin. Embedded tissues were sliced into 4 μm sections (RM2016, Leica, Shanghai,
China). Sections were then dehydrated, stained with hematoxylin for 5 min, washed with ddH2O,
and stained with eosin for 2 min. The sections were then dehydrated and mounted with a neutral resin
onto slides. Images were captured on a microscope (TS100, Nikon, Tokyo, Japan) with a CCD (DS-U3,
Nikon, Tokyo, Japan) using imaging software (NIS-Elements F3.2, Nikon, Tokyo, Japan).

Cell area was measured with the software of ImageJ (National Institutes of Health, Bethesda, USA).
Briefly, 16 images from 4 mice of each group were used for cell area measurement, and 10 cells which
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stood for the average cell size of each image were used to calculate the average cell size. The cell area
of 160 cells in total for each group of each tissue was used for average cell area calculation.

2.7. Cell Culture

Cell culture and adipose differentiation were performed as previously reported [26]. Briefly,
3T3-L1 preadipocytes (CL-173, American Type Culture Collection, Manassas, VA, USA) were cultured
in basic medium (DMEM medium (11995040, Gibco, Shanghai, China) supplemented with 10% fetal
bovine serum (10099-141, Gibco, Shanghai, China), 100 U/mL penicillin and 100 μg/mL streptomycin
(10378016, Gibco) at 37 ◦C and 5% CO2. Once 75% confluence was reached, cells were subcultured
into 12-well plate at 90% confluence. 2 days after 100% confluence, cells were treated with 1 μg/mL
insulin (I5500, Sigma, Shanghai, China), 1 μM dexamethasone (D1881, Sigma, Shanghai, China) and
0.5 mM isobutyl methyl xanthine (IBMX) (I7018, Sigma, Shanghai, China) for 3 days. Cells were then
maintained in 1 μg/mL insulin-supplemented basic medium. Medium was freshly changed 3 times in
the next days. On day 9, fully differentiated adipocytes were washed 3 times with serum-free DMEM,
followed by incubating in serum-free DMEM medium for 14 h. Cells were then treated with 50 μM
zinc or the vehicle for 6 h.

2.8. RNA Extraction and Real-Time PCR

RNA extraction and real-time PCR were performed as previously reported [27]. Briefly, 100 mg
fat tissue powder was homogenized in 1 mL Trizol Reagent (15596018, Invitrogen, Shanghai, China)
and RNA was extracted in accordance with the manufacturer’s instruction. The quality of RNA was
assessed by agarose gel and the concentration was measured with a spectrophotometer (NanoDrop
2000, Thermo Scientific, Shanghai, China). 1 μg RNA was reverse-transcribed into cDNA with
a reverse-transcription PCR kit according to the manufacturer’s instructions (RR037A, Takara,
Dalian, China). Real-time PCR was conducted on a quantitative-PCR machine (7900HT, ABI, Carlsbad,
CA, USA) with Power SYBR Green RT-PCR reagents (4368702, Thermo Fisher Scientific, Shanghai,
China). The following reagent amounts were used for each reaction: forward primer, 300 nM;
reverse primer, 300 nM; cDNA sample, 20 ng. The conditions used for PCR were: 95 ◦C for 10 min for
1 cycle, and then 40 cycles of 95 ◦C for 15 s followed by 60 ◦C for 1 min. The real time PCR data was
analyzed by the 2-delta delta CT method with β-actin as the reference. The sequences of the primers
are listed below.

β-actin forward GGCTGTATTCCCCTCCATCG and reverse CCAGTTGGTAACAATGCCATGT;
FAS, forward GGCTCTATGGATTACCCAAGC and reverse CCAGTGTTCGTTCCTCGGA; SCD1,
forward CCTACGACAAGAACATTCAATCCC and reverse CAGGAACTCAGAAGCCCAAAGC;
CD11c, forward CTGGATAGCCTTTCTTCTGCTG and reverse GCACACTGTGTCCGAACTCA;
F4/80, forward TGACTCACCTTGTGGTCCTAA and reverse CTTCCCAGAATCCAGTCTTTCC;
MCP1, forward TTAAAAACCTGGATCGGAACCAA and reverse GCATTAGCTTCAGATTTACGGGT;
Leptin, forward GAGACCCCTGTGTCGGTTC and reverse CTGCGTGTGTGAAATGTCATTG;
IL6, forward TAGTCCTTCCTACCCCAATTTCC and reverse TTGGTCCTTAGCCACTCCTTC; Glut4,
forward ACCGGATTCCATCCCACAAG and reverse TCCCAACCATTGAGAAATGATGC; PPARγ,
forward GGAAGACCACTCGCATTCCTT and reverse TCGCACTTTGGTATTCTTGGAG; C/EBPα,
forward CAAGAACAGCAACGAGTACCG and reverse GTCACTGGTCAACTCCAGCAC; SREBP1,
forward AACTGCCCATCCACCGACTC and reverse ATTGATAGAAGACCGGTAGCGC; ACC1,
forward CGGACCTTTGAAGATTTTGTCAGG and reverse GCTTTATTCTGCTGGGTGAACTCTC;
PLIN, forward CGTGGAGAGTAAGGATGTCAATG and reverse GGCTTCTTTGGTGCTGTTGTAG;
HSL, forward TGAAGCCAAAGATGAAGTGAGAC and reverse CTTGACTATGGGTGACGTGTAGAG.

2.9. Western Blot Analysis

Western blot analysis was performed as previously reported [27]. For the preparation of protein
lysates, 100 mg fat tissue powder was homogenized in 1 mL cell lysis buffer (P0013C, Beyotime
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Biotechnology, Shanghai, China) supplemented with protease inhibitor cocktail (04693132001, Roche,
Mannheim, Germany) on a homogenizer. The concentration of protein in the supernatant was
measured with a BCA Protein Assay Kit (23250, Thermo, Shanghai, China). 100 μg protein was
used to prepare an electrophoresis sample with loading buffer (1610747, BioRad, Shanghai, China) in
a volume of 30 μL for each sample. Proteins were separated on 12% polyacrylamide gel, and then
transferred onto PVDF membranes (1620177, BioRad, Shanghai, China). The membranes were blocked
in 1% BSA/1 × TBST for 1 h at room temperature, followed by incubation with the appropriate
primary antibodies (1 μg/mL) overnight. pAKT T308 (4056), AKT (9272), PPARγ (2443), pHSL (3891),
SCD1 (2794) and tubulin (3873) antibodies were obtained from Cell Signaling Technology (Shanghai,
China); HSL (sc-74489) and FAS (sc-48357) antibody was obtained from Santa Cruz (Shanghai, China).
After thorough washing, membranes were incubated with appropriate horseradish peroxidase-linked
secondary antibodies (7074 and 7076, CST) (1:2000 dilution in 5% milk/1 × TBST) for 1 h. After further
thorough washing, protein signals were detected by ECL western blotting detection reagent (1705060,
BioRad, Shanghai, China) on a Molecular Imager ChemiDoc XRS+ System (BioRad). Blots were
quantified with ImageJ software (National Institutes of Health).

2.10. Statistical Analysis

Data were analyzed using the SAS 9.3 software (SAS Institute Inc., Cary, NC, USA). The normality
and homogeneity of variances of data were firstly tested with univariate test. Independent t-test was
used to compare the difference between two groups with normal distribution data, while non-Gaussian
and heterogeneous data were analyzed using non-parametric analysis. One-way repeated measures
ANOVA was used to analyze the statistical difference of water consumption, food intake, GTT and
ITT; one-way ANOVA was applied to analyze the effect of zinc sulfate on gene expression in 3T3-L1
adipocytes, when two-way ANOVA was used to analyze the effect of insulin and zinc on AKT
phosphorylation in 3T3-L1 adipocytes. Post-hoc analysis was then applied. Results were presented as
mean ± SEM. Statistical significance was determined at P < 0.05.

3. Results

3.1. Chronic Zinc Supplementation Induced Glucose Intolerance

To investigate the effect of long-term chronic zinc supplementation on adipose metabolism,
mice were supplemented with zinc sulfate in the drinking water for 20 weeks. Results showed that
zinc-supplemented mice had comparable water consumption and food intake to those of control
mice during the experimental period, except that zinc-supplemented mice consumed more water at
the age of 9 than the control mice (P = 0.0226) (Supplementary Figure S1A,B and Tables S2 and S3).
As was expected, serum zinc concentration in zinc-supplemented mice was significantly higher than
that in the control mice (P = 0.0017) (Figure 1A and Supplementary Table S4). At the same time,
serum copper levels were similar between the zinc-supplemented group and control group, while the
zinc/copper ratio was higher in the zinc-supplemented mice than that in the control mice (P = 0.0462)
(Supplementary Figure S1C,D and Table S4). Blood glucose level was then measured, which revealed
that zinc-supplemented mice had similar blood glucose levels to the control mice at both fed and fasting
state (Supplementary Figure S2A,B and Table S5). Moreover, serum insulin remained unchanged
in zinc-supplemented mice compared with that in the control mice (Supplementary Figure S2C and
Supplementary Table S6). However, zinc-supplemented mice had higher blood glucose levels after 6 h
fasting and 45 min of exogenous insulin challenge, as compared to the control mice (P = 0.0174 and
P = 0.0429) (Figure 1B and Supplementary Table S7). In addition, zinc-supplemented mice had slower
glucose clearance rate (P = 0.0318) and higher blood glucose levels 30 and 90 min after exogenous
glucose administration (P = 0.0278 and P = 0.0131) (Figure 1C and Supplementary Table S8). These
data indicated that chronic high dose zinc supplementation in the drinking water did not affect basal
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blood glucose or insulin levels, but impaired systemic glucose clearance rate after exogenous insulin
and glucose challenge.

Figure 1. Chronic zinc supplementation impaired systemic insulin sensitivity and glucose clearance.
(A) Serum zinc levels (N = 8 for each group) (P = 0.0017); (B) Insulin tolerance test (Pzinc = 0.1007;
Ptime < 0.0001; PzincXtime = 0.0012; P0 = 0.0174; P45 = 0.0429) (N = 7 for each group); (C) Glucose
tolerance test (Pzinc = 0.0318; Ptime < 0.0001; PzincXtime = 0.0621; P30 = 0.0278; P90 = 0.0131) (N = 7 for
each group). Data were shown as mean ± SEM. Con, control group; ZnSO4, zinc sulfate-supplemented
group. * P < 0.05, ** P < 0.01 ZnSO4 vs. Con.

3.2. Chronic Zinc Supplementation Induced Visceral Adipose Tissue Hypertrophy

Effects of zinc supplementation on body weight and tissue weight was subsequently examined.
Results showed that zinc-supplemented mice had similar body weight to that of control mice
during the experiment and at the time of harvest (Supplementary Figure S2D, Figure 2A and
Supplementary Tables S9 and S10). Further study indicated that liver weight and subcutaneous
adipose tissue weight were not altered by zinc supplementation, as compared to those of the control
(Supplementary Figure S2E,F and Table S10). However, the weight of perirenal adipose tissue was
increased by 60% in the zinc-supplemented mice, while that of epididymal adipose tissue tended to
increase by 26%, relative to those in the control mice (P = 0.0143 and P = 0.0767) (Figure 2B,C and
Supplementary Table S10). Similar results were obtained in a repeated experiment with another cohort
of mice (data not shown).

Figure 2. Cont.
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Figure 2. Chronic zinc supplementation induced visceral adipose tissue hypertrophy. (A) Body weight
(N = 8 for each group); (B) The weight of perirenal adipose tissue (N = 8 for each group) (P = 0.0143);
(C) The weight of epididymal adipose tissue (N = 8 for each group); (D) H&E staining images for
perirenal fat pad; (E) Adipocyte size of perirenal adipose tissue (N = 160 cells from 4 mice for each
group) (P < 0.0001); (F) H&E staining images for epididymal fat pad; (G) Adipocyte size of epididymal
adipose tissue (N = 160 cells from 4 mice for each group) (P = 0.0012). Scale bars were equal to 100 μm.
Data were shown as mean ± SEM. Con, control group; ZnSO4, zinc sulfate-supplemented group.
* P < 0.05, ** P < 0.01, *** P < 0.001 ZnSO4 vs. Con.

Both enlargement of adipocyte size and increase in adipocyte number result in adipose tissue
hypertrophy. Thus, H&E staining was thereby performed to analyze the cell morphology, the results
of which indicated that the adipocyte sizes of zinc-treated mice increased by 60% and 25% in perirenal
fat tissue and epididymal fat tissue respectively, compared with those in the control mice (P < 0.0001
and P = 0.0012) (Figure 2D–G and Supplementary Table S11). These data demonstrated that chronic
zinc supplementation induced visceral adipose tissue hypotrophy at least partially through enlarging
adipocyte size in lean mice.

3.3. Chronic Zinc Supplementation Stimulated the Expression and Secretion of Leptin in Visceral Adipose
Tissue

The expression of adipokine and cytokine genes in the adipose tissue were analyzed.
Results indicated that both the expression of leptin and IL6 were increased in the perirenal and
epididymal adipose tissue of zinc-supplemented mice as compared to those in the control mice
(P = 0.0329, P = 0.0297, P = 0.0328 and P = 0.0482) (Figure 3A,B and Supplementary Figure S3A,B
and Tables S12 and S13). Moreover, serum levels of leptin and IL6 were subsequently analyzed,
the results of which showed that serum leptin level of zinc-supplemented mice was twice as high as
that of the control mice (P = 0.0420) (Figure 3C and Supplementary Table S6). However, serum level of
IL6 remained unchanged (Figure 3D and Supplementary Table S6).

Figure 3. Chronic zinc supplementation stimulated the expression and secretion of leptin in perirenal
adipose tissue. (A) The expression of leptin in perirenal adipose tissue (P = 0.0216); (B) The expression
of IL6 in perirenal adipose tissue (P = 0.0297); (C) Serum leptin levels (P = 0.0420); (D) Serum
IL6 levels. N = 8 for each group. Data were shown as mean ± SEM. Con, control group; ZnSO4,
zinc sulfate-supplemented group. * P < 0.05 ZnSO4 vs. Con.
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The effect of zinc on the expression of leptin and IL6 in cultured adipocytes was also investigated.
Results indicated that the expression of leptin and IL6 were also increased by zinc sulfate or zinc
chloride in cultured 3T3-L1 adipocytes (Supplementary Figure S4A–D and Tables S14 and S15).

3.4. Chronic Zinc Supplementation Attenuated AKT Phosphorylation in Perirenal Adipose Tissue

AKT signaling in the adipose tissue was subsequently detected. Results illustrated that the
phosphorylation level of AKT T308 was outstandingly attenuated in the perirenal adipose tissue
of zinc-supplemented mice compared with that of control mice (P = 0.0040), while that of AKT
S473 remained unchanged (Figure 4A,B and Supplementary Table S16). However, phosphorylation
level of either AKT T308 or S473 in the epididymal adipose tissue of zinc-supplemented mice
was similar to that of control mice (Supplementary Figure S5A and Table S17). Meanwhile,
the effect of zinc supplementation on AKT phosphorylation was also investigated in cultured
adipocytes, the results of which revealed that zinc supplementation induced the phosphorylation
of both AKT T308 and S473 in cultured adipocytes, both at basal and insulin-stimulating state
(Supplementary Figure S5B and Table S18).

Figure 4. Chronic zinc supplementation attenuated the phosphorylation of AKT in perirenal adipose
tissue. (A) Western blot bands of phosphorylation AKT and total AKT. Data represented 8 mice of 16 in
total; (B) The quantification of phosphorylation AKT levels in perirenal adipose tissue (N = 8 for each
group) (P = 0.0040 for pAKT T308). Data were shown as mean ± SEM. Con, control group; ZnSO4,
zinc sulfate-supplemented group. ** P < 0.05 ZnSO4 vs. Con.

3.5. Chronic Zinc Supplementation Did Not Alter Macrophage Content in the Adipose Tissue

It was reported that chronic macrophage infiltration induced inflammation and hypertrophy of
adipose tissue [28]. Thus, the expression of macrophage marker genes was analyzed, the results of
which showed that the expression of CD11c and F4/80 in the visceral adipose tissues of chronic
zinc-supplemented mice remained unchanged, as compared to the control mice (Figure 5A,
Supplementary Figure S3C and Tables S12 and S13). MCP1 was reported to stimulated adipose
tissue to recruit macrophages [28]. However, the expression of MCP1 in the visceral adipose tissue
of zinc-supplemented mice was similar to that of the control mice (Figure 5B and Supplementary
Figure S3D and Tables S12 and S13). Further analysis indicated that serum MCP1 level in the
zinc-supplemented mice was also comparable to that in the control mice (Figure 5C and Supplementary
Table S6). These data demonstrated that chronic zinc supplementation did not alter microphage content
in the visceral adipose tissue.
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Figure 5. Chronic zinc supplementation did not alter the expression of macrophage marker genes and
MCP1 in perirenal adipose tissue. (A) The expression of CD11c and F4/80 in perirenal adipose tissue;
(B) The expression of MCP1 in perirenal adipose tissue; (C) Serum MCP1 levels. Data were shown as
mean ± SEM. Con, control group; ZnSO4, zinc sulfate-supplemented group.

3.6. The Protein Levels of FAS and SCD1 Were Decreased in the Perirenal Adipose Tissue of Chronic
Zinc-Supplemented Mice

As the adipose tissue weight and the adipocyte size were increased in the zinc-supplemented mice,
the expression of fat metabolic genes was then investigated. Results suggested that the expression of
glucose transporter 4 (Glut4), the main regulator for adipocyte glucose uptake, remained unchanged
in the perirenal fat and epididymal fat of zinc-supplemented mice, as compared with those of control
mice (Figure 6A, Supplementary Figure S6A and Tables S12 and S13). Besides, the expression of
lipogenic genes and lipid droplets coating gene were unchanged by zinc supplementation, as compared
with those of the control group (Figure 6B,C and Supplementary Figure S6B,C, Tables S12 and S13).
Furthermore, protein level of PPAR γ in the perirenal fat tissue remained unchanged by zinc
supplementation (Figure 6D and Supplementary Table S16). However, compared with control mice,
the protein level of FAS (P = 0.0006) was significantly decreased and that of SCD1 (P = 0.0723)
tended to decrease in the perirenal adipose tissue of zinc supplemented-mice (Figure 6D and
Supplementary Table S16). Moreover, protein levels of FAS and SCD1 in epididymal adipose tissue of
zinc-supplemented mice were similar to those of the control mice (data not shown).

Figure 6. Chronic zinc supplementation did not alter the expression of lipogenic genes but
decreased protein levels of FAS and SCD1 in perirenal adipose tissue. (A) The expression of Glut4;
(B) The expression of lipogenic genes and their regulatory genes; (C) The expression of PLIN; (D) Protein
levels of PPARγ, FAS and SCD1 (P = 0.0006 for FAS); (E) The expression of HSL; (F) Phosphorylation
levels of HSL. N = 8 for each group. Data were shown as mean ± SEM. Western blots represented 8 mice
of 16 in total. Con, control group; ZnSO4, zinc sulfate-supplemented group. ** P < 0.01 ZnSO4 vs. Con.
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Both lipolysis and lipogenesis regulate adipose deposition in the adipose tissue [17]. Consequently,
gene expression and protein phosphorylation levels of lipolysis regulator HSL were analyzed. Results
showed that both gene expression and phosphorylation level of HSL in the visceral adipose tissue of
zinc-supplemented mice were similar to those of the control mice (Figure 6E,F and Supplementary
Figure S6D,E and Tables S12, S13, S16 and S17). These data indicated that lipolysis might be not
affected by chronic zinc supplementation.

3.7. Chronic Zinc Supplementation Did Not Alter the Metabolic Profiles of Serum Lipids

Metabolic profiles of serum lipids were further investigated, which indicated that both serum
TAG and serum FFA levels remained unchanged in the zinc-supplemented mice relative to those in
the control mice (Figure 7A,B and Supplementary Table S19).

Figure 7. Chronic zinc supplementation did not affect serum levels of triglyceride and free fatty acid.
(A) Serum triglyceride levels; (B) Serum free fatty acid levels; (C) The illustration of chronic zinc
supplementation inducing adipose tissue hypertrophy. N = 8 for each group. Data were shown as
mean ± SEM. Con, control group; ZnSO4, zinc sulfate-supplemented group.

4. Discussion

It is reported that zinc stimulates insulin sensitivity and induces adipogenesis in adipocytes.
However, it is shown in the current study that long-term chronic zinc supplementation in the drinking
water impairs systemic glucose clearance rate, induces visceral adipocyte tissue hypertrophy and
attenuates AKT signaling in perirenal adipose tissue. Meanwhile, zinc supplementation stimulates the
expression of leptin and IL6 in visceral adipose tissue while increasing serum leptin level (Figure 7C).
Moreover, it is also found that protein levels of FAS and SCD1 are down-regulated in perirenal adipose
tissue of chronic zinc-supplemented mice relative to those of control mice, though their gene expression
are similar to those of control mice.

4.1. Correlation of Chronic Zinc Supplementation with Systemic Glucose Clearance

It has been reported that diet induced zinc deficiency impairs systemic insulin sensitivity, whereas
acute zinc supplementation enhances insulin signaling and glucose deposition [29–31]. However,
the study of Kim et al. has reported that zinc supplementation for eight weeks does not improve
systemic insulin resistance in humans [32]. Besides, zinc supplementation for four weeks shows no
effect on insulin sensitivity in healthy black and white early-adolescent girls [33]. Furthermore, ITT and
GTT data of our study suggest that chronic zinc supplementation attenuates systemic insulin sensitivity
and glucose clearance (Figure 1B,C). Further study on AKT phosphorylation levels indicates that
chronic zinc supplementation attenuates AKT signaling in the perirenal adipose tissue (Figure 4), which
may be the reason why chronic zinc supplementation impairs the systemic glucose clearance after
exogenous insulin or glucose challenges as compared with the control group. Zinc stimulates insulin
signaling in adipocytes (Supplementary Figure S5B), while acute zinc supplementation enhances
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insulin sensitivity in adipose tissue [31]. Thus, the impaired AKT signaling may be attributed
to the secondary effect of adipose tissue hypertrophy (Figure 2). Difference in the effects of zinc
supplementation on systemic insulin sensitivity and glucose clearance among different studies may be
resulted from the different duration of zinc supplementation.

Increased blood glucose level stimulates the beta islet cells to secret insulin, which subsequently
gives rise to insulin signaling in perirenal tissues, such as liver, adipose tissue and muscle. The induced
insulin signaling stimulates glycogen synthesis in liver as well as stimulates glucose uptake in
adipose tissue and muscle, thus reducing the blood glucose level to a normal level. On the other
hand, the secretion of insulin in the beta islet cells is inhibited in the presence of low blood glucose
level, whereas the secretion of glucagon is stimulated to induce glycogenolysis and gluconeogenesis.
However, the glucose decreasing effect of insulin is diminished when the insulin sensitivity of perirenal
tissue is impaired, which results in insulin resistance and hyperinsulinemia [34]. The results of
insulin tolerance and glucose intolerance should be at least partially ascribed to the impaired insulin
sensitivity of adipose tissue (Figure 1B,C), since the serum insulin levels are similar between the
zinc-supplemented mice and the control mice (Figure S2C).

Blood glucose is mainly obtained from glycogenolysis in the first 12 h of fasting, while
gluconeogenesis is the major source of blood glucose after 12 h of fasting [35]. Thus, the finding
that zinc decreased the blood glucose levels after 6 h of fasting, but not at 14 h of fasting suggests that
chronic zinc supplementation may impair glycogenolysis in the liver. However, the exact mechanism
needs to be explored in future study.

4.2. Correlation of Chronic Zinc Supplementation with Adipose Accumulation in Visceral Adipose Tissue

Zinc is a stimulator for insulin signaling, which mimics several actions of insulin [31].
Ghosh et al. reported that zinc-chelated vitamin C stimulated the adipogenesis in preadipocytes [14].
In addition, it is demonstrated in the current study that long-term chronic zinc supplementation induces
adipose accumulation of the visceral adipose tissue in mice (Figure 2). Zhang et al. reported that
dietary zinc supplementation increased intramuscular adipose deposition in piglets, which supports
our results [15]. Our data reveals that the expression of glucose transporter gene and lipogenic genes
are not affected by chronic zinc supplementation (Figure 6A,B and Supplementary Figure S6A,B).
Therefore, the increased adipose accumulation may be independent of lipogenesis at the time of
harvest. At the same time, the expression and phosphorylation level of HSL remain unchanged
in the visceral adipose tissue of zinc-supplemented mice (Figure 6E,F and Supplementary Figure
S6D,E). Consequently, the increased adipose deposition is probably independent of lipolysis. Besides,
serum TAG and FFA levels are similar in both control and zinc-supplemented mice (Figure 7), further
supporting the observation that lipolysis in the visceral adipose tissue is not altered by chronic zinc
supplementation. Thus, the increased adipogenesis at the early stage of zinc supplementation may lead
to the hypertrophy of visceral adipose tissue at the late stage of zinc supplementation. Nevertheless,
further study is needed to elucidate the exact mechanism by which mice accumulate more visceral
adipose tissue than control mice after long-term chronic zinc supplementation.

Compared with control mice, the gene expression of FAS and SCD1 remains unchanged in the
chronic zinc-supplemented mice. Therefore, the decreased protein levels of FAS and SCD1 (Figure 6D)
may be regulated by chronic high dose zinc supplementation in a post-translational manner. However,
the precise mechanism by which chronic high dose zinc supplementation down-regulates the protein
levels of FAS and SCD1 in adipose tissue remains to be elucidated in further studies.

4.3. Correlation of Chronic Zinc Supplementation with Adipokines and Cytokines

Leptin is one of the most abundant adipokines secreted by adipocytes [36], which is positively
corelated with obesity, diabetes and insulin resistance [37]. The expression of leptin in the
visceral adipose tissue, together with the serum leptin level, is remarkably increased in the chronic
zinc-supplemented mice (Figure 3A,C). In addition, it is indicated in our in vitro study that zinc also
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stimulates the expression of leptin in 3T3-L1 adipocytes (Supplementary Figure S4A,B). These findings
are supported by the report of Baltaci et al., which demonstrates that zinc deficiency for six weeks leads
to decreased plasma leptin level, whereas zinc supplementation for six weeks significantly increases
plasma leptin level [38]. In addition, Ott and Shay also reported that zinc deficiency reduced the
expression and secretion of leptin in cultured rat adipocytes [39], which was similar to the findings of
our study. However, it is also reported in some studies that short-term zinc supplementation reduces
serum leptin level, whereas zinc deficiency for three weeks increases circulatory leptin level [7,40].
The contradictory results from different studies may be related to the duration of zinc deficiency or
zinc supplementation. However, the exact mechanism by which zinc upregulates the expression of
leptin should be elucidated in further studies.

Inflammation impairs the insulin sensitivity of adipose tissue [28,41]. The expression of
IL6 is increased in the visceral adipose tissue of chronic zinc-supplemented mice (Figure 3B and
Supplementary Figure S3B), which may also give rise to insulin intolerance in zinc-supplemented
mice. Furthermore, macrophage infiltration into the adipose tissue also accounts for one of the causes
of adipose inflammation and insulin resistance [28,41]. However, our findings demonstrate that
chronic zinc supplementation does not alter macrophage content in the adipose tissue (Figure 5).
In addition, leptin is reported to be a pro-inflammatory factor, which stimulates the expression
of inflammatory factors [42]. This suggests that chronic zinc supplementation may stimulate the
expression of inflammation factors (such as IL6) in adipocytes and macrophages through leptin.

Taken together, it is indicated in our study that chronic high dose zinc supplementation will
increase the risk of visceral adipose tissue hypertrophy and systemic glucose intolerance. Thus, chronic
high dose zinc supplementation may be harmful for health. Therefore, zinc supplementation should be
carried out in controlled time and dosage. Moreover, further studies will be focused on the mechanism
by which chronic zinc supplementation induces visceral adipose tissue hypertrophy as well as the
different effects of short-term and long-term zinc supplementation on fat metabolism.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/9/10/1138/s1,
Figure S1: Water consumption and food intake of mice during the experiment; Figure S2: Blood glucose
levels, body weight and tissue weight; Figure S3: Gene expression in epididymal adipose tissue; Figure S4:
Gene expression in 3T3-L1 adipocytes; Figure S5: Phosphorylation levels of AKT in epididymal adipose tissue
and 3T3-L1 adipocytes; Figure S6: The expression of fat metabolic genes in epididymal adipose tissue; Table S1:
The concentration of zinc in the drinking water; and Tables S2–S19: Data for all the figures.
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Abstract: Individuals who consume a diet deficient in zinc (Zn-deficient) develop alterations
in hypothalamic-pituitary-thyroid axis function, i.e., a low metabolic rate and cold insensitivity.
Although those disturbances are related to primary hypothyroidism, intrauterine or postnatal
Zn-deficient adults have an increased thyrotropin (TSH) concentration, but unchanged thyroid
hormone (TH) levels and decreased body weight. This does not support the view that the
hypothyroidism develops due to a low Zn intake. In addition, intrauterine or postnatal Zn-deficiency
in weaned and adult rats reduces the activity of pyroglutamyl aminopeptidase II (PPII) in the
medial-basal hypothalamus (MBH). PPII is an enzyme that degrades thyrotropin-releasing hormone
(TRH). This hypothalamic peptide stimulates its receptor in adenohypophysis, thereby increasing TSH
release. We analyzed whether earlier low TH is responsible for the high TSH levels reported in adults,
or if TRH release is enhanced by Zn deficiency at weaning. Dams were fed a 2 ppm Zn-deficient
diet in the period from one week prior to gestation and up to three weeks after delivery. We found
a high release of hypothalamic TRH, which along with reduced MBH PPII activity, increased TSH
levels in Zn-deficient pups independently of changes in TH concentration. We found that primary
hypothyroidism did not develop in intrauterine Zn-deficient weaned rats and we confirmed that metal
deficiency enhances TSH levels since early-life, favoring subclinical hypothyroidism development
which remains into adulthood.

Keywords: Zn deficiency; TRH; TSH; subclinical hypothyroidism

1. Introduction

Zinc (Zn) deficiency is a public health problem due to its increasing prevalence not only in
underdeveloped countries but also in first world countries [1–3]. Gestating and lactating women
are the most affected groups [4], leading to Zn malnutrition in their offspring. This impairs fetal
development due to the metal’s involvement in a wide diversity of cellular processes: differentiation,
reproduction, metabolism and neurogenesis [5].

Given that Zn is the cofactor of a wide number of enzymes, deficiency of the metal alters their
activity with severe consequences in children and adults health [6]. For example, Zn-deficient animals
and humans present growth retardation, cold sensitivity and decreased metabolic rate [7], which are
alterations associated with primary hypothyroidism (low thyroid hormone (TH) levels). Moreover,
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Zn deficiency is also related to psychiatric disturbances such as depression, anxiety, schizophrenia,
attention deficit hyperactivity disorder and epilepsy [8–11].

The hypothalamic-pituitary-thyroid (HPT) axis is regulated by a negative feedback loop, in such
a way that during primary hypothyroidism the decreased TH serum levels lead to an increased release
of thyrotropin (TSH) from the adenohypophysis (AH) and to a high synthesis and release of the
hypothalamic peptide thyrotropin-releasing hormone (TRH) into the portal blood in order to activate
the HPT axis.

There is controversy about the effects of Zn deficiency on HPT axis. Some authors support the
development of subclinical hypothyroidism [12,13], while others describe the occurrence of a primary
one [14,15]. A previous study from our laboratory in adult rats subjected to intrauterine or postnatal
Zn deficiency, showed an increase in serum TSH levels but unchanged T3 or T4 concentration [16],
which argues against primary hypothyroidism as the main alteration of the HPT axis in Zn deficiency.
Furthermore, these animals maintained a low body weight as adults, which is not compatible with low
circulating TH levels [15,16].

In order to disentangle this controversy, in a previous study we analyzed the effects of
a Zn-deficient diet on the activity of a metalloprotease called pyroglutamyl aminopeptidase II (PPII)
present in the AH and the mediobasal hypothalamus (MBH) [17–20], along with its repercussion in
the function of the HPT axis of gestating and lactating rats and in their adult offspring [16]. The high
specificity of PPII in degrading the hypothalamic peptide TRH when released from the median
eminence into the portal blood, as well as its positive regulation by TH levels, has indicated that the
activity of this enzyme is part of the negative feedback control of the HPT axis exerted by low TH
levels, that would allow a more effective stimulation of TSH release by TRH [21]. However, there is
a TH-independent down-regulation of adenohypophyseal PPII activity in intrauterine and postnatal
Zn-deficient adult rats and in the MBH in whole-life malnourished weanling and adult animals [16].
This supports the fact that low enzyme activity by itself may be responsible for a greater stimulation of
TSH release and serum concentration [16].

Nevertheless, we still have not ruled out if intrauterine Zn deficiency induces an earlier decrease
in T3 and T4 serum concentration since weaning, which could be reducing PPII activity and thus
increasing TSH levels previous to our measurements in ten-week old adults. This will be arguing
against a PPII regulation only by Zn, supporting that the high TSH concentration observed in
Zn-deficient adults results from a previous primary hypothyroidism.

Thus, we here analyzed adenohypophyseal PPII activity, TSH and TH serum levels, as well as
TRH concentration in the median eminence of intrauterine Zn-deficient weanling pups. Our findings
supported that PPII activity might be modulated independently of the changes in TH levels since
weaning. This is relevant to explain the TSH rise when TH concentration is in normal levels as in the
subclinical hypothyroidism induced by Zn deficiency. Moreover, since chronic high TSH serum levels
are associated with increased lipolysis, low body weight and growing rate, our results help to solve
the contradiction of the low body weight maintained by Zn malnourishment in adult animals even
when T3 and T4 levels do not change.

2. Materials and Methods

2.1. Animals and Diets

All procedures described in the present study were approved by the Ethics Committee and Project
Commission of the INPRFM, which follows the regulations established in the Mexican Official Norm
for the use and care of laboratory animals (NOM-062-ZOO-1999).

Ten nulliparous female and six male adult (220–270 g) Wistar rats were obtained from the
INPRFM’s animal housing. They were housed in groups (2–3 animals per cage) and allowed to
acclimatize to the facilities. They were provided with food (Lab rodent diet #5001, PMI feeds, St. Louis,
MO, USA) and tap water ad libitum, and kept in controlled light conditions (lights on from 7:00 to
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19:00) and temperature (24 ± 1 ◦C). After one week of habituation, animals were mated (1–2 females
per male) and divided into two groups: control group (C) (n = 3 females, 2 males) receiving a diet
with 20 ppm of Zn (Purina Mills, LLC/PMI Nutrition International Co., Richmond, IN, USA) and
deficient (D) group (n = 7 females, 4 males), which received a diet with 2 ppm of Zn (Purina Mills,
LLC/PMI Nutrition International Co., Richmond, IN, USA). This Zn content in the diet is known to be
sufficient to decreased serum Zn levels after 7 weeks [16]. Except for their Zn content, both diets were
the same regarding nutrient composition (19% proteins; 10% lipids; 61% carbohydrates); both groups
had ad libitum access to food and distilled water. The mating period lasted 10 days and pregnancy
was confirmed by identifying a 10% increase of the initial female body weight (b.w.). Pregnant dams
were individually housed throughout gestation and lactation periods and maintained under the same
C or D diet. After pregnancy completion, the body weight of the pups was registered at 2, 7, 14 and
21 days of age. At 21 days of age, weaned pups from C (n = 6) or D (n = 6) dams, were sacrificed
by decapitation. Brain and AH were rapidly removed and frozen at −70 ◦C. Blood was collected
and centrifuged at 3000 × g for 30 min at 4 ◦C. Serum was obtained, aliquoted and kept at −70 ◦C
until analysis.

2.2. TRH Content in Median Eminence (ME)

Medial basal hypothalamus (MBH) was hand-dissected from frozen brains using Paxinos and
Watson Rat Brain Atlas [22]. This region contains the median eminence (ME) (known to be outside the
blood brain barrier (BBB)). In order to obtain the MBH, a coronal slice was cut between the coordinates
−1.2 to −3.6 mm from bregma, then ME was removed with a scalpel in the ventral part of the slice.

TRH extraction from tissue and the following radioimmunoassay (RIA) were both performed as
previously described [23]. TRH content was determined using a previously characterized antibody [24].
The MEs of the pups were homogenized by sonication in 20% acetic acid and centrifuged at 12,000× g
for 15 min at 4 ◦C. A 30 μL aliquot of supernatant was kept for protein quantification. The supernatant
was obtained and then extracted with 100% methanol and evaporated. Pellets were diluted in RIA
buffer (50 mM NaPO4 buffer, pH 7.4, containing 0.25% bovine serum albumin (BSA) RIA grade
(Sigma-Aldrich, St. Louis, MO, USA), 150 mM NaCl and 0.02% sodium azide (Sigma-Aldrich, St. Louis,
MO, USA). Then, a TRH antibody (1:106 dilution) and 125I-TRH (5000 cpm) were added. After 36 h of
incubation, samples were precipitated with 100% ethanol and centrifuged at 12,000× g for 5 min at
4 ◦C). Supernatant was evaporated in a concentrator (Vacufuge Eppendorf, Brinkmann Instruments,
Westbury, NY, USA), and tubes read for 1 min in a radiation counter (LKB Wallace Minigamma Counter,
Mount Waverley, Victoria, Australia). A standard curve and an internal standard of hypothalamic
extract were included in every assay and parallelism with the curve was verified. Limit of detection
was 20 pg, inter and intra-assay variation was 4% and 8%, respectively. Results are expressed in ng
TRH/mg protein.

2.3. PPII Specific Activity

PPII activity in AH was measured as previously described [16]. Briefly, each AH was homogenized
by sonication in 200 μL of 50 mM NaPO4 buffer pH 7.5, and centrifuged at 2600× g for 15 min at 4 ◦C.
PPII activity was measured in supernatants by using 400 μM pGlu-His-Pro-β-naphtylamine (βNA)
(Bachem, Torrance, CA, USA) as substrate, an excess of dipeptidylaminopeptidase IV (EC 3.4.14.15)
(Sigma-Aldrich, St. Louis, MO, USA), 0.2 mM N-ethylmaleimide (Sigma, St. Louis, MO, USA),
an inhibitor of pyroglutamyl peptidase I (EC 3.4.19.3), and 0.2 mM bacitracin (Sigma-Aldrich, St. Louis,
MO, USA) an inhibitor of prolyl oligopeptidase (EC 3.4.21.26); in a total volume of 250 μL. Samples
were incubated at 37 ◦C, 50 μL were withdrawn every 60 min and the reaction stopped with 50 μL
100% methanol. Aliquots were diluted to 400 μL with 50% methanol in buffer, before detecting βNA
with a fluorometer (Perkin Elmer LS50, Waltham, MA, USA) (excitation 335 nm, emission 410 nm)
from a standard curve of βNA (Sigma-Aldrich, St. Louis, MO, USA). A 30 μL aliquot of supernatant
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was kept for protein quantification. The activity was linear with the time elapsed and referred to
supernatant protein content.

2.4. Protein Determination

Protein content in AH and ME was determined in 30 μL of homogenate, by digesting with 1 N
NaOH for 24 h at room temperature (RT) and protein concentration quantified by folin-phenol reagent
method [25].

2.5. Serum Hormones’ Determination

TSH determination was performed by RIA using the NIDDK (National Hormone and Pituitary
Program) protocol and materials. We used 50 μL of serum in duplicate, samples were diluted 1:3 in
RIA buffer (50 mM NaPO4, pH 7.5; 150 mM NaCl, 0.25% BSA, 50 mM EDTA), and antibody raised
in rabbit against TSH (1:375,000) was added. After 18–24 h incubation at RT, 125I-TSH was added
(10,000 cpm), followed by 18–24 h incubation at RT. The secondary antibody (goat anti rabbit IgG) was
added in 1:40 dilution in PBS (50 mM NaPO4, pH 7.5, 150 mM NaCl) plus 2% normal rabbit serum
and incubated for 2 h at RT. After adding polyethylene glycol (0.04 g PEG/mL RIA buffer), samples
were centrifuged at 5000× g for 30 min at 4 ◦C. Supernatant was aspirated and tubes read for 1 min in
a radiation counter (LKB Wallace Minigamma Counter, Mount Waverley, Victoria, Australia). Limit of
detection: 5 pg, 13% inter-assay, 6% intra-assay variability.

Five μL of serum were used to determine corticosterone in duplicate (dilution 1:1000) considering
the mean as one determination using ICN Biomedicals kit (Aurora, OH, USA). Limits of sensitivity:
corticosterone: 20 ng/mL. Intra-assay variability: 7%, inter-assay variability: 8%.

T4 and T3 were determined in 100 and 25 μL of serum, respectively, using commercial RIA kits
(Coat-A-Count Solid-Phase 125I RIA. Total T3 DPC TKT31, Total T4 DPC TKT41, Los Angeles, CA, USA)
and following manufacturer’s instructions (analytical sensitivity: T3, 7 ng/dL and T4, 0.25 μg/dL;
inter-assay variability: T3, T4 < 15%, and intra-assay variability T3, T4 < 9%).

Leptin was determined in order to evaluate if our early-life diet manipulation influences energy
balance regulation and satiety. Leptin was measured colorimetrically with a commercially available kit
(Merck Rat Leptin ELISA kit, Life Science Merck, Darmstadt, Hesse, Germany using 25 μL of serum
diluted 1:4 with an assay buffer and following the manufacturer’s instructions (limit of detection:
4.76 pg/mL; inter-assay variability (8%), intra-assay variability (7%)).

2.6. Statistical Analysis

Body weight changes between control and Zn-deficient pups during lactation were analyzed
by repeated measures ANOVA. Kolmogorov-Smirnov tests for normality were used for each of the
biochemical variables (PPII specific activity in AH, TRH ME content, TSH, corticosterone, T3, T4 and
leptin serum levels) and then Mann-Whitney U tests were performed in order to identify the statistical
differences of these variables between groups. A p < 0.05 was considered as statistically significant.
A variable interdependence between TRH content and leptin serum levels was analyzed given the
positive effect of leptin on TRH synthesis and release [26,27]. A correlation coefficient with magnitude
≥0.8 was considered as strong correlation.

3. Results

3.1. Body Weight

Body weight at birth was similar between control and Zn-deficient animals; however from
post-natal day 7 and until post-natal day 21, the body weight of deficient pups was 30% lower on
average, when compared to control offspring (100%). Repeated measures ANOVA showed an effect of
treatment (F(1,30) = 26.548 p < 0.001); time (F(3,30) = 219.015 p < 0.0001) and interaction between variables
(F(3,30) = 22.509 p < 0.0001) (Figure 1).
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Figure 1. Body weight of control and zinc-deficient (Zn-deficient) pups during lactation period.
Values are the mean ± standard error of mean (SEM) of grams of body weight, (n = 6/group).
Fisher’s post-hoc test showed significant differences: * p < 0.01, ** p < 0.001 vs. control group.

3.2. Biochemical Determinations

Adenohypophyseal PPII specific activity of Zn-deficient pups showed a trend to decrease, but
there was no statistically significant difference between groups (Zn-deficient = 472.5 ± 67 pmol of
βNA min/mg of protein vs. controls = 631.2 ± 194 pmol of βNA/min/mg of protein). TRH content of
ME in the Zn-malnourished group decreased to 4.7 ± 1.8 ng of TRH/mg protein, when compared to
control values: 22.36 ± 6.2 ng of TRH/mg protein. Low accumulation of TRH in the synaptic terminals
of hypothalamic paraventricular neurons (median eminence) is associated with a high release of the
peptide into the portal blood, mainly because the antibody used is able to detect changes in TRH
concentration only in the intracellular compartment.

Increased TSH serum levels in Zn-deficient pups confirmed the enhanced release of TRH: the
Zn-deficient group presented TSH levels of 2.32 ± 0.2 ng/dL, whereas those of the controls were:
1.66 ± 0.1 ng/dL. Mann-Whitney U-test for TRH showed a U = 42 equivalent to a Z = −2.6 with
a p value < 0.01 and that of TSH was U = 40 equivalent to a Z = −2.714 with a p value < 0.01 (Figure 2).

Figure 2. Adenohypophyseal pyroglutamyl aminopeptidase II (PPII) specific activity, median eminence
thyrotropin-releasing hormone (TRH) content and thyrotropin (TSH) serum levels of Zn-deficient and
control pups at weaning. Control values for PPII specific activity: 631.2 ± 194 pmol βNA/min/mg
prot; TRH: 22.36 ± 6.2 ngTRH/mg proteins; TSH: 1.66 ± 0.1 ng/dL. Values are the mean ± SEM of
percentage of control values (=100%), (n = 6/group).* p < 0.01 vs. controls.
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Zn deficiency did not affect T3, T4 or corticosterone serum levels.
In contrast, circulatory leptin levels decreased to 43.5 ± 7% compared to those of controls (100%);

Mann-Whitney U analysis for leptin showed a value for U = 15 that is equivalent to a Z = −2.021 with
a p value < 0.05 (Table 1). We observed a strong positive linear correlation between median eminence
TRH and leptin serum concentration (n = 8 rats; correlation coefficient = 0.825; Z = 2.62; p < 0.01).

Table 1. Hormones serum concentrations of Zn-deficient and control pups at weaning.

Group T3 (ng/dL) T4 (μg/dL) Leptin (ng/mL) Corticosterone (ng/mL)

Control 8.17 ± 0.15 8.5 ± 1 4.3 ± 0.8 149 ± 19
Zn-deficient 7.35 ± 0.49 8.86 ± 1.1 1.86 ± 0.2 * 99 ± 17

Values are the mean ± SEM (n = 4–6/group); * p < 0.05 vs. control group.

4. Discussion

In this study, TH levels of Zn-deficient rats were normal, thus intrauterine metal malnourishment
failed to induce primary hypothyroidism since weaning. This was in agreement with the unchanged
levels of T3 and T4 observed in adult rats subjected to Zn deficiency during the prenatal and postnatal
periods. Overall, these findings supported the conclusion that high TSH levels and the development
of subclinical hypothyroidism in adults [16] and weanling rats, are not a response to low T3, but to
other factors that we discuss below.

The weight loss at weaning observed in the offspring of dams eating a Zn-deficient diet could be
associated to the increase in TSH serum concentration, even when TH did not increase. TSH receptors
have been identified in adipocytes and its activation by TSH increases lipid degradation [28,29]. It is
well known that high levels of TSH have a down-regulatory effect on its receptors in the thyroid
cell [30,31], which may account for the thyroid’s lack of response to the TSH released, thus T3 and T4

serum concentration did not change in Zn-deficient pups.
Given that body weight of Zn-deficient animals was similar to that of controls at birth, it is likely

that dams in the malnourished group compensated Zn availability for the offspring by homeostatic
adjustments, at the expense of their own metal content in bone and muscle [32,33] and also, by
delivering small litters. The lower body weight in the first week of life seemed also to be a consequence
of the known anorexic effect of Zn deficiency [34]. Weanling pups from Zn-deficient dams have
a reduction of 40% milk intake on average [35]. We did not evaluate milk consumption since this is a
rather stressful procedure, but in our previous study, we describe a decreased food intake in prenatally
and postnatally Zn-deficient rats after weaning [16]. This anorexic effect along with the high TSH
concentration contributed to the weight loss of malnourished pups.

It was noteworthy that the evident low body weight of Zn-deficient pups was not able to reduce
HPT axis activity and to decrease TH levels as has been proposed [36,37]. In contrast, our data
supported that hypothalamic neurons are firstly responding to low nutrient availability and as a
consequence, metabolic rate is adjusted through HPT axis function modulation. For example, negative
energy balance decelerates HPT axis and lipids waste in adults, but in weanling rats such adaptation is
not successful [38]. Similarly, in this study, the low Zn intake seemed to activate TRH release from the
ME (discussed below) and to increase TSH serum levels, with no abatement of the metabolic rate.

The high TSH serum levels found in Zn-deficient weanling rats was coincident with that
previously found in prenatally or postnatally deficient adults [16]. TSH release is known to result from
a high release of its secretagogue TRH, or, by a low concentration of TH. In the first case, TRH by
activating its receptor (TRH-R1) expressed in thyrotrophs, leads to an enhanced TSH release [39,40].
In the second case, the low concentration of T3 favors the detachment of a nuclear thyrotropin receptor
(TR) from the TSH gene promoter, in such a way that the expression of the hormone is uninhibited [41].

In this study the effect of low TH concentration appears not to be responsible for the increase
in TSH serum levels of Zn-deficient animals. This result argues against the proposed primary
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hypothyroidism and slow growth induced by low Zn dietary content [15] and, against the decreased
Zn concentrations in individuals with primary hypothyroidism [42].

Therefore, a more plausible explanation for the increased circulation of TSH was that the ME
nerve terminals of Zn-deficient pups maintained a high TRH concentration in the portal blood. Indeed,
pups showed low TRH levels in the tissue containing the nerve terminals from the hypothalamic
paraventricular nucleus (PVN) cells. That can be interpreted as a high release given that the titer of
the antibody used allows for the quantification of the peptide concentration only in the intracellular
compartment, which is greater than that of the extracellular one [43]. When TRH levels decay in the
ME along with a high concentration of TSH in serum, then an increased release of the peptide can
be assumed.

Trying to identify which factors might be involved in the higher release of hypophysiotropic
TRH, we analyzed leptin and corticosterone serum levels, which respectively decrease and increase in
a negative energy balance. Both are modulators of TRH synthesis in the hypothalamus [26]. Indeed we
found decreased leptin serum levels in Zn-deficient animals, which should be decreasing the function
of HPT axis as an advantageous adaptation to their low body weight and reduced energy reservoirs.
In contrast and as previously mentioned, a high release of TRH was observed along with increased
TSH serum levels that led to further energy utilization; thus we assumed that leptin signaling was
impaired in Zn-deficient group.

The shift between leptin/corticosterone levels during fasting elevates the activity of type-2
deiodinase, an enzyme residing in the ependymal cells of the third ventricle that is able to increase
T3 hypothalamic concentration, which in turn down-regulates TRH expression and release [44], and
also would decrease TSH serum levels. However, a Zn-deficient diet did not increase circulating
corticosterone in pups. Thus, it is unlikely that alterations found in HPT axis were stress mediated.
It is possible that an unchanged type-2 deiodinase activity was not able to reduce TRH expression,
avoiding the inhibitory effect of this enzyme on the metabolic rate. Association between high TRH
release with activation of its mRNA expression is assumed after observing the coordination of those
processes in PVN TRHergic neurons by stimuli, such as suction in lactating rats [45], cold [45,46] and
dehydration-induced anorexia [47].

TRH release is modulated by glutamate, of which neurotransmission is altered by brain Zn
availability. Zn is able to directly and specifically inhibit responses of glutamate by altering the
NMDA receptors [48–50]. Thus, low Zn levels might be activating the glutamate receptors expressed
in TRHergic neurons [51] and stimulating the release of peptides, inducing different behavioral
outcomes [52,53], although this deserves further study.

The other direct effect that Zn deficiency could have to induce the greater actions of TRH on the
AH of weaned offspring was the down-regulation of PPII specific activity (the TRH-degrading enzyme)
that we have already observed in the MBH of malnourished pups [16]. Low PPII activity most likely
decreased TRH degradation and contributed to the greater TRH effect on AH and on TSH release of
Zn-deficient pups by enhancing the peptide content in the portal blood and its access to thyrotrophs.

Even when it is known that TH exerts a positive regulation of PPII, its decreased activity in the
MBH could not be attributed to T3 or T4 given that these hormones did not change, but instead it can be
attributed to the low Zn availability. This is supported by the Zn dependence of PPII activity that has
already proven to be modulated by dietary Zn in adults, as happens for other enzymes, such as alcohol
dehydrogenase of the liver [54], alkaline phosphatase [55] and angiotensin-converting enzyme [56–58].

In contrast to what we observed in the MBH (in pups and adults in our previous study) and
in AH (adults) [16], we did not find a down-regulation of PPII activity in the AH of Zn-deficient
weanling pups, which supports a tissue and age specific effect of metal availability on enzyme function.
The ontogeny of hypothalamic PPII activity reveals a maximum functionality at postnatal day 8 [59].
By this time, the BBB had already developed in a Zn-deficient environment, avoiding Zn entry through
its transporters present in this barrier [60] and affecting PPII activity in the MBH [16]. Moreover, PPII is
more active in the hypothalamus when compared to the AH [59], therefore a higher supply of Zn may
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be required in this brain region in order to assure enzyme activity. On the other hand, Zn-deficient
dams might still be able to provide sufficient Zn for PPII activity to function in the AH.

5. Conclusions

We conclude that the subclinical hypothyroidism associated with Zn deficiency in adults [12,13,61]
is developed at least after weaning; that this is not due to an early decrease in TH serum levels at
weaning; and thus, that the increased TSH concentration is not a response to a primary hypothyroidism.

Our data better support the conclusion that Zn deficiency has a direct effect on TRH release, along
with a decreased degrading activity of MBH PPII since weaning and later in the AH, which favored
TRH stimulation of its receptor in the thyrotrophs inducing a high release of TSH. These elevated TSH
levels may be responsible for the low body weight of Zn-deficient pups and may have long lasting
effects on animals’ health. For example, high TSH is a possible indicator of Zn deficiency and subclinical
hypothyroidism that have been associated to a risk of developing overt hypothyroidism [62,63].
Additionally, high circulating TSH levels are related to several comorbidities such as metabolic
syndrome, being overweight, insulin resistance, cardiovascular risk, and dyslipidemia, amongst
others [64–69].
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Abstract: Zinc is an essential component of the insulin granule and it possibly modulates insulin
secretion and signaling. Since insulin resistance is a hallmark in the development of type 2 diabetes
mellitus, this study aimed at investigating if zinc supplementation is able to improve glucose tolerance
and β-cell function in a model of insulin resistance. Male C57BL/6 mice were distributed in four
groups according to the diet: normal fat (NF); normal fat supplemented with ZnCl2 (NFZ); high-fat
(HF); and, high-fat chow supplemented with ZnCl2 (HFZ). Intraperitoneal glucose (ipGTT) and
insulin (ipITT) tolerance, glycemia, insulinemia, HOMA-IR, and HOMA-β were determined after
15 weeks in each diet. Glucose-stimulated insulin secretion (GSIS) was investigated in isolated islets.
The insulin effect on glucose uptake, metabolism, and signaling was investigated in soleus muscle.
ZnCl2 did not affect body mass or insulin sensitivity as assessed by ipITT, HOMA-IR, muscle glucose
metabolism, and Akt and GSK3-β phosphorylation. However, glucose tolerance, HOMA-β, and GSIS
were significantly improved by ZnCl2 supplementation. Therefore, ZnCl2 supplementation improves
glucose homeostasis in high fat-fed mice by a mechanism that enhances β-cell function, rather than
whole-body or muscle insulin sensitivity.

Keywords: zinc; diabetes mellitus; insulin; insulin resistance

1. Introduction

Diabetes mellitus is a growing public health problem affecting approximately 9% of the adult
population worldwide [1]. While type 1 diabetes mellitus (T1DM) predominantly results from
autoimmune destruction of pancreatic β-cells, with little or no insulin synthesis, type 2 diabetes
mellitus (T2DM) develops due to the installation of insulin resistance in target tissues (reviewed in [2]),
and high circulating insulin levels. This condition in the long-term can lead to a progressive exhaustion
and ultimate destruction of the β-cells [3]. Currently, the treatment of T2DM is based on lifestyle
modification, in addition to the administration of oral antihyperglycemic drugs or, in later stages,
insulin treatment. However, an ancillary effect of zinc supplementation has been previously proposed
to treat T2DM and its complications. Those studies have reported better glycemic control associated
with the administration of this mineral [4–6], suggesting that zinc is a potential therapeutic agent for
the treatment of diabetes.
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In the secretory granules of β-cells, insulin is associated with zinc in a stoichiometry of two zinc
ions to six molecules of insulin. This combination stabilizes and prevents the degradation of insulin
hexamers, protecting this hormone from the action of proteolytic enzymes [7]. In β-cells, the level of
zinc appears to mediate various signaling pathways, suggesting that this mineral can act as a signaling
molecule. In addition, zinc can also be a regulator of cellular metabolism [8], having antioxidant
and anti-apoptotic effects. These effects occur via an enhancement in the cytosolic copper-zinc
superoxide dismutase activity, metallothionein overexpression, or the inhibition of caspases and
xanthine oxidase [9]. Additionally, zinc is an essential part of zinc finger-based transcription factors,
such as transcription factor teashirt zinc finger homeobox 1 (Tshz1) and GLIS family zinc finger 3
(Glis3). The deficiency of these transcription factors is associated with the development of diabetes
mellitus (DM) [10,11]. Therefore, an imbalance in the homeostatic control of zinc in these cells could
cause significant damage in insulin secretion [12].

The effect of zinc on peripheral insulin sensitivity has also aroused the interest of many researchers.
This mineral appears to be involved in insulin receptor signal transduction [13,14]. Zinc supplementation
improves insulin sensitivity in adipocytes by activating hormone signaling pathways. Therefore,
this mineral has insulin-mimetic effects [15,16], leading to the translocation of GLUT-4-containing vesicles
to the plasma membrane [14]. Although it has been widely known that skeletal muscle is the predominant
site of insulin-mediated glucose uptake [17,18] and that abnormalities in the insulin receptor signaling
pathway in this tissue are associated with insulin resistance [19,20], there is little information about the
metabolic effects of zinc on the insulin-signaling pathway in the skeletal muscle in DM.

While several studies have reported the participation of zinc in the synthesis and secretion of
insulin, and on the control of insulinemia and glycemia [12,14,15], it is still unclear whether these
positive effects on glycemic control in diabetic patients could be associated with an improvement
in insulin secretion or sensitivity. The understanding of the molecular mechanisms of the action of
zinc in DM would contribute to the development of targeted therapies and direct future research.
In that regard, we have investigated in this study the effect of ZnCl2 in the control of insulin secretion
and glycemia in a mouse model of glucose intolerance induced by high-fat chow. The results will
be important to understand if the supplementation with ZnCl2 prevents or delays the manifestation
of T2DM.

2. Materials and Methods

2.1. Animals, Treatments and Monitoring

After 11 days of weaning, male C57BL/6 mice were weighed and randomly divided into four
experimental groups with the following dietary treatments for 15 weeks: (1) Normal-Fat chow (NF);
(2) Normal-Fat chow, Zinc-supplemented (NFZ), in which the animals received normal-fat chow
and supplementation with 20 mM ZnCl2 in water; (3) High-Fat chow (HF); and, (4) High-Fat chow,
Zinc-supplemented (HFZ), that received high-fat chow and supplementation with 20 mM ZnCl2.
The animals were maintained under controlled environmental conditions and had free access to
chow and water (pH 5.0). The chow was adapted from the guidelines of the American Institute of
Nutrition [21]. Pork lard was added in the high-fat chow in substitution to cornstarch. The normal-fat
chow consisted of 69.9% carbohydrates, 10% fat, and 20.1% proteins. In contrast, the high-fat chow
had 60% of its energetic value composed of fats, 19.9% carbohydrates, and 20.1% proteins. All of
the procedures with animals were previously approved by the IACUC of the Institute of Biomedical
Sciences, University of São Paulo, São Paulo, Brazil.

2.2. Glucose Tolerance and Insulin Sensitivity Tests

In the 14th week of treatment, animals were submitted to intraperitoneal glucose tolerance test
(ipGTT) and insulin (ipITT). After 6 h of food restriction, animals had their glycemia measured by
glucometer FreeStyle Lite® (Abbott, Alameda, CA, USA), through blood sample collection from the tail,
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before (0 min) and 15, 30, 60, 90, and 120 min after an intraperitoneal administration of saline solution
(0.9% NaCl) containing 20% glucose (at a dose of 1 mg glucose/g body weight). Then, the area under the
curve (AUC) was calculated with the obtained values. The ipITT was performed 48 h after the ipGTT;
after 4 h of food deprivation, animals had their glycemia measured using the same blood glucometer,
before (0 min) and after 5, 10, 15, 20, 30, 40, and 60 min of the intraperitoneal administration of insulin
Humulin® (0.75 U/kg) (Lilly France, Fegersheim, FRA) [22]. The glucose decay constant rate (kITT) was
calculated as the slope of the linear regression of glucose concentration from 5 to 15 min after insulin
administration [23].

2.3. Serum Measurements

After 15 weeks of treatment and 8h-fasting, animals were euthanized by cervical dislocation
followed by decapitation. Serum samples were obtained for the measurement of glucose concentration
using a glucose oxidase colorimetric kit (Liquiform®, Labtest, Lagoa Santa, MG, Brazil). Serum
insulin concentration was determined by radioimmunoassay or by ELISA (Rat/Mouse Insulin Assay
EZRMI-13K, Millipore Corporation, Billerica, MA, USA).

The tissue sensitivity to insulin and the functional capacity of pancreatic β-cell function to secrete
insulin were assessed by homeostasis model assessment (HOMA). The fasting glycemia and insulinemia
values were used to calculate the insulin sensitivity index (HOMA-IR) and the secretory capacity
of the β-cell (HOMA-β), using the following equations: (a) HOMA−IR = glucose × insulin ÷ 22.5;
and, (b) HOMA−β = 20 × insulin ÷ (glucose − 3.5), respectively [24].

2.4. Pancreatic Islet Isolation and Glucose-Stimulated Insulin Secretion (GSIS) Determination

Islets were isolated by digesting the pancreas with type IV collagenase solution (Sigma, St. Louis,
MO, USA) (0.68 mg/mL) in Hanks’ buffer (in mM: NaCl 137, KCl 5, CaCl2 1, MgSO4 1, Na2HPO4 0.3,
KH2PO4 0.4, NaHCO3 4; pH 7.4) [25]. Islets were then hand-picked in Hanks’ buffer and groups of
5 islets, in triplicate, were pre-incubated in Krebs-Henseleit buffer (NaCl 115, CaCl2 1, NaHCO3 24,
KCl 5, MgCl2 1; pH 7.4 with 95% O2: 5% CO2), supplemented with 0.2% bovine serum albumin (BSA)
w/v and 5.6 mM glucose, at 37 ◦C for 30 min. After pre-incubation, the solution was discarded and the
islets were incubated for 1 h at 37 ◦C with the same buffer supplemented with 2.8 or 16.7 mM glucose.
After glucose stimulation, the supernatant was retrieved and the total insulin content of the islets was
extracted using an ethanol–water–HCl solution (52:17:1 v/v). Both supernatant and content samples
were then frozen at −20 ◦C and subsequently assayed for insulin by radioimmunoassay.

2.5. Soleus Muscle Incubation and Protein Extraction

Soleus muscles of both limbs were quickly and carefully isolated after euthanasia, weighed, fixed
in stainless steel staples maintaining the resting tension, and pre-incubated for 30 min, with O2/CO2

atmosphere (95%/5%), at 35 ◦C and 90 oscillations per min, in Krebs-Ringer-bicarbonate buffer
(NaCl 118.5, NaHCO3, KCl 3.6, MgSO4 0.5, CaCl2 1.5, pH 7.4), containing 5.6 mM glucose and 1% BSA.
Following the pre-incubation period, muscles were incubated for 20 min in the same conditions, in the
presence or absence of 7 nmol/L insulin. Muscles were then homogenized in an appropriate buffer
(Tris 100 mM, EDTA 1mM) supplemented with phosphatase (sodium pyrophosphate 10 mM; sodium
fluoride 100 mM and sodium orthovanadate 10 mM) and protease inhibitors (PMSF 2 mM and Protease
Inhibitor Cocktail®—Thermo Fisher, Chicago, IL, USA). After homogenization, 1% Triton X-100 was
added to the homogenates and all samples were kept for 30 min at 4 ◦C prior to the centrifugation for
20 min at 340× g to remove all of the insoluble material. The Bradford method was used to determine
the total protein content of the samples. The protein extracts were boiled for 5 min in a water bath and
maintained at −80 ◦C for future analysis by Western blotting.
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2.6. Western Blotting

Thirty micrograms of total proteins of soleus muscle were submitted to electrophoretic separation
in 12% polyacrylamide gel containing sodium dodecylsulfate (SDS-PAGE 12%) in the Mini-Protean
apparatus for minigel (BioRad, Hercules, CA, USA). Electrotransfer of proteins from the gels to
nitrocellulose membranes was performed for 1 h at 15 V in a semi-dry apparatus (BioRad, Hercules,
CA, USA). The membranes were incubated overnight at 4 ◦C, under agitation, in TSB (Tris 10 mM and
NaCl 1.5 mM—pH 7.6) with 5% BSA to block nonspecific binding of antibodies to the membranes.
Then, membranes were incubated overnight at 4 ◦C with primary antibodies against total Akt (#9272)
and GSK3-β (#2710), phospho-Akt (Ser473) (#5473) and phospho-GSK3-β (Ser9) (#9336) (Cell Signaling
Technology, Beverly, MA, USA). The antibodies were diluted (1:1000) in TSB with 3% BSA. Following
that, membranes were incubated with a secondary HRP-conjugated antibody (Millipore, Temecula,
CA, USA) for 60 min at room temperature and then incubated with a solution containing the
chemiluminescence reagent (ECL) and exposed to photographic film. The intensity of the colored
bands was determined by densitometry using Image Studio Digits 3.1® software (LI-COR Biosciences,
Lincoln, NE, USA). Band intensities were normalized to Ponceau staining to determine the relative
protein expression [26].

2.7. Glucose Uptake and Metabolism in Isolated Soleus Muscle

Soleus muscles were isolated and pre-incubated, as described previously (Section 2.5). After pre-
incubation, muscles were incubated for 1 h in the same conditions, in the presence or absence of
7 nmol/L insulin with the addition of 0.2 μCi/mL of 2-deoxi-[2,6-3H]-D-glucose, 0.3 μCi/mL of
[U-14C]-D-glucose (Perkin Elmer, Waltham, MA, USA). A microtube containing 200 μL NaOH 2 M
was added into the incubation flask for 14CO2 adsorption. After the incubation period, muscles were
washed in cold PBS for one minute and then stored at −80 ◦C for further measurements. The medium
used for the muscle incubation was acidified with 5 N HCl and held at 35 ◦C under constant stirring
(180 oscillation per minute), for 1 h. The NaOH solution was then removed for the quantification of
the 14CO2 released by muscle metabolism and absorbed by this solution. The muscles were digested in
300 μL of 1 M KOH, at 70 ◦C for 20 min, and 100 μL were reserved for the quantification of the uptake of
2-deoxy-[2,6-3H]-D-glucose. A saturated solution of Na2SO4 was added to the remainder for glycogen
extraction in ethanolic solution, and then centrifuged at 4 ◦C for 15 min, at 425× g. The supernatant was
discarded and the pellet resuspended and quantified for [U-14C]-glycogen synthesis and incorporation
of [U-14C]-D-glucose into the muscle [27,28]. The radioactivity was quantified with Tri-Carb® 2810TR
counter (Perkin Elmer, Waltham, MA, USA) using a scintillation solution.

2.8. Statistical Analyses

Data (mean ± SEM) were analyzed with Graph Pad Prism6® software (Graph Pad Software, Inc.,
La Jolla, CA, USA) by Two-way ANOVA following Bonferroni's multiple comparison post-test or by
Student’s t test, when appropriate. A value of p ≤ 0.05 was considered for statistical differences. Only
p-values less than 0.05 are reported in the figures.

3. Results

3.1. Body Mass and Intake of Diet, Water and ZnCl2

As expected, animals consuming high-fat chow gained more body mass in relation to those in
normal-fat chow (p < 0.01) (Figure 1A). ZnCl2 supplementation did not interfere with the body weight
gain. The higher body weight in animals fed the high-fat chow was associated with an increased
caloric intake, when compared to normal-fat chow (p < 0.05) (Figure 1B). Throughout the treatment,
ZnCl2-suplemented animals consumed less water than the NF (p < 0.01) and HF (p < 0.05—Figure 1C)
groups. As expected, the ZnCl2 supplementation was reflected in increased Zn2+ daily intake in
the supplemented groups, while no effect of chow was observed on Zn2+ intake (NF = 0.06 ± 0.0;
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HF = 0.09 ± 0.0; NFZ = 8.37 ± 0.3; and HFZ = 8.14 ± 0.2 mg Zn/day per animal — n = 30; 2-way
ANOVA: chow p > 0.05, zinc supplementation p < 0.001, interaction p > 0.05; Bonferroni’s Post Test:
NF vs. HF p > 0.05, NFZ vs. HFZ p > 0.05).

Figure 1. Body mass and caloric, hydric and ZnCl2 intakes. Body weight gain (A), calorie intake (B) and
water intake (C) of animals of the NF and HF groups and those supplemented with ZnCl2. Values are
means ± S.E.M. Two-way ANOVA: final body mass (chow, p < 0.01; zinc, p > 0.05; interaction, p > 0.05);
calorie intake (chow, p < 0.001; zinc, p > 0.05; interaction, p > 0.05); and, water intake (chow, p > 0.05; zinc,
p < 0.001; interaction, p > 0.05).

3.2. Glycemia, Insulinemia, Homeostasis Model Assessment, Glucose Tolerance and Insulin Sensitivity

Fifteen weeks in high-fat chow led to hyperglycemia as compared to NF and HFZ groups (p < 0.05)
and, notably, ZnCl2 supplementation prevented the increase in glycemia induced by high-fat chow
(Figure 2A). Basal insulinemia showed no difference between the groups, although a significant effect
of the chow was observed in the analysis (Figure 2B).

Figure 2. Cont.

41



Nutrients 2017, 9, 1150

Figure 2. Serum parameters analysis. Glycemia (A), insulinemia (B), HOMA-IR (C), HOMA-β (D),
ipITT (E), kITT ipGTT (F), ipGTT (G), and area under the curve (AUC) of ipGTT (H). Two-way ANOVA:
glycemia (chow, p < 0.05; zinc, p < 0.05; interaction, p < 0.05); insulinemia (chow, p < 0.05; zinc,
p > 0.05; interaction, p > 0.05): HOMA-IR (chow, p < 0.01; zinc, p > 0.05; interaction, p > 0.05); HOMA-β
(chow, p > 0.05; zinc, p < 0.05; interaction, p > 0.05); kITT (chow, p < 0.01; zinc, p > 0.05; interaction, p > 0.05);
and AUC ipGTT (chow, p < 0.01; zinc, p < 0.01; interaction, p > 0.05).

HOMA-IR and HOMA-β are indices that estimate, respectively, insulin resistance and β-cell
secretory function [24]. The results of the HOMA-IR index indicated that high-fat fed groups were
more insulin resistant as compared to the NF and NFZ groups (p < 0.05), and ZnCl2 supplementation
was not able to prevent this dysfunction (Figure 2C). On the other hand, HOMA-β results suggested an
improved secretory function of β-cells in ZnCl2-suplemented animals, regardless of the diet (p < 0.05)
(Figure 2D).

To study in more detail the insulin sensitivity in the experimental groups, an ipITT was performed
(Figure 2E). In line with the HOMA-IR results, chronic consumption of high-fat chow significantly
reduced the glucose decay constant (kITT) (Figure 2F), and ZnCl2 supplementation produced no
beneficial effects to prevent this insulin resistance. Then, an ipGTT was performed. In contrast to
the ipITT results, ZnCl2 supplementation significantly improved the glucose tolerance either in mice
consuming low- or high-fat diets. Furthermore, the area under the curve (AUC) (Figure 2G) of
glycemia during the ipGTT (Figure 2H) was reduced in the HFZ group (p < 0.01), as compared to
HF animals. Since the response to the ipGTT relies on endogenous insulin secretion, our findings
collectively indicate that ZnCl2 supplementation improves glucose homeostasis via an increased
glucose-stimulated insulin secretion.
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3.3. Insulin Signaling and Glucose Metabolism in the Soleus Muscle

Previous studies have also described the changes in muscle insulin sensitivity after zinc
supplementation [29,30]. Thus, despite no changes in whole-body insulin sensitivity in our
zinc-supplemented animals, we further studied if zinc supplementation could affect insulin signaling
and metabolism specifically in the skeletal muscle. The content of Akt and GSK3-β proteins in soleus
muscle did not change among the groups. Insulin increased the phosphorylation of Akt, but not of
phospho-GSK3-β, in the experimental groups. However, supplementation with ZnCl2 did not affect
the response to insulin (Figure 3).

When glucose uptake and metabolism were evaluated in soleus muscle, we observed that insulin
increased the uptake of 2-deoxy [2,6-3H]-D-glucose (Figure 4A), the incorporation of [U-14C]-D-glucose
(Figure 4B) and glycogen synthesis (Figure 4C). On the other hand, high-fat chow reduced soleus
glucose uptake, glycogen synthesis, and glucose oxidation (Figure 4). Importantly, zinc intake did
not affect these responses, indicating no effect of supplementation directly on glucose metabolism in
skeletal muscle.

Figure 3. Effect of supplementation with ZnCl2 on the content and phosphorylation of Akt and GSK3-β
in soleus muscle. Total Akt (A); phospho-Akt (Ser473) (B); total GSK3-β (C); phospho-GSK3- β (Ser9) (D);
ponceau staining used for normalization (E). Two-way ANOVA: total Akt (chow, p > 0.05; insulin,
p > 0.05; interaction p > 0.05); phospho-Akt (Ser473) (chow, p > 0.05; insulin, p < 0.05; interaction, p > 0.05);
total GSK3-β (chow, p > 0.05; insulin, p < 0.05; interaction, p > 0.05); and, phospho-GSK3-β (Ser9)
(chow, p > 0.05; insulin, p > 0.05; interaction, p > 0.05).
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Figure 4. Uptake and metabolism of glucose in the soleus muscle. Glucose uptake (A), glucose
incorporation (B), glycogen synthesis (C) and glucose oxidation (D) were assessed in the soleus muscle.
Two-way ANOVA: glucose uptake (chow, p < 0.05; insulin, p < 0.01; interaction, p > 0.05); glucose
incorporation (chow, p > 0.05; insulin, p < 0.01; interaction, p > 0.05); glycogen synthesis (chow, p < 0.05;
insulin, p < 0.01; interaction, p > 0.05); and, glucose oxidation (insulin, p > 0.05; chow, p < 0.01;
interaction, p > 0.05).

3.4. Glucose-Stimulated Insulin Secretion (GSIS)

To evaluate the effects of zinc supplementation now on β-cell secretory function, we performed
incubations of freshly isolated islets from mice of the four experimental groups with different glucose
concentrations. Consistent with our previous in vivo results, we observed an enhanced insulin
secretion elicited by 16.7 mM glucose in the groups that received ZnCl2 supplementation (Figure 5A
right). No effect of the treatments was detected at the low (2.8 mM) glucose concentration (Figure 5A
left). The effects of zinc supplementation cannot be explained by changes in the insulin content in
the islets, since no significant difference was detected in the islet insulin content among the groups
(Figure 5B).

Figure 5. Glucose-stimulated insulin secretion (GSIS) and insulin content of isolated pancreatic islets.
Effect of low (2.8 mM) and high (16.7 mM) glucose concentration in insulin secretion (ng/islet/h) (A).
Islet insulin content (B). Two-way ANOVA of the insulin secretion by islets at 16.7 mM glucose
(chow, p > 0.05; zinc, p < 0.05; interaction, p > 0.05).
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4. Discussion

As expected, high-fat chow used in this study was able to generate an appropriate model of
mouse obesity, insulin resistance, and glucose intolerance, which are typical characteristics of T2DM.
Supplementation with ZnCl2 was efficient to improve glucose homeostasis in high fat-fed mice.
The zinc effects were apparently mediated by a positive effect on β-cell function, improving insulin
secretion, instead of affecting body mass, peripheral insulin sensitivity, or muscle glucose uptake,
and metabolism (Figure 6).

Figure 6. Improvement of glucose homeostasis by zinc supplementation in high fat-fed mice.

Excessive intake of zinc for long periods may interfere with the metabolism of iron and copper,
with consequences to the immune system and reducing HDL-cholesterol concentrations [31,32].
Although these biochemical markers were not investigated in the present study, previous studies
reported no signs of toxicity or adverse effects in ob/ob mice supplemented with 20 mM ZnCl2 in the
water for eight weeks [4]. The oral toxicity of ZnCl2 has been observed in rats, when the daily ingestion
was administrated in excess (350 mg/kg) [33], but none of the groups supplemented in this study
have reached this value. Additionally, zinc supplementation had no effect on body mass gain in the
present study. These results are also another evidence of the lack of toxicity in the supplemented dose
used. Furthermore, these results also suggest that ZnCl2 supplementation does not interfere with the
endocrine and neural control of food intake, energy expenditure, and body mass. Despite it is possible
that the ZnCl2 dissolved in water interfered with palatability, since a reduction in water intake was
observed in animals receiving supplementation, we believe that this reduced water intake is most
probably due to the increased electrolyte drinking in the supplemented animals, and thus a lower fluid
intake to sustain whole body fluid and osmolyte balance.

Chronic consumption of a fat rich diet is associated with hyperglycemia and insulin resistance [34,35].
Accordingly, the HF group became hyperglycemic, glucose intolerant, and insulin resistant. Despite some
studies have suggested that zinc improves insulin resistance [13,14,36], the results of HOMA-IR, kITT,
muscle expression and phosphorylation of Akt and GSK3-β, and glucose uptake and metabolism in the
soleus muscle showed that the ZnCl2 supplementation did not improve diet-induced insulin resistance.
In fact, other authors have shown that supplementation with zinc can improve and/or mimic the action of
insulin in adipose tissue [15,21], via an increase in glucose transport mediated by PI3-K and Akt [14] and
the phosphorylation of GSK3-β [15,36]. However, the contribution of adipose tissue to the whole-body
metabolism is limited, particularly when compared to skeletal muscle [37], which is quantitatively the
major site of insulin-mediated glucose uptake [38]. Therefore, even if zinc supplementation could have
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improved glucose uptake in adipose tissue, this effect would possibly not be sufficient to reverse the
whole-body insulin resistance induced by high-fat chow. In line with our results, Simon and Taylor [5] did
not observe improvement in the tyrosine kinase activity of the insulin receptor in gastrocnemius muscle
of db/db mice supplemented with 300 ppm of zinc for six weeks, confirming that the insulin resistance in
skeletal muscle is not reversed or ameliorated by supplementation with this mineral.

Although insulin resistance was not improved, the supplementation with ZnCl2 increased insulin
secretion in islets incubated with 16.7 mM glucose. HOMA-β results were also another evidence of
increased efficiency of β-cells in ZnCl2-supplemented animals. The zinc effects on β-cell function were
able to improve glucose homeostasis in high fat-fed mice. HFZ group showed a reduced hyperglycemia
and a better glucose tolerance, as compared to HF group. Corroborating our results, Chen et al. [4]
demonstrated that 20 mM ZnCl2 supplementation in water for eight weeks reduced the glycemia in
ob/ob mice. Therefore, these results support the hypothesis that ZnCl2 optimized the functioning of the
β-cells and consequently improved glycemic control. Also in line with our results, Nygaard et al. [12]
showed that ZnCl2 is effective in improving insulin secretion and increasing the expression of zinc
transporters ZnT3 and ZnT8 and MT1A in INS-1E cells. The effect in β-cells reported in the present
study is apparently a general increase in β-cell function, not a protection against lesion, since zinc
supplementation was associated with increased GSIS in both NFZ and HFZ groups, when compared
to their respective non-supplemented groups.

Besides increasing GSIS, it is possible that zinc supplementation also decreases the availability
of insulin to peripheral tissues, as zinc may increase the activity of the insulin-degrading enzyme
(IDE) [39]. The IDE is the major enzyme responsible for insulin degradation in the liver and kidneys [40].
Thus, if IDE enzyme activity was increased in the groups supplemented with zinc, this could explain
why we did not observe an effect on fasting insulinemia in these groups. However, zinc-supplemented
animals exhibited an unaltered response to insulin infusion and an improved glucose tolerance,
which suggest that any potential changes in the activity of IDE did not prevent the insulin effects on
target tissues.

Among the possible mechanisms responsible for the β-cell-specific effect of zinc supplementation,
one could consider changes promoted by zinc on the expression and/or the maintenance of proteins
related to insulin processing in the β-cells, such as zinc transporters, MT, Cu-Zn SOD antioxidant
enzyme, and ZnF, Tshz1, and Glis3 [10,14]. The study of the molecular mechanisms of zinc on the
expression of these proteins may generate new knowledge about the mechanisms relating to the
synthesis, storage, and, mainly, the secretion of insulin. The understanding of the influence of zinc on
these mechanisms may allow the development of new therapeutic targets for the treatment of T2DM.

5. Conclusions

The results obtained in this study indicate an improvement in β-cell function and, consequently,
in the glycemic control in animals supplemented with ZnCl2. Although the mechanism behind the
improvement in β-cells function has not been identified, our findings suggest that supplementation
with ZnCl2 can delay the manifestation of T2DM in a mouse model of diet-induced obesity.
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Abstract: Wound care is a major healthcare expenditure. Treatment of burns, surgical and trauma
wounds, diabetic lower limb ulcers and skin wounds is a major medical challenge with current
therapies largely focused on supportive care measures. Successful wound repair requires a series of
tightly coordinated steps including coagulation, inflammation, angiogenesis, new tissue formation
and extracellular matrix remodelling. Zinc is an essential trace element (micronutrient) which plays
important roles in human physiology. Zinc is a cofactor for many metalloenzymes required for cell
membrane repair, cell proliferation, growth and immune system function. The pathological effects of
zinc deficiency include the occurrence of skin lesions, growth retardation, impaired immune function
and compromised would healing. Here, we discuss investigations on the cellular and molecular
mechanisms of zinc in modulating the wound healing process. Knowledge gained from this body of
research will help to translate these findings into future clinical management of wound healing.

Keywords: inflammation; immune response; anti-oxidant; tissue proliferation; matrix remodelling;
TRIM family proteins; matrix metalloproteinase

1. Introduction

Wound healing is a physiological response to injury that is essential across all tissue systems.
Wound care is a major public health issue. Based on an economic evaluation of 2014 Medicare
expenses, the total annual costs of all wound types, such as pressure ulcer, venous ulcers, diabetic
foot ulcer, surgical and traumatic wounds and infection, ranged from $USA28.1 to $USA96.8 billion
in the United States [1]. The burden of wound treatment remains a significant challenge due to
an aging population and increases in diabetes and obesity, conditions that contribute to aberrant
wound healing. The underlying complexities of the wound healing process include membrane
repair, coagulation, control of inflammation, angiogenesis, cell proliferation, tissue remodelling and
scar formation. These cumulative functions are integral for restoring tissue architecture.

Zinc is an essential micronutrient, present at less than 50 mg/kg, in the human body.
It is important for human health and disease due to its critical roles in growth and development,
bone metabolism, the central nervous system, immune function and wound healing [2]. Zinc is
a vital cofactor for the function of more than 10% of proteins encoded by the human genome
(~3000 proteins/enzymes) [3,4]. Zinc-dependent proteins play numerous indispensable roles within
cells, such as transcriptional regulation, DNA repair, apoptosis [5,6], metabolic processing [7],
extracellular matrix (ECM) regulation [8] and antioxidant defence [9].
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Low concentration of zinc is found intracellularly across all tissues as a divalent cation
incapable of passive diffusion across cell membranes. As such, the cellular homeostasis and
bioavailability of zinc is tightly controlled through transcriptional regulation, ion transporters and
compartmental stores [10–13]. Metabolically active, labile zinc is present inside cells at pico- to
nanomolar concentrations with extracellular concentrations in the sub-micromolar to micromolar
range [14]. The zinc transporter protein (ZIP) family zinc uptake/transporter proteins, particularly
ZIP4, are responsible for zinc uptake from the extracellular milieu or intracellular vesicles [15].
Cytosolic free zinc ions have recently been identified as secondary messengers, similar to calcium ion
transients, capable of interacting with target proteins in order to regulate many signal transduction
pathways [16,17]. In this regard, zinc availability and regulation constitute an important component in
cell physiology.

A common cause of zinc deficiency is malnutrition. Dietary zinc is absorbed in the small intestines
through a carrier-mediated mechanism. Illness/infection and high phytate-containing foods are shown
to hinder zinc bioavailability by inhibiting uptake [18,19]. The vast majority of zinc found within the
human body is stored in skeletal muscle (60%) but reserves are also found in bone (30%), skin and liver
(5%) and other organs (2–3%) [13]. Due to the ubiquitous and multifaceted nature of zinc, the effects of
zinc deficiency are widespread and impact many organ systems and tissues. Globally, zinc deficiency is
a common plight. This may be the combined result of hereditary or dietary problems and can manifest
clinically as many disorders including gastro-intestinal (GI) tract malabsorption syndromes [20],
liver and renal diseases [21], aging [22], immune dysfunction [22,23], dermatitis [24], mental and
growth retardation [25,26], hypogonadism [27] and impaired wound healing [28].

Studies dating back to 1970 and earlier have shown the importance of zinc concentrations towards
healing wounds in patients with thermal injuries or exposure to surgical stress [29]. Zinc is especially
important in skin [30]. Skin contains a relatively high (about 5% of body content) zinc content, primarily
associated within the epidermis (50–70 μg/g dry weight) [31]. Due to its abundance in the epidermis,
mild zinc deficiency is noted to lead to roughened skin and impaired wound healing [32]. Severe zinc
deficiency was found to be related to Acrodermatitis enteropathica (AE), a potentially fatal genetic
disorder in which individuals are unable to absorb sufficient dietary zinc as a result of mutations in
the SLC39A4 gene which encodes hZIP4 [33]. Zinc deficiency associated with AE leads to dermatitis,
diarrhoea, secondary bacterial/fungal infections and often mortality in untreated infants. AE patients’
symptoms can be dramatically improved via dietary zinc supplements [34].

Zinc deficiency has been linked to delayed wound healing [32,35] and low serum zinc levels
have been reported in critically ill patients within Intensive Care Units [36]. Although the benefits
of supplemental zinc have been documented in critically ill patients [37], severe burn injury [38,39],
subcutaneous abscess, minor surgery [40] and pressure ulcers [41,42], the effects of zinc on wound
healing has only been minimally reviewed [32,35].

Wound healing, inflammation and immune response are intimately associated with one another.
Over the years zinc has been shown capable of modulating both innate and adaptive immune
functions. Zinc alters immune responses in a multitude of ways ranging from myeloid-derived
cells and inflammatory signalling to lymphocyte differentiation and antibody production. The ability
of zinc to regulate immune homeostasis is a burgeoning field of study and has been extensively
reviewed by others [23]. Here, we discuss the contributions of zinc within the wound repair processes
with an emphasis on platelet cells and haemostasis, inflammation and host defence, granulation
and re-epithelization, ECM remodelling via regulation of matrix metalloproteinases (MMPs) and its
association with tripartite motif (TRIM) family proteins in membrane repair and wound healing [43,44].
By identifying roles by which zinc coordinates wound healing, we hope to stimulate further research
in tissue repair and regeneration.
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2. The Phases of Wound Healing and Zinc’s Impact

Wound healing is an intricate and dynamic process which can be subdivided into a series
of phases including: (1) coagulating fibrin clot formation (haemostasis, occurs within seconds to
1 h), (2) inflammatory response (within minutes to days), (3) cell proliferation, re-epithelialization,
granulation and angiogenesis (begins 18–24 h after wounding and lasts from days to weeks)
and (4) matrix remodelling and scar formation (5–7 days after injury and could persist months
to years) (Figure 1). As detailed below, these distinct but overlapping phases involve dynamic
coordination of soluble mediators (reactive oxygen species (ROS), chemokines, cytokines and growth
factors), ECM turnover and cellular cross-talk amongst platelets, infiltrating immune cells, resident
keratinocytes, endothelial cells, fibroblasts, epithelial cells and stem cells. Within this section we will
closely examine the impact of zinc regulation on wound healing.

Figure 1. The function of zinc throughout the stages of wound healing. Zinc has a significant function
in many cells over the entire process of wound repair. After injury wounded tissue must establish
haemostasis via coagulation and clot formation. Injury is quickly followed by immune infiltration and
inflammation as a means to clear the wound of damaged tissue and microbes, thus preventing infection
and allowing room for granulation. Fibroblast, epithelial cells, keratinocytes and endothelial cells,
will proliferate and migrate into wounds to deposit ECM and re-populate the injury site, facilitating
wound closure. Finally, matrix deposition and clearance regulates the development of scar formation.
PMN—polymorphonuclear leukocytes; NETosis—a novel form of programed neutrophil death that
resulted in the formation of neutrophil extracellular traps (NETs); ECM—extracellular matrix.

2.1. Haemostasis and Platelets

Serious injury results in vasculature damage and it becomes imperative to stanch bleeding.
The major mechanism by which haemostasis is accomplished is via activation and aggregation
of platelet cells. Platelets are capable of responding to vascular damage by means of aggregating
at the damage site to form an initial clot followed by fibrin deposition and polymerization to
further strengthen the plug [45]. It has been understood for decades now that zinc is capable of
enhancing platelet activity and aggregation [46,47]. Recently it was shown that the effect of zinc
on platelets is mediated through Protein kinase C (PKC)-mediated tyrosine phosphorylation of
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platelet proteins [48,49]. Exogenous zinc treatment (at millimolar concentration range) induced
zinc entry into the platelet cytosol and time-dependent (within 30 min) stimulation of tyrosine
phosphorylation on certain high molecular weight proteins which could be blocked by PKC inhibitors.
The intriguing role of zinc on pathophysiological thrombus formation during tissue injury is still largely
unknown. Platelets are increasingly being recognized as immune cells capable of pathogen recognition and
mediating an inflammatory response via cytokines and chemokines [50]. Platelets contain alpha-granules,
which carry a plethora of proteins and factors, such as Chemokine (C-X-C motif) ligand 1 (CXCL1, GRO-α
(growth regulated α protein), CXCL4, CXCL5 (ENA-78 ,epithelial-derived neutrophil-activating
protein 78), CXCL7 (PPBP (Pro-Platelet basic protein), β-TG (Beta-Thromboglobulin), CTAP-III
(connective tissue activating peptide III), NAP-2 (neutrophil-activating peptide-2)), CXCL8
(IL-8, interleukin-8), CXCL12 (SDF-1α, stromal cell-derived factor-1α), Chemokine (C-C motif) ligand
2 (CCL2, MCP-1 (monocyte chemoattractant protein-1)), CCL3 (MIP-1α, macrophage inflammatory
protein 1-α) and CCL5 (RANTES, regulated upon activation normal T cell expressed and secreted);
factors capable of recruiting and activating innate immune cells to the wound site [51]. It has been
shown that zinc induces alpha-granule release [48]. These studies suggest that platelets and zinc play
an important role in initiating the inflammatory phase of wound healing.

2.2. Inflammation and Immune Defence

During and after haemostasis, wounded tissue undergoes an inflammatory stage. This is
an elaborate process involving coordination amongst a diversity of cell types. Innate immune
cells migrate to and infiltrate injured tissue whereby they can rid the environment of cellular
debris and infectious microbes. In experimental human studies of mild zinc deficiency, the affected
elderly subjects (ages 55–85 years) had increased inflammatory cytokines and oxidative stress
production [52]. Zinc supplementation in elderly subjects reduced plasma levels of oxidative stress
markers, decreased ex vivo production of inflammatory cytokines like C-Reactive Protein (CRP)
and IL-6, reduced chemokines such as monocyte chemoattractant protein-1 (MCP-1) and reduced
secretary cell adhesion molecules (soluble vascular cell adhesion molecule-1 (sVCAM-1), soluble
intercellular adhesion molecule-1 (sICAM-1) and s-E-selectin) which represent important biomarkers of
cell damage-associated inflammation in endothelium and platelets [18,52,53]. Inflammation-associated
vascular dysfunction could be due to peroxisome proliferator-activated receptors (PPAR) dysregulation
during zinc deficiency [54].

Neutrophils are granular polymorphonuclear leukocytes (PMN), which often act as one of the
first responders to tissue injury and bacterial infection. The migration of neutrophils and other
leukocytes to infected/damaged sites is accomplished via increasing gradients of chemokines and
cytokines, a process known as chemotaxis. In rhesus monkeys, zinc deficiency obstructs PMN
chemotaxis while supplementation reverses the effects [55]. Upon arrival to wounds neutrophils
are capable of secreting inflammatory cytokines and phagocytizing pathogens in order to prevent
infection. In a study of zinc-deficient acquired immune deficiency syndrome (AIDS) patients, zinc
supplementation was observed to enhance neutrophilic phagocytosis of opsonized zymosan particles,
a Toll-like receptor-2 (TLR2) agonist [56].

Phagocytes, such as neutrophils, are able to destroy intracellular pathogens via ROS. Enzymes
important for the generation of ROS precursors and bacterial clearance, are nicotinamide adenine
dinucleotide phosphate (NADPH)-oxidases. Interestingly excess zinc, as well as zinc-deficiency,
can both inhibit NADPH-oxidases and thereby hinder microbial elimination [57,58]. A unique
mechanism by which neutrophils are able to eliminate pathogens is via the release of neutrophil
extracellular traps (NETs). NETs are extracellular matrices consisting of granule proteins, chromatin
and DNA; capable of trapping and killing microbes [59]. Absence of zinc, via chelators, compromises
NETosis [60]. The contents of NETs include heterodimeric proteins known as calprotectin [61].
Calprotectin is able to bind and sequester zinc ions [62]. By sequestering zinc, calprotectin deprives
bacteria of essential metals and hinders bacterial survival and expansion. This method of microbial
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control falls under a category known as “Nutritional Immunity”, a process in which host cells sequester
and limit the availability of essential trace elements thereby inhibiting pathogenic growth. Bacteria
have developed their own response to combat strategies such as calprotectin. Some bacteria have
evolved to express zinc uptake receptors with higher zinc-affinity than calprotectin, or even receptors
that bind and repurpose calprotectin, thus allowing them to evade nutritional immunity [63,64].

Monocytes are pro-inflammatory innate immune cells. Monocytes respond to chemokines and
migrate to affected tissue where they adhere to endothelial cells, infiltrate tissue and differentiate
into macrophages capable of clearing pathogens/damaged tissue and propagating inflammation. It has
been reported that zinc has conflicting roles on monocyte/endothelial adhesion. It has been shown
that zinc-deficiency as well as zinc oxide treatment result in elevated monocyte adhesion [65,66].
Dierichs et al. recently reported that zinc could participate in modulation of monocyte differentiation into
pro-inflammatory (M1) or immune-regulatory/wound healing (M2) macrophages [67]. M1 macrophages
are important for early inflammation and microbial/debris clearance, while M2 macrophages are
involved in immune suppression and later tissue remodelling/repair. Using the human monocyte
cell line THP-1s (Tohoku Hospital Pediatrics-1), they discovered that both zinc deficiency and
supplementation promote M1 phenotypes, while inhibiting M2 differentiation. Counterintuitively,
they also report that zinc supplementation suppresses inducible nitric oxide synthases (iNOS)
expression, an M1 hallmark associated with reactive nitrogen species production and pathogen
clearance. Maintaining an appropriate balance between M1/M2 macrophage populations is complex
and crucial during wound healing. Fully elucidating the effect of zinc on macrophage phenotypes and
functions will aid in the advancement of wound healing treatments.

Macrophages eliminate inflammatory pathogens by phagocytosis, a process that microbes are
taken up and trapped via membrane bound intracellular phagosomes. From there microbes can be
killed by means of oxidation or lysosomal degradation. Phagosomes can fuse with lysosomes, whereby
the protease-containing acidic environment can destroy bacteria. Many bacteria have developed
strategies whereby they can live within intracellular phagosomes undetected and prevent lysosome
fusion/degradation. Under these circumstances, similar to neutrophils, macrophages have developed
their own forms of nutritional immunity. Through the use of zinc transporters, macrophages are able to
shuttle zinc in or out of bacterial laden phagosomes. Depending on the microbes present, macrophages
are able to deprive bacteria of zinc, essentially starving them, or alternatively poison bacteria with
toxic levels of zinc and other heavy metals [68,69]. M. tuberculosis developed a defence to zinc toxicity
however, via P-type ATPases, capable of exporting zinc and maintaining viable ion concentrations
even within the toxic environment of phagosomes [70].

Macrophages and other immune cells, are major producers of cytokines. Many studies have
shown that zinc modulation has an effect on cytokine production. Some of the major regulators of
inflammatory cytokine production are T cell receptor (TLR) proteins. TLR proteins are capable of
recognizing pathogen-specific molecular motifs and implement signalling cascades. Closely associated
with TLRs is nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signalling.
NF-κB is a potent transcriptional regulator involved in a plethora of cellular processes associated
with wound healing including: inflammatory response, tissue remodelling, proliferation, apoptosis,
cell adhesion, etc. [71]. Numerous reports have detailed the effects of zinc on TLR/NF-κB mediated
inflammatory signalling, however studies have come to conflicting conclusions. Hasse et al. reported
that lipopolysaccharide (LPS)/TLR4 mediated NF-κB signalling is dependent upon intracellular
free zinc [72]. In their study sequestration of zinc via an intracellular membrane-permeable zinc
ion chelator, TPEN (N,N,N′,N′-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine), completely abolishes
NF-κB activation after LPS stimulus. In contrast, there is a growing body of evidence that zinc acts as
an inhibitor of TLR/NF-κB signalling. Reports have shown that zinc is capable of negatively regulating
NF-κB signalling via PPAR-α, A20, IκB kinase-β (IKKβ) and phosphodiesterase (PDE) [73–76].

Dynamic crosstalk exists between zinc homeostasis and inflammation. A negative feedback loop
appears to exist within zinc/NF-κB signalling. It has been demonstrated that upon inflammatory
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stimulation NF-κB upregulates the zinc transporter ZIP8. ZIP8 translocates to the plasma membrane
where it facilitates zinc uptake into the cell. Intracellular zinc is thereupon free to inhibit IKKβ and
negatively regulate the inflammatory process [75]. In a similar negative feedback loop, IL-6 stimulus
results in upregulation of ZIP14, which is also capable of attenuating inflammation in hepatocytes [77].

IL-1β and IL-18 are potent pro-inflammatory cytokines under the regulation of caspase 1
activation. Caspase-1 belongs to the pro-apoptotic endoprotease family of Caspases. Research has
yielded conflicting results on the pro vs. anti-effects of zinc on apoptosis. While results have been
ambiguous, zinc concentration appears to be an important factor [78]. Groups have shown that zinc
has a direct inhibitory effect on the activity of caspases 3, 6, 7, 8 and 9 [79–81]. A similar study utilizing
a zinc-containing compound, ziram, showed pro-caspase1, the inactive precursor of caspase1, degraded
upon ziram treatment [82]. Degradation of the pro-inflammatory precursor (pro-caspase1) indicates
a potential role for zinc in regulating caspase-mediated inflammation. This notion is supported by
clinical studies showing higher levels of IL-1β expression in overweight patients with low dietary zinc
intake, compared to patients with higher zinc intake [83].

As mentioned earlier, macrophages partake in the clearance of not only microbes but also
damaged tissue. Lymphocytes and the adaptive immune system also play an important role in
this element of wound healing. It has been shown that B-lymphocytes aid in wound clearance and
repair [84,85]. Mature B-cells/plasma cells are capable of producing antibodies that detect injured
tissue. These antibodies serve as signals by which macrophages recognize and phagocytize damaged
cells. Zinc deficiency results in lowered populations of both precursor and mature B-cells and can
reduce antibody production [86]. Diminishing B-cells populations and ergo circulating antibodies,
would negatively affect phagocytosis causing hindered wound clearance and chronic wounds. In fact,
it has been demonstrated in chronic diabetic skin lesions, that direct B-cell treatment accelerates wound
healing [87].

2.3. Inflammatory Resolution and Tissue Growth (Proliferation) Stage

During wound healing, it is important to resolve inflammation and initiate re-epithelization,
the process where epithelial cells proliferate and repopulate injured tissue for wound closure.
M2 macrophages are one cell type that helps mitigate inflammation but there are numerous
other immune cells that aid in this process. Zinc deficiency also has a significant impact on T
lymphocyte populations [86,88]. Regulatory T lymphocytes (Tregs) regulate and suppress inflammation.
Zinc supplementation is known to increase the number of Tregs in multiple circumstances: mixed
lymphocyte cultures, in response to allergens and when combined with transforming growth factor-β
(TGFβ) [89–91]. Cutaneous wound studies have shown that Tregs help resolve inflammation, promote
re-epithelization and wound contraction [92]. It would be interesting to determine whether zinc
supplementation is capable of upregulating a regulatory T-cell response in order to promote accelerated
wound repair.

About two or three days after the wound occurs, fibroblasts begin to enter the wound site, marking
the onset of the tissue proliferative phase. Fibroblast infiltration is associated with collagen/ECM
deposition, which serves as a temporary scaffold for repair. Collagen serves as a bed enabling
migration of epithelium, keratinocytes and microvasculature. One of the primary regulators of ECM
deposition and fibrosis is TGFβ/SMAD (Mothers against decapentaplegic homolog protein) signalling.
Zinc is a vital cofactor for SMAD signalling and thus plays a major role in formation of granulation
tissue [91]. During re-epithelialization and wound closure, there is transient proliferation and
migration of resident keratinocytes, fibroblasts, epithelial cells and endothelial cells with simultaneous
activation and trans-differentiation of multiple epidermal stem cells populations [93]. The collaborative
efforts of collagenases and plasminogen activators led to degradation of fibrin clots along with the
zinc-dependent matrix metalloproteinase (MMP, discussed in more details below), which digest dermal
basal membranes and ECM, allows room for cell growth, migration and angiogenesis.
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Within the epidermis, apoptotic and necrotic cells stimulate epidermal cells proliferation and
migration over granulation tissue in order to repair the epidermis. Topical zinc application enhanced
re-epithelialization in porcine skin wound healing model [94]. Moreover, a study testing galvanic
Cu/zinc (Zn) microparticles on wound closure reports ROS-mediated enhancement of human
dermal fibroblast migration [95]. Similarly, zinc was shown to increase keratinocyte migration and
participate in re-epithelialization of the epidermis [96]. Concurrent with re-epithelialization, endothelial
cells migrate and proliferate into wound sites to establish new blood vessels in a process called
neovascularization, or angiogenesis, thus supplying essential oxygen and nutrients for the growth of
cells in the wound bed. Zinc has been shown effective for angiogenesis in vivo [97]. However, studies
analysing the effect of micronutrient trace elements on vascular biology report contradictory findings
in which zinc acts as an anti-angiogenic agent altering important genes and growth factors [98].
Further research and characterization is needed regarding zinc and this phase of tissue healing
and regeneration.

2.4. Wound Resolution and Matrix Remodelling

ECM is composed of a complex mixture of insoluble molecules such as collagens, laminins,
fibronectin, integrin and heparin sulphate proteoglycans and provide a solid supportive matrix
scaffold for cells. The ECM network also serves as a reservoir of a plethora of cytokines, growth
factors and molecular cues, both active and latent, to promote cellular migration, epithelialization,
adhesion and wound contraction [99]. Among the many proteins essential for epidermal wound repair
are the ECM-remodelling matrix metalloproteinase (MMPs) family proteins. MMPs are secreted by
distinct cell types such as inflammatory cells, keratinocytes, endothelial cells and fibroblasts. MMPs are
zinc-dependent endopeptidases which act to modulate growth factor activation, cleavage, degradation
and composition of ECM, processing of cell-cell junctional adhesion molecules, cytokines and cell
surface receptors and cell-matrix signalling during different stages of wound healing [100–103].

MMPs are synthesized as inactive zymogens (proMMPs) and their functions are modulated in four
ways—namely gene expression, compartmentalization, proMMPs activation and MMPs enzymatic
inactivation. The structures of MMPs are composed of four domains, the pro-peptide domain with
a conserved cysteine switch motif PRCGXPD, the zinc-binding catalytic domain, a hinge region and
the C-terminal hemopexin-like domain. Activation of MMPs is dependent on a “cysteine switch”
mechanism [104]. The pro-peptide cysteine interacts with the catalytically important zinc ion in
the active site to keep proMMPs in an enzymatic inactive state to prevent their interaction and
cleavage of substrates. The C-terminal hemopexin-like domains determine substrate specificity and
their interaction with MMP inhibitors, the tissue inhibitor of metalloproteinases (TIMPs). Many stimuli
such as tissue injury [105], oxidative stress upon UV exposure [106], inflammatory cytokines such as
TNFα or IL-1α [107] and certain growth factors like vascular endothelial growth factor (VEGF) trigger
the activation of MMPs [108]. Secreted or cell surface localized TIMPs also play important roles in
wound repair. TIMPs process a wide range of extracellular substrates such as ECM proteins, cytokines
and their receptors through their regulations of metalloproteinase activities [109]. These intricate
activation mechanisms keep MMPs activities under tight control and in dynamic homeostasis under
different wound healing demands [110].

Coordinated MMP function is pivotal for ECM degradation, migration of keratinocytes
over ECM (wound re-epithelialization) [111], neo-angiogenesis [112], cell proliferation, fibroblast
activation/migration and collagen deposition and fibrous tissue (fibroplasia and scar) formation
during tissue remodelling to restore epidermal tissue integrity [113]. Prolonged ECM deposition leads
to tissue fibrosis, whereas MMPs dysfunction is linked to defective wound closure [100,114]. Zinc and
calcium ions are required for optimal MMPs function in vitro [115], however, the molecular mechanism
by how zinc regulates MMPs function in vivo is still not fully understood due to the complexity of
their regulation and the numerous MMPs involved in wound healing.
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3. Zinc Is an Antioxidant Micronutrient

Several studies have shown that zinc deficiency increases oxidative stress [22,116,117]. It is well
accepted that oxidative damage is a major cause of tissue injury and redox regulation plays a prominent
role in wound repair [118–120]. Superoxide radicals such as reactive oxygen species (ROS) and reactive
nitrogen free radical species (RNS) are by-products of electron leakage during mitochondrial electron
transfer and constitute various forms of oxidative stress [121,122]. Superoxide radicals can cause
oxidative damage to biomolecules, such as DNA, protein and lipids, thus impairing their bioactivity.

In biology, zinc is redox-inert and opposes the absorption and activity of redox-active transition
metals like copper and iron, which catalyse the production of highly reactive oxidative stress [123,124].
Metallothionein (MT) is a family of low molecular weight, cysteine-rich (cysteine constitutes 30% of
MT amino acids) proteins capable of binding heavy metals through their sulfhydryl (-SH)-rich cysteine
residues. A large percentage (nearly 20%) of intracellular zinc is bound to MTs and can be rapidly
released according to physiological needs. MTs are redox-sensitive antioxidant proteins, crucial for zinc
regulation and protection against heavy-metal toxicity and oxidative stress. Interestingly, synthesis
of MTs is dependent on availability of the dietary zinc, copper and selenium [125]. Zinc exhibits
acute antioxidant properties by means of binding to and thus protecting redox-sensitive sulfhydryl
groups of MTs [124,125]. Zinc supplementation induces MT expression and has been shown to protect
against UV immunosuppression [126]. Oxidative stress associated with long term zinc deficiencies
can be attributed to a reduction in the synthesis of MTs and a decline in the antioxidant activity of
zinc-containing Cu, Zn superoxide dismutase (SOD1) [127].

4. TRIM Proteins in Membrane Repair and Wound Healing

Tripartite motif family (TRIM) proteins are characterized by the presence of N-terminal Ring
(Really Interesting New Gene)-finger domain, zinc-finger B-box domains and a coil-coil domain.
There are over 80 identified human TRIM proteins which play important roles in regulating cellular
processes such as protein degradation, innate immunity, cell survival/death, oncogenesis, development
and intracellular signalling. TRIM proteins exhibit a wide breadth of diversity along their C-termini,
resulting in 12 different subfamilies/classifications. Most TRIM proteins contain E3 ubiquitin ligase
activity, a class of enzymes which catalyze the final step (E3 step) in the ubiquitination cascade to
form an ubiquitin covalent bond with a substrate lysine. TRIM proteins have been widely studied
and reviewed within the context of immunology, cell death/survival and cancer [128–131], however
an emerging role in wound healing has developed.

Maintaining cell membrane integrity is vital to normal cell physiology and function [132–134].
Repair of damaged cellular membranes requires intracellular vesicle trafficking which leads to
an accumulation of vesicles close to the plasma membrane [135]. Subsequent resealing of the cell
membrane is imperative for the survival and long-term viability of cells. Disruption of membrane
repair contributes to pathophysiological conditions such as dystrophic muscle [136], diabetes [137],
poor wound healing, chronic ulcer and scarring [133,134].

We have previously identified a novel TRIM protein, Mitsugumin 53 (MG53) or TRIM72,
as an essential component of the cell membrane repair machinery [138,139] and is highly expressed
in muscle. MG53 is capable of sensing oxidative stress associated with cell membrane damage
and responds by binding to phosphatidylserine containing intracellular vesicles and then shuttles
pre-assembled sub-membrane/intracellular vesicles to patch plasma membrane disruptions caused
by mechanical or chemical injury [138–140]. Furthermore, MG53 is capable of protecting against
ROS-mediated cellular stress, as seen with ischemic reperfusion injuries and metabolic disorders and
prevents cell death [141]. MG53 ablation in mice (MG53−/−) results in defective membrane repair
with progressive pathological consequences in skeletal and cardiac muscle and enhanced susceptibility
to injuries in lungs, kidneys and skin [43,142–148]. The protective repair function of endogenous and
recombinant human MG53 (rhMG53) protein have been reported in multiple tissue types ranging
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from skeletal muscle [136,144,149], heart [141,145,146,150], kidney [142], lung [143,151], skin [43,44]
and brain [147].

The binding of zinc to TRIM family proteins is critical to their E3 ligase activities [152].
While membrane repair mechanisms can be context dependent, we have shown that zinc serves
as a molecular switch linking oxidative stress and the membrane reseal function of MG53 [153].
MG53 consists of two zinc binding domains in the Ring-finger and B-box motifs [138,153]. Zinc binding
appears to be essential for MG53-mediated membrane repair, as mutation of either zinc binding
residue compromises the membrane resealing ability of MG53. Simultaneous disruption of both
zinc binding motifs in double mutants further exacerbates this effect [153]. Moreover, defective
MG53-mediated vesicular transport and membrane repair was observed in the absence of extracellular
zinc via a biochemical zinc chelator. These results suggest that MG53 acts as an acceptor for zinc
during cell membrane repair.

Current reports support the findings that TGFβ plays a central role throughout wound
healing [154–156]. Excessive TGFβ signalling can lead to maladaptive repair conditions and tissue
fibrosis [157]. Recently, we showed MG53 is a vital component of wound healing and topical application
of rhMG53 protein promotes wound healing with reduced scar formation [43,44]. MG53 deficiency,
in mice, leads to delayed wound healing with aberrant scar formation, while therapeutic treatment
with rhMG53 accelerates healing and prevents scarring. In vitro assays revealed that rhMG53 induces
fibroblast migration while simultaneously suppressing myofibroblast differentiation and production of
fibrotic proteins. The underlying molecular mechanisms of MG53-mediated protection against dermal
wounding involves membrane repair, modulation of cell migration and suppression of ECM protein
synthesis via inhibition of TGFβ/SMAD signalling (Figure 2).

MG53 is a versatile molecule with function associated with various signalling pathways like
reperfusion injury salvage kinase (RISK) [145], glycogen synthase kinase-3β (GSK3β) [136,145,158],
cell survival kinase AKT, TGFβ [43] and modulation of inflammatory mediators [143]. These findings
are promising with regards to MG53s translational potential in wound healing and tissue
regeneration. However, how zinc impacts MG53 E3-ubiquitin ligase activity and the identities of
the E3-ligase substrates involved in MG53-mediated wound healing remain elusive and requires
further investigation.

Two other TRIM proteins have been identified that might play a role in wound healing. Beer et al.
reported that TRIM16, also known as oestrogen-responsive B box protein (EBBP), is a regulator of
keratinocyte differentiation. TRIM16 expression is downregulated in skin wounds and hyper-thickened
epithelium [159]. Over expression of TRIM16 enhances early differentiation of keratinocytes and is
believed to regulate the differentiation capacity of cells. TRIM16 has extensively been studied in the
field of cancer but little attention as has been directed toward wound healing. Interestingly, a study on
ovarian cancer metastasis showed that overexpression of TRIM16 inhibited expression of MMP2 and
MMP9 [160]. It is possible that TRIM16 is downregulated during wound healing in order to allow for
tissue granulation, re-epithelialization and remodelling.

Recently the function of TRIM28 in endothelium was investigated by Wang et al. They show that
TRIM28 helps mediate not only inflammation but also angiogenesis in a VEGFR2 dependent manner.
Scratch wound assay showed endothelial cell migration was significantly reduced, after TRIM28 siRNA
treatment [161]. These findings have significant implications for inflammation and wound healing.
While both TRIM16 and TRIM28 have promising potential for wound repair, they are yet to be directly
applied to such a study. Additionally, characterizing the impact of zinc on these proteins’ functions
would be beneficial. Further research into zinc regulation of TRIM protein expression/function during
wound healing would provide new and exciting insight on wound repair.
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Figure 2. Proposed roles of zinc in MG53 mediated wound healing process. MG53 exists as intrinsic
intracellular vesicles which could be secreted into blood circulation as a myokine to mediate wound
healing. In response to dermal injury, MG53 could exert the following functions. (a) MG53-containing
vesicles nucleate the cell membrane repair machinery and trafficking to damaged cell membrane to
protect against acute membrane injury of keratinocytes and fibroblasts; (b) MG53 mediates cytoskeletal
stress fibre remodelling to promote fibroblasts migration to the wound sites; and (c) MG53 regulates
TGFβ signalling to modulate trans-differentiation of fibroblasts into myofibroblasts and suppresses
deposition of ECM proteins during tissue remodelling stage of wound healing. Zinc is proposed to bind
to MG53 on its two zinc-binding sites and modulates MG53-mediated wound healing process (Modified
from JBC 290(40): 24592). MG53: Mitsugumin 53; ECM: extracellular matrix; TGFβ: transforming
growth factor-β.

5. Zinc in Wound Healing—Clinical Perspectives

The role zinc plays in wound healing can be viewed from two perspectives: first, the impact of
zinc deficiency and second, the effect of zinc supplementation (topical/local or systemic) on wound
repair. The association between zinc deficiency and delayed wound healing has been described [32,35].
Treating zinc deficiency results in improved wound healing compared to those with zinc deficiency.
For example, in patients considered to be at risk of refeeding syndrome, it may be appropriate to give
a loading dose of 10–30 mg of Zn, followed by the daily maintenance dose of 2.5–5 mg [4]. However,
the impact of zinc supplementation on wound healing in patients without zinc deficiency is less well
known. There are very few well-done clinical studies on the topic and what little information currently
available is inconsistent. For example, the Cochrane database reports 6 small studies on patients
with arterial or venous ulcers and found that oral zinc supplementation did not improve wound
healing [162]. Contrarily, another meta-analysis of topical zinc therapy with zinc oxide paste-medicated
dressing containing zinc concentration between 6–15% for chronic venous leg ulcers showed improved
healing, though the authors point out that the studies were small and of sub-optimal quality [163].
Cereda and co-authors performed a randomized, prospective trial in malnourished patients with
chronic pressure ulcers [164]. They found a significant reduction in the size of the ulcers after 12 weeks
of supplementation with a high calorie, high protein oral formula that was also supplemented with
arginine, anti-oxidants and zinc (either orally or tube fed with 18–20 mg zinc daily). It is unknown
how significant of a role the zinc supplementation played in this study. Attia and colleagues reported
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on 90 non-diabetic patients with uncomplicated wounds who were topically treated with one of two
zinc-containing fluids (regular crystalline insulin or aqueous zinc chloride solutions at 0.2 mg/100 mL
per 10 cm2 wound) versus a control of 0.9% normal saline. The groups treated with the zinc-containing
fluids had significantly improved healing [165]. On the other hand, a study of 42 patients with pressure
ulcers treated with oral L-carnosine versus zinc containing polaprezinc (at 34 mg per day) showed
no difference in healing [166]. It is clear that more studies utilizing more stringent controls will be
necessary to fully understand the clinical potential of zinc supplementation.

Due to the loss of zinc during injury, zinc therapy has been used in wound care to enhance healing
in zinc-deficient patients [32,167]. Topical zinc sulphate (ZnSO4) application, usually at an optimal 3%
concentration, has been widely used in wound healing for its antioxidant effect [30]. Other forms of
application include 1% ZnCl2 or the largely insoluble zinc oxide (ZnO). ZnO provides prolonged supply
of zinc to wounds and enhance its healing ability. Additionally, ZnO increases collagen degradation
in necrotic wounds [168]. It has been shown that topical zinc application induces mRNA expression
of metallothionein, which could account for its anti-UV photoprotective effect [30,169]. A standard
regimen for severe burn care includes regular daily dietary zinc supplementation equivalent or
exceeding 22 mg [39,170]. Moreover, recent advances in drug delivery with zinc oxide nanoparticle
(ZnO-NPs) technology has received considerable attention for the treatment of wounds due to their
effective cell penetration, immunomodulation and antimicrobial capacity [171,172]. However, in-depth
pharmacodynamics and toxicology studies are still needed prior to widespread applications [173].

6. Concluding Remarks and Future Perspectives

Zinc is a micronutrient that is essential to human health. Zinc plays a major role in regulating every
phase of the wound healing process; ranging from membrane repair, oxidative stress, coagulation,
inflammation and immune defence, tissue re-epithelialization, angiogenesis, to fibrosis/scar formation.
With huge demands for improved wound care, we need a more thorough in-depth understanding
of the molecular mechanisms in which zinc functions. A more thorough comprehension of the
cellular cross-talks and MMP regulation would go a long way in progressing the field wound healing.
The biological function and therapeutic potential of TRIM proteins, such as MG53, in wound repair
is emerging. Understanding the precise mechanisms by which zinc regulates their activity remains
unexplored, yet is crucial. Further inquiry into the mechanisms of zinc and the proteins for which it
serves as a cofactor, will greatly advance the treatment and care of difficult-to-heal wounds.
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Abbreviations

AE Acrodermatitis enteropathica
CAM Cell adhesion molecules
CXCL Chemokine (C-X-C motif) ligand
CCL Chemokine (C-C motif) ligand
CRP C-reactive protein
ECM Extracellular matrix
ILs Interleukins
MCP-1 Monocyte chemoattractant protein-1
MMP Matrix metalloproteinase
MG53 Mitsugumin 53
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MT Metallothioneins
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
PPARα Peroxisome proliferator activated receptors-a
PMN Polymorphonuclear leukocytes
NET Neutrophil extracellular traps
NADPH Nicotinamide adenine dinucleotide phosphate
ROS Reactive oxygen species
TIMP Tissue inhibitor of metalloproteinases
TLR Toll-like receptor
TRIM Tripartite motif
TGFβ Transforming Growth Factor-β
VEGF Vascular endothelial growth factor
ZIPs Zinc transporter proteins
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Abstract: Several animal and human studies have shown that zinc is associated with cellular
damage and cardiac dysfunction. This study aims to investigate dietary zinc and the zinc-iron
ratio, as predictors of incident cardiovascular disease (CVD) in a large longitudinal study of
mid-age Australian women (aged 50–61 years). Data was self-reported and validated food frequency
questionnaires were used to assess dietary intake. Energy-adjusted zinc was ranked using quintiles
and predictors of incident CVD were examined using stepwise logistic regression. After six years
of follow-up, 320 incident CVD cases were established. A positive association between dietary
zinc intake, zinc-iron ratio and risk of CVD was observed even after adjusting for potential dietary
and non-dietary confounders. Compared to those with the lowest quintile of zinc, those in the
highest quintile (Odds Ratio (OR) = 1.67, 95% Confidence Interval (CI) = 1.08–2.62) and zinc-iron
ratio (OR = 1.72, 95% CI = 1.05–2.81) had almost twice the odds of developing CVD (p trend = 0.007).
This study shows that high dietary zinc intake and zinc-iron ratio is associated with a greater incidence
of CVD in women. Further studies are required detailing the source of zinc and iron in diet and their
precise roles when compared to other essential nutrients.

Keywords: diet; cohort; Australia; zinc; women; cardiovascular disease

1. Introduction

The prevalence of chronic diseases has been increasing in the past few decades. Cardiovascular
diseases (CVDs) are the number one cause of death globally: more people die annually from CVDs
than from any other cause [1]. CVD has a strong genetic basis and it is modified by environmental
factors. To date, the most accessible method of preventing or lowering occurrence of CVD is through
modification of lifestyle factors, especially diet and exercise. A review in 1996 by Houtman about
trace elements and CVD obtained from epidemiological, biochemical and cell biological studies
concluded that zinc has the potential to counteract the development of cardiovascular disease [2];
however, the strength of this effect on public health is difficult to measure. Recently, there has been
growing interest in the relation of dietary intake, especially micronutrients present in the diet, and
risk of CVDs [3–6]. Zinc is one of those micronutrients present in our diet whose deficiency may
play an important role in the appearance of diseases and has three major biological roles, as catalyst,
structural, and regulatory ion [4]. Zinc has been reported to have antioxidant and anti-atherosclerotic
effects [4,5,7]. Zinc deficiency leads to cellular damage and atherosclerosis [5] and is known to cause
sensitivity to oxidative damage, leading to an increased release of interleukin 1 and tumour necrosis
factor-α, which causes increased endothelial cell apoptosis [7].
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Experimental studies have shown that zinc administration during reperfusion improves
myocardial recovery to almost 100%, protects against cardiac mechanical and/or electrical dysfunction,
decreases the incidence of arrhythmias and improves post-ischemic myocardial recovery [8].
Another recent experimental study demonstrated that decreased level of zinc in the diet could induce
hypertension and cardiac dysfunction [9]. Inadequate intake of zinc in humans was persistently
observed in patients with heart disease [10] and trace element analysis of hair showed that CVD
patients had lower concentrations of zinc [11]. Similarly, decreased serum zinc level was observed in
ischemic stroke patients when compared to control patients [12].

Trials have explored the contribution of zinc supplementation in different conditions. In stroke
patients, zinc supplementation has been shown to decrease the risk of mortality (Lixian trial) [13]
and enhance neurological recovery [14]. However, according to a systematic review on the effect of
zinc supplements in humans, besides the observed adverse effect on plasma high-density lipoprotein
cholesterol (HDL-C) concentrations, the effect of zinc supplementation on heart disease risk remains
unclear [15]. A more recent review of prospective cohort studies on zinc status and CVDs revealed no
association between zinc intake and CVD events [6]. To the best of the authors’ knowledge, apart from
the inconclusive findings in the aforementioned reviews [6,15], no prospective study has been carried
out to investigate the association between dietary zinc intake and risk of incident CVD in women.
Consequently, the objective of this study was to investigate whether dietary zinc was associated with
incident cardiovascular disease in a large cohort of Australian women. A secondary aim was to
examine the association of dietary zinc-iron ratio with CVD because minerals with similar physical or
chemical properties such as iron and zinc may compete with each other biologically [16] and previous
studies in humans have shown that iron interferes with the absorption of zinc [17].

2. Methods

2.1. The Australian Longitudinal Study on Women’s Health (ALSWH)

The Australian Longitudinal Study on Women’s Health (ALSWH) is a national cohort study
examining the health and wellbeing of women of different ages. This paper uses data from the
1946–1951 cohort, who were 45–50 years of age during Survey 1 in 1996. Ethical approval was
obtained by the Human Research Ethics Committees of the University of Newcastle (H-076-0795)
prior to baseline data collection in 1996, with written informed consent provided by participants.
Ethical clearance for ALSWH was obtained from the University of Newcastle and University of
Queensland. Details of ALSWH’s methods and recruitment have been previously published [18,19].
Briefly, women were randomly selected from Medicare, the National Health Insurance Database,
which includes all permanent residents of Australia. ALSWH collects self-reported data using mailed
and online surveys at roughly 3-year intervals and has linked the study data with administrative
records after the women gave their consent to participate in the study. The surveys include questions
about: health conditions, symptoms, and diagnoses; use of health services; health-related quality of
life; social circumstances, including work and time use; demographic factors; and health behaviors.

The response rate for the 1946–1951 cohort at Survey 3 in 2001 (then aged 50–55 years) was
83% of those who had completed Survey 1 (1996) and had not died (n = 115) or become too ill to
complete further surveys (n = 21). Complete food frequency questionnaire (FFQ) data were available
for 11,196 women aged 50–55 years (Survey 3, 2001) and 9264 of these women had data available for
analysis when they were 56–61 years (Survey 5 in 2007).

2.2. Dietary Assessment

ALSWH uses the Dietary Questionnaire for Epidemiological Studies (DQES) Version 2 FFQ.
Both the development of the questionnaire [20] and its validation in young Australian women has
been previously reported [21]. This questionnaire asks respondents to report their usual consumption
of 74 foods and six alcoholic beverages over the preceding 12 months using a 10-point frequency
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scale. Additional questions are asked about the number of serves or type of fruit, vegetables, bread,
dairy products, eggs, fat spreads and sugar and further details are provided in Hodge et al. [21].
Nutrient intakes were computed from NUTTAB 1995, a national government food composition
database of Australian foods NUTTAB 95 [22], using software developed by the Cancer Council of
Victoria. The validation of the FFQ against a 7-day weighted food record showed Pearson correlation
coefficient = 0.40 for dietary zinc and 0.44 for dietary iron. The FFQ validation study deemed the
correlation coefficient acceptable as it is of similar magnitude to those previously reported [21].

2.3. Ascertainment of Cardiovascular Disease

History of CVD was collected at both baseline and follow-up. Participants were classified as
having CVD if they had been diagnosed/treated by a doctor for heart attack and/or stoke which
was self-reported. In this paper, incident cases of CVD at follow-up were classified as individuals
with a diagnosis/treatment of heart attack and/or stroke, after excluding the prevalent cases; that is,
those who self-reported a diagnosis/treatment of the condition at Survey 1, 2, or Survey 3.

2.4. Measurement of Non-Dietary Factors

Social and behavioral characteristics were based on information collected at Survey 3 in 2001.
Participants were asked to report frequency of engaging in vigorous (e.g., aerobics, jogging) and less
vigorous (e.g., walking and swimming) exercise lasting for <20 min in a normal week. Responses were
scored using approximate weekly frequencies of exercise. The resulting physical activity scores ranged
from 0 to 80 and were categorized as “nil/sedentary (<5)”, “low (5 to 15)”, “moderate (16 to 25)”,
or “high (>25)”. A score of 15 is commensurate with the current recommendation of moderate intensity
activity on most days of the week. This measure is described in more detail elsewhere [23] and has
previously been shown to have acceptable test-retest reliability [24]. Standard questions were used to
categorize respondents as never-smoker, ex-smoker, or current smoker; body mass index (BMI) was
calculated as self-reported weight in kilograms, divided by height in meter squared. Medical history
of hypertension and diabetes as diagnosed by a physician along with use of hormone replacement
therapy (HRT) (coded as either yes or no) were all self-reported. The participants were also asked
to report the number of supplements being used and categorized as taking multivitamin & mineral
supplements (yes or no). Alcohol intake was quantified and classified according to Australian National
Health & Medical Research (NHMRC, CBR, Australia) guidelines [25]. Annual household income and
level of education was sub-classified into different categories.

2.5. Statistical Analysis

Zinc and iron were adjusted for total energy intake using the residual method [26].
The macronutrient variables are adjusted for total energy intake by calculating their component
of total energy (as a %). The micronutrients are adjusted for total energy by regressing (using linear
regression) the natural log of the micronutrient on the natural log of total energy and extracting the
standardized residuals.

Associations between baseline characteristics and quintiles of energy-adjusted zinc were tested
using chi-square for categorical variables and analysis of variance (ANOVA) for continuous variables.
Quintiles of energy-adjusted zinc were obtained using the xtile command in Stata. Predictors of 6-year
incidence of CVD were examined using forward stepwise multivariable logistic regression in stepped
approach, with the main predictor being energy adjusted zinc and zinc-iron ratio measured at Survey
3 used to predict incidence of CVD by Survey 5.

The multivariable analysis controlled for dietary factors (energy adjusted fiber, fat and iron),
non-dietary factors (BMI, smoking status, education, marital status, HRT, exercise group, history
(yes/no) of hypertension and diabetes) along with alcohol intake and use of multivitamins/minerals.
p-values for trends were conducted by treating quintile of energy-adjusted zinc as a continuous variable.
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Statistical significance was considered when 2-sided p < 0.05. STATA software version 11 was used for
all statistical analyses.

3. Results

The baseline characteristics at Survey 3 of the participants by quintile of energy-adjusted dietary
zinc (quintile 1 = lowest intake; quintile 5 = highest intake) are shown in Table 1. The dietary zinc
intakes of the lowest and highest quintiles were 5.94 mg/day (95% Confidence Interval (CI) = 5.90, 5.99)
and 17.35 mg/day (95% CI = 17.12, 17.59) respectively, with a mean intake of 10.66 mg/day. At baseline,
(Table 1) non-dietary factors found to be significantly different across quintiles included: smoking
status, exercise, education, household income, BMI, HRT, hypertension and age. Energy-adjusted
dietary factors found both macronutrients and micronutrient to be significantly different across
quintiles. Women in the highest quintile of zinc intake were more likely to be a current smoker and
also have a higher level of alcohol intake. Interestingly, women with a higher intake of zinc also had a
higher BMI whereas women in the lower quintiles were found to have a more sedentary lifestyle with
little or no exercise. Mean age was similar across all the quintiles.

Table 1. Characteristics of subjects at baseline (Survey 3) by quintile of energy-adjusted zinc intake.

Quintile of Energy-Adjusted Zinc Intake

Characteristic Sub-Group/Mean (SD)
Q1 Lowest
(n = 2125)

Q3 Middle
(n = 2125)

Q5 Highest
(n = 2124)

p-Value

Smoking status
Never a smoker 948 (* 53%) 1033 (58%) 922 (52%) <0.001
Former smoker 568 (32%) 531 (30%) 569 (32%)
Current smoker 261 (15%) 215 (12%) 287 (16%)

Alcohol Intake

Abstainer/rarely drinks 960 (49.84%) 762 (39.08%) 748 (37.72%) <0.001
Low risk/moderate drinker 902 (46.83%) 1088 (55.79%) 1049 (52.90%)

Binge/risky drinker 53 (2.75%) 93 (4.77%) 156 (7.87%)
Chronic/High risk drinker 11 (0.57%) 7 (0.36%) 30 (1.51%)

Exercise group

Nil/sedentary 321 (19%) 271 (16%) 323 (19%) 0.003
Low 621 (37%) 683 (40%) 622 (36%)

Moderate 318 (19%) 355 (21%) 338 (20%)
High 437 (26%) 408 (24%) 433 (25%)

Education

No formal qualification 417 (19.80%) 300 (14.23%) 365 (17.29%) <0.001
School/intermediate certificate 597 (28.35%) 658 (31.21%) 764 (36.19%)
Secondary schooling completed 343 (16.29%) 372 (17.65%) 342 (16.20%)

Trade qualification/TAFE 415 (19.71) 435 (20.64%) 397 (18.81%)
University/other tertiary study 334 (15.86%) 343 (16.27%) 243 (11.51%)

Annual household
income

$1–$15,999 127 (9.25%) 82 (5.27%) 86 (5.66%) <0.001
$16,000–$36,999 415 (30.23%) 398 (25.56%) 428 (28.18%)
$37,000–$77,999 472 (34.38%) 589 (37.83%) 545 (35.88%)
$78,000 or more 189 (13.77%) 276 (17.73%) 253 (16.66%)

Don’t know or missing 170 (12.38%) 212 (13.62%) 2017 (13.63%)

Hormone Replacement
Therapy (HRT)

No 1250 (70%) 1193 (67%) 1160 (65%) 0.020
Yes 535 (30%) 591 (33%) 624 (35%)

Hypertension No 1498 (85%) 1495 (85%) 1449 (82%) 0.038
Yes 271 (15%) 274 (15%) 316 (18%)

Diabetes
No 1724 (99.60%) 1790 (99.50%) 1719 (99.42%) 0.659
Yes 7 (0.40%) 9 (0.50%) 10 (0.58%)

Use of
multivitamins/minerals

No 957 (45.38%) 918 (43.47%) 989 (46.78%) 0.260
Yes 1152 (54.62%) 1194 (56.53%) 1125 (53.22%)

Age mean (SD) 52.6 (1.4) 52.6 (1.5) 52.4 (1.5) 0.004

Body Mass Index mean (SD) 26.0 (5.4) 26.5 (5.1) 27.2 (5.4) <0.001

Total energy intake
(KJ/day) mean (SD) 6676 (2415) 6604 (2275) 6687 (2790) 0.508

Carbohydrates
(% of energy) mean (SD) 48.2 (5.8) 45.6 (5.8) 41.0 (7.5) <0.001

Dietary fibre
(% of energy) mean (SD) 2.4 (0.7) 2.5 (0.6) 2.5 (0.8) <0.001

Total protein
(% of energy) mean (SD) 17.1 (2.1) 20.8 (1.7) 25.1 (2.8) <0.001

Total fat (% of energy) mean (SD) 35.5 (5.5) 34.3 (5.9) 34.5 (6.6) <0.001

Saturated fat
(energy adjusted) mean (SD) 14.0 (3.8) 13.5 (3.4) 13.9 (3.3) <0.001

Polyunsaturated fat
(% of energy) mean (SD) 6.3 (2.3) 5.5 (1.9) 4.7 (1.5) <0.001
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Table 1. Cont.

Quintile of Energy-Adjusted Zinc Intake

Characteristic Sub-Group/Mean (SD)
Q1 Lowest
(n = 2125)

Q3 Middle
(n = 2125)

Q5 Highest
(n = 2124)

p-Value

Monounsaturated fat
(% of energy) mean (SD) 12.1 (2.2) 12.1 (2.4) 12.6 (2.8) <0.001

Iron mg/day
(energy adjusted) mean (SD) −0.605 (0.984) 0.022 (0.905) 0.543 (0.897) <0.001

Cholesterol mg/day
(energy adjusted) mean (SD) −0.584 (1.170) −0.043 (0.827) 0.607 (0.855) <0.001

Retinol ug/day
(energy adjusted) mean (SD) 0.451 (0.947) 0.030 (0.932) −0.525 (0.993) <0.001

Vitamin C mg/day
(energy adjusted) mean (SD) −0.092 (1.198) 0.024 (0.957) 0.028 (0.895) 0.001

Vitamin E mg/day
(energy adjusted) mean (SD) 0.346 (1.094) 0.035 (0.923) −0.407 (0.939) <0.001

Calcium mg/day
(energy adjusted) mean (SD) −0.374 (0.901) 0.126 (0.940) 0.089 (1.166) <0.001

Magnesium mg/day
(energy adjusted) mean (SD) −0.453 (1.001) 0.064 (0.901) 0.268 (1.069) <0.001

Sodium mg/day
(energy adjusted) mean (SD) −0.432 (1.030) 0.026 (0.930) 0.345 (0.999) <0.001

Potassium mg/day
(energy adjusted) mean (SD) −0.594 (1.072) 0.067 (0.891) 0.454 (0.915) <0.001

* The percentage (%) for each characteristic in the quintile columns is % of the total. p-Values are for trends.

Tables 2 and 3 show the output of the stepwise approach that examined energy adjusted zinc
intake and zinc-iron ratio as independent predictors of incident CVD respectively. At the end of the six
years follow-up, 320 (3.6%) incident cases of CVD were identified out of 9264 participants.

In an age adjusted analysis there was no significant association across quintiles 2, 3 and 4 but
quintile 5 showed a significant association (OR = 1.43, 95% CI = 1.01–2.04) between energy-adjusted zinc
and risk of CVD (Table 2). After adjustment for non-dietary factors including age, the findings did not
change and quintile 5 remained statistically significant with p = 0.029 (OR = 1.44, 95% CI = 1.01–2.10).
Further adjustment for dietary factors lead to an overall increase in odds of developing CVD
and strengthened the association (p = 0.011). Additional adjustment for alcohol intake and use
of supplements (multivitamins/minerals) also showed a statistically significant increase in the
odds of developing CVD across quintiles (Ptrend = 0.007). Compared with the lowest quintile of
energy-adjusted zinc those in the highest quintile had almost twice the odds of developing CVD
(OR = 1.67, 95% CI = 1.08–0.77).

The association between the energy-adjusted zinc–iron ratio and odds of developing CVD
(Table 3) was significant (p = 0.002) after adjusting for age with a consistent increase in the odds
of developing CVD across the quintiles. A borderline statistically significant association was observed
(Ptrend = 0.057) after adjusting for age and non-dietary factors. A statistically significant increase in the
odds of developing CVD across quintiles of energy-adjusted zinc–iron ratio was observed with further
adjustment for energy-adjusted dietary factors (p = 0.015) and alcohol intake and use of supplements
(p = 0.007). Those in quintile 4 (OR = 1.78, 95% CI =1.13–2.79) and 5 (OR = 1.72, 95% CI = 1.05–2.81)
had almost twice the odds of developing CVD compared with the lowest quintile of energy-adjusted
zinc-iron ratio.
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4. Discussion

Findings from this longitudinal study showed that dietary zinc intake was associated with a
higher incidence of CVD in women aged 50 years and older, even after adjusting for potential dietary
and non-dietary confounders. The same association was also observed between zinc-iron ratio and
risk of CVD. To our knowledge, this is the only longitudinal study that has looked at the relationship
between dietary zinc and zinc-iron ratio with incident CVD in an adult women population.

The association between dietary zinc and CVD suggests that high dietary zinc might increase
the risk of CVD. The only other prospective study that looked at dietary intake of zinc and iron and
CVD was the Iowa women’s health study [27]. The study found that dietary zinc and iron were not
associated with risk of CVD mortality but the study might have lacked power. Furthermore, the end
point of the study was CVD mortality and CVD incidence data was not measured; consequently, cases
of CVD with a different cause of death may have been missed. A key observation noted was that
the benefit of higher zinc intake in CVD mortality occurred only in the presence of a trigger such as
alcohol (≥10 g/day) that could disturb iron homeostasis. Contrastingly, another study reported that
alcohol consumption (>40 mL/day) was negatively linked to serum zinc [28]. Lee et al. 2005 also
observed that women with higher dietary zinc intake were less likely to smoke and engaged in more
physical activity [27], which differs from the characteristics observed in our study. It is widely known
that smoking and BMI are modifiable risk factors for CVD and could be a possible explanation for
the observed benefit of higher zinc intake in CVD mortality despite the presence of alcohol intake
(≥10 g/day). The study also does not appear to have controlled for type 2 diabetes though it has
considered other dietary and non-dietary factors as independent variables.

The relationship between type 2 diabetes and CVD is established: CVD events related to type 2
diabetes and the high incidence of other macrovascular complications are a major cause of chronic
disease burden [29]. It has been shown that the age-adjusted prevalence of coronary heart disease is
twice as high among those with type 2 diabetes than among those without diabetes [30,31]. Hence,
zinc status in patients with type 2 diabetes and CVD events was assessed [32,33], which showed low
serum zinc and high concentration of urinary zinc excretion in patients with diabetes mellitus and
all CVD events [32,33]. Zinc intake was also assessed in an older population of men and women in
Australia [34] and in the same cohort of women with type 2 diabetes [35]. These studies showed that a
high zinc intake was inversely associated with risk of insulin resistance and type 2 diabetes.

In contrast to the observed association between type 2 diabetes and dietary zinc intake in the
same cohort, the finding from this study indicates that dietary zinc intake after a certain level increases
the risk of CVD and that those in the highest quintiles are above the threshold and was zinc replete.
A possible explanation for this could be the fact that the participants are residents in Australia,
a mainly affluent Western society, with reasonably good nutrition and were zinc replete. Of particular
interest in this study, it was observed that those in the highest quintile of zinc also had the highest
quintile of dietary iron intake. The most commonly recorded dietary source of zinc and iron was
meat as the highest contributor, which could explain the increase in iron as zinc intake increases,
though fish, poultry, cereals and dairy products were other substantial source. We cannot be sure
whether the zinc intake is directly increasing the incidence of CVD, as zinc intake tends to increase as
other micronutrients intakes increase (for example, iron in this study), or diet quality more generally.
However, recent studies have shown that high intake of red meat in multivariable analyses including
age, smoking, and other risk factors [36] and specifically, zinc and heme iron from red meat and not
other sources [3] was associated with increased risk of CVD. Findings from these studies lend support
to the association observed in our study, as the main source of zinc and iron in the majority of the
cohort was most likely to be meat based on the Australian diet.

The secondary aim of this study was also to look at dietary zinc-iron ratio as part of the analysis
because iron is known to interact with the absorption of zinc [16]. Zinc causes dose-dependent
inhibition of iron binding to phospholipids and competition of zinc for iron binding sites is particularly
relevant as zinc deficiency promotes intracellular iron accumulation [37]. We observed that risk of CVD
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was positively associated with higher quintiles of zinc-iron ratio. This suggests that the proportion of
zinc intake in relation to iron is a relevant determinant of CVD risk. The association of zinc-iron ratio
has also been observed in diabetes [35] in the same cohort even though the direction of association
was different.

The main strengths of this study are the prospective design, where dietary assessment preceded
the outcome, and the generalizability, this being a population-based cohort rather than a clinic sample.
The main advantage of the prospective design is that it reduces selection bias and potential recall
bias. It is also the only prospective study so far that looks at incident CVD with both dietary zinc
and zinc-iron ratio. The large sample size also means that it is possible to obtain reasonably stable
parameter estimates.

Despite the good generalizability of this study there are some limitations. Use of FFQ to collect
dietary information (especially micronutrients) has limitations due to the lack of homogeneity in food
composition tables [38] and over or under reporting of certain foods/food groups. However, the use
of FFQs to collect dietary information in large population-based samples is the most cost-effective
and feasible method available. In this study the use of an FFQ to estimate dietary zinc intake will
have underestimated the amount of zinc consumed by study participants and biased the effect size
towards the null [39]. A further limitation is that dietary assessment was carried out at one time only.
However, instead of excluding participants who developed comorbidities during the follow-up period,
we controlled for these in the analysis so as to account for any change in dietary habit that may have
occurred following the development of comorbid conditions. Adjustments were made for all known
major confounders but residual confounding cannot be entirely excluded. Also despite controlling for
type 2 diabetes and alcohol intake, stratifying analysis by alcohol status to duplicate findings by Lee et
al. 2005 [27] will be worthwhile in the future.

This study also considered the use of supplementary multivitamins/minerals and analysis showed
that the proportion of people taking supplements were not significantly different between quintiles
of zinc intake. Although multiple dietary assessments are useful to reduce random measurement
error, given that single dietary assessment is likely to bias results toward the null, the fact that we still
observed a significant association is an indication that the association is likely to be robust and even
stronger than that observed in this study.

In conclusion, this prospective study showed that higher total dietary zinc intake and zinc–iron
ratio is associated with a higher incidence of CVD in women aged 50 and above. This study finding
is preliminary and needs to be investigated further. Future research is necessary to confirm this
association in both men and women across different age groups. A positive finding should prompt
further research to investigate the association of zinc and iron from meat and other major sources
because these dietary aspects would encourage change in dietary guidelines recommended for
reducing CVD burden.
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Abstract: Zinc (Zn) is an essential trace element which has favorable antioxidant, anti-inflammatory,
and apoptotic effects. The liver mainly plays a crucial role in maintaining systemic Zn homeostasis.
Therefore, the occurrence of chronic liver diseases, such as chronic hepatitis, liver cirrhosis, or fatty
liver, results in the impairment of Zn metabolism, and subsequently Zn deficiency. Zn deficiency
causes plenty of metabolic abnormalities, including insulin resistance, hepatic steatosis and hepatic
encephalopathy. Inversely, metabolic abnormalities like hypoalbuminemia in patients with liver
cirrhosis often result in Zn deficiency. Recent studies have revealed the putative mechanisms
by which Zn deficiency evokes a variety of metabolic abnormalities in chronic liver disease. Zn
supplementation has shown beneficial effects on such metabolic abnormalities in experimental
models and actual patients with chronic liver disease. This review summarizes the pathogenesis of
metabolic abnormalities deriving from Zn deficiency and the favorable effects of Zn administration
in patients with chronic liver disease. In addition, we also highlight the interactions between Zn and
other trace elements, vitamins, amino acids, or hormones in such patients.

Keywords: zinc deficiency; HCV-related chronic liver disease; nonalcoholic steatohepatitis; liver
cirrhosis; insulin resistance; hepatic steatosis; hepatic encephalopathy; iron overload; lipid
peroxidation; insulin-like growth factor-1

1. Introduction

Zinc (Zn) is an essential trace element that plays pivotal roles in cellular integrity and biological
functions related to cell division, growth and development [1,2]. Zn acts as a cofactor for many enzymes
and proteins involved in anti-oxidant, anti-inflammatory and apoptotic effects [3]. Zinc-binding
proteins represent approximately 10% of human proteomes, with more than 300 enzymes having zinc
ions within their catalytic domains [4]. Two types of Zn transporters that maintain Zn homeostasis are
identified: ZnTs (zinc transporters) and ZIPs (Zrt-, Irt-like proteins) [5]. ZnTs lower cytoplasmic Zn
by transporting Zn through cell-surface membranes and intracellular organelles, while ZIPs increase
cytoplasmic Zn.

Zn homeostasis is primarily regulated in the liver. Therefore, chronic liver damage results in the
impairment of zinc homeostasis, and eventually zinc deficiency [6–11]. Zn deficiency consequently
initiates a variety of metabolic abnormalities, including insulin resistance, hepatic steatosis, iron
overload and hepatic encephalopathy (HE) in patients with chronic liver disease. By contrast, a
decrease in albumin synthesis leads to Zn deficiency in patients with liver cirrhosis [12]. Recent
studies have revealed the putative mechanisms by which Zn deficiency evokes a variety of metabolic
abnormalities in patients with fatty liver, chronic hepatitis, or liver cirrhosis. The interactions between
Zn deficiency and these metabolic abnormalities are summarized in Table 1.
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Table 1. Metabolic abnormalities causing zinc deficiency and metabolic abnormalities deriving from
zinc deficiency.

Disease Cause of Zinc Deficiency Outcomes of Zinc Deficiency References

Liver cirrhosis
Decrease in albumin synthesis and relative

increase in α2-macroglobulin [13,14]

Decrease in Zn absorption from the small intestine [15]

Hepatic
encephalopathy Liver cirrhosis Decrease in ornithine

transcarbamylase activity [16]

Insulin resistance Oxidative stress
Iron overload [17]

Decrease in free IGF-1 level [18]

Hepatic steatosis Oxidative stress Enhancement of
lipid peroxidation [17]

IGF-1, insulin-like growth factor.

Here, we mainly focus on the metabolic abnormalities deriving from Zn deficiency in patients
with chronic liver disease and the beneficial effects resulting from zinc administration in such patients.
Finally, the interactions between Zn deficiency and levels of other trace elements, vitamins, amino
acids, or hormones are described.

2. Association between Zn Metabolism and Its Metabolic Abnormality

2.1. Zn Deficiency and Liver Cirrhosis

Liver cirrhosis is considered the most advanced stage of chronic liver disease. An unfavorable
hepatic reserve results in numerous metabolic disorders, such as hypoalbuminemia. Consequently,
a relative increase in α2 macroglobulin, which more strongly binds to Zn [13], caused a substantial
increase in the urinary excretion of Zn [14]. Moreover, Zn absorption from the small intestine was
often impaired in patients with liver cirrhosis [15,19]. Such mechanisms result in severe Zn deficiency
in patients with liver cirrhosis.

2.2. Zn Deficiency and Hepatic Encephalopathy

Hepatic encephalopathy (HE) is one of the most common neuropsychiatric complications in
patients with liver cirrhosis. The pathogenesis of HE has not been completely understood, although
ammonia is considered to play a key role. Approximately 90% of patients with liver cirrhosis and HE
have elevated ammonia levels in the plasma [9]. HE in liver cirrhosis patients was associated with a
high prevalence of Zn deficiency [20]. Poor Zn status resulted in the impairment of nitrogen metabolism
by reducing the activity of urea cycle enzyme, ornithine transcarbamylase, in the liver [16,21] and of
glutamine synthetase in the muscle [22]. Indeed, serum Zn levels were inversely correlated with blood
ammonia levels in patients with liver cirrhosis [23].

2.3. Zn Deficiency and Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is the fifth most common form of cancer worldwide [24]. Liver
cirrhosis appears to be a decisive risk factor leading to the progression to HCC.

The roles of trace elements underlying hepatocarcinogenesis have not been fully understood
yet, although previous studies have identified a number of signal transduction pathways that are
involved in this process. Elevated serum copper (Cu) levels were associated with the development
of HCC [25–28]. Hepatic Cu content was significantly higher in the HCC tissue than that in the
surrounding liver parenchyma [29,30]. By contrast, Zn concentrations in HCC tissues were lower
than those in the surrounding hepatic parenchyma [29,30]. Zn may be involved in the regulation of
apoptosis in HCC cells [31]. Zn also has a possibility to downregulate hypoxia-inducible factor-1α
(HIF-1α) in the malignant cells [32]. Therefore, Zn deficiency may account for the proliferation of HCC
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cells. However, no significant difference in serum Zn levels was apparent between HCC and liver
cirrhosis patients [33,34].

Based on the observations of intracellular Zn concentrations in different carcinomas, it has
been postulated that these changes in Zn levels may contribute to the development of tumors by
affecting a wide variety of molecular structures, such as receptors, kinases, caspases, phosphatases
and transcriptional factors [35].

The decisive role of Zn in malignant transformation may derive from change in the expression
of Zn transporters such as Zip4, Zip6, Zip7 and Zip10, as shown by the previous studies on certain
types of carcinomas [36–38]. Notably, the expression of Zip14 was decreased during the development
of HCC, coupled with a reduction in intracellular Zn levels [39]. Zip14 localizes to the cell membrane
of normal hepatocytes and is a functional transmembrane transporter involved in the uptake of zinc
into the cell. Therefore, its downregulation may explain the decreased Zn levels in HCC cells. On the
other hand, the expression of Zip 4 gene, which is associated with acrodermatitis enteropathica [40],
was upregulated in human and mouse HCC tissues, compared with surrounding non-cancerous
tissues [41]. Zip4 influenced the expression of matrix metalloproteinase (MMP)-2 and MMP-9, which
are directly involved in angiogenesis and the degradation of basement membrane collagen, in the HCC
cell lines [42]. MMP-2 and MMP-9 are in the family of zinc-containing enzymes [43]. Therefore, Zip4
may regulate the expression of MMP-2 and MMP-9 by influencing Zn concentration in the HCC tissues.

Serum Zn status may be recognized as a prognostic serological hallmark after initial hepatectomy
in HCV-related HCC patients. Imai and colleagues elucidated that HCC patients with lower serum
Zn levels at the preoperative stage had significantly lower overall survival than those with a normal
range of Zn levels [44].

2.4. Zn Deficiency and HCV Infection

Hepatitis C virus (HCV) is known to induce a spectrum of chronic liver diseases from chronic
hepatitis to liver cirrhosis, and ultimately to HCC. More than 184 million people worldwide are
estimated to be infected with HCV worldwide at present [45]. Persistent HCV infection often evokes
mitochondrial oxidative stress [46], and a variety of resulting metabolic abnormalities, including insulin
resistance, dyslipidemia, iron overload and hepatic steatosis [47,48]. Zn has potential cytoprotective
effects against oxidative stress, apoptosis and inflammation [49].

Zn deficiency may trigger oxidative stress in patients with HCV-related chronic hepatitis and
liver cirrhosis, termed HCV-related chronic liver disease (CLD) [50]. A decrease in serum Zn levels
was observed in patients with asymptomatic HCV-carrier as well as those with HCV-related CLD,
compared with serum Zn levels in normal healthy controls [51]. However, no significant correlation
was found between serum Zn levels and loads of HCV RNA in patients infected with HCV. These
data may imply that HCV infection probably affects Zn metabolism, although HCV itself has no direct
effect on serum Zn levels in those patients.

Previously, NS3 proteinase, which is involved in the process of HCV replication, proved to be
a zinc-containing enzyme [52]. In addition, NS5A protein was considered a Zn metalloprotein [53].
These findings suggest that Zn may have inhibitory effects in the proliferation and replication of HCV.

2.5. Zn Deficiency in Nonalcoholic Steatohepatitis

Nonalcoholic fatty liver disease (NAFLD) is currently the most prevalent liver disease worldwide,
characterized by the accumulation of triglycerides in the liver, and the absence of excessive alcohol
consumption. NAFLD covers a spectrum of liver diseases that range from simple steatosis called
nonalcoholic fatty liver (NAFL) through nonalcoholic steatohepatitis (NASH), which is associated
with hepatic inflammation and fibrosis in addition to simple steatosis [54].

Previous studies elucidated that dietary habits are likely to affect Zn metabolism in patients
with NAFLD. Lower oral intake of Zn was observed in patients with NAFLD than in normal healthy
controls [55]. NASH patients had significantly lower oral intake of Zn than NAFL patients [56]. Zn
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deficiency in such patients may be due to this lower Zn intake. Zn deficiency results in mitochondrial
oxidative stress and subsequently iron over load, insulin resistance, and hepatic steatosis in patients
with NASH.

Zn and zinc transporters play crucial roles in the attenuation of endoplasmic reticulum (ER)
stress-related signaling and the unfolded protein response (UPR) [57]. Therefore, Zn deficiency may
potentially induce or exacerbate ER stress and apoptosis. Kim and colleagues recently elucidated that
consumption of a zinc-deficient diet exacerbated ER-stress-induced apoptosis and hepatic steatosis
in experimental mice models [58]. The authors proposed that Zip14 mediated Zn transport into
hepatocytes to inhibit protein-tyrosine phosphatase 1B, which suppressed apoptosis and steatosis
associated with ER stress [59].

2.6. Zn Deficiency and Insulin Resistance in Patients with HCV-Related CLD

Zn plays a pivotal role in the secretion and activation of insulin. Specifically, Zn participates
as a potent physiological regulator of insulin signal transduction through its inhibitory effect on
protein tyrosine phosphatase 1b, the key phosphatase that dephosphorylates the insulin receptor [60].
Therefore, it has been well known that Zn is absolutely indispensable for the regulation of glucose
homeostasis. Zn deficiency seems to be associated with the pathogenesis of type 2 diabetes mellitus
(DM), supporting the notion that Zn deficiency may result in the exacerbation of insulin resistance. Zn
deficiency may derive from hyperzincuria in patients with type 2 DM [61].

Insulin resistance and/or concurrent type 2 DM are often associated with the occurrence of
HCV-related CLD [62]. Previously, we elucidated that Zn deficiency caused the exacerbation of insulin
resistance in patients with HCV-related CLD [17,63]. Zn deficiency may contribute to higher serum
ferritin levels and lower IGF-1/IGFBP-3 ratios, surrogate measures for circulating free IGF-1 levels [64],
and thus substantially exacerbate the insulin resistance in such patients [18].

Depressed serum Zn levels were found in some patients with NAFLD (unpublished data). Zn
deficiency is likely to evoke insulin resistance in such patients by way of almost the same mechanism
as chronic HCV infection, including hyperferritinemia and/or lower circulating free IGF-1 levels [65].

Zn deficiency is also observed in patients with primary biliary cholangitis (PBC), an autoimmune
liver disease characterized by progressive destruction of the intrahepatic bile ducts, leading to
cholestasis [66]. Serum Zn levels are gradually decreased as the hepatic fibrosis develops in those
patients. Advanced-stage PBC patients also have higher insulin resistance, suggesting that Zn
deficiency may exacerbate insulin resistance in such patients [67].

2.7. Zn Deficiency and Iron Overload in Patients with HCV-Related CLD

Persistent HCV infection and nonalcoholic fatty liver disease (NAFLD) are well recognized
cofactors affecting body iron storage [48]. A patient’s serum ferritin level is ordinarily used as an
indicator of iron storage in the liver. We previously showed an inverse correlation between serum Zn
and ferritin levels in patients with HCV-related CLD, implying that Zn deficiency might result in iron
overload in those patients [17,63].

It has been well established that Zn and iron may compete for access to transporters. Formigari
and colleagues suggested that divalent metal transporter 1 (DMT1) is a possible candidate zinc-iron
transporter [68]. It is of interest that Zn competed with iron uptake in cells overexpessing Zip14,
implicating Zip14 as another possible candidate for transport of both Zn and iron in the liver [69].

2.8. Iron Overload and Insulin Resistance

Iron often influences glucose metabolism. The amount of iron storage in the body was found to
be significantly associated with the development of glucose intolerance or type 2 DM in a general
population [70].
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In addition, iron overload reciprocally seems to affect insulin action. Iron storage interferes with
the production of glucose by the liver. Hepatic extraction of insulin and the body’s metabolism of
insulin is reduced with increasing iron storage, leading to peripheral hyperinsulinemia.

This status is called “iron overload-related insulin resistance” [71]. Iron overload-related insulin
resistance was observed in CLD-C and NAFLD patients with hyperferritinemia, who are frequently
associated with hepatic steatosis and/or fibrosis [48,72].

2.9. Decrease in Circulating Free IGF-1 Levels and Insulin Resistance in Patients with HCV-Related CLD

Insulin-like growth factor-1 (IGF-1), a liver-derived humoral growth factor, has crucial anabolic
and metabolic actions. It is secreted from hepatocytes and has a negative feedback control on growth
hormone release from the pituitary gland. The biological activity of IGF-1 is primarily dependent
on IGF-binding proteins (IGFBPs). The binding of IGFBP-3 to IGF-1 has been shown to inhibit the
bioavailability of IGF-1 [73]. Therefore, free IGF-1 is considered the bioactive form of IGF-1 (Figure 1).
However, free IGF-1 levels are difficult to determine directly. The ratio of IGF-1/IGFBP-3 is usually
used as a surrogate estimate of free IGF-1 [64].

Figure 1. Putative mechanisms by which a decrease in free IGF-1 levels cause insulin resistance in
patients with HCV-related CLD. IGF-1, insulin-like growth factor; IGFBP, IGF-binding protein; HCV,
Hepatitis C virus; CLD, chronic liver disease.

Zn is likely to participate in the stabilization of IGF-1 transcripts [74]. Thus, the IGF-1/IGFBP-3
ratio, a surrogate measure for circulating free IGF-1 level, had a positive correlation with serum Zn
levels in patients with HCV-related CLD [18]. It is of interest that the IGF-1/IGFBP-3 ratio was inversely
associated with the values of homeostasis model for assessment of insulin resistance (HOMA-IR), an
indicator for insulin resistance, suggesting that a lower circulating free IGF-1 concentration might
result in the exacerbation of insulin resistance in such patients.

2.10. Zn Deficiency and Hepatic Steatosis in Patients with HCV-Related CLD

A previous study demonstrated that Zn deficiency was linked to hepatic steatosis in an
experimental animal model of fatty liver induced by tetracycline [75]. We confirmed that serum Zn
levels were decreased as the degrees of hepatic steatosis developed in patients with HCV-related
CLD [17]. Moreover, serum Zn levels were decreased in inverse proportion to the intensity of
4-hydroxy-2′-nonenal (4-HNE), an indicator for lipid peroxidation, in the liver of those patients [17].

Zn has been considered to participate in the enhancement of peroxisome proliferator-activated
receptor-α (PPAR-α), a regulator of lipid homeostasis [76]. Zn is necessary for the DNA-binding
activity of PPAR-α. Therefore, Zn deficiency may result in a decline of DNA-binding activity, and
thereby facilitate lipid peroxidation, ultimately exacerbating hepatic steatosis.
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We also revealed that a lower IGF-1/IGFBP-3 ratio might cause more advanced hepatic steatosis
in patients with HCV-related CLD [18]. A significant correlation was confirmed between insulin
resistance and the severity of hepatic steatosis in those patients. Higher insulin resistance may result in
a lower ratio of IGF-1/IGFBP-3 in HCV-related CLD patients with severe steatosis (Figure 2). The lower
ratio of IGF-1/IGFBP-3 was also observed in patients with NAFLD [77], suggesting that a decrease
in circulating free IGF-1 levels may account for exacerbation of insulin resistance and advanced
hepatic steatosis.

Figure 2. Putative mechanisms by which chronic HCV infection evokes insulin resistance and
hepatic steatosis.

Iron overload is also believed to cause lipid peroxidation, and subsequently to lead to hepatic
steatosis in patients with HCV-related CLD [72]. We confirmed a significant correlation between the
intensity of hepatic 4-HNE expression and serum ferritin levels in such patients [17].

2.11. Zn Metabolism and Wilson’s Disease

Wilson’s disease is an autosomal recessive, hereditary disorder of Cu metabolism due to defective
Cu-transporting ATPase activity, leading to the accumulation of Cu in the liver and basal ganglia of the
brain [78]. The accumulation of Cu may affect the metabolisms of other trace elements, including Zn
and iron. However, few studies have focused on imbalances of trace elements in patients with Wilson’s
disease. Ferenci and colleagues previously documented that slightly increased hepatic accumulation
of Zn and iron were observed in such patients [79].

2.12. Zn Metabolism and Hemochromatosis

Patients with hereditary hemochromatosis, characterized by HFE point mutations [80], are
more susceptible to iron overload when factors such as alcohol, HCV infection, and abnormal
porphyrin metabolism are present [48]. Even in the absence of hereditary hemochromatosis, there
are several conditions associated with secondary iron overload. A few studies have focused on the
relationships between iron overload and other trace element statuses either in experimental models
of hemochromatosis or in patients with hemochromatosis. Unfortunately, Zn status in patients with
hemochromatosis remains controversial. Vayenas and colleagues elucidated that hepatic Zn content
was increased in iron-overload Wister rats [81]. Adams and colleagues also revealed that hepatic
zinc content was significantly higher in the livers of patients with hemochromatosis than that in
normal livers [82]. The increase in hepatic Zn content might substantially derive from increased
intestinal absorption of Zn and hepatic sequestration. To the contrary, Beckett and colleagues recently
documented that iron overload did not have a significant effect on Zn status [83].
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3. Therapeutic Effects of Zn Administration

Zinc administration has shown favorable effects on metabolic abnormalities in patients with
chronic liver disease. The effects of zinc supplementation and possible mechanisms of these effects are
summarized in Table 2, and described in detail below.

Table 2. Beneficial effects of zinc administration in patients with chronic liver disease.

Disease Type of Zn Compound
Effect of Zinc

Supplementation
Putative Mechanism Reference

Hepatic
encephalopathy

Zinc sulfate Reduced ammonia levels Recovery of OTC activity [84]

Zinc-hydrogen-asparate
or zinc-histidine Reduced ammonia levels Recovery of OTC activity [85]

Zinc acetate Reduced ammonia levels Recovery of OTC activity [86,87]

Polaprezinc Reduced ammonia levels Recovery of OTC activity [88]

Diabetes
mellitus Zinc sulfate Reduced glucose levels Improvement of

insulin resistance [89]

Chronic
hepatitis

Polaprezinc Reduced ALT levels Improvement of
iron overload [90]

Polaprezinc + IFN-based treatment Higher rate of
HCV eradication [91]

Polaprezinc + IFN-based treatment Lower ALT levels [92]

Wilson’s disease Zinc acetate Inhibition of
Cu absorption Increase in MT synthesis [93]

HCC Polaprezinc Lower incidence of
HCC development

Maintenance of
hepatic reserve [94]

OTC, ornithine transcarbamylase; HCV, hepatitis C virus; IFN, interferon; ALT, alanine aminotransferase; MT,
metallothioneine; HCC, hepatocellular carcinoma.

3.1. Attenuation of Hepatic Inflammation

Zn has beneficial effects on hepatic inflammation in patients with HCV-related CLD. We previously
documented that the administration of polaprezinc, a complex of Zn and L-carnosine, showed
anti-inflammatory effects in the liver by attenuating hepatic iron storage in such patients [90]. However,
the administration of zinc did not directly affect HCV viremia in our study, although Takagi and
colleagues revealed that the combination therapy of zinc with interferon (IFN)-α was more effective
against HCV eradication than IFN treatment alone [91]. Likewise, Zn administration also prevented
an increase in serum alanine aminotransferase (ALT) levels of patients with chronic hepatitis C during
IFN-based treatment [92].

3.2. Improvement of Insulin Resistance

Zn supplementation is likely to have favorable effects on impaired glucose tolerance. Yoshikawa
and colleagues demonstrated that oral administration of Zn (II)-dithiocarbamate complex improved
hyperglycemia, glucose intolerance and insulin resistance in an experimental animal model of
type 2 DM [95]. It is of interest that an increase in adiponectin synthesis by the administration of Zn
complexes resulted in the improvement of insulin resistance in those experimental animal models.

Oral Zn administrations, using zinc sulfate or zinc acetate, have been prescribed in patients
with T2DM. A systemic review by Jayawardena documented that Zn supplementation had beneficial
effects on glycemic control in such patients [96]. The authors speculated that the effect of Zn might be
mediated by increasing IGF-1. Surprisingly, the authors revealed that Zn administration also improved
dyslipidemia in T2DM patients. However, all these studies included dietary supplementation with
other antioxidant vitamins and minerals together with Zn. Hence, it is difficult to conclude that the
beneficial effects were due to Zn alone.
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It is of interest that long-term Zn treatment improved impaired glucose tolerance in patients
with advanced liver cirrhosis [89]. Further examinations will be required to clarify the efficacy of Zn
administration in HCV-related CLD or NAFLD patients accompanied by insulin resistance.

3.3. Attenuation of Hepatic Steatosis

Sugino and colleagues investigated the effect of Zn (polaprezinc) in a mouse model of NASH. Zn
supplementation did not affect the steatosis, but visibly attenuated fibrosis in the liver [97]. Another
study documented that treatment with zinc sulfate reversed alcohol-induced steatosis in male mice via
reactivation of hepatocyte nuclear factor-4α (HNF-4α) and PPAR-α [98].

Unfortunately, the effects of Zn administration on hepatic steatosis in patients with CLD-C or
NAFLD has not been fully verified yet. Hence, Zn supplementation should be evaluated as an optional
treatment for such patients [99].

3.4. Improvement of Hepatic Encephalopathy

Long-term Zn supplementation significantly improved the grade of HE and blood ammonia
levels in patients with liver cirrhosis [84–88]. Zn administration in patients with liver cirrhosis and HE
potentially resulted in the recovery of urea synthesis in the liver and glutamine synthesis in the muscle.
Supplementation with branched-chain amino acids (BCAAs) enhances detoxification of ammonia
from the skeletal muscles by the amidation process for glutamine synthesis [100]. Interestingly, it was
found that a combination treatment with BCAAs and Zn decreased blood ammonia levels more than a
treatment with BCAAs alone in patients with liver cirrhosis [101].

3.5. Inhibitory Effect on the Development of HCC

Zn administration appears to have a preventive effect on the development of HCC. Matsumura
and colleagues documented that chronic hepatitis C patients treated with polaprezinc, a complex of
zinc and L-carnosine, had a significantly lower incidence of HCC than those without administration of
polaprezinc [94]. Maintenance of favorable hepatic reserve by Zn supplementation may account for
the lower incidence of HCC.

Insulin resistance seems to be one of the risk factors for the development of HCC [102]. Zn
supplementation may result in an improvement of insulin resistance in patients with HCV-related
CLD or NASH. Accordingly, a treatment with Zn should be considered as a therapeutic strategy in
such patients [103].

3.6. Reduced Cu Absorption from the Small Intestine

It has been widely established that oral Zn administration often provides Wilson’s disease
patients with favorable effects. Zn administration induced the synthesis of metallothionein (MT), a
copper-binding protein [104], in the small intestine and the liver. MT binds to newly absorbed Cu and
prevents it from passing from the small intestine into the circulation. Some studies, using experimental
animal models for Wilson’s disease, have also revealed an increase in hepatic MT synthesis, and
sequestration of excess hepatic Cu content by the administration of Zn [105]. A significant correlation
was found between MT and Zn concentrations in the duodenal mucosa of 15 patients with Wilson’s
disease by the treatment with zinc sulfate or penicillamine [106]. Accordingly, Zn acetate has been
approved for the treatment of Wilson’s disease, especially in early stage patients [93].

4. Interactions between Zinc and Other Trace Elements or Vitamins

It has been widely recognized that some trace elements, including Cu and iron, compete with Zn,
while selenium and vitamin A are positively associated with Zn status. Table 3 shows interactions
between Zn and other trace elements, vitamins, amino acids, or hormones status.
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Table 3. Interactions between zinc and other trace elements, vitamins, amino acids, or hormones in
chronic liver disease.

Other Trace Elements, Vitamins,
Amino Acids, or Hormones

Disease or Condition Correlation Reference

Copper

Liver cirrhosis Increase in Cu/Zn ratio [33]
Liver cirrhosis Increase in Cu/Zn ratio [34]

HCC Increase in Cu/Zn ratio [33]
HCC Increase in Cu/Zn ratio [34]
HCC Increase in Cu/Zn ratio [107]

High dose of Zn prescription Cu deficiency [108]

Iron
HCV-related CLD Inverse correlation [17]

HCV-related CLD with NAFLD Inverse correlation [109]

Selenium
Alcoholic liver disease, PBC, liver

cirrhosis and autoimmune hepatitis Positive correlation [110]

HCV-related CLD Positive correlation [111]

Vitamin A Liver cirrhosis Positive correlation [112]

Retinol-Binding Protein Liver cirrhosis Positive correlation

Vitamin D
Primary ovarian insufficiency Positive correlation [113]

HCV-related CLD No significant correlation [114]

Branched-chain amino acids HCV-related CLD No significant correlation [51]

Tyrosine HCV-related CLD Inverse correlation [51]

IGF-1 HCV-related CLD Positive correlation [18]

Testosterone Infertile males Positive correlation [115]

Cu, copper; Zn, zinc; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; CLD, chronic liver disease; NAFLD,
nonalcoholic fatty liver disease, PBC, primary biliary cholangitis; IGF-1, insulin-like growth factor-1.

4.1. Zn and Cu

It is well known that Zn competes with Cu [8]. The risk of Cu deficiency in patients
with continuously high dose of Zn prescription has been warranted [108,116]. High-dose Zn
supplementation causes enterocytes to produce MT which binds to Zn. Whereas, Cu binds more avidly
to MT than Zn, eventually leading to Cu deficiency [117]. We previously performed the additional
treatment with polaprezinc (51mg/day of Zn for 6 months) in 14 patients with HCV-related CLD.
However, none of the HCV-related CLD patients on this regimen suffered from Cu deficiency [90]. To
the contrary, a lower intake of Zn was more effective than a moderately higher intake of Zn in inducing
changes associated with a decreased Cu status in postmenopausal women [118].

The ratio of serum Cu to Zn levels has been utilized as a clinical assessment in certain
diseases [119]. Among chronic liver diseases, elevated Cu/Zn ratios have been observed in patients
with liver cirrhosis or HCC [33,34]. Therefore, the ratio of Cu/Zn can be monitored for estimating the
severity of liver damage. However, the ratio cannot discriminate HCC patients from liver cirrhosis
patients. It is of interest that elevation of the Cu/Zn ratio was observed in HCC patients alone among
hepatobiliary cancer patients [107].

4.2. Zn and Iron

Zn also competes with iron. We previously showed a weakly inverse correlation between
serum zinc and ferritin levels in patients with HCV-related chronic liver disease [17]. The inverse
correlation between serum Zn and ferritin was also found in HCV-related CLD patients associated
with NAFLD [109]. The putative mechanism is explained in the paragraph regarding “zinc deficiency
and iron overload” in this review.

Interestingly, Zn supplementation caused an increased iron concentration in the duodenal mucosa
of patients with Wilson’s disease, although the mechanism of this change remains unclear [106].
Further examinations will be required to clarify this phenomenon in such patients.

87



Nutrients 2018, 10, 88

4.3. Zn and Selenium

We previously revealed that serum selenium levels were positively associated with serum Zn
levels in patients with HCV-related CLD [111]. We also confirmed a positive correlation between
serum selenium and albumin levels in such patients. Therefore, selenium deficiency might result
in hypoalbuminemia, and subsequently cause Zn deficiency in those patients. Likewise, Thuluvath
and Triger found a positive correlation between serum zinc and selenium levels among patients with
various chronic liver diseases, including alcoholic liver disease, primary biliary cholangitis, cryptogenic
cirrhosis, chronic active autoimmune hepatitis [110].

It is of interest that the administration of selenium modulated serum Zn levels in diabetic rats fed
a zinc-deficient diet [120].

4.4. Zn and Vitamin A

A previous study elucidated that significant correlations between serum Zn and vitamin A or
retinol-binding protein (RBP) levels were found in patients with liver cirrhosis [112]. Zn deficiency
seems to impair the synthesis of RBP [7,121,122]. Therefore, the authors speculated that Zn deficiency
might result in portosystemic shunting, and subsequent vitamin A deficiency by decreasing the release
of RBP in such patients [112].

4.5. Zn and Vitamin D

Serum 25-hydroxy vitamin D (25-OH vitamin D) levels are also decreased in proportion to
the severity of hepatic fibrosis as well as serum Zn levels in patients with HCV-related CLD [123].
Surprisingly, no significant correlation was found between serum 25-OH vitamin D and Zn levels in
such patients [114], although serum Zn levels were significantly associated with serum 25-OH vitamin
D levels among women with primary ovarian insufficiency [113].

4.6. Zinc and Amino Acids

Moriyama and colleagues documented that there was not a significant correlation between serum
Zn and BCAA levels in patients with HCV-related CLD, but that an inverse correlation between serum
Zn and tyrosine levels did exist [51]. Therefore, an inverse correlation was found between serum zinc
levels and the ratio of BCAA to tyrosine (BTR) in such patients.

Surprisingly, oral administration of BCAA granules caused a decrease in serum Zn levels of
patients with liver cirrhosis [124]. The authors speculated that the protein synthesis was facilitated
by the administration of BCAAs resulting in consumption of Zn, because Zn acts at multiple steps in
amino acid- and insulin-regulated intracellular signaling pathways, including mTOR. It is of interest
that the amount of urinary Zn secretion was related to the infusion of amino acid in patients who
received parenteral nutrition [125]. Surprisingly, Zn bound to amino acids such as aspartate, cysteine
and histidine showed the highest absorption concentration, followed by zinc chloride, sulfate and
acetate, while zinc oxide showed the lowest bioavailability [116].

4.7. Zn and Hormones

It has been well established that Zn plays a fundamental role in the stability of IGF-1
transcripts [74]. Therefore, Zn deficiency eventually caused a decrease in the synthesis of IGF-1
in patients with HCV-related CLD [18]. Zn supplementation may increase the production of IGF-1 in
the livers of patients with liver cirrhosis.

Zn seems to participate in modulating serum testosterone levels in normal men. Therefore,
hypogonadism has been linked to Zn deficiency [126]. In contrast, Fuse and colleagues found a
significant correlation between serum Zn and testosterone levels among infertile male patients [115].
Indeed, Zn supplementation facilitated the synthesis of testosterone in elderly men with marginal Zn
deficiency [9].
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5. Conclusions

This review complied overwhelming evidence that Zn deficiency is common in patients with
chronic liver diseases such as chronic hepatitis and NASH, as well as liver cirrhosis. In such patients,
Zn deficiency causes various types of metabolic abnormalities, including insulin resistance, hepatic
steatosis, iron overload and hepatic encephalopathy. As expected, these metabolic abnormalities may
be recovered by Zn supplementation. Further trials will be required to verify the beneficial effects of
Zn administration on theses metabolic abnormalities especially in NASH patients.
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Abstract: One of the brief methods enabling the assessment of the zinc intake and identification of
individuals characterized by insufficient zinc intake, is zinc-specific food frequency questionnaire.
The aim of the study was to assess the validity and reproducibility of the elaborated zinc-specific
food frequency questionnaire ZINC-FFQ (Zinc INtake Calculation—Food Frequency Questionnaire)
in a group of young Polish female respondents. The validity was assessed in comparison with 3-day
dietary records, while reproducibility was assessed for the ZINC-FFQ filled in twice (FFQ1 and
FFQ2—six weeks apart). Bland–Altman indexes in the assessment of validity were 5.5% (FFQ1) and
6.7% (FFQ2), while in assessment of reproducibility it was 3.3%. In the assessment of reproducibility,
83% of respondents were classified into the same category of zinc intake adequacy and 72% of
respondents were classified into the same tertile, that contributed to weighted κ statistic of 0.65
(substantial agreement). It may be concluded, that ZINC-FFQ is characterized by a validity on a
satisfactory and reproducibility on a very good level, in a group of young Polish female respondents,
and may be applied to indicate individuals characterized by the risk of insufficient intake.

Keywords: zinc; validation study; ZINC-FFQ; food frequency questionnaire; validity; reproducibility

1. Introduction

In spite of the fact that severe zinc deficiency is rare, according to the World Health Organization
(WHO) [1], mild-to-moderate zinc deficiency is commonly stated throughout the world. Each third
individual of the world population is affected by its deficiency of various severities, while in some
regions the frequency is even 73% [2]. Each year, in the global population of children under five years of
age, zinc deficiency results in about 800 thousand of deaths, that are attributed to diarrhea, pneumonia
and malaria [3], as zinc intake reduces related mortality [4].

The zinc delivered during pregnancy results in fetal accumulation and newborn zinc status,
as well as zinc intake during lactation results in child zinc status, that was proven in the systematic
review and meta-analysis of Petry et al. [5] for low-dose of supplementation. Taking it into account,
it must be indicated, that for zinc status in children, the maternal zinc intake, both from diet and
supplementation, may be crucial. In the systematic review of Chaffee and King [6], it was indicated,
that zinc supplementation in pregnant women may contribute to the reduced risk of the preterm birth,
but the currently available information does not support the routine use of zinc supplementation
during pregnancy [7], unless emergency supplementation in the low-income countries is needed [8].

Despite the fact, that on the basis of the food supply, it is estimated, that zinc deficiency risk is
decreasing [9], the prevalence rate of inadequate zinc intake for general population of Central and
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Eastern Europe is still 10% [10]. It indicates the need for appropriate interventions, that should
be implemented both in the developing and developed countries, in groups of young women
characterized by the risk of zinc deficiency [11].

The pregnant and lactating women zinc requirement is associated with the amount of zinc retained
in newly accrued tissues and the zinc secreted in breast milk [12], but the education should include both
pregnant or lactating women, and those in preconception period, in order to prevent the deficiency
during pregnancy. Among the methods of intervention allowing to educate and change the nutrient
intake, are food frequency questionnaires [13]. However, due to the lack of the available validated
brief questionnaires enabling rapid assessment of the zinc intake in European countries, there is a need
to elaborate and validate such questionnaire.

The aim of the study was to assess the validity and reproducibility of the elaborated zinc-specific
food frequency questionnaire ZINC-FFQ (Zinc INtake Calculation—Food Frequency Questionnaire) in
a group of young Polish female respondents.

2. Materials and Methods

The study was approved by the Bioethical Commission of the National Food and Nutrition
Institute in Warsaw (No. 0701/2015), while it was conducted in compliance with the guideline
statements of the Declaration of Helsinki.

2.1. Designing the ZINC-FFQ

The designed ZINC-FFQ included products being sources of zinc (content of 0.01 mg per 100 g
or higher [14]), while other products were not included, due to the fact, that it was to be a brief
questionnaire to estimate the zinc intake, but not the intake of the other nutrients. All food products
included in the designed questionnaire were clustered into 13 groups and 46 food product items,
while the typical serving sizes were presented in grams and described [15], as the same approach was
applied as in the previous studies [16–18]. To not influence the answers of respondents, the elaborated
ZINC-FFQ (Table 1) did not contain the zinc content information that was presented only in the
questionnaire calculation key (Table 2).

Table 1. The designed ZINC-food frequency questionnaire (FFQ).

Group of Products Products Serving Size
Number of

Servings Per
Week *

Meat and offals

Pork

100 g (palm of small hand)

Poultry

Beef

Veal

Lamb

Veal liver

Pork and beef liver

Other offals

Cold cuts

Poultry cold cuts

15 g (thin slice of ham, 3 slices of
sausage, 1/3 of wiener)

Dry sausages

Ham, loin, gammon, other sausages

Wieners, spam, pate
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Table 1. Cont.

Group of Products Products Serving Size
Number of

Servings Per
Week *

Eggs 50 g (1 egg)

Fish and fish
products

Eel, herring, sardine
100 g (palm of small hand)

Other fish

Fish products from herrings,
sprats, sardines 50 g (3 sprats, 1 rollmop)

Other fish products 50 g (half of a small can of tuna)

Milk, dairy
beverages, cream 300 g (large glass)

Cheeses

Emmenthaler, gouda, cheddar, tilsiter,
trappist, smoked cheeses

20 g (thin slice)
Parmesan, camembert, Roquefort, brie,

edam cheese

Cottage cheese, curd cheese 30 g (thin slice, tablespoon)

Fromage frais, dairy desserts 150 g (packaging)

Feta, processed cheese 25 g (slice, triangle serving)

Breads

Wholemeal, dark breads, breads with
grains, graham, pumpernickel bread

30 g (slice, half of a roll)
White bread, wheat bread, baguette,

rolls, toast bread, confectionery bread

Crispbread 10 g (1 slice)

Other cereal products

Pasta

100 g of cooked (1 glass)
Rice

Buckwheat, millet

Other groats

Corn flakes
10 g (1 tablespoon)

Other cereals

Wheat bran
5 g (tablespoon)

Wheat germ

Graham flour
10 g (1 tablespoon)

Other flours

Fruits 100 g (half of a glass)

Vegetables
Legumes 100 g (1 glass of leafy vegetables,

half of a glass of the other)Other vegetables

Potatoes 50 g (2 tablespoons of puree)

Nuts and seeds

Pumpkin and flax seeds

30 g (handful)Pistachios, coconuts, coconut shreds

Other nuts and seeds

Chocolate products

Cocoa 10 g (1 tablespoon)

Plain chocolate
20 g (3–4 chocolate bar squares)

Other chocolates and chocolate bars

* Column to be completed by the respondent. ZINC = Zinc INtake Calculation; FFQ = Food Frequency Questionnaire.
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Table 2. The designed ZINC-FFQ calculation key.

Group of Products Products Serving Size
Zinc Content

(mg)

Meat and offals

Pork

100 g (palm of small hand)

2.54

Poultry 1.68

Beef 3.24

Veal 2.44

Lamb 3.09

Veal liver 8.40

Pork and beef liver 8.31

Other offals 2.27

Cold cuts

Poultry cold cuts

15 g (thin slice of ham, 3 slices of
sausage, 1/3 of wiener)

0.18

Dry sausages 0.49

Ham, loin, gammon, other sausages 0.32

Wieners, spam, pate 0.21

Eggs 50 g (1 egg) 0.88

Fish and fish
products

Eel, herring, sardine
100 g (palm of small hand)

1.12

Other fish 0.54

Fish products from herrings, sprats,
sardines 50 g (3 sprats, 1 rollmop) 0.62

Other fish products 50 g (half of a small can of tuna) 0.28

Milk, dairy
beverages, cream 300 g (large glass) 1.05

Cheeses

Emmenthaler, gouda, cheddar, tilsiter,
trappist, smoked cheeses

20 g (thin slice)

0.77

Parmesan, camembert, Roquefort, brie,
edam cheese 0.52

Cottage cheese, curd cheese 30 g (thin slice, tablespoon) 0.30

Fromage frais, dairy desserts 150 g (packaging) 0.92

Feta, processed cheese 25 g (slice, triangle serving) 0.50

Breads

Wholemeal, dark breads, breads with
grains, graham, pumpernickel bread

30 g (slice, half of a roll)

0.66

White bread, wheat bread, baguette, rolls,
toast bread, confectionery bread 0.31

Crispbread 10 g (1 slice) 0.41

Other cereal products

Pasta

100 g of cooked (1 glass)

0.89

Rice 1.21

Buckwheat, millet 3.45

Other groats 0.90

Corn flakes
10 g (1 tablespoon)

0.01

Other cereals 0.13

Wheat bran
5 g (tablespoon)

0.44

Wheat germ 0.75

Graham flour
10 g (1 tablespoon)

0.33

Other flours 0.08
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Table 2. Cont.

Group of Products Products Serving Size
Zinc Content

(mg)

Fruits 100 g (half of a glass) 0.17

Vegetables
Legumes 100 g (1 glass of leafy vegetables,

half of a glass of the other)

1.61

Other vegetables 0.45

Potatoes 50 g (2 tablespoons of puree) 0.17

Nuts and seeds

Pumpkin and flax seeds

30 g (handful)

2.29

Pistachios, coconuts, coconut shreds 0.27

Other nuts and seeds 0.87

Chocolate products

Cocoa 10 g (1 tablespoon) 0.66

Plain chocolate
20 g (3–4 chocolate bar squares)

0.43

Other chocolates and chocolate bars 0.22

ZINC-FFQ = Zinc INtake Calculation—Food Frequency Questionnaire.

In the ZINC-FFQ, respondents were asked about the number of servings of food items consumed
typically during a week, while both products consumed separately and as an element of the recipe
of dishes were to be included and decimal parts were allowed. The same approach to calculate the
typical daily zinc intake was applied as in the previous questionnaires [16–18].

2.2. The ZINC-FFQ Validation Procedure

For the validation of the ZINC-FFQ, the same approach was applied as in previous studies [16–18].
The convenience sampling of women living in Warsaw was applied. The validation was conducted
in the same group of young Polish female respondents, as the validation of IOdine Dietary INtake
Evaluation-Food Frequency Questionnaire (IODINE-FFQ) designed to assess the iodine intake [18],
so the inclusion criteria, exclusion criteria, characteristics of respondents and recruitment procedure
(Figure 1) as well as validation approach [19] were previously presented [18].

According to the Biomarkers of Nutrition for Development (BOND) Zinc Expert Panel [20], the
assessment of the dietary zinc intake is one of the recommended methods to assess the zinc status.
Moreover, the ZINC-FFQ was planned to be validated against the other method enabling calculation
of intake on the basis of the self-reported data, so the 3-day dietary record was chosen as the reference
method. The record was applied according to the same rules as in the previous studies [16–18], while
the zinc intake was analyzed using the Polish database of the nutritional value of products [14],
applying Polish dietician software.
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Figure 1. Participant recruitment to the validation of the questionnaire. ZINC-FFQ = Zinc INtake
Calculation—Food Frequency Questionnaire.

2.3. Statistical Analysis

The statistical approach included assessment of validity (while results of the ZINC-FFQ1 and
ZINC-FFQ2 were compared with the results of the 3-day dietary record) and of reproducibility (while
results of the ZINC-FFQ1 and ZINC-FFQ2 were compared). The analysis included Bland–Altman
plot, tertiles distribution, weighted κ statistic, adequacy assessment in comparison with Estimated
Average Requirement (EAR) level of 6.8 mg [21], as well as supplementary methods, while analysis
was conducted as in the previous study [22].
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3. Results

Zinc intake observed in the group of young female respondents is presented in Table 3. While
using both methods it was stated that the majority of young female individuals were characterized by
adequate zinc intake (higher than the EAR level of 6.8 mg per day).

Table 3. The observed zinc intake and the assessment of its adequacy.

Parameters 3-Day Dietary Record ZINC-FFQ1 ZINC-FFQ2

Mean ± standard deviation (mg) 8.55 ± 3.42 8.61 ± 3.23 8.98 ± 3.45
Median (mg) 8.09 * 8.30 * 8.65 *

Minimum (mg) 3.17 3.00 2.77
Maximum (mg) 22.42 20.97 22.05

Individuals characterized by adequate intake in
comparison with EAR level [21]

n 69 61 66
(%) 76.67 67.78 73.33

Individuals characterized by inadequate intake
in comparison with EAR level [21]

n 21 29 24
(%) 23.33 32.22 26.67

* Distribution different than normal (Shapiro–Wilk test—p ≤ 0.05). ZINC-FFQ1 = first food frequency questionnaire.
ZINC-FFQ2 = second food frequency questionnaire. EAR = Estimated Average Requirement.

The validation of the ZINC-FFQ including tertiles distribution, weighted κ statistic and adequacy
assessment are presented in Table 4. In comparison with 3-day dietary record, over 65% of young
female respondents were classified in the same category of zinc intake adequacy and less than 50%
were classified into the same tertile. At the same time, in the comparison between ZINC-FFQ1 and
ZINC-FFQ2, over 80% of young female respondents were classified in the same category of zinc intake
adequacy and almost 75% were classified into the same tertile, that contributed to weighted κ statistic
of 0.65 (substantial agreement).

Table 4. The validation of the ZINC-FFQ including tertiles distribution, weighted κ statistic and
adequacy assessment.

Parameters
ZINC-FFQ1 vs. 3-Day

Dietary Record
ZINC-FFQ2 vs. 3-Day

Dietary Record
ZINC-FFQ1 vs.

ZINC-FFQ2

Individuals classified into the same tertile
n 39 42 65
% 43.33 46.67 72.22

Individuals misclassified (classified into
opposite tertiles)

n 15 18 3
% 16.67 20.00 3.33

Weighted κ statistic 0.175 0.175 0.65

Individuals of the

same zinc intake
adequacy category

n 60 59 75
% 66.67 65.56 83.33

conflicting zinc intake
adequacy category

n 30 31 15
% 33.33 34.44 16.67

ZINC-FFQ1 = first food frequency questionnaire. ZINC-FFQ2 = second food frequency questionnaire.

The assessment of the validity of the ZINC-FFQ conducted using the Bland–Altman plot for
the ZINC-FFQ1 is presented in Figure 2. The mean absolute difference of the zinc intake was 0.4329,
while the agreement limit was observed to be from −7.022 to 7.888 and a Bland–Altman index of 5.5%
was obtained.
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Figure 2. The assessment of the validity of the ZINC-FFQ conducted using the Bland–Altman plot
for the ZINC-FFQ1 (Bland–Altman index of 5.5%). ZINC-FFQ1 = first food frequency questionnaire.
SD = Standard deviation.

The assessment of the validity of the ZINC-FFQ conducted using the Bland–Altman plot for
the ZINC-FFQ2 is presented in Figure 3. The mean absolute difference of the zinc intake was 0.3756,
while the agreement limit was observed to be from −7.056 to 7.808 and a Bland–Altman index of 6.7%
was obtained.
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Figure 3. The assessment of the validity of the ZINC-FFQ conducted using the Bland–Altman plot for
the ZINC-FFQ2 (Bland–Altman index of 6.7%). ZINC-FFQ2 = second food frequency questionnaire.

The assessment of the reproducibility of the ZINC-FFQ conducted using the Bland–Altman plot is
presented in Figure 4. The mean absolute difference of the zinc intake was 0.05732, while the agreement
limit was observed to be from −5.055 to 5.170 and a Bland–Altman index of 3.3% was obtained.
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Figure 4. The assessment of the reproducibility of the ZINC-FFQ conducted using the Bland–Altman
plot (Bland–Altman index of 3.3%). ZINC-FFQ1 = first food frequency questionnaire. ZINC-FFQ2 =
second food frequency questionnaire.

In the assessment of reproducibility, the Root Mean Square Errors of Prediction (RMSEP) of zinc
intake estimation in a group of young women was 2.44 mg, the Median Absolute Percentage Errors
(MdAPE) was 9.98%, while the correlation was significant (p = 0.0000; R = 0.7440).

4. Discussion

The most important consequences of zinc deficiency include the adverse fetal effects, as well as
increased newborn [7] and children death rate [3]. However, the influence on the offspring is not the
only effect proven for young women, as in the systematic review of Lomagno et al. [23], conducted for
young and premenopausal women, the better zinc status was indicated as associated with improved
emotional and cognitive functioning. Taking it into account, not only pregnant women and those in
preconception period would benefit from the control of the zinc intake, but also those who do not
intend to be pregnant.

4.1. Food Frequency Questionnaires for Pregnant Women

A number of applied multiple-nutrients food frequency questionnaires include zinc intake
assessment, while some of them were designed for a specific group of pregnant women. Such pregnancy
questionnaires were validated e.g., in United States of America [24,25], China [26,27], Brasil [28],
or Japan [29], but also in European countries—Great Britain [30], Norway [31], and Spain [32].

It is indicated by authors that the intake during pregnancy changes significantly—it may change
within each trimester, as well as it is in general less stable than in the case of non-pregnant women,
so a significant day-to-day variation is observed [24]. It may result from the appetite fluctuation,
caused by nausea or vomiting, changing food preferences, as well as energy requirements [27]. As the
diet during pregnancy may change, the season of the year when women is pregnant is also important,
as the summer to autumn period is indicated as characterized by the highest seasonal variation,
resulting from the fruit and vegetables intake [26].

Regarding the above-mentioned, it must be emphasized that a constant monitoring of intake
during pregnancy is needed and food frequency questionnaires enabling assessment of multiple
nutrients may be a good option. The dietary record may not be a better method than food frequency
questionnaire, as Brantsæter et al. [31] indicated that in their study pregnant women were omitting
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snacks which were considered as unhealthy, in spite of the fact, that they were asked not to change
their typical dietary habits.

However, the indicated questionnaires were designed to assess the intake of many nutrients and,
as a result, many questions are included. Consequently, it is indicated, that in the case of validation
conducted by Brunst et al. [25], it took about 20–30 min to complete the interviewer-administrated
modified Block98 Food Frequency Questionnaire [33]. As a result, while only the zinc intake is to be
assessed, rather a zinc-specific brief questionnaire should be applied.

4.2. Food Frequency Questionnaires Assessing Zinc Intake

In the review of Serra-Majem et al. [34] it was indicated, that for the zinc assessment, applied
using food frequency questionnaires, the methods analyzing intake, such as records and recalls, had
an acceptable correlation with validated food frequency questionnaires. Simultaneously, correlations
were increased while weighted dietary records were applied and while the assessment of applied
supplementation was included [34].

At the same time, the validations conducted using biomarkers often are not so positive. For the
electronic semi-quantitative food frequency questionnaire, including 235 items, adapted from the
Blue Mountains Eye Study Food Frequency Questionnaire [35], assessing inter alia zinc intake, it was
observed, that between zinc intake and serum zinc concentration, there was no significant trend [36].
The lack of association between zinc intake assessed using food frequency questionnaire and zinc
biomarkers was explained by many authors. Fayet et al. [36], interpreted it as resulting from the number
of other dietary factors that affect zinc absorption [37]. Simultaneously, Brunst et al. [25] indicated the
fact that serum zinc concentration reflects the recent intake from food products and supplementation,
while the intake from questionnaire reflects the typical intake from diet and sometimes also from
supplementation. Moreover, Brantsæter et al. [31], validating food frequency questionnaire for pregnant
women in the Norwegian Mother and Child Cohort Study (MoBA) indicated that just a few biological
markers are directly related to the nutrients intake, so biomarkers use is limited, mainly due to the
high cost [38]. In the conducted study, the blood samples were not collected, as the aim of the study
included validation in comparison with the other method of the dietary intake assessment, but it must
be indicated, that in the following analysis, the validation in comparison with biomarkers of the zinc
status will be needed.

In the review analyzing assessment methods for zinc intake [34], the correlation coefficients for the
food frequency questionnaires, validated using methods assessing the dietary intake, were analyzed
and it was indicated, that the correlation coefficients for zinc depend on the food items number in food
frequency questionnaires. It was stated, that the number of food items lower than 100 is associated
with a slightly higher values of correlation coefficient than for higher number of items [34].

The length of the form and a number of questions may be a crucial issue and, as was revealed
by Serra-Majem et al. [34], the lower number of questions in the form may be not only easier for
respondents, but also associated with a higher validity. Regarding the above-mentioned, the constant
analysis of questionnaires is necessary, while redundant food items should be excluded to simplify the
questionnaire [39].

For the zinc, it was observed by Samman et al. [40], in the study conducted in Australia, that
assessed the validity of the short food frequency questionnaire while the various number of food
products from the questionnaire were included into calculation. In the indicated study, it was observed,
that the number of food product items in the questionnaire may be successfully reduced from 74 to 37
(food products contributing to 80% of the total zinc intake), as the similar results in the validation were
still observed [40].

4.3. Validations Conducted Using Bland–Altman Index

The Bland–Altman plot is recommended to be used instead of the other methods of assessment,
in spite of the fact, that in practice it is applied by researchers less often than the other methods [13].
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In the present study, the assessment of validity and reproducibility of the ZINC-FFQ, conducted
using the Bland–Altman plot indicates a positive validation, or borderline positive validation, on the
basis of the commonly applied criteria [41]. In general, a Bland–Altman index of 5% is indicated as
a borderline [41]. Such level of a maximum of 5% was observed for the ZINC-FFQ in the assessment
of reproducibility (3.3%), while for the validity, the level of 5.5% was observed for FFQ1, but also
6.7%—for FFQ2. The lower validity level for FFQ2 may be associated with the fact, that FFQ2 was
filled in 6 weeks after the FFQ1, while FFQ1 was filled in at the similar time as the 3-day dietary record.

However, other authors validating their brief food frequency questionnaires to assess the
zinc intake, often observe even higher levels of Bland–Altman index, but they still interpret the
questionnaires as a good methods in the assessment. Samman et al. [40], analyzing a food frequency
questionnaire of a various number of items, administrated during a personal interview, in a group
of 22 young women, being validated against a 7-day weighted dietary record, for the number of
37-item, indicated the successful validation. The number of 20 individuals, out of 22, within the
limit of agreement, indicated a Bland–Altman index of 9.1%, being both higher than 5% indicated as
a borderline in the assessment [41] and higher than Bland–Altman indexes observed in the validation
of ZINC-FFQ in the present study.

Similarly, the Bland–Altman plot was analyzed in the study of Alsufiani et al. [42], in the
assessment of the 64-item food frequency questionnaire adapted from the questionnaire previously
validated by Samman et al. [40], by adjusting food products list to the nutritional habits in the
population of Saudi Arabia. The number of 95 individuals, out of the diverse population of 100, within
the limit of agreement, both in the assessment of reproducibility and validity, indicated a Bland–Altman
index of 5.0%. The indicated Bland–Altman index may be interpreted as a borderline significant,
that was confirmed by authors, who stated, that the reasonable validity and a high repeatability was
observed [42].

In spite of the fact that the validity observed in the present study (especially in the case of
FFQ2) was lower than recommended, the reproducibility of 3.3% was higher than for the indicated
studies of Samman et al. [40] and Alsufiani et al. [42]. As a result, it may be supposed, that ZINC-FFQ
may be particularly useful in the repeated measurements, while the researcher may benefit from the
high reproducibility.

The observed higher reproducibility than in the mentioned study [42] may result from the different
procedure chosen during designing the questionnaire. In the study of Samman et al. [40] food items of
a zinc content no lower than 0.5 mg/100 g were chosen and afterwards, during analysis, they removed
food product items, until they obtained 37 items contributing 80% of total zinc intake in the assessed
group. Alsufiani et al. [42] adapted the questionnaire previously validated by Samman et al. [40],
so the procedure was similar. At the same time, in the present study of the ZINC-FFQ, food items
characterized by zinc content of 0.01 mg per 100 g or higher were chosen and afterwards they were
clustered into 46 food product items. Such procedure may result in a higher accuracy of estimation,
as no products were removed from the questionnaire during the designing procedure.

4.4. Validations Conducted Using Other Methods

In spite of the fact, that the Bland–Altman plot is the major method in the validation of
questionnaires, it is allowed to use the κ statistic in the assessment of reproducibility and validity,
for a small numbers of ordered categories [13]. It is very rarely applied by researchers, but in the
present study of the ZINC-FFQ, it confirmed the substantial agreement in the case of reproducibility
and a slight agreement (values lower than 0.20) in the assessment of validity.

Authors more often use the analyses of the tertiles or quartiles distribution and adequacy
assessment. According to the criteria of Masson et al. [43], when more than 50% of individuals
are equally classified, using the compared methods, and less than 10% of individuals are classified into
opposite categories, the validity is confirmed. In the present study, the criteria were fulfilled in the
assessment of reproducibility of ZINC-FFQ (72.22% correctly classified and 3.33% grossly misclassified),
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but not in the assessment of validity (43–47% and 16–20% correctly classified and grossly misclassified,
respectively, for FFQ1 and FFQ2). It confirms as previously indicated a very good reproducibility, but
a minor validity.

The criteria of Masson et al. [43] were fulfilled in the previously mentioned assessment conducted
by Alsufiani et al. [42], as in the comparison with the 3-day dietary record for zinc intake, 62% of
individuals were correctly classified into tertiles and 2% were grossly misclassified, that confirmed
a positive validation. The criteria were also fulfilled in the assessment conducted by Heath et al. [44],
while the Meal-Based Intake Assessment Tool (MBIAT) was analyzed (consisting of 630 food products
sorted into 16 groups) in healthy male individuals and 60% of individuals were correctly classified
into quartiles, while there was no grossly misclassified individuals.

However, similarly as in the case of the Bland–Altman index, in other validation studies are also
observed values, that do not fulfill the criteria of Masson et al. [42]. In the study of Fayet et al. [36],
in the assessment of electronic semi-quantitative food frequency questionnaire, including 235 items, in
young female adults, in comparison with the results of zinc intake obtained on the basis of repeated
24-h dietary recall, 26.4% of individuals were correctly classified into quartiles and 11.3% were grossly
misclassified, while questionnaire was interpreted as a relatively valid.

The criteria of Masson et al. [42] are also formulated for the analysis of correlation and it is indicated,
that while the correlation coefficient is higher than 0.5, the validity is confirmed. In the present study of
ZINC-FFQ, it was analyzed and confirmed in the assessment of reproducibility (p = 0.0000; R = 0.7440).
Similarly, it was confirmed in the reproducibility assessment of the questionnaire conducted by Heath
et al. [44] (R = 0.64 and R = 0.73, for various periods between repeated measurements), as well as in the
assessment of validity of the questionnaire conducted by Samman et al. [40] (p < 0.001; R = 0.81 and
p < 0.001; R = 0.76 for 74-item and 37-item questionnaire, respectively).

However, similarly as in the previously indicated cases of the Bland–Altman index and analysis
of tertiles/quartiles, in other validation studies are also observed values that do not fulfill the criteria
of Masson et al. [43]. It was observed in the study of Alsufiani et al. [42], that the criteria of
Masson et al. [43] were fulfilled in the assessment of reproducibility (R = 0.758), but not in the
assessment of validity (R = 0.410), for the questionnaire interpreted as characterized by a high
repeatability and a reasonable validity. Similarly, in the study of Lacey [45], for a Zinc Assessment Tool
(ZAT), validated in United States of America, in male and female students, the validity was observed,
while compared with the 3-day dietary record, only for female (p < 0.001; R = 0.30), but not for male
respondents (R = 0.21), while for both cases correlation coefficient was lower than 0.5.

5. Conclusions

In comparison with the validation studies of other zinc-specific food frequency questionnaires,
for the ZINC-FFQ an average validity, but a better reproducibility were observed. It may be concluded,
that ZINC-FFQ is characterized by a satisfactory level of validity and very good reproducibility in
young Polish female respondents and may be applied to indicate individuals characterized by the risk
of insufficient intake.

Moreover, ZINC-FFQ may be adjusted for other populations from European countries, due to
the lack of the available validated brief questionnaire enabling rapid assessment of the zinc intake for
them. The further studies of the ZINC-FFQ are needed in order to indicate the redundant food items,
to improve the questionnaire.
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Author Contributions: Dominika Głąbska made study conception and design; Dominika Głąbska, Aleksandra
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Abstract: Zinc is essential to supporting growth in young children especially for tissues undergoing
rapid cellular differentiation and turnover, such as those in the immune system and gastrointestinal
tract. Therapeutic zinc supplementation has been initiated in low-income countries as part of
diarrhea treatment programs to support these needs for young children, but the effects of preventive
supplemental zinc as a tablet or as a multiple micronutrient powder (MNP) on child growth and
diarrheal disease are mixed and pose programmatic uncertainties. Thus, a randomized, double-blind
community-based efficacy trial of five different doses, forms, and frequencies of preventive zinc
supplementation vs. a placebo was designed for a study in children aged 9–11 months in an urban
community in Dhaka, Bangladesh. The primary outcomes of this 24-week study are incidence of
diarrheal disease and linear growth. Study workers will conduct in-home morbidity checks twice
weekly; anthropometry will be measured at baseline, 12 weeks and 24 weeks. Serum zinc and other
related biomarkers will be measured in a subsample along with an estimate of the exchangeable zinc
pool size using stable isotope techniques in a subgroup. Therapeutic zinc will be provided as part of
diarrhea treatment, in accordance with Bangladesh’s national policy. Therefore, the proposed study
will determine the additional benefit of a preventive zinc supplementation intervention. The protocol
has been approved by the Institutional Review Boards (IRBs) of icddr,b and Children’s Hospital
Oakland Research Institute (CHORI). The IRB review process is underway at the University of
Colorado Denver as well.

Keywords: zinc; multiple micronutrient powder; diarrhea; linear growth; infants; exchangeable zinc
pool size

1. Introduction

Zinc is an essential mineral in humans [1]. Zinc deficiency is common in low- and middle-income
countries (LMICs), thought to be primarily due to an inadequate zinc intake [2]. A large number of

Nutrients 2018, 10, 32 111 www.mdpi.com/journal/nutrients



Nutrients 2018, 10, 32

randomized controlled trials of daily supplementation with zinc in the form of dispersible tablets or
syrups have been conducted in children in LMIC; meta-analyses of these trials have demonstrated
a significant reduction in diarrhea and improved linear growth [3,4]. Some trials have also reported
reductions in pneumonia, hospitalizations, and deaths [3,5,6].

Zinc is a component of multiple micronutrient powders (MNPs), which are added to complementary
foods consumed by older infants and young children [7]. MNPs are intended to improve vitamin and
mineral intakes and address key micronutrient gaps including zinc and iron [8]. MNPs currently contain
5 mg or 4.1 mg of zinc, in the standard 5-component or 15-component MNP, respectively [7].

MNP programs are rapidly being scaled up globally for delivering iron to older infants and
young children [9]. However, concerns about potential adverse outcomes with MNPs have been
expressed. For example, MNP supplementation of Pakistani children under 2 years of age increased in
the number of days with diarrhea compared to controls even in the group consuming an MNP with
10 mg of zinc [10]. This finding was supported by a systematic review of 17 studies, which showed
that MNPs significantly increased the incidence of diarrhea [11]. The deleterious effects of MNPs may
be due to iron, as several studies have reported that iron supplementation increased the incidence
of diarrhea [10,12–14]. Research has also shown that the administration of MNPs to children under
2 years of age in LMICs had no effect on anthropometric indices [15]. The effect of MNPs containing
zinc and iron on serum zinc concentrations is inconclusive [10,12–14]. The bioavailability of these
trace elements from MNPs may be impaired by components such as phytate in the foods to which the
MNPs are added. However, a recent study showed that giving iron and zinc together in MNPs did not
reduce zinc absorption [16].

The objectives of this research are to determine the optimal physical form (i.e., powder or dispersible
tablet), dose, and frequency of preventive zinc supplementation and the best way to co-administer zinc with
iron for reducing diarrhea and improving growth in older infants and young children. To achieve these
objectives, we propose to compare the following groups of children in a randomized, partially double-blind,
controlled, community-based efficacy trial in a low-income urban population of Dhaka, Bangladesh:
(1) standard 15-component MNPs consumed daily; (2) high-zinc, low-iron MNPs containing the same
micronutrients as study group 1, except with 10 mg instead of 4.1 mg of zinc and 6 mg instead of 10 mg
of iron, consumed daily; (3) high-zinc (10 mg instead of 4.1 mg) MNPs with low iron (6 mg instead of
10 mg) and high-zinc, iron-free MNPs consumed on alternating days; (4) dispersible tablet with 10 mg zinc
only, consumed daily; (5) dispersible tablet with 10 mg zinc only, consumed daily for two weeks at the
beginning and at the 3-month point of the trial and placebo tablets on all other days; and (6) placebo MNP
consumed daily. Rationales for selection of the aforementioned intervention groups have been detailed
in Section 2.3. Additionally, we also will measure the exchangeable zinc pool (EZP) size in response to
supplementation in a sub-group of children from the study population who will be randomly allocated
to groups 2, 4 and 6, and to measure serum zinc, serum ferritin, serum transferrin receptor (sTfR), serum
retinol binding protein (RBP), serum alpha 1-acid glycoprotein (AGP), serum c-reactive protein (CRP) and
hemoglobin in all six groups.

Incidence of diarrhea and change in length-for-age z-score (LAZ) are the primary outcomes of the
trial. EZP size, a measure of zinc nutrition, and biomarkers of zinc and iron status will be secondary
outcomes to be evaluated in subgroups of study participants. Since therapeutic zinc supplementation
is recommended by the World Health Organization (WHO) and Bangladesh’s national policy as part
of treatment for diarrhea, all children will receive therapeutic zinc supplementation along with Oral
Rehydration Solution (ORS) for treatment of diarrhea as part of the study protocol [17]. As such,
the proposed study will examine the incremental benefit of preventive zinc supplementation on the
study outcomes over and above what is currently afforded by therapeutic zinc supplementation for
treating diarrhea.
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2. Methods

2.1. Study Setting

The study will be conducted in the peri-urban, low-income area of Mirpur in Dhaka, Bangladesh.
This area was selected for the study given that it is only ~10 km from the icddr,b, and the prevalences
of zinc deficiency (serum zinc < 9.9 mmol/L), diarrhea and stunting among preschool-aged children in
the urban slums of Dhaka reported in the National Micronutrient Survey 2011–2012, were 51.7%, 10%
and 51.1%, respectively [18]. The population of Mirpur is approximately 500,000; therefore, it will be
possible to enroll the desired number of participants from this study site within 12 months. This area
in Dhaka is served by a Community Health Centre/Research Field Office (CHC/RFO) operated by
the icddr,b and several other scientific research projects are currently being conducted there as well.
The study will recruit a total of 2886 children as study participants.

2.2. Study Participants

Children will be eligible to participate in the trial if they are 9–11 months of age at the
time of enrolment and have a weight-for-length z-score (WLZ) ≥ −3 according to the 2006 WHO
Growth Standards [19]. Children will be excluded from the trial if they have any of the following
conditions: (1) Severe Acute Malnutrition, defined as WLZ < −3 and/or the presence of bipedal edema
and/or mid-upper arm circumference (MUAC) < 115 mm; (2) Congenital anomalies (e.g., cardiac
defects, cleft lip or palate) or any other conditions that interfere with feeding; and (3) Chromosomal
anomalies and other organic problems (e.g., jaundice, tuberculosis, etc.). The 9–11 month age range was
chosen for study because the beneficial impact of zinc supplementation on growth and on the incidence
of diarrhea appears to be greatest during the second year of life (i.e., 12–24 months). Furthermore,
maximal growth responses are usually seen among children less than 2 years of age. In addition,
children under 2 years of age are a high-risk group for zinc deficiency in Bangladesh and other
South Asian countries, given their usual dietary practices primarily of plant-origin [20].

2.3. Study Interventions

The study will have six intervention groups with varying doses, forms and/or frequencies of zinc
supplementation; the duration of the intervention is 24 weeks for all arms. Table 1 lists the details
of the supplement in each study group. All powder formulations will be manufactured by the DSM
India Private Limited (Haryana, India). The dispersible zinc and placebo tablets will be manufactured
by Nutriset (Malaunay, France). Study group 1 will consume the standard, 15-component MNP,
which is currently recommended for areas where the prevalence of anemia is ≥20% [21]. Because this
standard MNP formulation with 4.1 mg zinc has not been shown to affect linear growth, as occurs
with higher zinc supplementation doses, and because MNPs containing 10 mg of iron have been
associated with an increase in the incidence of diarrhea [15], study group 2 will consume a high-zinc,
low-iron MNP formulation to determine if a MNP formulation with a lower iron: zinc ratio (3:5 in
group 2 versus 10:4.1 in group 1) improves growth while reducing diarrhea. Participants assigned to
study group 3 will consume the high-zinc, low-iron MNP formulation and a high-zinc, no-iron MNP
formulation on alternating days (i.e., on day 1 consumes high-zinc, low iron MNP formulation then on
day 2 will consume high zinc, no iron MNP formulation, then on day 3 again the same formulation
as on day 1 and so on) to determine the impact of giving iron and zinc on alternate days on growth
and diarrhea prevention. Since several studies have documented the positive impact of preventive
zinc supplementation in the form of a dispersible tablet [3,22], study group 4 will receive a 10 mg
dispersible zinc tablet, which will serve as the positive control. Study group 5 will assess whether
intermittent consumption of 10 mg of preventive zinc supplements for 14 days immediately following
enrolment, for 14 days at 3 months and placebo tablets on all other days’ results in sustained benefits
on diarrhea prevention and growth. Finally, study group 6 will receive a placebo powder.
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Table 1. Characteristics of study interventions.

Study Group Description Form Micronutrient Content
Frequency of

Supplementation

1
Standard

Micronutrient
Powder (MNP)

Powder

Vitamin A: 400 μg
Vitamin D: 5 μg
Vitamin E: 5 mg

Vitamin C: 30 mg Thiamine:
0.5 mg Riboflavin: 0.5 mg

Niacin: 6 mg
Pyridoxine: 0.5 mg

Vitamin B12: 0.9 mg
Folate: 150 μg

Iron: 10 mg
Zinc: 4.1 mg

Copper: 0.56 mg
Selenium: 17.0 μg

Iodine: 90 μg

Daily for 24 weeks

2 High zinc, low
iron MNP Powder

Same as study group 1,
except with 10 mg zinc and

6 mg iron
Daily for 24 weeks

3

High zinc, low
iron MNP;
high-zinc,

no-iron MNP on
alternating days

Powder

Same as study group 1,
except with 10 mg zinc,

and 6 mg iron and no iron
on alternating days

Daily for 24 weeks

4 Dispersible
zinc supplement

Dispersible
tablet 10 mg zinc Daily for 24 weeks

5 Intermittent
zinc supplement

Dispersible
tablet 10 mg zinc

Daily for 14 days at
baseline and

3 months, placebo
tablet on all
other days

6 Placebo powder Powder None Daily for 24 weeks

2.4. Screening and Enrollment

Trained study workers will survey the communities and the surrounding households close to the
study site to identify children who are between 9 and 11 months of age and to screen for the exclusion
criteria mentioned above. Surveys will be repeated during the study period as required until enough
participants are identified to meet the specified sample size. Children will be screened for exclusion
criteria, and then the parents of eligible children will be invited to bring their child to the Research
Field Office (RFO) so that a study physician can verify eligibility and consent can be obtained. If more
than one eligible child is present in each household, both children will be enrolled in the same trial
group; however, one of the two children will be randomly designated as the “study child”, and only
his/her data will be entered into the database.

In a dedicated room in the RFO, a study physician will explain the study objectives to the
caregivers in detail and perform a thorough physical examination of the potential study participants
to assess their health status including presence of any congenital anomalies and acute or chronic
illness(s), as mentioned above. The child’s age will be verified against documentation (birth certificate
or immunization card, if available) or the caregiver’s report of the child’s birth date; it will also be
cross-checked with religious or major social events, if necessary. A trained study anthropometrist
assisting the study physician will measure the child’s length and weight using standard methods
described below. LAZ and WLZ will be calculated following the 2006 WHO Growth Standards [17].
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After the physician has confirmed the child’s eligibility, written informed consent will be sought from
one or both parents or the primary caregiver by the study staff.

2.5. Consent Procedures

The consent process will be in Bangla, the national language of Bangladesh that is universally
spoken and understood in Bangladesh. The Field Research Supervisors will be primarily responsible
for the informed consent process, and in all cases will confirm consent and respond to any questions
from participants prior to completion of the process. The initial components of the consent process
overlap with detailed eligibility assessment, and thus will be overseen by the physician. However,
other trained study workers (i.e., Field Research Assistants (FRAs)) may assist in providing detailed
explanations of study procedures, risks, and benefits to the prospective participants.

Literate women or their family members will be encouraged to read the consent form aloud, under the
supervision of study personnel. Alternatively, because of variable levels of literacy, consent documents will
be read to prospective participants by study personnel if necessary. If a woman is interested in enrolling her
child in the study, she will be given a consent form and asked to review it with her husband and/or family
members. Prospective participants may take several days to consider participation, if they would like to.
A copy of the model consent form is provided in Appendixs A and B.

If a participant’s caregiver withdraws consent at any point of the study, all study procedures will
be stopped. Data on participants/caregivers who refuse to continue in the study will be included in
the analysis on an intention-to-treat basis. However, the primary outcome data for such participants,
if missing, will not be imputed.

2.6. Follow-Up Procedures

Trained FRAs will visit the study child and his/her caregiver at their home twice per week
throughout the 24-week study period. At one of these twice-weekly visits, the FRA will provide the
child’s caregiver with the prescribed study supplement for seven days. If the child is in study groups
1, 2, 3, or 6, the FRA will instruct the mothers to mix the daily dose of MNP or placebo powder into
the first few portions (preferably 1–2 tablespoons) of the child’s food in a single meal each day of
the week. If the child is in study groups 4 or 5, respective mothers will be instructed to place the
dispersible tablets in approximately one half tablespoon (5–10 mL) of expressed breast milk or clean
water, wait until the tablet dissolves, and then feed the entire amount of the liquid in one spoonful to
the child. The mothers will be instructed to follow this process daily for the 24-week study.

If a child enrolled in the trial develops diarrhea, he/she will receive standard treatment, including
a 20 mg therapeutic zinc supplementation in the form of a dispersible tablet for 10 days. The mother will
be instructed how to give the 20 mg zinc supplement in one of two ways. If the study worker diagnoses
diarrheal disease during one of the household visits, (1) the study worker will provide therapeutic zinc
and ORS to the child’s caregiver and instruct the caregiver to withhold the usual study regimen until
the diarrheal treatment course has been completed (which is typically 10 days); (2) if a child experiences
diarrhea (or any other illness) between the semi-weekly household visits, the child’s caregiver will be
instructed to bring the child to the day clinic at the Field Research Office, which will be staffed by a study
physician. This physician will provide the child with therapeutic zinc and ORS for diarrhea treatment and
will instruct the caregiver to withhold the usual study regimen. The physician will inform the study worker
who normally visits the child’s home and the corresponding supervisor, so the child’s treatment can be
monitored and the study regimen can be resumed upon completion of treatment.

The zinc and iron content of all study interventions and placebo products will be analyzed at three
time points (i.e., at the beginning of the study, at the middle of the recruitment and at the end of the study),
in order to document that the iron and zinc content of the supplements are consistent with the study protocol.
At least 10 random samples will be analyzed at each time point. The results will not be provided to study
investigators to maintain blinding unless any of the six study regimens contain ±5% of the desired amount
of zinc. This laboratory analysis will be performed using flame atomic absorption spectrophotometry
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with a deuterium arc background correction lamp (AAS, Perkin-Elmer Corporation, model AAnalyst 400,
Norwalk, CT, USA) at the Pediatric Nutrition Laboratory at the University of Colorado Denver.

2.7. Study Outcomes

The first primary outcome variable is the diarrheal incidence over the study period of 24 weeks.
Diarrheal incidence will be expressed as the number of episodes (as defined above) per child during
the 24-week study period. Secondary outcomes linked to diarrhea include the prevalence of diarrhea,
incidence of dysentery, incidence of diarrhea with dehydration, and all hospitalizations. The other
primary outcome variable will be change in linear growth defined by LAZ over the 24-week study
period, i.e., the absolute change in LAZ from enrolment to the end of the 24-week study period.

2.8. Participant Recruitment Plans and Study Timeline

Study participants will be recruited and enrolled on a monthly basis. Given the sample size
described below, our targeted enrolment rate is 241 children per month; we anticipate completing
enrolment in 12 months. Each participant will be studied 24 weeks. The total timeline for the study
will be approximately 27 months, excluding time for manuscript publication in peer-reviewed journals.
A schematic of the proposed timeline is provided in Appendix B.

2.9. Sample Size Calculations

Diarrheal incidence over a 24-week period is expected to follow an overdispersed Poisson
distribution; the mean incidence from 9 to 15 months is expected to be 2.1 episodes, and the
overdispersion parameter is 1.56 (based on prior data from the same study area); the statistical
test will involve comparing six means simultaneously at a 5% level of significance. In order to detect
a 20% difference between the mean diarrheal incidence in any two groups with 80% power, a sample
size of 418 participants per group will be needed. When this is inflated by 15% to account for possible
attrition and sub-optimal adherence to the study interventions, the final sample size is 481 participants
per group (i.e., 2886 participants total).

The sample size of 481 children per group allows for the detection of an effect size of 0.25 Standard
Deviation (SD) for all other continuous outcomes, including linear growth, with 80% power and
a maximum attrition rate of 15%. Assuming that the change in LAZ has a standard deviation of about
0.7, this equates to a difference of 0.175 z-score between any two groups.

The sample size calculation for the biochemistry subgroups was based on an expected standard
deviation of serum zinc of no more than 3 μmol/L, 80% power, and a potential loss of 15% of samples
due to attrition, sampling errors or insufficient blood collection. With these parameters, 58 children
are required per group (i.e., 174 children total) to detect a difference of 1.68 μmol/L between any two
sub-groups. With a sample size of 58 children per sub-group (i.e., 174 children total), we will have 80%
power to detect a difference in EZP size of 0.67 mg/kg body weight, assuming a one-sided test, alpha
of 0.05, standard deviation of 1.2, and potential loss of 15% of samples due to attrition or sampling
errors. This effect size is consistent with findings from a study of zinc supplementation in Pakistani
infants, which reported an effect size of 0.8 mg/kg body weight for EZP size [22].

2.10. Randomization and Double-Blinding

Children meeting the eligibility criteria and whose caregivers provided informed consent will be
stratified by sex and then randomized into one of six groups using block randomization, in order to
ensure even distribution of groups across time. Sealed opaque envelopes bearing the subject number
and containing a paper with the group assignment and any subgroup assignments will be prepared
by a person not involved in any study activities and codes will be stored in a secure computer file
accessible only by two persons not involved in the project working at icddr,b.

At the time of allocation, the study personnel will open the envelope as per the specific child’s
study identification numbers in a chronological way, and will record the specific code allocation in
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the infant’s clinical record forms and also in a register. Then, she/he will request the appropriate
supplement from a person responsible for dispensing of supplements. All individuals involved in the
trial (including parents, research staff and investigators) will be unaware of the intervention group
assignment until the code is revealed when the data analysis is complete.

Given the distinct differences between powders and dispersible tablets, it will not be possible to
blind study groups 1, 2, 3, and 6 from study groups 4 and 5. However, complete double-blinding will
occur among study groups 1, 2, 3, and 6, and between study groups 4 and 5. Since participants in
study group 3 will be required to consume different formulations on alternating days, and, because
this characteristic distinguishes them from groups 1, 2, and 6, the powders for each of these groups
will be packaged in two distinct colors. All participants in study groups 1, 2, 3, and 6 will be asked to
consume the powders in different-colored sachets on alternating days. Neither the study personnel
nor the participants will know the meaning of the different colors. Similarly, the dispersible zinc and
placebo tablets will be manufactured with different codes marked directly on the tablets, and will
be packaged in color-coded blister packs, so that participants in study group 5 consume tablets with
a specific code/color for two weeks at baseline and 3 months, and tablets with a different code/color
on all other days. Since this schedule distinguishes study group 5 from study group 4, all participants
in study group 4 will also consume different marked/color-coded tablets for 2 weeks at baseline and
3 months; however, for this group, both types of tablets will contain 10 mg zinc.

2.11. Data Collection: Sociodemographics, Morbidity, and Anthropometry

At enrolment, trained study workers will collect data on background, socioeconomic status,
household characteristics, assets, household composition, education, and food security using pretested
questionnaires. The study workers will visit each study participant’s household twice weekly
(i.e., Sunday/Wednesday or Monday/Thursday) to inquire about and record any morbidity that
took place in the previous three to four days. It is necessary to visit the households twice weekly to
document any diarrhea that occurred in the past 3 or 4 days and how it is being treated. If treatment
was not initiated, the health worker will evaluate the health status of the child and make further
recommendations as per the national strategy [17].

Diarrhea will be defined as three or more loose, liquid, or watery stools over a 24-hour period, separated
in time from an earlier or subsequent episode by at least 2 consecutive diarrhea-free days [23,24]. Dysentery
will be defined as any diarrheal episode in which the loose or watery stools contain visible blood [24,25].
Dehydration will be assessed using a standardized method established by the icddr,b [26]. Fever will be
defined as an axillary temperature above 38.3 ◦C reported either by the caregiver or the study workers, who
will be carrying thermometers. Acute upper respiratory infection will be defined as pharyngitis or rhinitis,
both without rapid respiratory rate or chest in-drawing [27]. Acute lower respiratory infection will be
defined as cough or difficulty breathing, rapid respiratory rate (>50 breaths/minute in infants 9–11 months
of age and >40 breaths per minute among infants 12 months of age and older), and either a fever of >38.3 ◦C
or chest retractions [27]. Hospitalization will be defined as an overnight stay in the hospital due to illness.

During the home visits, the study worker will inquire about the supplement consumption during
the previous 3 or 4 days and continuous supplement consumption in the future will be encouraged.
Leftover supplements (if any) along with the tablet strips/used sachets will be collected. The number
consumed along with the number prescribed will be recorded.

Study anthropometrists who are trained in the anthropometry procedures will conduct all of
the measurements at three central measurement sites at three individual field offices. Body weight
and length of each child will be measured at enrolment and at 12 and 24 weeks. Body weight will be
measured on a balance sensitive to 2 g (SECA, model No. 7281321009, Hamburg, Germany) and length
will be measured to 0.1 cm using an infantometer (SECA, model No. 4161721009, Hamburg, Germany).
The measurements will be performed in triplicate following standard procedures [28]. Workshops will
be conducted every 6 months to standardize the methods used by the anthropometrist; workshops are
also scheduled whenever any new anthropometrists are hired.
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2.12. Data Collection: Biochemistry Sub-Group

The first 58 participants in all the six study groups will be enrolled in a biochemistry subgroup for
measuring serum zinc, ferritin, sTfR, RBP, CRP, AGP and hemoglobin will be compared. At baseline
and upon completion of the 24-week study period, a trained phlebotomist will collect 5 mL of venous
whole blood from the antecubital vein using universal procedures and aseptic techniques. The tubes
will be placed on ice immediately after drawing and sent to the local icddr,b laboratory for serum
separation within 60 min for centrifugation at 3000 rpm for 10 min. Each serum sample will be aliquoted
into two separate tubes (one for serum zinc, one for ferritin, sTfR, RBP, AGP, and CRP) and stored at
−20 ◦C. The first set of frozen serum samples will later be shipped to Children’s Hospital Oakland
Research Institute (CHORI) where serum zinc concentrations will be measured using Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES). The second set of frozen serum samples
will be shipped to the VitMin Lab, Willstaett, Germany where ferritin, sTFR, RBP, AGP, and CRP will
be measured by sandwich ELISA [29]. Hemoglobin concentration will be measured at the RFO using
a Hemocue, HB 301 Analyzer (Hemocue AB, Angelholm, Sweden).

2.13. Data Collection: Exchangeable Zinc Pool (Ezp) Size Estimation

The EZP size will also be measured in the children in the biochemistry subgroup at baseline and
at the end of the 24-week study period. The children will come to the iccddr,b’s Clinical Trial Unit
(CTU) in Dhaka for this measurement. On the morning of the study day, a zinc isotopic tracer will be
administered intravenously in the ante-cubital vein (~300 μg of 67Zn at baseline and ~400 μg 70Zn at
endline). Half of the children will be randomized to receive one of these isotopes at baseline and the
other one at the endline and vice versa. A 3-way stopcock will be attached to the end of the butterfly
tubing and the zinc isotope solution will be infused over 2–3 min. To ensure that the entire isotope dose
is infused, the syringe and tubing will be rinsed twice with equal volumes of normal saline. Precautions
to avoid zinc contamination will be used for all of the biochemical procedures. The participants’ body
weight at the time of isotope infusion at baseline and endline will also be recorded.

On the 3rd day after isotope infusion (day 4), ~20 mL urine samples will be collected at the homes of
the participants by the mothers with assistance from the study personnel. Morning and evening samples
will be collected for 4 consecutive days (days 4–7) for a total of 8 urine samples/participant. After thoroughly
cleaning the child’s perineum, urine will be collected in zinc-free standard adhesive pediatric urine collection
bags (Briggs Health Care, Des Moines, IA, USA and then transferred to zinc-free Nalgene bottles (Thermo
Fisher Scientific, Waltham, MA, USA) and stored at −20 ◦C at the CTU of icddr,b. Urine samples, along with
any dose losses, will be shipped to the University of Colorado Denver for analysis of isotope ratios and
enrichment via Inductively Coupled Plasma-Mass-Spectrometry (ICP-MS).

Stable isotope enrichment data processing: the size of the EZP will be calculated by dividing the
dose of the intravenous isotope (67Zn or 70Zn) infused by the enrichment value at the y-intercept of the
linear regression of a semi-log plot of urine enrichment data from d 4–7 (4 days) [30,31]. EZP will be
expressed both in absolute mass (mg) and relative to body weight (mg/kg).

3. Data Management and Analysis

3.1. Data Management

Study workers and their designated supervisor will review all pre-coded data collection forms
on a daily basis before submitting the forms to the data entry team at icddr,b. All data will be
entered by two or three Data Management Assistants and verified by the Data Management Officer.
Any differences between entries, as identified by the database program, will be resolved by rechecking
the original forms against both datasets. A common dataset will then be generated. The Data
Management Officer will develop programs in Microsoft Access to check for inconsistent or implausible
values of variables in the common dataset. Any aberrant values will be forwarded to the field office
and resolved by checking the original data collection form or by a repeat home visit whenever possible.
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Outliers will be identified by visually inspecting box plots and/or histograms of individual continuous
variables, and scatterplots of related variables. Outliers, which are clearly impossible or implausible
values, will be corrected if possible, or recoded to missing if correction is not possible. Outliers,
which are plausible or possible, will be maintained.

3.2. Data Analysis Principles

A participant flow diagram will be prepared in accordance with the 2010 CONSORT
guidelines [32]. The primary analysis will be conducted on a ‘complete-case intention to treat’ basis
(i.e., results for all children will be analysed according to the study group to which they were
randomized regardless of any protocol violations). Data from participants who were lost to follow-up
because of death, travel from the study site, or refusal to continue the trial will be included in the
analysis if available. However, there will also be a secondary set of analyses, which will be restricted
to the sub-set of participants who adhere well to the protocol (i.e., a “per protocol” analysis).

All statistical analyses will be two-sided, at 5% level of significance other than the variables related
to EZP, which will be one-sided. Where more than 10% of observations are missing for a dependent
variable, we will report the number of observations used in the analysis. We will also compare the
baseline characteristics of participants who are lost to follow-up with those who remained in the trial
for the duration of the follow-up period to identify any possible biases and include such characteristics
as covariates in the statistical analysis if bias is detected.

With the exception of analyzing severe adverse events throughout the course of the trial, formal interim
analyses that examine study progress for futility issues will not be conducted. If enrolment is slower than
anticipated, the study/screening area will be expanded or other corrective measures will be taken.

All analyses will be performed using SAS version 9.4 (SAS Institute, Cary, NC, USA) or Stata
version 14 (Stata Corp., College Station, TX, USA). The WHO 2006 Child Growth Standards will be
used for age- and sex-standardization of child weight, length, arm circumference, and WLZ.

3.3. Monitoring of Data Collection

Previously established and validated standard operating procedures for data collection, monitoring
and quality control measures will be used throughout the study [33]. Supervisors will conduct quality
control checks by repeating 10% of the visits by the supervisors on the same day as the FRA for the morbidity
surveillance as per the definitions as outlined in the manual of procedures. These visits will be carried out
without informing the respective FRAs. For the anthropometry, if the measurements with the supervisors are
found to be greater than 1 cm in length or 500 g in weight [26], then the measurements will be unacceptable
and a newer episode of measurements will be conducted on the same day. If the same anthropometrist is
found to make mistakes repeatedly, then the supervisor will ensure that a refresher training is completed by
the anthropometrists. All weighing scales will be calibrated daily and infantometers weekly [26], and three
measurements will be taken and the average value will be recorded.

3.4. Data Analysis Methods

All variables measured at the time of enrolment (i.e., prior to the first intake of the study
supplement) will be considered background or baseline characteristics. These variables include:
infant sex, infant anthropometry, i.e., LAZ, WLZ, and weight-for-age, z-score (WAZ); proportion
stunting, wasting and underweight), breastfeeding status, morbidity occurrence in the previous
two weeks, hemoglobin concentration, concentrations of biochemical measures (i.e., ferritin, sTfR,
CRP, AGP, RBP, serum zinc) among infants in the biochemistry subgroup, maternal age, maternal
marital status, maternal education, maternal Body Mass Index (BMI), parity, household size and
composition, household food security status, household characteristics needed to calculate a wealth
index. These treatment-group baseline characteristics will be presented in a table. Frequencies and
percentages will be reported for categorical data, and Pearson’s chi-square test of homogeneity will be
used to compare differences between groups. The mean and standard deviation or the median and
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range will be reported for continuous variables, and differences will be compared using ANOVA or
the Kruskal–Wallis test. If more than 10% of data are missing, the number of participants included in
the analysis will be indicated. The following variables will be considered as effect modifiers: (1) LAZ
at enrolment; (2) serum zinc concentration at enrolment; (3) iron status (i.e., ferritin corrected for
inflammation and sTfR) at enrolment; (4) sex of infant; (5) household socioeconomic status, primarily
wealth and maternal education; and (6) household food security status.

The incidence of diarrhea between groups will be compared using Poisson regression (SAS GENMOD
procedure). Following the initial test of equality of all group means, pairwise comparisons between all
groups will be conducted with the Tukey-Kramer test. Additionally, we will compare the difference
in incidence of diarrhea among all participants in study groups 1–5 vs. group 6 using Scheffe’s test.
The change in LAZ from enrolment to study completion will be compared between groups using analysis of
covariance (ANCOVA, SAS General Linear Model (GLM) procedure). Following the initial test of equality
of all group means, pairwise comparisons between all groups will be conducted with the Tukey–Kramer
test. Additionally, we will compare the difference in incidence of diarrhea and changes in LAZ among
all participants in study groups 1–5 vs. group 6 using Scheffe’s test. Baseline LAZ will be included as
a covariate in these models.

Other secondary efficacy outcomes will be examined using the same approach. Logistic regression
models (SAS LOGISTIC procedure) will be used to compare any dichotomous variables at specific time
points. For repeated measures of continuous outcome variables, a linear mixed model (SAS MIXED or
HPMIXED procedure) will be used to compare patterns in the variable across time among the groups.
For categorical variables, a variant mixed model logistic regression (SAS GLIMMIX procedure) will be used.

All statistical models will include any baseline characteristics as covariates that were not equally
distributed between study groups at enrolment or which can be assumed to be associated with the
outcome. The effects of potential effect modifiers listed above will be assessed with an interaction term
in the ANOVA/ANCOVA model. Interactions with a p-value < 0.05 will be further explored with
stratified analyses.

4. Safety and Ethics

4.1. Data Safety Monitoring

A Data Safety Monitoring Board (DSMB) will be formed for safety monitoring throughout the trial.
The DSMB will consist of three persons (a statistician, a Bangladeshi pediatrician, and an external expert
in zinc nutrition of toddlers). The group will meet prior to the start of the trial to define severe adverse
events (SAEs) and a procedure for reporting and analysis of SAEs. Preliminary SAEs include: deaths,
hospitalizations (i.e., an overnight stay in the hospital because of illness), and severe acute reactions
associated with consumption of the supplement. The DSMB will meet three times, at the beginning of
the study, 6–9 months after the start of the trial, and a final meeting after all data are collected, cleaned
and locked.

4.2. Discontinuation Procedures and Stopping Rules

Because MNPs and zinc supplements have both been proven to be safe and are widely used in
Bangladesh (and elsewhere), participants will continue consuming their assigned regimen for the
entire 24-week study period unless they no longer meet the inclusion criteria (e.g., a child develops
severe acute malnutrition). We propose discontinuing any of the study arms if the number of severe
adverse events and hospitalizations is significantly higher (p < 0.05) than any of the other study arms.
However, the final set of stopping rules will be determined by the DSMB.

4.3. Ethical Approval

Ethical approval has been obtained from Children’s Hospital Oakland Research Institute’s
Institutional Review Board (IRB) as well as the Research Review Committee and Ethical Review
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Committee that comprise icddr,b’s IRB. The IRB review process is underway at the University of
Colorado Denver as well. The trial has been registered with clinicaltrials.gov and the trial registration
number is NCT03406793. The protocol version is Version 1.04, 23 May 2017.

4.4. Confidentiality

Privacy, anonymity and confidentiality of data/information identifying the participants will be
strictly maintained. All medical information, description of treatment, and results of the laboratory
tests performed on the participants will be confidential. No one other than the investigators of this
research will have access to the data. Data related to the study may be sent to collaborating institutions
outside the country for analysis; however, any personal identifiable information will be withheld.

The parent(s) or legal guardians of the participants will freely be able to communicate with the
Principal Investigator of this study (contact address will be provided in the consent form). Absolute
confidentiality cannot be guaranteed, since research documents are not protected from subpoena.
The Ethical Review Committee of icddr,b, which ensures the right of the study participants, reserves
the right to prohibit access those information. The research sponsors (CHORI and the Bill and Melinda
Gates Foundation) may also look at the research files and medical records. However, the participants’
name or any identity will not be disclosed in publications from this study.

4.5. Declaration of Interests

None of the authors have shown any financial and other competing interests for the overall trial
and the study site.

4.6. Dissemination Policy

The data, results and other findings originating from this study will be published after approval
by all investigators of the protocol. The International Committee of Medical Journal Editors guidelines
will be used to establish authorship on papers.

Project Status: As of 6 December 2017, study site preparation is ongoing.
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Appendix A. Consent Form

Protocol Title: A Randomized, Double-blind Community Trial of Supplementation of Varied Doses of
Zinc in Micronutrient Powders in Young Bangladeshi Children.

Investigator’s name: Dr. Md. Munirul Islam

Organization: icddr,b

Purpose of the Research: The purpose of this study is to determine the optimal physical form (e.g., powder or
dispersible tablet), dose, and frequency of preventive zinc supplements for reducing diarrhea and improving
growth in older infants and young children.

Background: Zinc is a nutrient that is found in foods and is important for young children to grow and help to
prevent diarrhea. We are conducting this study to learn more about the optimal physical form (e.g., powder or
dispersible tablet), dose, and frequency of preventive zinc supplements and whether this amount of zinc will be
adequate in reducing diarrhea and improving growth of your children. We also will like to know that how much
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zinc is stored in your children’s body. To allow your child to participate in this study, it will be necessary to give
your written consent.

This is a research study. Research studies only include participants who choose to participate. As a parent/guardian
of the study participant, you have the right to know about the procedures that will be used in this research study so
that you can make the decision whether or not to participate. The information presented here is to make you better
informed so that you may give or withhold your consent to participate in this research study. Please take your time to
make your decision and discuss it with your family and friends.

Why Invited to Participate in the Study?: You are being asked to allow your child to take part in this study
because: (1) s/he is between the ages of 9–11 months; (2) s/he is adequately nourished, as indicated by the
fact that his/her height and weight are within the normal range and (3) s/he does not have any chronic illness.
We know that young children have the greatest benefit from zinc and also at the risk of deficiency in Bangladesh.

Methods and Procedures: If you agree and allow your child to participate in the study, you expect the following
procedures during the duration of the intervention, which will be 24 weeks as described below.

(i) Your child will be allocated to any one of the intervention groups as mentioned below by a method like
lottery where none of us have any control over it:

1. Study group 1: Standard Micronutrient Powder (MNP) (15 micronutrients) will be supplemented daily.
Your child will receive Red package on even days and Green package on odd days.

2. Study group 2: High Zinc low Iron MNP (10 mg zinc instead of 4.1 mg), and decreased iron (6 mg
encapsulated iron instead of 10 mg) supplemented daily. Your child will receive Blue package on odd days
and Yellow package on even days.

3. Study group 3: MNP with or without iron on alternating days. On alternating days, children will consume
(Day 1) the High Zinc low Iron MNP described above (i.e., Group 2) followed by (Day 2) the same MNP
composition but without iron. Your child will receive Orange package on odd days and Purple package on
even days.

4. Study group 4: Daily zinc tablet: Dispersible tablet with 10 mg zinc only will be supplemented daily.
5. Study group 5: Intermittent zinc tablets. Dispersible tablet with 10 mg zinc daily for 2 weeks at the beginning

and at the 3 month-point of the trial. Placebo dispersible tablets will be given on all other days to ensure
study participants are blinded.

6. Study group 6: Placebo control group: Placebo powder will be supplemented daily. Your child will receive
Brown package on odd days and White package on even days.

(ii) At the beginning of the study, we will ask you about your socioeconomic status, household characteristics,
assets, household composition, education, and household food security. We will also measure your child’s height
and body weight at this time, at 12 weeks and at 24 weeks or end of the study period.

(iii) We will visit your home twice a week throughout the study and will enquire about his/her wellbeing
during preceding three days.

(iv) Every week, at one of these semi-weekly visits, we will provide the child’s caregiver with 7 days worth
of the study regimen. If the child is in Study Groups 1, 2, 3, or 6, then we will ask you to feed the daily dose
of MNP or placebo powder after mixing with the first few portions (preferably 1–2 tablespoons) of the food in
a single meal 7 days a week. If the child is in Study Groups 4 or 5, then we will ask you to place the dispersible
tablets in a half spoon of expressed breast milk or clean water, wait until the tablet dissolves, and then feed the
whole content at once to the child.

(v) If during any household visits, we can see that your child is having diarrhea then we will provide you
with therapeutic zinc and ORS and instruct to withhold the usual study regimen until the course of treatment has
been completed (which is typically 10 days).

(vi) If your child experiences diarrhea (or any other illness) between the semi-weekly household visits, we
will request you to bring the child to a day clinic at the field office where a doctor will examine your child and
will treat with best care possible accordingly.

(vii) One 5 mL (equivalent to one tea-spoon) blood sample each will be collected from a vein in your child’s
arm at the beginning and at the end of a 24-week intervention period to assess zinc, iron and vitamin A status and
presence of infection. In addition, we will also measure the protein and fat contents, immunologic markers like
a number of cytokines of your child’s body as the same time points.

(viii) Some children will be assigned to a sub-group where the total body zinc of the children will be
measured. If your child may be allocated to this sub-group, then we will also measure the total zinc pool size or
total body zinc contents by using zinc stable isotopes. For this part of the study, we will request you and your child
to visit the Clinical Trial Unit of icddr,b and stay there for 6 h during the day time. During this time, zinc isotope
tracer will be administered intravenously (~300 μg of 67Zn at baseline and ~400 μg 68Zn at endline). We will collect
your child’s spot urine (each ~20 mL equivalent to 4 tea-spoon full) on this day during morning and evening and
also on days 4, 5, 6 and 7 from your house during morning and evening on these days. This procedure will take
place once at the beginning of the intervention period and the other one at the end of the intervention period.

Risk and Benefits: Your child may have mild side effects while participating in this study. The Investigators may
give you medicines to help lessen side effects. Many side effects go away soon after the study interventions or test
solutions are stopped. There are no major risks associated with participation in this study. At the time of collection
of the blood sample, your child will feel a momentary pain due to the needle prick. There is also a rare chance
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of bluish discoloration surrounding the prick site due to mild leakage of blood in the skin, and a very distant
possibility of local or systemic infections or problems. However, we will take required precautions, including
using of disposable syringes and needles, to prevent these problems. All blood samples will be obtained by
a qualified health care professional. Five ml of blood (equivalent to one tea-spoonful) two times each will be
obtained once from your child during the course of the study.

“Heavy” zinc or zinc isotopes are not radioactive and are non-toxic. There are no known risks associated
with ingestion of “heavy” zinc. However, infusion of “heavy” zinc is momentarily uncomfortable and may result
in bruising at the puncture site, but rarely causes infection.

You or your child may not benefit from taking part in this research if your child is allocated to Group No. 6.
The information we get from this study will help us to understand that what could be the optimal physical form
(e.g., powder or dispersible tablet), dose, and frequency of preventive zinc supplements for reducing diarrhea and
improving growth in older infants and young children.

Privacy, Anonymity and Confidentiality: We do hereby affirm that privacy, anonymity and confidentiality of
data/information identifying you and your child will strictly be maintained. We will keep all medical information,
description of treatment, and results of the laboratory tests performed on your child confidential. No one other
than the investigators of this research will have access to the data. Data related to the study may be sent outside
the country for analysis; however, any personal identifiable information will be held and processed under secured
conditions, with access to limited appropriate staff of that organization.

You will be able to freely communicate with any investigator of this study (contact address to be provided).
Absolute confidentiality cannot be guaranteed, since research documents are not protected from subpoena.
Ethical Review Committee of icddr,b, who ensures the right of the study participants, reserves the right to access
those information. The research sponsor (Children's Hospital Oakland Research Institute and Bill and Melinda Gates
Foundation) may also look at your research files and medical record. Your child’s name or any identity will not be
disclosed while publishing the results of this study.

Future Use of Information: If there is any other future use of the data or biological samples for this study,
we are asking for your permission now in doing so, and, if you agree, we affirm the privacy, anonymity and
confidentiality of any data/information identifying your child. The blood and urine samples of your child will be
shipped to Germany and USA for laboratory analysis. The samples will be preserved for five years there, if the
blood and urine analysis is required to repeat.

Right Not to Participate and Withdraw: Your participation in the study is voluntary, and you are the sole
authority to decide for and against your child’s participation in this study. You will also be able to withdraw your
child’s participation any time during the study. Refusal to take part in or withdrawal from the study will involve
no penalty or loss of benefits or attention.

Principle of Compensation: There are no financial benefits for participating in this study. However, you and
your child shall be provided the best possible free treatment for any condition requiring treatment or any research
related injuries.

Answering Your Questions/Contact Persons: We will happily provide you further information about the study,
if any, now or at a later time. You may communicate with the principal investigators of the study or her/his
designated person at the contact address given below. If you have additional questions later, you may physically
contact Dr. Md. Munirul Islam at the Dhaka Hospital of icddr,b (Mohakhali Cholera Hospital) or call him at the
telephone No. +880-2-982-7001 to 10. Ext. 2352 or mobile No. +880-1-755-6286-24.

If you agree to our proposal of enrolling you/your child in our study, please indicate that by putting your
signature or your left thumb impression at the specified space below

Thank you for your cooperation

_______________________________________ ____________________
Signature or left thumb impression of Date
Parent/ Guardian/ Attendant

_______________________________________ ____________________
Signature or left thumb impression of the witness Date

_______________________________________ ___________________
Signature of the PI or his/her representative Date

(NOTE: In case of representative of the PI, she/he shall put her/his full name and designation and then sign)
(Name and contact phone of IRB Secretariat, RA, M. A. Salam Khan, Phone No: +880-2-988-6498 or
PABX: +880-2-982-7001-10 (ext. 3206)
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Abstract: Zinc (Zn) is abundantly present in the brain, and accumulates in the synaptic vesicles.
Synaptic Zn is released with neuronal excitation, and plays essential roles in learning and
memory. Increasing evidence suggests that the disruption of Zn homeostasis is involved in various
neurodegenerative diseases including Alzheimer’s disease, a vascular type of dementia, and prion
diseases. Our and other numerous studies suggest that carnosine (β-alanyl histidine) is protective
against these neurodegenerative diseases. Carnosine is an endogenous dipeptide abundantly present
in the skeletal muscles and in the brain, and has numerous beneficial effects such as antioxidant,
metal chelating, anti-crosslinking, and anti-glycation activities. The complex of carnosine and Zn,
termed polaprezinc, is widely used for Zn supplementation therapy and for the treatment of ulcers.
Here, we review the link between Zn and these neurodegenerative diseases, and focus on the
neuroprotective effects of carnosine. We also discuss the carnosine level in various foodstuffs and
beneficial effects of dietary supplementation of carnosine.

Keywords: zinc; copper; synapse; amyloid; apoptosis; ER stress; food analysis

1. Introduction

Zinc (Zn) is an essential trace element abundantly present after iron (Fe). It is a co-factor of more
than 300 enzymes or metalloproteins, and plays a critical role in many functions including cell division,
immune system, protein synthesis, and DNA synthesis [1,2]. Increasing evidence suggests that Zn acts
as a second messenger in various biological systems, similar to calcium (Ca) [3]. Zn reportedly binds
with a Zn-binding motif or metal-responsive element of about 10% of all proteins and regulates their
levels of expression by recent bioinformatics research of the human genome [4].

Given these crucial functions in humans, Zn deficiency causes various adverse effects [5–8].
Zn deficiency in childhood causes the retardation of mental and physical development, learning
disabilities, dwarfism, and dysfunction of the immunological system in humans. Because Zn is
essential for olfaction and taste, Zn deficiency leads to learning, taste, and olfactory disorders in adults.
Moreover, Zn deficiency is related to levels of depression and stress.

It was recommended that the estimated average requirement (EAR) of Zn is 12 mg/day for
adult males and 9 mg/day for adult females by the Japanese Ministry of Health, Labour and Welfare.
Although daily intake of Zn is estimated to be 10–15 mg, many patients suffer from a mild Zn deficiency
because Zn intake and absorption are distinctive. The bioavailability of Zn is influenced by many food
constituents such as phytates and fibers in plants, which form poorly soluble complexes with Zn and
inhibit its gastrointestinal absorption [9]. Yasuda and Tsutui reported that approximately 20% or more
of the elderly and children in Japan suffers from Zn deficiency [10]. The World Health Organization
reported that 1.4% (0.8 million) of deaths worldwide are attributed to Zn deficiency [11]. Therefore,
supplementation is important for the prevention and treatment of Zn deficiency. Zn supplementation
therapy is used in the treatment of pressure ulcers, measles, and taste disorders [12–14]. A complex of
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Zn and carnosine (β-alanyl histidine), termed polaprezinc, is widely used for this purpose [15].
Polaprezinc is also used for protecting the mucosa against ulcerations and for the treatment of
Helicobacter pylori-associated gastritis [16,17].

Carnosine is an endogenou dipeptide [18]. Carnosine is small and water-soluble. Carnosine and
its analogues (homocarnosine and anserine) (Figure 1) exist in many organisms such as birds, fish,
and mammals, including humans. It is abundantly present in skeletal muscles, but is also observed
in the stomach, kidneys, cardiac muscle, and brain. Thus, daily foods such as meats or fish contain
considerable amounts of carnosine.

Carnosine has various advantageous characteristics, such as anti-glycation, anti-stress, and
antioxidant properties, hydroxyl radical scavenging, maintenance of pH-balance, and chelation of
metals including divalent zinc ion (Zn2+) and bivalent copper ion (Cu2+) (Figure 2) [19]. Carnosine is
one of the most abundant small-molecule compounds in skeletal muscle, with concentrations similar
to those of creatine and adenosine triphosphate (ATP). Carnosine contributes to the physicochemical
buffering of lactate caused by exercise in skeletal muscles and has anti-fatigue effects. It is possible that
carnosine contributes to the regulation of Zn availability in the brain [9]. Ours and other numerous
studies indicate that carnosine is neuroprotective against various neurodegenerative diseases such
as Alzheimer’s disease (AD) [20], the vascular type of senile dementia (VD) [21], prion diseases [22],
autism spectrum disorder [23], and Gulf War syndrome [24]. Furthermore, supplementation therapy
with carnosine and anserine is reported to be effective for improving cognitive impairment in the
elderly [25].

Here, with a focus on the neuroprotective functions of carnosine, we review the link between Zn
and neurodegenerative diseases, and investigate the neuroprotective roles of carnosine in terms of
nutrients as a drug for these neurodegenerative diseases. We also discuss the levels of carnosine in
foodstuffs based on our developed convenient quantitative analysis method using high performance
liquid chromatography (HPLC).

 

Figure 1. Structures of carnosine and its analogues: (a) carnosine (b) anserine (c) homocarnosine.
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2. Roles of Zinc in the Brain

Zn is abundantly present in the testes, muscle, liver, and brain tissues, and total Zn content is
approximately 2 g. Zn is accumulated in the hippocampus, amygdala, cerebral cortex, thalamus,
and olfactory cortex in the brain [26]. Zn is estimated to be present as 70–90 ppm (~20 μM) in the
hippocampus [27]. Zn in the brain binds to metalloproteins or enzymes; however, approximately
10% or more Zn is stored in the presynaptic vesicles of glutamatergic excitatory neurons as free zinc
ions (Zn2+). During neuronal excitation, the chelatable Zn2+ is secreted into synaptic clefts from
vesicles with glutamate. The secreted Zn reportedly regulates the overall excitability of the brain
by binding with various neurotransmitter receptors such as N-methyl-D-aspartate (NMDA)-type
glutamate receptors, amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate
receptors, γ-aminobutyric acid (GABA) receptors, and glycine receptors [28]. Ueno et al. reported that
secreted Zn2+ modulates spatio-temporal information in the hippocampus [29]. Thus, the secreted
Zn is essential for synaptic plasticity, information processing, and memory formation. Indeed, Zn is
reported to be essential for the induction of long-term potentiation (LTP) in the mossy fiber, a form of
synaptic information storage [30]. It is possible that secreted Zn2+ has neuromodulators roles. Since Zn
has been shown to generate neural inhibition, Zn can modulate the activity of the neighboring synapses
by diffusing into synaptic clefts to the adjacent synapses in a distance-dependent manner. A similar
phenomenon was reported as ‘lateral inhibition’, which caused the contrast of signals underlying the
mechanism of synaptic plasticity [31].

Similar to Zn2+, Cu2+ was also reported to exist in synaptic vesicles. During neuronal excitation,
Cu2+ is secreted into the synaptic cleft [32]. The secreted Cu2+ modulates neuronal excitability by
binding to various receptors, including the GABA receptor, AMPA-type glutamate receptor, and
NMDA-type glutamate receptor. The size of the synaptic cleft is estimated to be 20 nm in height
and 120 nm in width, and is composed of ~1% of the total extracellular volume in the brain [33].
Considering its small size, it is more than plausible that the levels of neurotransmitters or metals are
high in the synapse. Indeed, the concentration of glutamate is estimated to reach the mM range after
neuronal depolarization in the synaptic cleft. Although the level of Zn in cerebrospinal fluid (CSF) is
less than 1 μM, its level in the synaptic clefts is reported to be 1–100 μM [34]; meanwhile, the level of
Cu2+ in the synaptic clefts is reported to be 2–15 μM [35]. Since Zn2+ and Cu2+ compete for entry into
the body or for many binding proteins, it is possible that excess Zn can also lead to Cu dyshomeostasis.

Carnosine is reported to be synthesized in astrocytes and oligodendrocytes. It exists in olfactory
bulb neurons and in glial cells, and is secreted from glial cells into the synaptic cleft [36]. Thus, it is
highly possible that carnosine regulates Zn and Cu homeostasis in synaptic clefts. The hypothetical
roles of Zn2+ and Cu2+ in the synapse are displayed in Figure 3.

Zn homeostasis is regulated by three factors, besides carnosine; metallothioneins, Zn transporters
(ZnT), and Zrt-, Irt-like protein (ZIP) Zn transporters [37,38]. Metallothioneins are ubiquitous
metal-binding proteins composed of 68 amino acids. These proteins possess 20 cysteine residues,
and bind seven metal atoms including Cu, cadmium (Cd), and Zn. Among three types of
metallothioneins: MT-1, MT-2, and MT-3, MT-3 is mainly observed in the central nervous system.
However, MT-1 and MT-2 generally exist in the whole body.

There are 14 types of ZnTs in mammals. ZnTs decrease intracellular Zn by facilitating Zn efflux
from cells. They are encoded with the solute carrier (SLC30) gene family. ZnT-1 has a pivotal role in Zn
efflux and is involved in protection from excess Zn. ZnT-1 and ZnT-3 are co-localized with chelatable
Zn in the brain. ZnT-3 transports Zn into synaptic vesicles, and maintains high Zn concentrations in
these vesicles.

ZIP Zn transporters transport Zn from extracellular compartments to those which are intracellular
and increase cytosolic Zn. ZIP Zn transporters are encoded by fourteen SLC39 genes. ZIP transporters
are also located in the membranes of the Golgi apparatus or the endoplasmic reticulum (ER),
and regulate Zn in subcellular organelles. Genetic defects of Zn transporter mutations produce
severe diseases such as Ehlers-Danlos syndrome [39].

129



Nutrients 2018, 10, 147

Cu2+CAR

ZnT-3
Zn2+

Zn2+

Cu2+Zn2+

CAR

Zn2+

Zn2+Zn2+

CAR

Cu2+

Zn2+

Cu2+

Cu2+

Zn2+

Zn2+

Ca2+

glia

Zn2+

Zn2+

NMDA-R

Synaptic plasticity
Information processing
Learning and memory formation

ZnT-1

Zn2+

NMDA-R

Figure 3. Under physiological conditions, Zn2+ and glutamate are released from presynaptic vesicles,
and inhibit NMDA-type glutamate receptors (NMDA-Rs) and regulate other receptors. Zn2+ spilled
over into the neighboring synapse, modulating excitability. It is possible that Zn is essential in the
maintenance of synaptic plasticity and the formation of memory. Cu2+ is also secreted and acts in a
similar manner to Zn2+. Carnosine binds to Zn2+, as well as Cu2+, and regulates these concentrations
at the synapse. Zn2+: divalent zinc ion; Cu2+: bivalent copper ion; Ca2+: divalent calcium ion;
CAR: carnosine; ZnT-1: zinc transporter 1, • glutamate.

Furthermore, the excess or deficiency of Zn, namely, the dyshomeostasis of Zn in the brain,
is considered to have relationships with the pathogenesis of several neurodegenerative diseases
including AD, VD, prion diseases, and amyotrophic lateral sclerosis (ALS) [40–43].

3. Zinc, Carnosine and Alzheimer’s Disease

3.1. The Amyloid Hypothesis

In Japan, elderly adults aged more than 75 years represented 10% of the total population in 2013.
Therefore, approximately 4 million people are affected by senile dementia and this is a number that
continues to grow annually.

Most senile dementia is divided into AD, VD, and dementia with Lewy bodies (DLB). AD accounts
for more than half the cases of senile dementia. Although AD was first reported in 1906, the number
of AD patients was estimated to be more than 5 million in the U.S. in 2016. AD is characterized
by the deposition termed senile plaques and neurofibrillary tangles (NFTs). The selective loss of
synapses and neurons in the hippocampal and cerebral cortical regions is also observed [44]. The major
component of NFTs is phosphorylated tau protein, and that of senile plaques is β-amyloid protein
(AβP). The primary factor of AD pathogenesis remains controversial. The accumulation of tau protein
and/or the degeneration of cholinergic neurons might occur during the pathogenesis. However,
the idea of the amyloid cascade hypothesis, which suggests that the accumulation of AβP and the
consequent neurodegeneration play a central role in AD is supported by many researchers [45,46].
AβP is a small peptide composed of 39–43 amino acid residues. AβP is secreted from a large precursor
protein (amyloid precursor protein; APP) in the N-terminal by β-secretase (β-site APP cleaving
enzyme; BACE), which is followed by the intra-membrane cleavage of its C-terminal by γ-secretase.
The truncated AβPs, such as AβP (1−40), the first 40 amino acid residues, or AβP (1–42) are produced
by the different C-terminal cleavage of APP (Figure 4). Secreted AβP is generally degraded by specific
proteases such as neprilysin. It was reported that APP mutations and AβP metabolism are associated
with AD from genetic studies of early-onset cases of familial AD indicated in [47]. It was also revealed
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that mutations in the presenilin genes account for the majority of cases of early-onset familial AD.
Presenilins are reported to be one of the γ-secretases. Their mutations also influence the production of
truncated AβP and its neurotoxicity.

AßP

APP 

membrane

1 105 4313

Zn

APP
mRNA 

IRE (iron responsive element)

 secretase
(BACE)

VKMDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIATVIVITLVML--

 secretase

Fe

Al

IRP

DAEFGHDSGFEVRHQKLVFFAEDVGSNKGAIIGLMVGGVVIAT

(primate)

AßP (rodent)

 secretase

Cu

Fe

• ß-sheet
• insoluble
• less or non-toxic

• aging (incubation) 
• metals (Al, Cu, Zn, etc.)
• oxidation
• Mutation
• racemization  etc.

• carnosine
• rifampicin
• curcumine
• polyphenol
• aspirin
• ß-sheet breaker peptide etc.

monomer Soluble oligomer Amyloid fibril

AßP

• α-helix
or randam 
coil
• soluble
• non-toxic

• ß-sheet
• soluble
• toxic

Acceleratory factors

Inhibitory factors

Oligomerization

Figure 4. Secretion and oligomerization of AβP. AβP is secreted from APP by β-secretase (BACE) and
by γ-secretase. The expression of APP is regulated by Fe and may be influenced by Al. APP also
binds to Cu and Zn. Three amino acids (Arg5, Tyr10, and His13) of human AβP are substituted
in rodent AβP. Under aging conditions or in the presence of acceleratory factors, monomeric AβP
with random or α-helix structures self-aggregates and forms several types of oligomers (SDS-soluble
oligomers, amyloid β-derived diffusible ligands, globulomers, protofibrils) before finally forming
insoluble aggregates (amyloid fibrils). The monomeric and fibril aggregates are relatively nontoxic;
however, oligomeric soluble AβPs are toxic. APP: amyloid precursor protein; mRNA: messenger
ribonucleic acid; AβP: β-amyloid protein; Al: aluminum; Fe: iron; IRP: iron regulatory protein.

In 1990, Yankner et al. found that AβP (1–40) caused the toxicity of cultured rat hippocampal
neurons [48]. Although these findings were controversial, the neurotoxicity of AβP was demonstrated
to be influenced by its oligomerization and subsequent conformational change [49]. AβP has a
tendency to self-aggregate into oligomers. AβP exists as a monomeric protein when freshly prepared
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and dissolved in an aqueous solution, and exhibits a random coil structure. However, AβP forms
aggregates (oligomers) after incubation at 37 ◦C for several days (aging). The oligomer AβP possess
β-pleated sheet structures and finally forms insoluble aggregates (amyloid fibrils). Neurotoxicity of
AβP was reported to be enhanced during the aging process [50].

3.2. Metals and Amyloid

AβP is reportedly secreted in the CSF of non-dementia aged individuals, as well as young
individuals [51]. Therefore, not only the amount of AβP, acceleratory factors, or inhibitory factors of its
oligomerization may be essential in AD pathogenesis. AβP oligomerization is influenced by peptide
concentrations, pH, solvent composition, and temperature. The oxidation, mutation, and racemization
of AβP can affect it [52]. Zn and other trace elements such as aluminum (Al), Cu, and iron (Fe) are
important accelerating factors. The amino acid sequences of humans and rodents AβP are similar,
and rodent AβP is different from primate AβP by only three amino acids (Arg5, Tyr10, and His13).
However, the accumulation of AβP is rarely observed in the rodent brains. Indeed, rodent AβP has less
of a tendency to aggregate compared with primate AβP in vitro [53]. Interestingly, all of these three
amino acids have the ability to bind metals. Bush et al. found that Zn induced the oligomerization of
AβP, even the low concentrations (300 nM) [54]. They also reported that Cu remarkably enhanced the
AβP aggregation [55]. Zn binds to three histidine residues (His6, His13, and His14) and/or to carboxyl
group of Asp1 of AβP [56].

However, the oligomerization of AβP by metals is still controversial. The morphologies of AβP
oligomers with Al, Cu, Fe, and Zn are quite different [57]. Metals such as Al, Cu, Fe, and Zn alter the
oligomerization and toxicity of AβP in a different manner [58]. Cu-oligomerized AβP is more toxic
compared with Zn-oligomerized AβP [59]. We found that Al caused more marked oligomerization
than other metals, such as Zn, Cu, Fe, and cadmium (Cd) [60]. Furthermore, Al-aggregated AβPs bind
tightly to the surfaces of cultured neurons and form fibrillary deposits several days after exposure,
compared to Zn-aggregated AβPs.

Meanwhile, Zn can attenuate AβP-induced neurotoxicity and contributes to AD as a protector [40].
Various adverse effects after AβP exposure are reported, such as the induction of cytokines,
the induction of ER stress, the production of reactive oxygen species, and the abnormal increase
of intracellular calcium levels ([Ca2+]i) [61]. Although these effects may interact with each other,
the disruption of Ca2+ homeostasis could be the primary adverse event of AβP neurotoxicity given that
Ca2+ is involved in numerous cellular functions [62]. Arispe et al. first demonstrated that AβP forms
pore-like channel structures on artificial lipid bilayers, which are permeable to Ca2+ and other cations,
multilevel, voltage-independent, and long-lasting [63]. We found that AβP forms pore-like channels
on neuronal membranes [64], and demonstrated that AβP caused the increase of intracellular Ca2+

levels of cultured neurons using fura-2 Ca2+ imaging [65]. Based on these results, the ‘amyloid channel
hypothesis’ was demonstrated; which suggests that the direct incorporation of AβPs on neuronal
membranes and the subsequent increase of intracellular Ca2+ through the amyloid channels might be
the primary event in AβP neurotoxicity [66]. AβP might share the similar mechanism underlying the
toxicity of various antimicrobial or antifungal peptides that also exhibit channel-forming activity and
cell toxicity in this respect [67]. We and other researchers found that the channel activity was inhibited
by the exposure to Zn2+, and recovered by o-phenanthroline, a Zn chelator [64,68]. Since His residues
are exposed to inner surfaces of amyloid channels, Zn can bind to these His residues and protect
neurons from AβP-induced Ca dyshomeostasis [69]. Therefore, the role of Zn in the pathogenesis of
AD is still controversial and Zn may act as a contributor of AD pathogenesis, as well as a protector.
In this context, Zn might play a role like Janus, the ancient Roman god of doorways, who is depicted
with two different faces [40].

Moreover, APP is a metal binding protein that has two Cu and/or Zn binding domains in its
N-terminal. APP possesses the ability to reduce Cu2+ to Cu+. Cu and Zn influence the expression and
processing of APP and enhance AβP production [70,71]. Cu induces the dimerization and trafficking
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of APP from the ER to neurites. APP also regulates Fe homeostasis. APP mRNA possesses an
iron responsive element (IRE). It means that the expression of APP is regulated by Fe, as well as
ferritin (iron storage protein) [72]. In contrast, APP binds to ferroportin, which controls Fe efflux [73].
Therefore, APP is suggested to regulate the homeostasis of metals including Zn, Cu, and Fe.

3.3. Carnosine as an Anti-Crosslinker of AβP

Molecules that inhibit the oligomerization of AβP may be candidates for preventive AD
therapeutics. Several compounds such as rifampicin, curcumin, and transthyretin have been reported
to inhibit the oligomerization of AβP [52]. A small peptide composed of five amino acids, called a
β-sheet breaker peptide, markedly blocks AβP oligomerization [74].

Carnosine has an anti-crosslinking ability, as shown in Figure 2, and inhibits the oligomerization
of proteins such as α-crystalline [75]. Thus, N-acetyl carnosine has been used for the treatment of
cataracts [76]. Increasing evidence indicates that carnosine inhibits the oligomerization of AβP and
blocks its neurotoxicity [77,78]. Corona et al. demonstrated that orally administered carnosine inhibits
the accumulation of AβP, and prevents learning deficits in a murine model of AD [20]. Moreover,
histidine and carnosine are significantly reduced in the CSF of AD patients [79]. Therefore, carnosine
may well play neuroprotective roles against AD.

4. Zinc, Carnosine, and Vascular Type of Dementia

4.1. Zinc and Ischemia-Induced Neuronal Death

VD accounts for about one-third of senile dementia cases in Japan. Its risk factors are high blood
pressure and diabetes. The interruption of blood flow causes the oxygen-glucose deprivation and
membrane depolarization after transient global ischemia or stroke [80]. Thereafter, an excess release of
glutamate into synaptic clefts causes the overstimulation of the glutamate receptor and the entry of
large quantities of Ca2+ into neurons, and triggers the death of pyramidal neurons in the hippocampus,
which are crucial in memory formation.

Zn plays a crucial role in the neuronal death after ischemia and the pathogenesis of VD [81,82].
Excess Zn can be neurotoxic in spite of its importance in the brain. The concentration of Zn in synaptic
clefts is estimated to be 1–100 μM. However, a considerable amount of Zn (up to 300 μM) is co-released
with glutamate into synaptic clefts during ischemic conditions [27]. Koh et al. demonstrated that Zn
accumulates in apoptotic neurons in the hippocampus after ischemia [83]. The membrane-impermeable
Zn chelator (calcium ethylene diamine tetraacetic acid (Ca-EDTA)) protects hippocampal neurons after
ischemia and reduces infarct volume [84]. Zn can cause mitochondrial failure and oxidative stress [85].

4.2. Molecular Mechanism of Zn-Induced Neurotoxicity: GT1–7 Cells as an In Vitro Model System

We investigated the molecular mechanism underlying Zn neurotoxicity and the protective
mechanism of carnosine in immortalized hypothalamic neurons (GT1–7 cells). We found that Zn
causes the death of GT1–7 cells in a dose-dependent manner [86]. The degenerated GT1–7 cells
exhibited apoptotic characteristics including DNA fragmentation, as well as terminal deoxynucleotidyl
transferase-mediated biotinylated uridine triphosphate (UTP) nick-end labeling (TUNEL)-positive.
GT1–7 cells were revealed to be much more sensitive to Zn and exhibited much lower viability after
Zn exposure compared with other neuronal cells, such as primary cultured rat hippocampal neurons,
B-50 neuroblastoma cells, and PC-12 cells [87]. The GT1–7 cells were developed by Mellon et al. from
mouse hypothalamic neurons by genetically targeted tumorigenesis [88]. The cells possess neuronal
characteristics, such as the extension of neurites and expression of neuron-specific proteins or receptors.
Meanwhile, the GT1–7 cells possess low levels of ionotropic glutamate receptors and are not subject
to glutamate toxicity. These properties imply that the GT1–7 cell line is a good model system for the
investigation of Zn-induced neurotoxicity.
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Using GT1–7 cells, it was found that pyruvate, citrate, the antagonists of Ca2+ channels (nifedipine,
conotoxine), and Al3+ blocked the Zn-induced death of GT1–7 cells [86,87,89]. We also found that
intracellular Ca2+ levels ([Ca2+]i) are increased after exposure to Zn. The preadministration of Al3+,
a Ca2+ channel blocker, inhibited the Zn-induced rise in [Ca2+]i and attenuated Zn-induced neurotoxicity.
Thus, it is highly possible that Ca2+ homeostasis is implicated in Zn neurotoxicity pathways.

4.3. Protective Substances against Zn-Induced Neuronal Death

Considering the significance of Zn in the pathogenesis of VD, it is highly possible that substances
that inhibit Zn-induced neurotoxicity may become candidate drugs for the prevention or treatment
of VD. Thus, we developed an assay system for screening such substances using GT1–7 cells and
examined various agricultural products (such as fruits, vegetables, fish, and sea-products) [90].
Among the compounds tested, we found that the water-soluble extract of muscle tissue of Japanese eel
(Anguilla japonica) exerted marked protective activity [91]. This activity was not diminished when the
extract was boiled at 95 ◦C for 30 min. We separated the heated extract using HPLC and determined
the structure of the active fraction as that of carnosine using liquid chromatography mass spectrometry
(LC-MS). Moreover, we found the protective activities in the extract of mango fruits (Mangifera indica)
and in the extract of round herring (Etrumeus teres), and determined the active fraction as pyruvate
and histidine, respectively [92,93].

4.4. The Protective Roles of Carnosine

We investigated the neuroprotective mechanism of carnosine, and firstly focused on Zn
translocation since carnosine can chelate Zn. First, we analysed intracellular Zn2+ levels ([Zn2+]i)
in Zn-treated GT1–7 cells using Zn-specific fluorescent dye, ZnAF-2. However, neither carnosine
nor anserine inhibited Zn influx into GT1–7 cells, whereas treatment with Ca-EDTA, a membrane
impermeable chelator, decreased [Zn2+]i [94]. Thus, it is plausible that carnosine did not act as a Zn
chelator and protect neurons from Zn-induced neurotoxicity.

Second, we have analyzed the genetic changes induced by Zn, and our real-time polymerase
chain reaction (RT-PCR) analysis revealed that Zn caused the upregulation of several genes, including
metal-related genes (MT-1, MT-2, ZnT-1), ER-stress related genes (GADD (growth-arrest- and
DNA-damage-inducible gene) 34, GADD45, p8, CHOP (CCAAT-enhancer-binding protein homologous
protein)), and a Ca2+-related gene (Arc). Although carnosine is able to chelate Zn2+, we demonstrated
that carnosine did not influence the intracellular concentration of Zn nor the Zn-induced upregulation
of MT-1 or ZnT-1. Meanwhile, carnosine was found to inhibit the upregulation of ER stress-related
genes such as GADD34, GADD45, CHOP, Ca2+ homeostasis-related genes such as activity-regulated
cytoskeleton-associated protein (Arc). We also found that carnosine attenuated neurodegenerations
induced by the ER-stressor such as thapsigargin and tunicamycin, and/or induced by hydrogen
peroxide (H2O2). We demonstrated that anserine also attenuated Zn-induced neurotoxicity, as well
as carnosine. Furthermore, we recently found that sub-lethal concentrations of Cu2+ strongly
enhance Zn2+-induced neurotoxicity and the expression of ER stress-related genes [95]. The Cu2+

enhanced Zn2+-induced neurotoxicity was attenuated by pyruvate and thioredoxin-albumin fusion
protein [96,97]. Taken together, we hypothesize the possible molecular mechanisms underlying Zn
neurotoxicity and the action of carnosine (Figure 5). After exposure to Zn, intracellular Zn levels
increase for at least 30 min. Chelators such as Ca-EDTA block this process. Zn leads to an increase in
intracellular Ca2+ levels and then triggers ER stress. This process is inhibited by Al3+ and other Ca2+

channel blockers. Zn triggers the inhibition of the energy production machinery in the mitochondria
and the production of oxidative stress. The energy substrates pyruvate and citrate prevent this
process. The oxidative stress was attenuated by the thioredoxin-albumin fusion protein. Finally,
these three processes trigger neurodegenerative pathways and lead to the neuronal death observed
in VD. Carnosine, released from glial cells, enters neurons by peptide transporters and inhibits
Zn-induced ER stress. Numerous in vivo studies have suggested that carnosine is protective against
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ischemia-induced neurodegeneration using experimental animals [98–100]. We have published a
patent for carnosine to prevent or treat senile dementia based on the activities of carnosine [101].
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Figure 5. Possible molecular mechanisms underlying the protective effects of carnosine in preventing
the neuronal death induced by Zn. Secreted excess amounts of Zn can translocate into cells and cause
the disruption of Ca2+ homeostasis, energy failure in mitochondria, the induction of ER (reticulum)
stress as well as oxidative stress, and apoptotic neuronal death. Carnosine is released into the synaptic
cleft and is transported into cell bodies, where it can inhibit ER stress-related and/or Arc-related
apoptotic pathways activated by Zn. Details are shown in the text. Ca-EDTA: calcium ethylene diamine
tetraacetic acid; NAD+: nicotinamide adenine dinucleotide; CytC: cytochrome C; ATP: adenosine
triphosphate; CHOP: CCAAT-enhancer-binding protein homologous protein; GADD34: growth-arrest-
and DNA-damage-inducible gene 34. AMPA-R: AMPA-type glutamate receptor.

5. Zinc, Carnosine, and Prion Diseases

5.1. Zinc, Copper and Prion Diseases

Zn and carnosine are also involved in prion diseases. Prion diseases include Creutzfeldt-Jakob
disease (CJD), Gerstmann-Straussler-Scheinker syndrome (GSS), and Kuru disease in humans.
They also include bovine spongiform encephalopathy (BSE) in cattle and scrapie in sheep [102].
Prion diseases are characterized by the spongiform degeneration of neurons and glial cells and
the accumulation of amyloidogenic prion protein (PrP). The administration of pathogenic tissue
causes the characteristic infections, and thus, prion diseases are also called transmissible spongiform
encephalopathies. During the transmissible infections, a normal prion protein (PrPC) is converted to
an abnormal scrapie-type isoform (PrPSc). Although both of PrPC and PrPSc have the same primary
sequence, PrPC differs from PrPSc in that PrPSc possesses a high content of β-sheet secondary structure
compared to PrPC, and therefore has resistance to protease digestion. PrPC is ubiquitously expressed
throughout the entire body (Figure 6). It is speculated that the misfolded PrPSc administrated from
contaminated food induces normal PrPC molecules in the brain to misfold and aggregate.

Therefore, prion diseases are considered to be protein-misfolding diseases (conformational
diseases), namely, the conformational change from PrPC to PrPSc is crucial for the pathogenesis
of prion diseases [103]. These features are similar to AD. PrPC is reported to be a metalloprotein
and regulates metal homeostasis [41]. PrPC is a 30–35-kDa glycoprotein and contains 208 amino acid
residues. In its N-terminal, PrPC possesses an octa-repeat domain composed of multiple tandem
copies of the eight-residue sequence –PHGGGWGQ– The octa-repeat domain can bind four metal ions
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(including Cu2+, Zn2+, and other divalent ions), and two other histidine residues, His96 and His111,
can bind two metal ions [104]. The levels of Cu in the brains of PrP-knockout mice were decreased
compared with wild-type mice [105]. PrPC possesses protective roles against oxidative stress as Cu/Zn
superoxide dismutase (Cu/Zn SOD) [106].

Zn2+ also binds PrP, and can influence Cu binding to PrPC. Moreover, prion genes and genes
encoding ZIP transporters possess evolutionary sequence similarities [107]. Watt et al. hypothesized
that PrPC acts as a ‘Zn sensor’ and facilitates the uptake of Zn into neurons by binding with AMPA
receptors [108].

(octarepeat domain)

(PrP106-126)

PHGGGWGQPHGGGWGQPHGGGWGQPHGGGWGQ

60 90 126106 231
GPI

KTNMKHMAGAAAAGAVVGGL 

M M MM

M

M

PrP
96

M : Cu2+ and/or Zn2+

Figure 6. The structure of the prion protein. PrP: prion protein.

5.2. Carnosine and PrPSc-Induced Neurotoxicity

Normal PrPC has regulatory and neuroprotective functions such as regulating Cu homeostasis and
antioxidant. Thus, loss of the protective functions by converting to PrPSc will lead to neurodegeneration.
Meanwhile, PrPSc is neurotoxic. Since PrPSc has strongly infectious characteristics, using a full-length
prion protein is difficult [109]. Thus, we and other researchers have used synthetic fragment peptides
of PrP (PrP106–126) in the study of PrPSc neurotoxicity, owing to its similar characteristics with PrPSc

such as β-sheet formation, neurotoxicity, and metal-binding ability.
Our results using primary cultured rat hippocampal neurons and the thioflavin T (ThT)

fluorescence method exhibited that PrP106–126 forms β-sheet structures during the “aging” process
(incubation at 37 ◦C for several days), and that aged PrP106–126 causes significant neurotoxicity.
These characteristics are quite similar to AβP [22]. Either Zn2+ or Cu2+ significantly attenuates
PrP106–126 neurotoxicity. Furthermore, either Zn2+ or Cu2+ inhibits the oligomerization of
PrP106–126 during the aging process, observed by thioflavin T fluorescence and atomic force
microscopy observation.

Although chelators such as clioquinol and deferoxamine did not influence PrP106–126
neurotoxicity, we found that carnosine attenuates the neurotoxicity of PrP106–126 and inhibits
oligomerization (Figure 7). Therefore, it is possible that carnosine acts as an anti-crosslinker of
PrP106–126. Carnosine also inhibits the oligomerization of α-synuclein, which is a major player in
DLB and Parkinson’s disease [110], and α-crystalline in lens [111]. In this respect, the anti-crosslinking
activity of carnosine is important for the protective functions of carnosine against these diseases.
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Figure 7. Effects of carnosine on the neurotoxicity and the conformational changes of PrP106–126.
(A) Effects of carnosine on the neurotoxicity of PrP106–126. The viability of cultured rat hippocampal
neurons was analyzed using the lactate dehydrogenase (LDH) method after three days of exposure to
50 μM PrP106–126 aged alone or with 1 mM carnosine. Data are presented as mean ± S.E.M. (n = 6);
(B) Effects of carnosine on the thioflavin T (ThT) fluorescence of PrP106–126. The ThT fluorescence
(ex. 490 nm, em. 520 nm) of 25 μM of fresh PrP106–126 or aged PrP106–126 with 1 mM carnosine was
analyzed. Data are presented as mean ± S.E.M. (n = 7).

6. Crosstalk of Metals and Amyloidogenic Proteins at Synapse

6.1. Colocalization of APP and PrP at Synapse

Synapses are small but critical nodes for information processing and memory formation in neural
networks. Since synaptic plasticity is essential to memory formation, synaptic degenerations are
primary observed in many neurodegenerative diseases. As discussed in the previous sections, metals
(Zn2+ or Cu2+) as well as neurotransmitters are co-released from synaptic vesicles into synaptic clefts.
They bind to receptors at postsynaptic densities.

Two amyloidogenic proteins, APP and PrPC, are localized in the synapse, and play essential roles
in the regulation of metal homeostasis. APP is in the presynaptic region and AβP is secreted into
synaptic clefts in the presence of neuronal stimuli [112]. PrPC is coupled to glutamate receptors in the
postsynaptic membranes [113]. Considering the short distance across the synaptic cleft (approximately
20 nm), APP can interact with PrPC in this small compartment surrounded by a considerable amount
of Zn2+ and Cu2+. Indeed, PrPC reportedly binds to AβP oligomers and attenuates its neurotoxicity.

Given that the homeostasis of metals regulated by APP and PrPC is disrupted, it triggers the
degeneration of synapses, causing neurodegeneration and finally leading to the pathogenesis of
these diseases. ZnT-1 is also localized in postsynaptic membranes and regulates Zn homeostasis
by enhancing Zn efflux to the extracellular compartment [114]. ZnT-1 also regulates the activity of
NMDA-type glutamate receptors. Meanwhile, PrPC controls Zn2+ influx into cells as an analogue of
ZIP transporters, with AMPA-type glutamate receptors regulating synaptic Zn2+ levels. MT-3, brain
specific metallothionein, may also regulate Zn homeostasis at synapses [115]. In addition, MT-3 is
decreased in the brains of patients with AD [116].

6.2. Carnosine: A Regulator of Zn and Cu in the Synapse

Carnosine is another important contributor to regulating metal homeostasis in the synapse.
The concentration of carnosine in the olfactory bulb is as high as 0.5 mM [18]. Carnosine and
homocarnosine is synthesized in glial cells, and carnosine-like immunoreactivity was observed in
astrocytes or oligodendrocites [117]. Carnosine is reported to be secreted into the synaptic cleft from
oligodendrocytes by glutamate in a Zn-dependent manner [36,118]. Therefore, carnosine is suggested
to contribute the availability of Zn at the synapse and to control Zn homeostasis and, therefore,
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provides wide protection against various neurodegenerative disorders. Figure 8 exhibits a hypothetical
scheme showing interactions between carnosine, APP, PrP, Zn, and Cu at the synapse.

 
Figure 8. Crosstalk between carnosine, metals, APP, and PrP at the synapse. Zn, Cu, and glutamate
accumulate in synaptic vesicles and are released into synaptic clefts during neuronal excitation. Under
normal physiological conditions, APP binds Cu and regulates Cu levels by reducing Cu2+ to Cu+.
The normal prion protein isoform PrPC binds to Cu at its N-terminal domain and regulates synaptic
Cu levels. It is possible that PrPC provides Cu to APP or to NMDA-type glutamate receptors, thereby
influencing the production of AβP or neuronal excitability. Both APP and PrPC reportedly attenuate
Cu-induced toxicity. PrPC also controls Zn2+ influx into the cells as an analogue of ZIP transporters,
with AMPA-type glutamate receptors regulating synaptic Zn2+ levels. ZnT-1 is localized to postsynaptic
membranes that express NMDA-type glutamate receptors and regulates Zn homeostasis. APP binds
ferroportin (FPN) and regulates Fe2+ efflux. By contrast, PrPC acts as ferrireductase to regulate the
Fe2+/Fe3+ ratio in synapses. The Fe2+ ions are transferred to enzymes, including neurotransmitter
synthetases. Fe levels also regulate the expression of APP. It is plausible that carnosine binds to Zn2+

and Cu2+ and regulates homeostasis in these metals. ZnT-1: zinc transporter 1; NMDA-R: NMDA-type
glutamate receptor; MT-3: metallothionein 3; CAR: carnosine.

7. Carnosine in Foodstuffs

Considering the beneficial and neuroprotective roles of carnosine, dietary supplementation
with carnosine may become important for the prevention of various neurodegenerative diseases.
The supplementation with carnosine/anserine improves the cognitive decline of AD model mice [119],
or of elderly people [120]. Orally administered carnosine can cause increased carnosine levels in the
brain [121]. Moreover, the amount of carnosine is age-dependently decreased [122].

Therefore, the quantitative analysis of carnosine in foods is essential for developing
supplementation therapy. For this purpose, we established a convenient system for the analysis
of carnosine and anserine in various foods using HPLC [123,124]. However, it is difficult to separate
carnosine and anserine by performing reversed phase HPLC with a conventional octadecylsilyl (ODS)
column used in ordinary peptide analysis, since carnosine and its analogues are highly hydrophilic
and not retained in an ODS column. Thus, we used a carbon column (Hypercarb™ column; Thermo
Electron Corp., Waltham, MA, USA) containing porous graphite carbon. The typical chromatograms of
standard carnosine and anserine are shown in Figure 9A. Under these conditions, carnosine appeared at
5.7 min and anserine at 7.3 min. We used conventional UV spectroscopy for measuring the absorbance
at 215 nm to detect carnosine and anserine. The typical chromatograms of the water extract of chicken
breast and the pork shoulder after being heated at 95 ◦C for 30 min to reduce and remove proteins are
shown in Figure 9B,C. The recovery rate of carnosine was determined to be 98.8 ± 6.6% and that of
anserine was 99.4 ± 1.8% after this simple pretreatment.
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Using this method, the level of carnosine and anserine in food extracts was examined (Figure 10).
Our results suggest that relatively high concentrations of carnosine exist in muscles. For example,
1 g of chicken muscle (breast) contained 2.16 ± 0.67 mg/g (i.e., approximately 1 mM) of carnosine.
The concentrations of carnosine and anserine were different among species and varied in various
regions. These results coincide with previous studies [18].

Figure 9. Typical chromatograms of the food extracts examined in this study. Standard solutions
carnosine and anserine (A); extract of chicken breast (B), or extract of pork (C) were applied to
the HPLC system equipped with a carbon column. Eluent: 0.05% TFA and 7% CH3CN; flow rate:
1.0 mL/min. The absorbance at 215 nm was observed.
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Figure 10. Levels of carnosine and anserine in various foods. The amount of carnosine and anserine of
water-soluble extracts of various foods was analyzed by HPLC. Data are expressed as mean ± S.E.M.
(n = 3).

Furthermore, we analyzed the amount of carnosine in the muscle of thoroughbred horses
and found that the gluteus medius exhibited the highest concentration of carnosine among five
muscle tissues (flexor capri radius, triceps branchii, masseter, gluteus medius, sternocleidomastoid).
Considering that the gluteus medius is abundant in Type IIa muscles and mainly used in high intensity
exercise, carnosine may play essential roles in high intensity exercise. Indeed, the supplementation of
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β-alanine reportedly increases muscle carnosine concentrations and improves exercise performance,
as concluded by the International Society of Sports Nutrition [125].

8. Conclusions and Future Perspectives

Zn plays critical roles in the pathogenesis of neurodegenerative diseases, such as AD, VD, and
prion diseases. Although Zn acts as an enhancer of neurotoxicity as well as a protector in AD and
VD, it is possible that carnosine, a Zn chelator, acts as a neuroprotector in these diseases owing to its
numerous beneficial characteristics including anti-ER stress, antioxidant, and anti-crosslink activities.
Additionally, the properties of carnosine such as being water-soluble, heat-inactive, and nontoxic make
it a good neuroprotective nutrient beneficial for health. Considering the beneficial characteristics of
carnosine, dietary supplementation with carnosine or its component may become useful for health,
as carnosine in food plays a critical role in the regulation of Zn homeostasis and the prevention
of neurodegenerative diseases. Further research about the molecular mechanism of carnosine in
preventing neurotoxicity is required.
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Abbreviations

AD Alzheimer’s disease
AMPA amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
CSF cerebrospinal fluid
EAR estimated average
ER endoplasmic reticulum
GABA γ-aminobutyric acid
HPLC high performance liquid chromatography
NMDA N-methyl-d-aspartate
VD vascular type of senile dementia
ZIP Zrt-, Irt-like protein
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Abstract: The skin is the third most zinc (Zn)-abundant tissue in the body. The skin consists of the
epidermis, dermis, and subcutaneous tissue, and each fraction is composed of various types of cells.
Firstly, we review the physiological functions of Zn and Zn transporters in these cells. Several human
disorders accompanied with skin manifestations are caused by mutations or dysregulation in Zn
transporters; acrodermatitis enteropathica (Zrt-, Irt-like protein (ZIP)4 in the intestinal epithelium
and possibly epidermal basal keratinocytes), the spondylocheiro dysplastic form of Ehlers-Danlos
syndrome (ZIP13 in the dermal fibroblasts), transient neonatal Zn deficiency (Zn transporter (ZnT)2
in the secretory vesicles of mammary glands), and epidermodysplasia verruciformis (ZnT1 in the
epidermal keratinocytes). Additionally, acquired Zn deficiency is deeply involved in the development
of some diseases related to nutritional deficiencies (acquired acrodermatitis enteropathica, necrolytic
migratory erythema, pellagra, and biotin deficiency), alopecia, and delayed wound healing. Therefore,
it is important to associate the existence of mutations or dysregulation in Zn transporters and Zn
deficiency with skin manifestations.

Keywords: zinc; skin; acrodermatitis enteropathica; Langerhans cells; ATP; nutrition

1. Introduction

In the human body, zinc (Zn) is stably maintained in the weight of 2–3 g [1]. Skin is the third
most Zn-abundant tissue in the body (skeletal muscle 60%, bones 30%, liver 5%, and skin 5%) [1].
The epidermis contains more Zn compared with the dermis [2]. In the epidermis, Zn is more abundantly
distributed throughout the stratum spinosum than the other three layers of keratinocytes (KCs) [3].
In the dermis, Zn concentration in the upper dermis is higher than it in the lower dermis [2]. Zn is
enriched in the granules of mast cells (MCs) [4] and MCs are more abundant in the upper dermis
than in the lower dermis [5,6]. Therefore, the difference in dermal MC distributions may explain the
difference of Zn distributions within the dermis.

Zn is present as a divalent ion (Zn2+) in cells and does not need a redox reaction upon crossing the
cellular membrane. Thus, the tight regulation needed to maintain Zn homeostasis in cells is assumed by
two solute-linked carrier (SLC) gene families: Zn transporter (ZnT; SLC30A) and Zrt-, Irt-like protein
(ZIP; SLC39A) (reviewed in [7–10]). ZnTs and ZIPs are involved in Zn efflux and uptake, respectively.
10 ZnT and 14 ZIP were identified in humans so far [7]. Besides ZnTs and ZIPs, metallothioneins
(MTs) also assume Zn regulation. MTs that ubiquitously distribute in the cytoplasm contain a unique
cysteine-rich amino acid sequence. This allows MTs to bind to Zn, copper, and cadmium. An excess
cytosolic Zn binds to MTs, whereas Zn is released from MTs in the condition of Zn deficiency or Zn
required. Consequently, MTs function as a regulator of Zn homeostasis [11].

In this review, we review the relationship between Zn and the skin, including the function and
distribution of Zn, ZnTs, ZIPs, and MTs in the skin with adding new recent findings in our recent
review [12] by introducing the function of Zn and Zn transporters in various types of skin cells.
Additionally, we expanded the description of Zn deficiency-related human disorders accompanied
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with skin manifestations. We started this review by describing the physiological functions of Zn and
Zn transporters in various types of cells of skin (Section 2), followed by human skin disorders caused
by mutations of Zn transporters (Section 3), human skin disorders caused by dysregulation of Zn
transporters (Section 4), and human skin disorders associated with Zn deficiency (Section 5).

2. Physiological Functions of Zn and Zn Transporters in the Skin

Zn is a cofactor for over 1000 enzymatic reactions [13,14] and is necessary for over
2000 transcription factors [15]. Zn-finger proteins function for DNA interaction, RNA packaging,
activation of transcription, regulation of apoptosis, folding and assembly of protein, and lipid
binding [16–18]. Additionally, about 10% of human proteins binds to Zn [19]. Therefore,
Zn is associated with a wide variety of organic activities such as development, differentiation,
and cell growth.

The skin consists of the epidermis, dermis, and subcutaneous tissue. Each skin region contains the
following cells: epidermis; KCs, Langerhans cells (LCs), and melanocytes, dermis; antigen-presenting
cells (dendritic cells (DCs), macrophages, and monocytes), T cells, MCs, fibroblasts, endothelial cells,
etc., subcutaneous tissue; adipocytes. A review of the reported function of Zn and Zn transporters in
these cells follows below (Figure 1).

Figure 1. Reported distribution and function of Zn transporters in the skin. Every skin cell expresses
many different Zn transporters. However, the expression and role of Zn transporters in skin cells
are less understood. This figure shows the reported distribution and representative function of Zn
transporters in the skin. 1 and 2. ZIP2 and ZIP4 in KCs facilitate KC proliferation and differentiation.
3. ZIP10 expressed in the epidermal progenitor cells in outer root sheath is crucial for the proper
epidermal formation. 4. ZnT5 in MCs is involved in inflammatory cytokine production. 5. Many
ZnTs and ZIPs regulate MHC class II expression in DCs. 6. ZIP8 in T cells is involved in interferon-γ
(IFN-γ) production. 7. ZIP7 and ZIP13 in fibroblasts are required for the dermal formation and bone
morphogenetic protein/transforming growth factor-β (BMP/TGF-β) signaling, respectively. 8. ZIP13 in
adipocytes inhibits beige fat cell differentiation. ZIP14 in adipocytes suppresses an excess inflammation.
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2.1. Keratinocytes

Keratinocytes (KCs) occupy approximately 97% of epidermis and are categorized into four layers
according to the degree of differentiation and keratinization. These layers include the basal layer,
stratum spinosum, stratum granulosum, and stratum corneum. As described, Zn concentrations are
most abundant in the stratum spinosum, more so than in the other three KC layers [3]. However,
the physiological reason for this is not known. An in vitro experiment demonstrated that exposing
HaCaT KCs (human immortalized KCs) to a nontoxic concentration of Zn facilitates survival and
proliferation [20]. In contrast, a chelation of intracellular Zn by N,N,N′,N′-tetrakis (2-pyridylmethyl)
ethylenediamine (TPEN) activates caspase-3 and DNA fragmentation, resulting in the apoptosis of
KCs [21,22]. Further, a Zn-deficient diet alters the expression of keratin polypeptides in rats because of
impaired keratinolytic enzyme activity [23]. In an in vitro experiment using normal human epidermal
KCs, Zn suppressed IFN-γ-induced KC activation and tumor necrosis factor-α (TNF-α) production
via unknown underlying mechanisms [24]. Zn also diminishes inducible nitric oxide synthase (iNOS)
induction and subsequent nitric oxide (NO) production in Pam212 KCs (murine immortalized KCs) [25].
These data suggest that Zn is required for the proliferation of KCs and the suppression of inflammation
in KCs (reviewed in [26]). These effects of Zn on KCs account for the clinical effects of Zn oxide
ointment on skin inflammation and ulcers.

Recent research elucidated the functions of some ZIP proteins that are expressed in KCs. In mice,
ZIP2 is almost exclusively expressed in the epidermis, but not in the dermis. ZIP2 is expressed
in differentiating KCs. Knockdown (KD) of ZIP2 in KCs interferes with KC differentiation and
proliferation. Thus, Zn uptake through ZIP2 is essential for terminal differentiation of KCs [3]. ZIP4 is
associated with the development of acrodermatitis enteropathica (AE; OMIM 201100). Although ZIP4
is highly expressed in the apical side of the intestinal epithelium, human epidermal KCs also express
ZIP4, particularly in undifferentitated KCs. In human epidermal KCs, ZIP4 KD reduces intracellular
Zn levels up to half, interferes with normal KC differentiation, and promotes KC proliferation, thereby
leading to the parakeratosis [27]. Although these histological changes by ZIP4 KD in KCs are not
identical to the histological changes in AE, ZIP4, and ZIP2 are involved in the normal KC differentiation
and proliferation. Zn is deeply involved in hair biology. For example, Zn deficiency (ZnD) induces
telogen effluvium and abnormal hair keratinization (reviewed in [12]). Murine ZIP10 is highly
expressed in the epidermal progenitor cells located in the outer root sheath of hair follicles. Thus,
depletion of ZIP10 in keratin14-expressing cells results in a thin epidermis and hair follicle hypoplasia
because of downregulation of the transcriptional activity of p63, a critical regulator of epidermal
formation [28]. MTs are proteins that are ubiquitously expressed throughout various types of cells
and predominantly distribute in the cytoplasm, and to a lesser extent in the nuclei and lysosomes [29].
MTs are comprised of four isoforms; MT-1, MT-2, MT-3, and MT-4 [30]. In the human skin, MT-1 and
MT-2 are expressed in actively proliferating cells such as hair matrix, outer hair roots, and basal layer
KCs [31]. These MT expressions are further upregulated in the hyperplastic KCs of inflamed skin
lesions and skin cancers in conditions such as actinic keratosis, squamous cell carcinoma, and basal cell
carcinoma [32]. Knock out (KO) of both MT-1 and MT-2 in mice impairs KC proliferation [33]. Thus,
MT-1 and MT-2 regulate KC proliferation, likely cooperating with ZIP2 and ZIP4 in the epidermis.
Similarly, MT-3 is expressed in human epidermal KCs, and its expression appears to be upregulated in
skin cancers [34,35]. MT-4 expression in murine neonatal skin is reported [36]. However, the expression
and function in human skin are not understood. In summary, ZIP2 and ZIP4 in KCs facilitate KC
proliferation and differentiation. ZIP10 expressed in the epidermal progenitor cells in outer root sheath
is crucial for the proper epidermal formation. MTs in KCs also facilitate KC proliferation.

2.2. Langerhans Cells

Langerhans cells (LCs) are one subset of antigen-presenting cells that distribute in the
epidermis [37]. LCs are involved in the development of cutaneous manifestations of acrodermatitis
enteropathica (AE), a rare autosomal recessive disease. AE is caused by a mutation in the SLC39A4
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gene that encodes ZIP4 followed by Zn deficiency (ZnD) because of a disability of Zn absorption
within the intestines (reviewed in [38] and [39]). We found that epidermal LCs were absent in AE skin
lesions. Additionally, LC loss in the epidermis was reproducible using mice with Zn-deficient diets
(ZD mice) [40] (Figure 2).

Figure 2. LC loss in ZD ear epidermis. Immunofluorescence of epidermal whole mounts stained for
IA/IE (red) and CD3ε (green) from mice fed ZA or ZD diets for seven weeks. Original magnification,
×100. IA/IE-positive LCs are absent in ZD ear epidermis (c) and (d); whereas the distribution of
CD3ε-positive dendritic epidermal T cells are unaffected (a) and (b). (a) and (c) merge with DAPI is (e);
(b) and (d) merge with DAPI is (f).

In patients with AE and ZD mice, transforming growth factor-β1 (TGF-β1) expression in the
epidermis was impaired compared with healthy people and mice with Zn-adequate (ZA) diets
(ZA mice). TGF-β1 is essential for LC homeostasis [41]. Because several Zn finger transcription
factors (e.g., ZNF580) are involved in TGF-β signaling [42], ZnD might decrease TGF-β1 production in
LCs and KCs by influencing the activity of those transcription factors. Therefore, impaired TGF-β1
expression in the epidermis is, at least in part, responsible for LC loss (Figure 3). Another possibility
for LC loss is apoptosis. In the steady state, epidermal LCs of ZD mice exhibited an increased
apoptosis rate. Murine and human LCs underwent apoptosis when cultured with TPEN, whereas
the culture condition did not induce apoptosis of KCs. This suggests that LCs are prone to apoptosis
in the condition of ZnD. It is worth noting that LCs were replenished in the epidermis after Zn
supplementation in patients with AE and ZD mice. Considered with these findings, severe ZnD
induces LC apoptosis through a synergy of its direct effect and impaired TGF-β1 expression, leading to
a disappearance of epidermal LC [40] (Figures 2 and 3). In summary, Zn is critical for LC homeostasis.
Despite the importance of Zn in LCs, the expression and function of ZnTs, ZIPs, and MTs in LCs are
poorly understood.

150



Nutrients 2018, 10, 199

Figure 3. An underlying mechanism of development of acrodermatitis. Right panel: 1. In patients
with AE and ZD mice, TGF-β1 expression in the epidermis is impaired compared with healthy
subjects and ZA mice. Subsequently, LCs disappear from the epidermis. LCs are the sole CD39
(ecto-NTPDase1)-expressing cells in the epidermis. 2. Ear epidermis from ZD mice produces much
more ATP upon the exposure of irritants than it from ZA mice. Additionally, this ATP is not hydrolyzed
because of the absence of CD39-expressing LCs. 3. ATP in the epidermis elicits ICD, followed by the
formation of acrodermatitis in AE.

2.3. Melanocytes

In an in vitro experiment, exposure of human melanocytes recovered from healthy skin to
exogenous and nontoxic levels of Zn increases intracellular Zn levels, particularly in lysosomes
and melanosomes. This enhances proliferation of human melanocytes with upregulated expression
of AKT3, extracellular signal–regulated kinase1/2 (ERK1/2), c-MYC, and CYCD and enhances
mitochondrial biosynthesis, followed by the upregulated process of autophagy [43]. In summary, Zn
facilitates the melanocyte proliferation and the autophagy. The expression and function of ZnTs, ZIPs,
and MTs in melanocytes are poorly understood. However, MT expression in melanoma may correlate
with an increased risk of its progression and metastasis [44,45].

2.4. Mast Cells and Dendritic Cells

Besides the proliferative effect of Zn on various types of cells, Zn also functions as an intracellular
signaling molecule, like calcium, by transducing extracellular stimuli into intracellular signaling
(reviewed in [16,46]).

In mast cells (MCs), cytosolic Zn promotes FcεRI-induced granule translocation and subsequent
degranulation. ZnT5 mRNA is abundant in MCs and its expression is upregulated by FcεRI stimulation.
Zn and ZnT5 cooperatively translocate protein kinase C (PKC) to the plasma membrane, and the
subsequent nuclear translocation of nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB), thereby promoting the production of inflammatory cytokines like IL-6 and TNF-α [47,48].
In summary, Zn and ZnT5 in MCs are involved in inflammatory cytokine production.

In dendritic cells (DCs), Zn is involved in its maturation. Upon lipopolysaccharides (LPS)
stimulation of murine DCs, ZIP6 and ZIP10 are downregulated, whereas ZnT1, ZnT4, and ZnT6 are
upregulated. This decreases intracellular free Zn. Because Zn promotes the endocytosis of major
histocompatibility complex (MHC) class II and inhibits its trafficking from the lysosome/endosome to
the plasma membrane. Decreased intracellular free Zn facilitates upregulation of surface MHC class II
expression [49]. In summary, Zn and Zn transporters regulate MHC class II expression in DCs.
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2.5. T cells

ZnD induces atrophy of the thymus accompanied by reduced double-positive thymocytes,
decreasing the number of mature single positive T cells [50–52]. This is mediated by elevated
glucocorticoids from adrenal glands and subsequent enhancement of apoptosis rate within
double-positive thymocytes [53]. This suggests that Zn is required for the normal T cell generation [26].

Although the expressions and functions of ZnTs, ZIPs, and MTs in T cells are less understood,
ZIP8 is enriched in human T cells, and its expression is markedly upregulated by in vitro activation
with T cell receptor (TCR) engagement [54]. Although ZIP8 is localized to both the plasma membrane
and lysosomes, ZIP8 in T cells is primarily localized to lysosomes. ZIP8 KD in T cells reduces IFN-γ
production, whereas overexpression of ZIP8 in T cells enhances it [54], suggesting that Zn transport
from lysosomes to the cytoplasm facilitates IFN-γ production in T cells. In summary, ZIP8 in T cells is
involved in IFN-γ production.

2.6. Endothelial Cells

Zn chelation leads to death of endothelial cells (ECs). On the other hand, chronic exposure to Zn
accelerates senescence of ECs in an in vitro experiment [55]. An exposure to 25 μM Zn2+ impedes the
migration of human ECs [56]. Similarly, Zn oxide nanoparticles inhibit angiogenesis [57]. These data
suggest that Zn is involved in the cell viability of ECs and angiogenesis.

Chronic exposure to Zn upregulates the mRNA expression of ZnT1 and ZIP6, downregulates the
mRNA expression of ZnT5 and ZIP10, and does not alter the mRNA expression of ZIP1, ZIP2, and
ZIP3 [55]. As for MTs in ECs, human ECs express MT-1E, MT-1X, MT-2A, and MT-3. An exposure to
Zn induces the expression of most MT-1 isoforms. MT-2A KD leads to the decreased proliferation and
the increased migration of ECs [58]. Collectively, Zn alters the expression of ZnTs, ZIPs, and MTs in
ECs. However, the function of ZnTs and ZIPs in ECs remains to be identified.

2.7. Fibroblasts

It is known that Zn promotes lipogenesis and glucose transport via its insulin-like effects on
3T3-L1 fibroblasts and adipocytes [59]. Recent research elucidated the critical roles of ZIP7 and ZIP13
in connective tissue homeostasis. Both are intracellular Zn transporters, have quite similar amino
acid sequences, and share various functional characteristics [60]. However, there are some differences.
(1) ZIP7 is predominantly localized in the endoplasmic reticulum (ER), whereas ZIP13 is predominantly
localized in the Golgi apparatus [60]. (2) ZIP7 is distributed throughout various types of cells, whereas
ZIP13 is primarily localized in connective tissues [61,62]. ZIP7 KO mice in collagen1-expressing cells
exhibit thin dermis with reduced collagen1 deposition, thin subcutaneous tissues, and a reduced
number of hair follicles. Additionally, ZIP7 KD in human mesenchymal stem cells inhibits proliferation
and differentiation into fibroblasts, osteoblasts, and chondrocytes [63]. As described, ZIP7 is localized
in ER and transports Zn from the ER lumen to the cytoplasm. ZIP7 KD increases Zn levels in the
ER, resulting in Zn-dependent aggregation and inactivation of protein disulfide isomerase, which
controls proper protein folding. Thus, ER stress is overwhelming in ZIP7 KD cells, and these cells
undergo apoptosis [63]. These data suggest that Zn regulation by ZIP7 in the ER is critical for the
proper ER function and prevention of ER stress-induced cell death. Accordingly, the third difference
between ZIP7 and ZIP13 is that ZIP7 KD induces ER stress, whereas ZIP13 KD does not induce it [64].
In conclusion, ZIP7 in fibroblasts is required for the proper dermal formation. The role of ZIP13 in
fibroblasts is described later.

2.8. Adipocytes

ZIP13 is also involved in adipocyte biology. Adipocytes are divided into white and brown
adipocytes. The former stores energy, whereas the latter consumes it. Additionally, other brown
adipocyte-like cells, named beige adipocytes, are recently found within white adipose tissue,
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which is developed by various stimuli such as chronic cold exposure and long-term peroxisome
proliferator-activated receptor γ (PPARγ) agonist treatment [65–67]. CCAAT-enhancer-binding
protein-β (C/EBP-β) is induced in the early phases of adipogenesis and is necessary to activate
PPARγ [68]. As described, ZIP13 is localized in the Golgi apparatus and transports Zn from the Golgi
lumen to the cytoplasm. This Zn inhibits C/EBP-β activation and subsequent PPARγ activation,
leading to the inhibition of beige fat cell differentiation. Conversely, ZIP13 KD facilitates beige fat cell
differentiation. This enhances energy consumption, leading to the inhibition of obesity [69].

Inflammatory cytokines proliferate adipocytes, expanding cell mass through both hypertrophy
and hyperplasia [70]. ZIP14 is localized to the plasma membrane, and its expression is upregulated
by inflammatory cytokines and/or LPS [71]. Adipocytes from ZIP14 KO mice increase cytokine
production by activating the NF-κB and signal transducer and activator of transcription 3 (STAT3)
pathways [72]. These data suggest that ZIP14, which is upregulated in adipocytes during inflammation,
may suppress excess inflammation.

Besides the involvement of ZIP13 and ZIP14 in adipocyte biology, many Zn finger proteins, which
are proteins containing the Zn finger domains, are involved in adipogenesis [73].

3. Human Skin Disorders Caused by Mutations of Zn Transporters

Some genetic disorders are caused by mutations of Zn transporter genes. Among these disorders,
mutations of ZIP4, ZIP13, and ZnT2 accompany skin manifestations.

3.1. ZIP4 Mutation; Acrodermatitis Enteropathica (AE; OMIM 201100)

As described in Section 2.2, AE is caused by loss-of-function mutations in ZIP4 followed
by ZnD because of a disability of Zn absorption in the intestines. Since this discovery, over
30 mutations are reported [74]. The clinical symptoms are skin manifestations, alopecia, and diarrhea.
Skin manifestations that are characterized by ZnD are referred to as acrodermatitis, and occur on
periorificial, anogenital, and acral regions, where frequent contact with external substances is expected.
Therefore, we presumed that acrodermatitis occurs as a consequence of contact dermatitis (CD).
We utilized skin specimens of patients with AE and ZD mice to examine this hypothesis [40].

ZD mice exhibited an impaired allergic CD in response to dinitrofluorobenzene (DNFB) compared
with ZA mice, because of an immunodeficiency in the ZD mice. On the other hand, ZD mice exhibited a
significantly increased and prolonged irritant CD (ICD) in response to croton oil (CrO) compared with
ZA mice. Adenosine triphosphate (ATP) is released from KCs in response to various environmental
stimuli through lytic and non-lytic mechanisms [75–77]. ATP released from chemically injured mouse
KCs causes ICD [77]. In an ex vivo organ culture, the released ATP amount from skin upon CrO
application was much greater in the skin of ZD mice than in the skin of ZA mice. Additionally, an
injection of apyrase that hydrolyzes ATP into adenosine monophosphate (AMP) restored the increased
and prolonged ICD upon CrO application in ZD mice. These results suggest that the prolonged
ICD response in ZD mice was mediated via the excess ATP release by KCs in response to irritants
(Figure 3). As described in Section 2.2, epidermal LCs were absent in the lesioned skin of AE and ZD
mice (Figure 2). LCs but not KCs express CD39 (ecto-nucleoside triphosphate diphosphohydrolase 1
(ecto-NTPDase1)) that potently hydrolyzes ATP into AMP [77,78]. Thus, the impaired ATP hydrolysis
because of the disappearance of LCs leads to ATP-mediated inflammation in the epidermis, followed
by the development of ICD (Figure 3).

3.2. ZIP13 Mutation; Spondylocheiro Dysplastic Form of Ehlers–Danlos Syndrome (SCD-EDS;
OMIM 612350)

As described in Section 2.7, ZIP13 is localized to connective tissue cells including fibroblasts.
A study with ZIP13 KO mice revealed that ZIP13 is necessary for the nuclear translocation of Smads
in BMP/TGF-β signaling [61]. Thus, ZIP13 is crucial for connective tissue formation. Homozygous

153



Nutrients 2018, 10, 199

loss-of-function mutations of the ZIP13 gene cause SCD-EDS [61,79], characterized by hyperelastic
and thin skin and hypermobility of the small joints.

3.3. ZnT2 Mutation; Transient Neonatal Zn Deficiency (TNZD; OMIM 608118)

Zn concentration in milk is maintained at higher levels than in serum, because Zn in breast milk is
critical for the growth and survival of neonates [80]. In mice, the ZnT2 mutation causes severe ZnD in
pups because of low Zn concentrations in breast milk. Like ZnT2-mutated mice, the breast milk from
mice with a loss-of-function mutation of ZnT4 (lethal milk mutant mice; OMIM 602095) is deficient
in Zn. Nursing pups of lethal milk mutant mice die before weaning [81]. Both ZnT2 and ZnT4 are
localized in cytoplasmic secretory vesicles and efflux Zn from the cytoplasm to cytoplasmic secretory
vesicles [7]. In humans, ZnT2 is essential for maintaining proper Zn concentrations in breast milk.
Because breast milk from ZnT2-mutated mothers contains lower Zn, breast-feeding neonates show
similar symptoms with AE [39,82–85]. On the other hand, there are no reports of ZnT4 involvement in
Zn transport into secretory vesicles in humans.

4. Human Skin Disorders Caused by Dysregulation of Zn Transporters

Epidermodysplasia verruciformis (EV; OMIM 226400), a rare autosomal-recessive skin disease,
develops non-melanoma skin cancers because of a susceptibility to oncogenic human papillomaviruses
(HPVs). ZnT1 associates with the development of EV [86,87]. Although oncogenic HPVs can be
detected in the skin of healthy individuals, they are asymptomatic. EV patients have mutations in
either the EVER1 or EVER2 genes [88,89]. In KCs, EVER1 and 2 form a complex with ZnT1 primarily in
the ER and to a lesser extent in the nuclear membrane and Golgi apparatus. The free Zn concentration
in the KC nucleus is increased in patients with EV compared with healthy individuals, suggesting that
the complex of ZnT1 and EVERs regulates free Zn transport in the nucleus, potentially altering cell
function. A complex of ZnT1 with ‘intact’ EVERs inhibits the activator protein 1 (AP-1) activation that
promotes the replication of HPV [90]. Accordingly, a complex of ZnT1 with ‘mutated’ EVERs increases
free Zn transport into KC nucleus and subsequent AP-1 activity. This results in the aberrant replication
of EV-related oncogenic HPVs, thereby developing skin cancers [86,87].

5. Human Skin Disorders Associated with Zn Deficiency

At present, acquired Zn deficiency (ZnD) still affects 17% of the world’s population who are in
the condition of general malnutrition due to starvation, severe illness, alcohol addiction. Additionally,
infants, the elderly, and pregnant women are also prone to fall into acquired ZnD [91–94]. Acquired
ZnD could cause acquired AE. Additionally, ZnD is observed in diseases linked to nutritional
deficiencies such as necrolytic migratory erythema (elevated serum glucagon), pellagra (niacin or
tryptophan deficiency), and biotin deficiency. AE-like erythema is also observed in these diseases.
Interestingly, loss or decrease of epidermal LCs that is seen in patients with AE is reported in some cases
of diseases related to nutritional deficiencies. Loss of epidermal LCs and subsequent AE-like erythema
are common phenomena in diseases related to nutritional deficiencies. Additionally, the nature of these
abnormalities might be attributable to ZnD, because Zn supplementation restores these abnormalities.
Besides these diseases related to nutritional deficiencies, ZnD is involved in other skin disorders.

5.1. Nutritional Deficiency Diseases

5.1.1. Necrolytic Migratory Erythema

Necrolytic migratory erythema (NME) has been considered as a dermadrome of pancreatic
glucagonoma, because NME skin lesions could resolve if the tumor is removed [95–97]. Patients
with glucagonoma exhibit increased serum levels of glucagon. Because glucagon is involved in the
metabolism of amino acids [98], excess glucagon decreases amino acids in the serum and in the
epidermis, leading to epidermal necrosis.
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However, it is now clarified that NME can develop within the context of other conditions
including excess inflammatory mediators, liver dysfunction, and metabolic or nutritional deficiencies,
particularly of Zn, and essential amino and fatty acids [97]. Because serum glucagon levels are variable
in these conditions, glucagon is not the sole causative substance of NME. Decreased serum levels
of Zn are reported in patients with NME suffering from inflammatory bowel disease, celiac disease,
liver dysfunction, and a malignancy other than glucagonoma [99–111]. Supplementation of Zn restores
skin lesions of NME, implying that decreased serum levels of Zn associate with the pathogenesis of
NME. As described, AE-like erythema in patients with NME and its histopathological findings—such as
cytoplasmic pallor, parakeratosis, subcorneal vacuolization, and ballooning degeneration of KCs—are
identical to AE. In addition, one report demonstrates that epidermal LC number is reduced in patients
with NME whose serum levels of Zn are decreased [111]. This suggests that similar mechanisms
may underlie the development of skin lesions in patients with AE (described in Sections 2.2 and 3.1)
and NME.

5.1.2. Pellagra

The compounds that have anti-pellagra activity are called niacin, and the major compound of
niacin is nicotinamide and nicotinic acid. Nicotinamide is generated by two pathways. (1) Dietary
nicotinic acid is promptly incorporated into the liver and is converted to nicotinamide; (2) Nicotinamide
is synthesized from tryptophan, an essential amino acid, by the tryptophan–nicotinamide conversion
pathway [112].

Deficiency of niacin and/or tryptophan contributes to pellagra. Diets rich in corn contain less
niacin and tryptophan, contributing to the development of pellagra [113]. Patients with pellagra
show AE-like erythema, diarrhea, and dementia [114]. Photosensitivity is a unique phenomenon
in patients with pellagra and is not seen in other diseases associated with nutritional deficiencies.
Niacin deficiency induces reactive oxygen species in KCs, followed by the production of prostaglandin
E2 (PGE2). This PGE2 mediates photosensitivity in patients with pellagra [115]. A study investigating
serum Zn levels in 81 pellagra patients showed a significant reduction of serum Zn level in patients
with pellagra (69.7 ± 16.8 μg/dL) compared with that in healthy subjects (82.3 ± 34.0 μg/dL) [116].
Although the average serum Zn levels in patients with pellagra are in the range of latent ZnD, ZnD
may be involved in the development of pellagra. Like AE and NME, loss or decrease of epidermal LCs
is reported in the lesional skin of pellagra, but not in non-lesional skin of pellagra [117].

5.1.3. Biotin Deficiency

Biotin is a water-soluble vitamin and serves as a co-enzyme for five carboxylases in humans.
Biotin-dependent carboxylases are involved in various metabolic pathways such as gluconeogenesis,
fatty acid synthesis, and amino acid synthesis. Mammals cannot synthesize biotin. However, because
biotin is contained in a wide range of foods and some gut microbiota produce biotin, biotin deficiency
(BnD) does not occur in people who consume a mixed general diet. On the other hand, genetic
deficiency of holocarboxylase synthetase and biotinidase; continuous consumption of raw egg whites;
parenteral nutrition; and modified milk without biotin supplementation can lead to the development
of BnD [118]. BnD causes similar symptoms as AE including skin lesions, alopecia, and diarrhea [119].
As for the underlying mechanism of development of the skin lesions in BnD, BnD causes abnormalities
in fatty acid composition such as accumulation of odd-chain fatty acids and abnormal metabolism of
long-chain polyunsaturated fatty acids [120–123]. Besides fatty acid abnormalities, ZnD is reported in
some patients with BnD [124–126]. Although the serum Zn levels in patients with BnD are inconsistent
among reports [127–129], ZnD might contribute to the development of BnD when considering their
similar symptom profiles.
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5.2. Alopecia

Alopecia is roughly classified into non-scarring and scarring. The former includes telogen
effluvium, alopecia areata, and androgenic alopecia [130]. ZnD is related to some non-scarring alopecia.

5.2.1. Alopecia in Acrodermatitis Enteropathica

Alopecia developed in patients with acrodermatitis enteropathica (AE) shows the characteristics
of telogen effluvium (TE), which is a type of non-scarring alopecia and is defined by the premature
transition of anagen to telogen phase [131,132]. Patients with TE without AE also exhibit
decreased serum levels of Zn compared with healthy individuals [132,133]. TE can be restored
by supplementation of Zn [132]. In patients with AE, hair contains less Zn [134] and hair shafts show a
characteristic irregular pattern because of impaired incorporation of cystine, a major content of hair
keratin amino acids that is required for normal hair keratinization [135,136]. This is evidenced by
impaired incorporation of radiolabeled cystine into hair in ZD rats [137–139]. Although alopecia-like
hair loss is reported in dietary ZD AE models using mice [140], rats [141,142], and rabbits [143],
no studies have addressed the underlying mechanisms. In summary, ZnD induces TE and abnormal
hair keratinization.

5.2.2. Alopecia Areata

Alopecia areata (AA) is an autoimmune disease mediated by cytotoxic T lymphocytes [144].
IFN-γ KO mice do not develop experimental AA [145,146]. The association between AA and lower
serum levels of Zn is a subject of active inquiry. The results of multiple analyses of serum Zn levels
and AA are contradictory (reviewed in [12]). However, evidence indicates that serum levels of Zn are
certainly decreased in patients with severe AA whose alopecia is broad and prolonged and is resistant
to conventional therapies [147–149]. This implies that the serum levels of Zn are a useful parameter to
predict the severity and that supplementation of Zn can be a promising adjuvant therapy, along with
standard therapy for severe AA.

5.3. Cutaneous Wounds and Ulcers

The process of wound healing is complex and involves various Zn-related molecules, such as
MTs, matrix metalloproteinases, integrins, alkaline phosphatase, and Zn finger proteins [150,151].
Oral and/or topical Zn has been long used to treat ulcers and wounds. Unexpectedly, a systematic
review using data from the Cochrane Wound Group failed to conclude that oral Zn supplementation
improves wound healing [152]. However, studies show the efficacy of topical Zn oxide for improving
rates of wound healing, regardless of serum Zn levels of patients [153,154].

As described in Section 2.4, Zn acts as an intracellular signaling molecule. G-protein coupled
receptor 39 (GPR39) has been identified as a Zn-sensing receptor [155]. GPR39 is an orphan G
protein-coupled receptor that is conserved in vertebrates and transduces autocrine and paracrine Zn
signals [155]. In an in vitro experiment, Zn released from injured KCs stimulates GPR39, and this
signaling promotes epithelial repair [156]. Stem cells in the skin are localized in various regions
including the interfollicular epidermis, hair follicles, sweat glands, and sebaceous glands (SGs) [157].
These stem cells are critical for wound repair [157]. In murine skin, GPR39 is exclusively localized to
SGs and is co-localized with stem cells in SGs that express Blimp1. GPR39 KO mice show delayed
wound healing [158]. These data demonstrate that Zn signaling through GPR39 plays an important
role in wound healing by stimulating stem cell activity in SGs.

5.4. Other Skin Disorders Associated with Zn Deficiency

Zn deficiency (ZnD) is reported in some skin disorders including inflammatory diseases (atopic
dermatitis [159,160], oral lichen planus [161], and Behcet’s disease [162,163]), autoimmune bullous
diseases (pemphigus vulgaris [164] and bullous pemphigoid [165]), inherited bullous diseases
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(inherited epidermolysis bullosa [166,167]), and hyperpigmentation (melasma [168]). Because Zn
is deeply involved in the regulation of immune systems, it is likely that ZnD leads to the development
of these inflammatory and autoimmune disorders [26,169].

Accumulation of evidence is required to determine the relationship between Zn and these
skin disorders.

6. Conclusions

The association of skin manifestations and ZnD is well known. AE is caused by the mutations
of ZIP4 and subsequent ZnD. Substantial numbers of patients suffering from diseases related to
nutritional deficiencies such as acquired AE, NME, pellagra, and BnD show low serum Zn levels.
This suggests that ZnD affects any cell type. Additionally, many micronutrients are also deficient
in the conditions that fall into nutritional ZnD. Patients with these disorders share common skin
manifestations of acrodermatitis. Additionally, LC loss in the epidermis is reported in patients with
AE, NME, and pellagra. LCs are the sole CD39 (ecto-NTPDase1)-expressing cells in the epidermis.
Thus, the disappearance of LCs in the epidermis exacerbates skin inflammation after irritant exposure
(Figures 2 and 3). In conclusion, acrodermatitis in diseases associated with nutritional deficiencies may
be caused by ICD, secondary to LC loss.

Although every cell expresses many different Zn transporters, which all contribute to homeostatic
control of the cells and tissues, the role of Zn transporters in skin homeostasis is less understood.
However, recent studies add some important information to this field (Figure 1). For instance, ZIP2
and ZIP4 contribute to KC proliferation and differentiation. ZIP10 is critical for skin homeostasis
and epidermal formation. ZIP7 is important for proper dermal formation. ZIP13 is involved in
adipocyte biology.

ZnD is a current problem in both developing and developed countries. We have to pay attention
to cutaneous symptoms in order not to miss the ‘dermadrome’ of ZnD.

Author Contributions: Y.O. and T.K. conceived and constructed this manuscript with the assistance of M.K.
and S.S.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jackson, M.J. Physiology of zinc: General aspects. In Zinc in Human Biology; Mills, C.F., Ed.; Springer:
Berlin/Heidelberg, Germany; New York, NY, USA, 1989; pp. 1–14.

2. Michaelsson, G.; Ljunghall, K.; Danielson, B.G. Zinc in epidermis and dermis in healthy subjects.
Acta Derm. Venereol. 1980, 60, 295–299. [PubMed]

3. Inoue, Y.; Hasegawa, S.; Ban, S.; Yamada, T.; Date, Y. ZIP2 protein, a zinc transporter, is associated with
keratinocyte differentiation. J. Biol. Chem. 2014, 289, 21451–21462. [CrossRef] [PubMed]

4. Gustafson, G.T. Heavy metals in rat mast cell granules. Lab. Investig. 1967, 17, 588–598. [PubMed]
5. Cowen, T.; Trigg, P.; Eady, R.A. Distribution of mast cells in human dermis: Development of a mapping

technique. Br. J. Dermatol. 1979, 100, 635–640. [CrossRef] [PubMed]
6. Weber, A.; Knop, J.; Maurer, M. Pattern analysis of human cutaneous mast cell populations by total body

surface mapping. Br. J. Dermatol. 2003, 148, 224–228. [CrossRef] [PubMed]
7. Kambe, T.; Tsuji, T.; Hashimoto, A.; Itsumura, N. The physiological, biochemical, and molecular roles of zinc

transporters in zinc homeostasis and metabolism. Physiol. Rev. 2015, 95, 749–784. [CrossRef] [PubMed]
8. Hediger, M.A.; Romero, M.F.; Peng, J.B.; Rolfs, A.; Takanaga, H.; Bruford, E.A. The ABCs of solute

carriers: Physiological, pathological and therapeutic implications of human membrane transport proteins.
Pflugers Arch. 2004, 447, 465–468. [CrossRef] [PubMed]

9. Eide, D.J. The SLC39 family of metal ion transporters. Pflugers Arch. 2004, 447, 796–800. [CrossRef] [PubMed]
10. Palmiter, R.D.; Huang, L. Efflux and compartmentalization of zinc by members of the SLC30 family of solute

carriers. Pflugers Arch. 2004, 447, 744–751. [CrossRef] [PubMed]

157



Nutrients 2018, 10, 199

11. Tapiero, H.; Tew, K.D. Trace elements in human physiology and pathology: Zinc and metallothioneins.
Biomed. Pharmacother. 2003, 57, 399–411. [CrossRef]

12. Ogawa, Y.; Kawamura, T.; Shimada, S. Zinc and skin biology. Arch. Biochem. Biophys. 2016, 611, 113–119.
[CrossRef] [PubMed]

13. Andreini, C.; Bertini, I.; Cavallaro, G. Minimal functional sites allow a classification of zinc sites in proteins.
PLoS ONE 2011, 6, e26325. [CrossRef] [PubMed]

14. Andreini, C.; Bertini, I. A bioinformatics view of zinc enzymes. J. Inorg. Biochem. 2012, 111, 150–156.
[CrossRef] [PubMed]

15. Berg, J.M.; Shi, Y. The galvanization of biology: A growing appreciation for the roles of zinc. Science 1996,
271, 1081–1085. [CrossRef] [PubMed]

16. Fukada, T.; Yamasaki, S.; Nishida, K.; Murakami, M.; Hirano, T. Zinc homeostasis and signaling in health
and diseases: Zinc signaling. J. Biol. Inorg. Chem. 2011, 16, 1123–1134. [CrossRef] [PubMed]

17. Klug, A. The discovery of zinc fingers and their applications in gene regulation and genome manipulation.
Annu. Rev. Biochem. 2010, 79, 213–231. [CrossRef] [PubMed]

18. Laity, J.H.; Lee, B.M.; Wright, P.E. Zinc finger proteins: New insights into structural and functional diversity.
Curr. Opin. Struct. Biol. 2001, 11, 39–46. [CrossRef]

19. Andreini, C.; Banci, L.; Bertini, I.; Rosato, A. Counting the zinc-proteins encoded in the human genome.
J. Proteome Res. 2006, 5, 196–201. [CrossRef] [PubMed]

20. Emri, E.; Miko, E.; Bai, P.; Boros, G.; Nagy, G.; Rózsa, D.; Juhász, T.; Hegedűs, C.; Horkay, I.; Remenyik, É.; et al.
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Abstract: The first manifestations that appear under zinc deficiency are skin defects such as dermatitis,
alopecia, acne, eczema, dry, and scaling skin. Several genetic disorders including acrodermatitis
enteropathica (also known as Danbolt-Closs syndrome) and Brandt’s syndrome are highly related
to zinc deficiency. However, the zinc-related molecular mechanisms underlying normal skin
development and homeostasis, as well as the mechanism by which disturbed zinc homeostasis causes
such skin disorders, are unknown. Recent genomic approaches have revealed the physiological
importance of zinc transporters in skin formation and clarified their functional impairment in
cutaneous pathogenesis. In this review, we provide an overview of the relationships between
zinc deficiency and skin disorders, focusing on the roles of zinc transporters in the skin. We also
discuss therapeutic outlooks and advantages of controlling zinc levels via zinc transporters to prevent
cutaneous disorganization.

Keywords: zinc; skin; homeostasis; transporter

1. Introduction

Zinc is an essential micronutrient obtained from food and drink [1]. Zinc is abundantly contained
in mollusks such as oysters and in crustaceans such as crabs and crayfish [2]. The biological role
of zinc was first revealed in 1869 by Raulin, who showed that zinc is essential for the growth
of Aspergillus niger [1]. Subsequently, its importance for rodent growth was demonstrated using
experimental rats in 1934 [1,3]. However, zinc’s physiological role in humans was unknown until
1961 when zinc deficiency in humans was discovered [4]. Zinc is associated with growth, gonad
development, immune function and pregnancy outcome improvement, and hair loss prevention [1,5,6].
In 1961, growth retardation and hypogonadism observed in Iranian and Egyptian adults were reported
to be associated with zinc deficiency, which was closely related to dietary habits [4,7,8]. Middle Eastern
diets typically include bread and beans, which contain large quantities of phytate [9]. Phytate has a
negative effect on zinc absorption, thereby causing zinc deficiency. Zinc deficiency is also observed in
vegetarians, single people, alcoholics, dieters, pregnant women, and the malnourished in developing
and developed countries [4]. In this review, we outline the characteristics of zinc transporters and
identify skin phenotypes of their knockout mouse models and human skin genetic diseases caused
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by mutations in zinc transporters. Furthermore, we discuss how zinc deficiency impacts normal skin
development and homeostasis, based on the most recent research.

2. Zinc Homeostasis in Skin

2.1. Skin Structure

The skin largely consists of three layers [10,11]. The epidermis functions as a barrier to protect
the interior from direct contact with the external environment. The dermis supports the epidermis by
filling the skin volume with fibers. The hypodermis is present under the dermis and is composed of
subcutaneous fat layers [10–12].

The epidermis is a cell layer composed of keratinocytes, the basal layer of which contains
progenitor cells (called basal cells) at the interface with the dermal layer. These cells gradually
proliferate perpendicularly to the basal layer. At the same time, they differentiate into spinous cells
and induce keratinization while undergoing enucleation [10]. Spinous cells are first differentiated from
the basal layer and produce keratin, which contributes to tight cell-to-cell adhesion [10,11]. These cells
then differentiate into granular cells that are rich in keratohyalin and eject lipids and proteins, as well
as connect keratin fibers with higher density [10–12]. Next, the granular cells immediately die after
denucleation and form corneocytes that are eventually pushed up to the surface of the skin, resulting
in a firm stratum corneum, the outermost layer of the dermal barrier.

Most of the dermis consists of collagen, elastin, and the polysaccharide hyaluronan, which is
produced by fibroblasts [10–12]. There are various nerves, blood vessels, hair follicles, sweat glands,
macrophages, and T-cells, which play important roles in the secondary function of skin sensation
and immunity [4,13–15]. Upon aging or ultraviolet (UV) stimulation, the levels of these substances
are decreased, leading to the production of matrix metalloproteinases (MMPs), which are degrading
enzymes that reduce skin volume.

The hypodermis is a subcutaneous organization of adipocyte-derived lipids [4,13–15]. Fat tissue
is important for maintaining body temperature in humans. Unlike reptiles, which change temperature
depending on the environment, humans, with a thin epidermis, develop fat tissue in the hypodermis
to maintain body temperature and protect the body organs. Therefore, surplus energy can be stored
in the hypodermis, and nerves and blood vessels larger than the dermis are safely preserved from
external impact, completing the complex human body as an organic and safe system.

2.2. Zinc Transporters

Intracellular zinc homeostasis is tightly regulated by zinc transporters and metal binding proteins,
known as metallothioneins (MTs) (Figure 1) [16]. Because zinc is a metal ion that cannot pass
through the cell wall, where lipid is abundant, cells must use carriers to maintain intracellular zinc
homeostasis [16,17]. There are two types of zinc transporters: ZIP, which transports zinc into cells
from extracellular regions or the luminal side of intracellular compartments and is dependent on
zinc concentration, and ZnT, which transports zinc to the exterior of cells or the lumen side from
cell cytoplasm. There are 14 ZIP and 10 ZnT family members in humans, and their expression
patterns and intracellular locations vary depending on the cell type, developmental stage, and Zn
status [18]. Currently, the structure of the ZIP family has not been clarified, but it is thought to
possess a domain that penetrates the cell membranes approximately eight times and constitutes a
homodimer or a heterodimer with other ZIP members [19,20]. Both ends of ZIP family member
peptides face the extracellular or luminal side, with a variety of N-terminal domains, while the
intracellular domain has two lengths [19]. In particular, the two domains contain a large number of
histidine residues that can bind zinc. Proteoliposome studies using bacterial homologs have suggested
that ZIP family members have transport mechanisms such as channels that are independent of other
ionic concentrations or adenosine triphosphate (ATP) [21]. In some cases, the filter allowing the
passage of zinc is thought to flexibly transport other metals with physicochemical properties similar to
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those of zinc such as cadmium. For instance, ZIP14 is responsible for transporting iron and manganese
in the liver [22–24]. ZIP8 and ZIP14 are symporters that carry metal and biscarbonate ions [25].

Figure 1. Zinc transporters and metallothionein (MT) are involved in intracellular zinc homeostasis.
NC; nucleus, ER; endoplasmic reticulum, Zn; zinc.

ZIP4 is an intensively studied transporter expressed in enterocytes of the small intestine and plays
a first gate role in absorbing zinc into the body [26,27]. When zinc is deficient, the N-terminus of ZIP4
is cleaved and the remaining truncated protein migrates to the cell surface to help absorb zinc [28–30].
ZIP4 is a causative gene for acrodermatitis enteropathica (AE), in which systemic zinc deficiency occurs
because of impaired intestinal zinc transport [31]. Dozens of pathogenic mutations have been identified.
Recent studies showed that single-nucleotide polymorphisms (SNPs) in ZIP4 differ significantly among
various regions of sub-Saharan Africa, where people exhibit high sensitivity to zinc deficiency [32].
Some people have a leucine-to-valine (Leu372Val) replacement in the ZIP4 protein that allows for
the expression of small amounts of ZIP4 on cell surfaces and thus transport a low amount of zinc,
whereas others show the pathogenic mutations Leu372Pro and Leu372Arg, which prevent ZIP4 from
migrating to the cell surface. Homozygous knockout of ZIP4 in an AE mouse model shows embryonic
lethality [27], indicating that ZIP4 is essential for embryonic development in mice. A conditional
Zip4-knockout mouse in which a Zip4 allele is specifically deleted by Cre-Lox recombination controlled
under the villin promoter has also been generated [33]. These mice show collapse of the stem cell niche
and integrity of the small intestine, but do not present any skin abnormality.

ZIP10 is mainly localized to the cell surface and carries zinc in B-cells [34,35]. A conditional
Zip10-knockout mouse in which a Zip10 allele is specifically deleted by Cre-Lox recombination
controlled under the keratin 14 promoter shows impaired skin barrier [36]. ZIP7 and ZIP13 are
present in the endoplasmic reticulum (ER)/Golgi and play important roles in zinc homeostasis within
these compartments [37,38]. A conditional Zip7-knockout mouse under the collagen 1 promoter results
in a thin epidermis; thus, both ZIP7 and ZIP10 are essential for skin homeostasis [39]. In contrast to
ZIPs, ZnTs are unique secondary transporters with Y-type and transport zinc using a concentration
gradient of a partner transport substrate such as hydrogen ions [40,41]. As in the ZIP family, the ZnT
group is present on the cell surface or within the cells depending on the cell type, and thus plays an
indispensable role in zinc export [17].

As ZIPs and ZnTs, several transporters and channels were also found to mediate
zinc influx. Although their main substrates do not appear to be zinc, transient receptor potential
(TRP) channels, divalent metal transporter (DMT1), N-methyl-D-aspartate receptors (NMDA),
amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptors (AMPA-Rs), and voltage-dependent
calcium channels (VDCCs), are reported to transport zinc [42,43]. However, their involvement in skin
development and homeostasis is unknown.
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2.3. MTs

MTs were first purified from the cortex of horse kidneys in 1957 [44]. MTs are small proteins
(molecular weight less than 7 kDa) containing more than 33% cysteine residues and facilitate the
storage of zinc, cadmium, and copper, etc. with high thermal stability [45,46]. MTs are important for
acquiring resistance to epithelial apoptosis mediated by reactive oxygen species, possibly through
their antioxidant activities [15,47]. Currently, more than 10 isoforms have been identified in humans,
located in both the cytoplasm and nucleus [48–50]. Mice lacking Mt1 or Mt2 exhibit no specific skin
abnormalities [51]. However, the epidermal swelling caused by cholera toxin or UV-B irradiation is
not observed in Mt1/2-double knockout mice [52]. In a mouse wound healing model, zinc enrichment
in hair follicles was found in parallel with increased MT1 and MT2 expression during the wound
healing process [53], suggesting that MT1 and MT2 play important roles in epidermal proliferation in
certain situations.

2.4. Zinc Levels in Skin

The expression of MTs is induced by metal-responsive transcription factor 1 (MTF1) in a zinc
concentration-dependent manner. Therefore, many studies have indirectly monitored the quantity
of zinc in cells and tissues by measuring MT expression levels [19,54,55]. MT in the skin is mainly
accumulated in progenitor cells and initial spinous cells at the bottom of the epidermis near the
basal layers [56]. MTs are also found in out-root sheath cells of hair follicles and epidermal stem
cells [57], which are undifferentiated cells with common features and show strong proliferative capacity
when necessary [11,12]. Given that zinc is required as a structural component or activating cofactor
for over 300 enzymes and other proteins related to cell proliferation, survival, and differentiation,
undifferentiated cells with proliferative capacity contain high amounts of zinc [17,46]. It is known
that zinc has excellent efficacy for treating and regenerating skin wounds. Indeed, zinc deficiency
causes delayed growth with skin anomalies [1,58]. Therefore, zinc is crucial for epidermal stem
cells that regenerate inter-follicular epidermis, sebaceous gland, and hair follicle cells by rapidly
migrating and dividing basal cells in the early stages of differentiation and scar tissue formation.
Treatment with materials that thicken the epidermis have been shown to increase the amount of MT1
in such regions [52,57]. Fibroblasts are sparse in the dermis and do not undergo rapid cell division,
suggesting that the dermis contains less zinc than the epidermis. In fact, zinc is present at 60 μg/g
in the epidermis and 40 μg/g in the dermis [13,59]. Furthermore, it has been reported that the upper
dermis contains higher zinc levels than the lower dermis [59]. This difference may be attributed, in part,
to mast cells that contain a large quantity of zinc in the granules. Recently, the skin zinc concentration
was measured by synchrotron radiation high energy X-ray fluorescence [60]. This study suggested
that the greatest amount of dermal zinc exists in the stratum spinosum, a finding that somewhat
differs from those of previous studies that showed a large quantity of zinc in spinous and granular
cells compared to basal cells. Given that it is difficult to accurately measure the concentration of
specific metals without interference from other metals, a new method for precise measurement of zinc
concentration should be developed.

2.5. Zinc Deficiency in Skin

There are two major causes of zinc deficiency in humans. First, zinc deficiency is caused by a diet
that is low in zinc content. Approximately 17% of the world’s population is confronting health risks
related to zinc deficiency, particularly in developing countries. However, in even developed countries,
vegetarians, pregnant women, and singles also suffer from zinc deficiency. Second, zinc deficiency
can be caused by genetic defects. In 1988, it was reported that babies with severe skin diseases and
hair loss were diagnosed with transient neonatal zinc deficiency [61], but recovered by eating normal
infant foods [62]. Their mothers have a variety of mutations in alleles of the zinc transporter ZnT2 [63].
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When ZnT2 function is impaired, mammary epithelial cells do not release zinc into breast
tissue [63]. Therefore, patients with transient neonatal zinc deficiency cannot expect to increase zinc
concentrations in the breast milk unless zinc is prescribed. Mice carrying mutations involving ZnT4
exhibit lethal milk (lm) syndrome, causing dermatitis and alopecia, but this is irrelevant to humans.
Thus, clinical features according to the zinc transport species involved differ among species [64].
Although zinc deficiency is diagnosed by direct measurement of zinc concentrations in the blood,
accuracy can be low and perturbed even under healthy conditions. Therefore, the development of new
zinc biomarkers has been widely pursued for more precise measurement of zinc levels (e.g., erythrocyte
linoleic acid:dihomo-y-linolenic acid (LA:DGLA) [65].

Zinc deficiency initially causes skin problems such as dermatitis, alopecia (thin and sparse
hair), acne, eczema, dry, scaling skin, delayed wound healing, and oral ulceration, as well as
problems such as stomatitis. [1,17,58,66]. Dermatitis due to zinc deficiency is termed as AE. Brandt’s
syndrome also includes autosomal recessive metabolic disorders associated with AE, which is
accompanied by inherited genetic abnormalities with low zinc distribution. In AE patients, personality
disorders are observed, with blistering of the skin (dry skin), hair loss from the scalp, eyebrows,
and eyelashes, glossitis, and pustules. Therefore, secondary infections can be easily caused by
pathogens such as Staphylococcus aureus and fungi such as Candida albicans in the weakened epidermis
due to zinc deficiency. Recent reports revealed that keratinocytes produce excess amounts of ATP,
which induces inflammation upon contact with irritants in individuals with zinc-deficient skin [67].
In zinc-deficient mice, Langerhans cells (LCs), which can neutralize harmful ATP by surface CD39,
are greatly reduced in the skin, resulting in augmented skin inflammation by ATP. In AE patients,
the number of LCs is also decreased, and is recovered by zinc treatment. The effects of zinc
deficiency have also been studied on a cellular basis. When keratinocytes in monolayer culture
are scratched, zinc is released from these cells [68]. Subsequently, zinc binds to zinc-sensing receptors
and induces cell proliferation in an autocrine/paracrine manner, suggesting that zinc is required for
skin regeneration. In fact, the removal of zinc by N,N,N,N tetrakis (2-pyridylmethyl) ethylenediamine
(TPEN) during keratinocyte culture induces caspase-3 activity and DNA fragmentation followed
by apoptosis [69]. Zinc also has an anti-inflammatory effect and reduces tumor necrosis factor-α
production by keratinocytes [59]. A recent study demonstrated that R1 and EVER2 proteins found in
epidermodysplasia verruciformis (EV) patients with high susceptibility to papillomaviruses causing
skin cancer interact with ZnT1 to control the zinc balance in keratinocytes, suggesting the importance
of maintaining intracellular zinc homeostasis in skin cancer induced by viral infection [70].

3. Zinc Transporters and Skin Disorders

3.1. Epidermis

Zinc transporters known for their role in the epidermis are ZIP4 and ZIP10. ZIP4 is actively
expressed in human but not in mouse skin [33,71]. Recent skin equivalent experiments with human
keratinocytes demonstrated the importance of ZIP4 in epidermis formation [56]. When ZIP4 is
knocked-down by siRNA, epidermal hypoplasia occurs, accompanied by decreased activity of p63,
an master regulator with a zinc binding site that promotes the proliferation and differentiation of
epidermal progenitor cells in epithelium formation (Figure 2) [56,72,73]. When zinc is deficient,
nuclear translocation of p63 is disturbed, followed by abnormal epidermal formation (Figure 2) [56].
Detailed analysis revealed that the 205th Cys among the four Cys residues in the zinc binding site plays
an important role in post-modification of p63, suggesting that zinc deficiency affects the DNA binding
affinity of p63 involved in signal transduction. Since Zn affects the structure and functions of many
proteins [17], ZIP4 may not only target the p63, but also influence the structure and activity of other
zinc binding enzymes for epidermal growth. With regard to this issue, further studies are needed to
clarify the relationship between ZIP4 and AE. Interestingly, it was recently found that natural products
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such as soybean extracts increase the expression of ZIP4 [74]. Therefore, this can be a starting point for
controlling the rate of zinc absorption.

Figure 2. ZIP4 and ZIP10 support p63 activity for adult epidermal homeostasis. ZIP4 and ZIP10 supply
zinc to epidermal master regulator p63 for their activity. Zinc deficiency leads to improper function of
p63, resulting in epidermal hypoplasia. Zinc is depicted as a brown circle.

Of note, the murine and human epidermis have several different characteristics. Overall, the
human epidermis is thicker than the mouse epidermis [11,12]. The stratum corneum shows a solid
and thick-layered structure, and has a rete ridge structure because of the diversity of the number
of spinous layers. The patterns of epidermal stem cells in the basal layer also differ between
mouse and human. Therefore, the use of mouse models in human epidermal studies should be
carefully assessed.

ZIP10 also plays important roles in epidermal development [36]. In situ hybridization analysis
using mouse whole body sections showed that ZIP10 expression appears in hair follicles near
embryonic day 14 (E14) during epidermal development, after which it gradually increases. In a
postnatal phase after the completion of epidermis formation, ZIP10 expression is decreased. In the
epidermis, ZIP10 accumulates in the outer root sheath region of the hair follicle, which is rich in various
Lgr6-positive epidermal stem cells that migrate to the sebaceous glands, hair follicles, and wound
space, when epidermis is regenerated upon injury. Consistent with this, next-generation sequencing
analysis confirmed that Zip10-expressing cells co-express Lgr6. A conditional knockout mouse line in
which Zip10 was specifically deleted in Keratin14-expressing cells was born with severe epidermal
hypoplasia (Figure 3a,b). In these mice, the p63-positive basal layer formed normally, and slight
stratification of the dorsal part of the epidermis occurred by E14. However, such mice fail to form a
thick and firm epidermis following rapid proliferation and differentiation of epidermal progenitor
cells after E14 when the expression of both ZIP10 and p63 is increased in wild-type mice (Figure 3b,c).
Further detailed analysis revealed that ZIP10 augments the activity of p63 by regulating its nuclear
translocation (Figure 3c).
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Figure 3. ZIP10 reinforces p63 function for epidermis development. (a) ZIP10 deficiency leads
to epidermal hypoplasia in mice. (b) Hematoxylin and eosin staining revealed dorsal epidermal
hypoplasia and ventral embryonic epidermis (asterisk) in P1 Zip10K14 mice. C, cornified layer; G,
granular layer; S, spinous layer; B, basal layer. (c) Model for ZIP10’s involvement in p63 function
during epidermis development. ZIP10, whose expression is elevated from E14, contributes to the
activities of increased p63 by supplying zinc. This allows p63 to properly bind to DNA for initiating
gene expression for epidermis development, including cell proliferation and stratification. DC, dermal
condensate; Epi, epithelium; Mes, mesenchyme; P, placode (Scale bar, 100 μm). Red (E17.5) and arrows
(P2) indicate the ZIP10 protein expression. Modified from Bin et al. [36].

3.2. Dermis

Zinc transporters known to be important in the dermis are ZIP 7 and ZIP 13 [37,38]. Both ZIP7
and ZIP13 are present in skin cells and are mainly located in the ER and Golgi, respectively [19,37,38].
These two zinc transporters are closest to each other when a phylogenetic tree of ZIP family members
is constructed. ZIP13 is also close to the zinc transporter of insects/bacteria [19]. ZIP13 is the
smallest of the mammalian zinc transporters classified in the LIV-1 family, and thus has a shorter
N-terminus and intracellular domain 2 than other transporters. The most abundant amino acid in
ZIP7 is histidine, which is a characteristic of the LIV-1 family whose role is unknown; this is also
the case for the methionine-rich motif that is largely conserved in copper transporters for copper
binding and storage [19,75]. During functional analysis of zinc carriers, the first association of the
zinc transporter with skin was found in Zip13-knockout mice [38]. The Zip13-knockout mice showed
impaired collagen production with abnormal morphology of collagen-producing cells and shrunken
cartilage with defective chondrocyte differentiation. The number of collagen fibers in Zip13-knockout
mice was remarkably reduced as visualized under an electron microscope, and skin cracking and
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swelling phenomena were also remarkable because of severely decreased skin strength. This abnormal
collagen production was reflected in the mouse face features with an enophthalmos-like appearance,
eye blindness, and down-slanting palpebral fissures. The fibroblasts isolated from Zip13-knockout mice
exhibited dysfunction in the BMP/TGF-β signaling pathway, which is essential for collagen formation.
In Zip13-knockout mice, the nuclear translocation of SMAD transcription factors in the BMP/TGF-β
signaling pathway was impaired, while remaining intact in terms of their phosphorylation status
(Figure 4a). Examination of the zinc distribution in Zip13-deficient fibroblasts with an electron probe
X-ray micro analyzer revealed that the nuclear zinc content was reduced, while that in the Golgi was
increased [38,76].
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b 

Golgi 
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ZIP13 

Zinc 

Col
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Fibroblast 

NC 
P 

Figure 4. Ehlers–Danlos syndrome spondylodysplastic type 3 is caused by impaired collagen
production due to ZIP13 dysfunction. (a) ZIP13 supplies zinc (brown circle) to SMAD proteins for their
nuclear translocation. Phosphorylatoin is depicted as circled P. (b) The elder affected sib is shown at
age 22 years. Patient exhibits short stature with mildly shortened trunk, antimongoloid eye slant with
lack of periorbital tissue, thin and finely wrinkled skin on the palms of the hands. BMPR/TGFβR, BMP
receptor/TGF-β receptor; Col, collagen. Modified from Fukada et al. [38].

The phenotypes of Zip13-knockout mice are similar to those of patients with spondylocheiro
dysplastic form of Ehlers–Danlos syndrome (Ehlers–Danlos syndrome spondylodysplastic type 3,
EDSSPD3), with an extremely thin layer of dermis and many wrinkles. EDSSPD3 patients have
similar phenotypes such as sagging of the eyes, cracking of the skin, and prominent blood vessels
(Figure 4b) [38,76,77]. To date, two mutated Gly64Asp and ΔPhe-Leu-Ala residues in ZIP13 protein
have been identified in patients with EDSSPD3. Each of these mutations results in rapid clearance
of ZIP13 protein due to ER-associated degradation via valprotein (VCP)/ubiquitination/proteasome
machinery [78,79]. Thus, the compounds that increase the activity of ZIP13 or slow the degradation
of ZIP13 are considered as therapeutic drugs that can increase collagen synthesis. Since ZIP13 is not
only expressed in the Golgi, but also in putative zinc stores [80], another potential mechanism of
EDSSPD3 development may be due to non-smooth zinc transport from zinc stores to the cytoplasm in
the absence of ZIP13, resulting in low zinc levels in the cytoplasm. If this is the case, this condition
also may induce ER stress, as the cytoplasm is a main zinc source for zinc homeostasis in the ER.
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ZIP7 is ubiquitously expressed in the ER of nearly all mammalian tissues [17,18] and maintains
zinc homeostasis in this intracellular organelle, and the ER acts as a zinc reservoir, although
a study showed that ZIP7 also exists in the Golgi [81]. Zip13-knockout mice display specific
abnormalities in connective tissues irrespective of ZIP7 expression [37], suggesting that ZIP13 and
ZIP7 play distinct physiological roles in connective tissue development. Similar to in Zip13-knockout
mice, Zip7-conditional knockout mice, in which Cre-Lox recombination is under the control of the
collagen promoter, dysfunction of connective tissues including the dermis and cartilage is observed
(Figure 5a,b) [37,38]. The width of the growth plate in Zip7-knockout mice is reduced with a normal
columnar structure, while that of Zip13-knockout mice is disorganized. Unlike Zip13-knockdown
cells, Zip7-knockdown cells show elevated ER stress with increased zinc concentrations in the ER and
protein aggregation of protein disulfide isomerase (PDI) [37]. In a Zip7-deficient environment, PDI
does not function properly because of persistent sticking of zinc on the protein. In fact, Zip7-deficient
cells fail to achieve the classical protein folding function in the ER, leading to ER stress, unfolded
protein response, cell growth inhibition, and apoptosis (Figure 5c). Taken together, this series of studies
indicate that proper intracellular zinc distributions in the ER and Golgi by ZIP7 and ZIP13, respectively,
are critical for collagen synthesis.
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Figure 5. ZIP7 is essential for dermis formation. (a) Five-week-old female wild-type (WT) and
Zip7Col1 mice. (b) The thickness of the Azan-stained Zip7Col1 dermis is reduced. M, muscle; S, Subcutis.
(c) Models for the involvement of ZIP7 in ER function. When ZIP7 is dysregulated (right), the luminal
zinc level is elevated, which would induce zinc-dependent aggregation of PDIs. Therefore, protein
folding and disulfide bond formation would proceed aberrantly, leading to unfolded protein responses.
ER, endoplasmic reticulum; KO, knockout; PDI, protein disulfide isomerase; UPR, unfolded protein
response. Modified from Bin et al. [37].

3.3. Hypodermis

Zip7- and Zip13-knockout mice display reduced thickness of subcutaneous fat and dermal
layers [37,38]. In EDSSPD3 patients, the subcutaneous fat layer is also significantly reduced in
the aging skin [38]. Adipocytes play a major role in the formation of subcutaneous fat layers, and
fibroblasts produce collagen for dermal formation. Thus, the abnormality of fat layers in Zip7- and
Zip13-knockout mice may be attributed to impaired differentiation of mesenchymal stem cells and
the generation of connective tissue cells. In fact, Zip7-deficiency in human mesenchymal stem cells
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leads to ER stress, resulting in defects in fibrogenic and chondrogenic lineage differentiation [37].
However, although Zip13-deficient mice show defective formation of connective tissue [38], the effect
of mesenchymal stem cells on adipocyte differentiation has not been investigated. Recent research
demonstrated that the inguinal white adipose tissue (iWAT) in Zip13-knockout mice shows a browning
phenotype that reflects increased energy expenditure, thereby reducing iWAT mass. Further analysis
revealed that Zip13-deficiency causes stabilization of C/EBP-β, an essential transcription factor for
adipocyte browning, and thus promotes this process. These data suggest that the ZIP13-zinc axis plays
a specific role in clearing C/EBP-β proteins to inhibit adipocyte browning [82].

4. Conclusions

Skin plays an important role as a primary defense line to protect the human body from the
external environment. Healthy skin is an important factor that affects social activities and quality
of life. It has long been known that zinc is important for maintaining healthy skin. Studies using
knockout mouse models have demonstrated that specific zinc signaling axes mediated by individual
zinc transporters play crucial roles in skin homeostasis and development. Aging is associated with
reduced zinc levels in the human body. Therefore, the development of technology to control the
versatile functions of zinc transporters in relation to anti-aging will contribute to regeneration of
aged skin.
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Abstract: Suboptimal zinc status is common in very young children and likely associated with
increased risk of infection and detrimental effects on growth. No studies have determined potentially
modifiable “predictors” of zinc status in toddlers from high-income countries. This cross-sectional
analysis of 115 toddlers from the Baby-Led Introduction to SolidS (BLISS) study used weighed
diet records (three non-consecutive days) to assess dietary intake, and a venous blood sample
(trace-element free techniques) to assess plasma zinc, at 12 months of age. “Predictors” of plasma
zinc were determined by univariate analysis and multiple regression. Mean (SD) plasma zinc was
9.7 (1.5) μmol/L, 60% were below the IZiNCG reference limit of <9.9 μmol/L. Median (25th, 75th
percentiles) intake of zinc was 4.4 (3.7, 5.4) mg/day. Red meat intake (p = 0.004), consumption of
zinc-fortified infant formula (3–6 mg zinc/100 g) (p = 0.026), and food fussiness (p = 0.028) were
statistically significant “predictors” of plasma zinc at 12 months. Although higher intakes of red meat,
and consumption of infant formula, are potentially achievable, it is important to consider possible
barriers, particularly impact on breastfeeding, cost, and the challenges of behavior modification. Of
interest is the association with food fussiness—further research should investigate the direction of
this association.

Keywords: zinc status; plasma zinc; toddlers; food fussiness; red meat; infant formula; zinc intake;
complementary feeding

1. Introduction

During early childhood the risk of zinc deficiency is increased [1], primarily because of a higher
physiological requirement for zinc due to the high growth rate during this time [2]. However, zinc
intake is also an issue because the complementary foods typically offered when solids are introduced
(e.g., fruit, vegetables, cereals) are generally low in absorbable zinc, and because after six months of
age breast milk no longer provides sufficient zinc to meet requirements [3].

Suboptimal zinc status has frequently been reported in studies of young children from
high-income countries, including New Zealand [4–13]. Inadequate zinc status during early childhood
is associated with an increased risk of infection [14,15]. This is particularly important as many toddlers
participate in child care programs where the exposure to illness is high [16]. Inadequate zinc status can
also have detrimental effects on growth [17]. Therefore, it is also important to determine what factors
may be modifiable during early childhood that might improve the zinc status of this age group.

Several international studies have indicated that various biological and methodological factors
affect zinc status, including age [5,18,19], season [20,21], inflammation or infection [18,22], time of the
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day [22–25], and fasting status [22,24,25]. Yet, to our knowledge, no study has assessed modifiable
“predictors” of zinc status in healthy infants or toddlers after standardizing these factors that are
known to affect plasma zinc concentrations.

The aim of this paper was to examine associations between dietary, biochemical, and other
variables, and plasma zinc concentration, and to determine potentially modifiable “predictors” of
plasma zinc at 12 months of age.

2. Materials and Methods

2.1. Study Design

This is a cross-sectional analysis of data collected in the Baby-Led Introduction to SolidS (BLISS)
study [26]. BLISS was a randomized controlled trial investigating the impact of a modified version of
Baby-Led Weaning (BLW) on several infant outcomes including growth [27], iron [28], and zinc [29]
status, and choking [30]. Written consent was obtained from all adult participants before randomization
to one of two groups: BLISS (infant self-feeding using a modified version of BLW) or Control (usual
care) between November 2012 and March 2014. The Lower South Regional Ethics Committee of New
Zealand approved the study (LRS/11/09/037).

2.2. Outcome Assessment

2.2.1. Questionnaire Data

Demographic data, including maternal age, ethnicity, education, and parity, were collected at
baseline (late pregnancy) by questionnaire. The participant’s current address was used to determine
household deprivation using the New Zealand Index of Deprivation (NZDep) score [31]. Infant sex,
birth weight, and gestational age at birth were accessed through hospital records. Parents completed a
questionnaire (self-administered) at 12 months of age which included questions from the Children’s
Eating Behaviour Questionnaire on food fussiness [32]. Using response options of “never”, “rarely”,
“sometimes”, “often”, or “always”, parents indicated whether their child enjoyed tasting new foods,
consumed a wide variety of foods, were interested in tasting new foods, refused new foods, decided
whether a food was disliked before tasting, and whether there was difficulty in pleasing the toddler
with meals. Higher mean scores represent higher levels of food fussiness [32] and Cronbach α for our
sample ranged from 0.64 to 0.88 for individual questions.

2.2.2. Anthropometric Assessment

Research staff measured toddler weight (Seca, Model 334, Hamburg, Germany) and length
(Rollameter 100c length board, Harlow Healthcare, South Shields, UK) in duplicate when they were
12 months of age. Infants were weighed without clothes (wearing only a standard weight nappy which
was subtracted from their weight on data entering), and length was measured with no shoes, complying
with the World Health Organization (WHO) protocols [33]. Weight-for-age and length-for-age z-scores
were calculated using the WHO child growth standards reference data [34].

2.2.3. Dietary Assessment

Weighed three-day diet records (WDRs) were used to assess dietary intake at 12 months of age.
Parent participants were given detailed written and oral instructions for completing the WDR and then
recorded all foods and beverages consumed on three randomly assigned non-consecutive days (two
weekdays and one weekend day) over a three-week period. Each day of the week was represented
approximately an equal number of times among participants to control for day-of-the-week effects.
Dietary scales (Salter Electronic, Salter Housewares Ltd., Tonbridge, UK), accurate to ±1 g were given
to each participant to complete the WDR. The completed WDRs were entered into Kai-culator (Version
1.13s, University of Otago, Dunedin, New Zealand), a New Zealand dietary analysis software program
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that includes dietary data from the New Zealand Food Composition Database (FOODfiles 2010, Plant
and Food Research) [35]. “Meat, fish, poultry”, heme iron, and non-heme iron [36] and phytate were
not available in the New Zealand Food Composition Database, but were determined using values
from the literature and information from the manufacturers [29].

2.2.4. Biochemical Assessment

A venous (antecubital vein) blood sample was collected from participants at 12 months of
age using trace-element free lithium heparin anticoagulated tubes (7.5 mL; S-Monovette, Sarstedt,
Nümbrecht, Germany) and standardized procedures, as recommended by the International Zinc
Nutrition Consultative Group (IZiNCG) [37]. A local anesthetic (Ametop gel, Smith & Nephew,
London, UK) was applied to the toddler’s arm 1–2 h before the appointment, and infants were
seated on a parent’s knee for the phlebotomy. Strict procedures were used to control for known
predictors of plasma zinc concentrations: time of blood collection [22–25], fasting status [22,24,25],
and inflammation [18,22]. To standardize food intake prior to the blood test, parents were asked to
feed their baby milk (as much as they wanted of the milk they usually have, e.g., breast milk, infant
formula, or cow’s milk) 90 min prior to the blood test appointment, and then to give no other food
or drink until after the blood test. To reduce the impact of inflammation, if the child was unwell on
the day before the scheduled blood test (i.e., presence of fever, diarrhea, or vomiting), the blood test
was delayed for 14 days. A questionnaire was also administered at the blood test appointment which
asked parents to confirm the timing of the milk feed, whether any illness was present and whether any
zinc-containing preparations were used in the past month.

Plasma zinc was determined using flame atomic absorption spectrophotometry (Perkin Elmer
AAnalyst 800), in the Department of Human Nutrition, University of Otago. The accuracy and
precision of the analyses were checked using certified controls and in-house pooled samples (after
every 15 samples). The analysed mean (SD, CV) value for the zinc control (UTAK Laboratories, Inc.,
Valencia, CA, USA) was 65.8 μmol/L (1.9 μmol/L, 2.9%), compared to the manufacturers’ concentration
of 65 μmol/L. Since the samples were collected from the toddlers in the morning, low plasma zinc
concentrations were defined as a concentration < 9.9 μmol/L [37]. Plasma zinc concentration is used
to indicate “zinc status” in this paper as has been recommended by IZiNCG [37], in the absence of a
more appropriate biomarker for determining “zinc status”.

C-reactive protein (CRP; a measure of acute inflammation), and α1-acid glycoprotein (AGP;
a measure of chronic inflammation) were analysed using a Cobas C311 automatic electronic analyser
(Roche Diagnostics, GmbH, Mannheim, Germany). These analyses were carried out in the Department
of Human Nutrition laboratories (University of Otago, Dunedin, New Zealand). The mean (SD, CV)
for the CRP control (Roche Diagnostics, GmbH, Mannheim, Germany) was 9.5 mg/L (0.4 mg/L, 4.6%),
compared with the manufacturer’s concentration of 9.1 mg/L. The multilevel controls for AGP (Roche
Diagnostics, GmbH, Mannheim, Germany) were 0.5 g/L (0.01 g/L, 1.1%) and 0.8 g/L (0.01 g/L, 1.4%),
compared with the manufacturer’s concentrations of 0.7 g/L and 1.2 g/L, respectively.

Complete blood count, which includes hemoglobin (Sysmex XE 5000 automatic electronic analyser,
Kobe, Japan) was determined by Southern Community Laboratories Ltd. (Dunedin, New Zealand),
the local clinical laboratory, where external quality control measures are completed regularly.

2.3. Statistical Analysis

There were no statistically significant differences in zinc status between the two study groups
(Control vs. BLISS) of the BLISS study [29], so the data were combined to enable this cross-sectional
analysis. Medians and lower and upper percentiles (25th and 75th) were used to describe the dietary
variables. Participant characteristics are presented as means and standard deviations.

Plasma zinc was adjusted for inflammation using the Biomarkers Reflecting Inflammation and
Nutrition Determinants of Anemia (BRINDA) multiple linear regression approach described by Larson
and colleagues [38]. The adjustment has two components: slopes of the associations between the
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inflammation markers and plasma zinc concentration, and difference between observed values and
the 10th percentile (to avoid over-adjustment amongst individuals with low levels of inflammation).
For the first component, two linear regression models were conducted using the natural log of plasma
zinc concentration as the dependent variable and natural logs of CRP and AGP as the independent
variables to determine the slope of the association (i.e., β1 and β2). For the second component, the
10th percentile for the natural logs of CRP and AGP were determined and the difference between the
natural log of the observed value and this 10th percentile was calculated for each participant (e.g.,
lnCRPdiff). The adjusted plasma zinc was then calculated for each participant: Adjusted plasma zinc
concentration = exp[unadjusted lnplasmazinc − β1(lnCRPdiff) − β2(lnAGPdiff)].

Univariate unadjusted and adjusted (for group) linear regression analyses were used to describe
associations between potential “predictor” variables and plasma zinc concentration. The “predictor”
variables were decided a priori to be of interest, either based on previous associations described in
the literature, or because they were considered to potentially have an association with zinc status
in toddlers. The variables from baseline that were investigated were: parity, maternal education,
socioeconomic status (SES; assessed as the level of household deprivation (NZDep score) [31]), and
infant sex. The variables from 12 months that were investigated were: hemoglobin concentration,
weight-for-age z-score, length-for-age z-score, food fussiness score, topical zinc preparation use in
the past month; and the intake of: energy, total dietary zinc, phytate, “meat, fish, poultry”, red meat,
cow’s milk, dairy (excluding cow’s milk). It was not possible to model breast milk and infant formula
intake because there were so many non-consumers, so breast milk, and infant formula (all formulas
in New Zealand are iron- and zinc-fortified), were used as dichotomous (i.e., yes vs. no) variables.
The age when complementary foods were introduced was also investigated. Although other variables
are also known to predict zinc status in childhood (e.g., age, season, time of blood collection, and
fasting status), these factors were standardized during data collection and therefore not included in
the analyses. Plasma zinc concentration was adjusted for inflammation as described above.

Variables that had an adjusted association of p < 0.10 in these univariate analyses, and that
were also potentially modifiable, were considered for inclusion in the final multivariate model. This
meant that hemoglobin concentration, maternal education, household deprivation, and breast milk
consumption were excluded, even though they met the p < 0.10 criterion, because they were not
considered to be modifiable. Although mothers who were breastfeeding at 12 months could potentially
modify the amount their toddler was given, it was not considered to be practically possible to start
breastfeeding at 12 months if the toddler had been weaned. Intervention group was not included in
the final regression model as it had very little impact on the univariate analyses. Product-moment
correlations were used to examine the association between the potentially modifiable “predictors” and
plasma zinc concentrations. The final model used robust standard errors to overcome problems with
the distribution of some of the variables.

All analyses were conducted using Stata, version 14.2 (StataCorp LP, College Station, TX, USA).

3. Results

3.1. Participant Characteristics at Baseline

Baseline maternal and infant characteristics are presented in Table 1 for participants who provided
a plasma zinc sample (n = 115). Participants who provided a plasma zinc sample had similar baseline
characteristics to those who did not, with none of the variables in Table 1 differing statistically
significantly between those who did and did not provide a sample. Of those who provided a sample,
similar proportions were primiparous and multiparous, 73% self-identified as being of New Zealand
European ethnicity, and 52% had a university qualification. The level of household deprivation was
high for 23% of participants (lower than the 30% expected for the New Zealand population [31]).
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Table 1. Maternal and infant baseline characteristics of participants who provided plasma zinc data at
12 months of age 1.

Total (n = 115)

Maternal and Household Variables at Baseline

Maternal parity

First child 44 (38)
Two children 47 (41)
Three or more children 24 (21)

Maternal ethnicity

New Zealand European 84 (73)
Māori 22 (19)
Other 2 9 (8)

Maternal education

School only 33 (29)
Post-secondary 22 (19)
University 60 (52)

Household deprivation 3

1–3 (Low) 30 (26)
4–7 59 (51)
8–10 (High) 26 (23)

Infant variables at baseline

Sex

Female 61 (53)
Male 54 (47)

Group 4

Control 58 (50)
BLISS 57 (50)

1 Data presented as n (%). 2 Other ethnicities were Asian and Pacific. 3 Household deprivation categorized using the
NZDep scale in which decile 1 indicates the lowest level of deprivation and 10 indicates the highest [31]. 4 As part
of the BLISS randomized controlled trial, participants were randomized to either the Control or BLISS group after
stratification for maternal education and parity [27].

3.2. Participant Characteristics at 12 Months of Age

Dietary intake, biochemical indices, and anthropometry of toddlers who provided plasma zinc
data at 12 months of age are presented in Table 2. Adjusting plasma zinc for acute (CRP) and chronic
(AGP) inflammation did not alter the mean plasma zinc concentration at 12 months (Table 2).

Table 2. Characteristics of toddlers who provided plasma zinc data at 12 months of age (n = 115).

Median (25th, 75th) 1

Biochemical Variables

Unadjusted plasma zinc, μmol/L (mean (SD)) 9.7 (1.5)
Adjusted plasma zinc, μmol/L (mean (SD)) 2 9.7 (1.5)
Hemoglobin, g/L (mean (SD)) 3 117 (8.7)
C-reactive protein, mg/L 0.1 (0.0, 0.5)
α1-acid glycoprotein, g/L 0.61 (0.47, 0.87)

Dietary variables 4

Energy, kJ/day 3543 (3090, 4168)
Zinc, mg/day 4.4 (3.7, 5.4)
Phytate, mg/day 230 (150, 318)
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Table 2. Cont.

Median (25th, 75th) 1

Phytate:zinc molar ratio 5 5.0 (3.4, 7.1)
“Meat, fish, poultry”, g/day 18.9 (9.5, 30.5)
Red meat, g/day 4.4 (0, 11.5)
Cow’s milk, g/day 21.6 (5.9, 132)
Dairy, g/day 6 39.9 (9.5, 73.9)

Breast milk (n (%))

No 47 (45)
Yes 57 (55)

Infant formula (n (%))

No 59 (57)
Yes 45 (43)

Other variables

Weight, kg (mean (SD)) 7 9.8 (1.1)
Length, cm (mean (SD)) 7 75.8 (2.6)
Weight-for-age z-score (mean (SD)) 7,8 0.37 (0.96)
Length-for-age z-score (mean (SD)) 7,9 0.26 (0.93)
Food fussiness score (mean (SD)) 7,10 2.1 (0.6)
Age complementary foods introduced, weeks (mean (SD)) 23.5 (3.6)

Topical zinc preparation use in the past month (n (%))

No 56 (49)
Yes 59 (51)

1 Data presented as median (25th, 75th), unless otherwise specified. 2 Adjusted plasma zinc = exp[unadjusted
lnplasmazinc − (regression coefficient for lnCRP) * (lnCRPdiff) − (regression coefficient for lnAGP) * (lnAGPdiff)]
from Larson et al. [38]. 3,4 Available data for 3 n = 114, 4 n = 104. 5 Calculated as [phytate (mg)/660]/[zinc (mg)/65.4].
6 Excludes cow’s milk. 7 Available data for n = 114. 8 Weight-for-age z-score calculated using the World Health
Organization child growth standards reference data [34]. 9 Length-for-age z-score calculated using the World Health
Organization child growth standards reference data [34]. 10 Food fussiness was determined using the six questions
on food fussiness from the Children’s Eating Behaviour Questionnaire [32]. Lowest score: 1.0, highest score: 5.0.

Median (25th, 75th percentiles) intakes of zinc were 4.4 (3.7, 5.4) mg/day and the phytate-to-zinc
molar ratio was 5:1 (3.4:1, 7.1:1). The mean (SD) plasma zinc concentration was 9.7 (1.5) μmol/L, with
60% (n = 69) of toddlers below the IZiNCG morning non-fasting reference limit of <9.9 μmol/L [37].
The distribution of the plasma zinc values is presented in Figure 1.

 

Figure 1. Plasma zinc concentrations (μmol/L) of participants (n = 115).
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The mean (SD) BMI and BMI z-score of participants in the BLISS study groups were
16.9 (1.36) kg/m2 and 0.20 (0.89) for the Control group, and 17.3 (1.69) kg/m2 and 0.44 (1.13) for
the BLISS group [27]. One (0.9%) participant was considered stunted (using the WHO classification
of a length-for-age z-score < −2 SD [39]) and another (0.9%) was underweight (using the WHO
classification of a weight-for-age z-score < −2 SD [39]) at 12 months of age.

3.3. Univariate Associations between Potential “Predictor” Variables and Plasma Zinc Concentrations

Unadjusted and adjusted univariate associations with plasma zinc concentration are presented
in Table 3. Toddlers of mothers with university education had an almost 1 μmol/L lower plasma
zinc concentration than toddlers whose mothers had a school education only, after adjusting for
group (p = 0.022) (Table 3). Toddlers living in high-deprivation households had an almost 1 μmol/L
higher plasma zinc concentration compared with toddlers living in low-deprivation households, after
adjusting for group (p = 0.043) (Table 3).

Table 3. Univariate associations between potential “predictor” variables and plasma zinc concentration
(μmol/L) at 12 months of age.

Change in Plasma Zinc Concentration (μmol/L) 1 for Each Unit
Change in the Potential “Predictor”

Unadjusted Adjusted for Group

n (%) B (95% CI) p B (95% CI) p

Biochemical variables

Hemoglobin, g/L 114 (99) 0.05 (0.01, 0.08) 0.005 0.05 (0.02, 0.08) 0.004

Dietary variables

Energy, kJ/day 104 (90) 0.00 (−0.00, 0.00) 0.07 0.00 (−0.00, 0.00) 0.07
Zinc, mg/day 104 (90) 0.23 (0.07, 0.39) 0.005 0.23 (0.07, 0.39) 0.005
Phytate, mg/day 104 (90) 0.00 (−0.00, 0.00) 0.70 0.00 (−0.00, 0.00) 0.71
“Meat, fish, poultry”, g/day 104 (90) 0.02 (0.00, 0.03) 0.015 0.02 (0.00, 0.03) 0.016
Red meat, g/day 104 (90) 0.02 (0.00, 0.03) 0.015 0.02 (0.00, 0.03) 0.016
Cow’s milk, g/day 104 (90) 0.00 (−0.00, 0.00) 0.66 0.00 (−0.00, 0.00) 0.69
Dairy, g/day 2 104 (90) −0.00 (−0.01, 0.00) 0.50 −0.00 (−0.01, 0.00) 0.54

Breast milk

No 47 (45) 1.00 (reference) - 1.00 (reference) -
Yes 57 (55) −0.53 (−1.11, 0.06) 0.077 −0.52 (−1.11, 0.06) 0.080

Infant formula

No 59 (57) 1.00 (reference) - 1.00 (reference) -
Yes 45 (43) 0.76 (0.18, 1.33) 0.010 0.77 (0.19, 1.34) 0.010

Other variables

Maternal parity

First child 44 (38) 1.00 (reference) - 1.00 (reference) -
Two children 47 (41) −0.17 (−0.81, 0.47) 0.60 −0.16 (−0.80, 0.48) 0.62
Three or more children 24 (21) −0.41 (−1.19, 0.36) 0.29 −0.39 (−1.18, 0.39) 0.32

Maternal education

School only 33 (29) 1.00 (reference) - 1.00 (reference) -
Post-secondary 22 (19) −0.33 (−1.15, 0.49) 0.43 −0.35 (−1.18, 0.48) 0.41
University 60 (52) −0.77 (−1.42, −0.12) 0.020 −0.77 (−1.42, −0.11) 0.022

Household deprivation 3

1–3 (Low) 30 (26) 1.00 (reference) - 1.00 (reference) -
4–7 59 (51) 0.09 (−0.60, 0.78) 0.80 0.07 (−0.61, 0.76) 0.83
8–10 (High) 26 (23) 0.80 (0.02, 1.56) 0.044 0.80 (0.03, 1.57) 0.043

Sex

Male 54 (47) 1.00 (reference) - 1.00 (reference) -
Female 61 (53) −0.21 (−0.78, 0.36) 0.47 −0.23 (−0.81, 0.34) 0.42

Weight-for-age z-score 4 114 (99) 0.02 (−0.28, 0.32) 0.91 0.02 (−0.28, 0.32) 0.90
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Table 3. Cont.

Change in Plasma Zinc Concentration (μmol/L) 1 for Each Unit
Change in the Potential “Predictor”

Unadjusted Adjusted for Group

n (%) B (95% CI) p B (95% CI) p

Length-for-age z-score 5 114 (99) 0.14 (−0.16, 0.45) 0.35 0.16 (−0.15, 0.47) 0.32
Food fussiness score 6 114 (99) −0.44 (−0.89, 0.02) 0.06 −0.41 (−0.88, 0.06) 0.09

Age complementary foods
introduced, weeks 115 (100) 0.03 (−0.05, 0.11) 0.39 0.03 (−0.05, 0.11) 0.47

Topical zinc preparation use in the
past month

No 59 (51) 1.00 (reference) - 1.00 (reference) -
Yes 56 (49) −0.07 (−0.64, 0.50) 0.82 −0.07 (−0.64, 0.50) 0.81

Bold indicates p < 0.10. 1 Adjusted plasma zinc = exp[unadjusted lnplasmazinc − (regression coefficient for
lnCRP) * (lnCRPdiff) − (regression coefficient for lnAGP) * (lnAGPdiff)] from Larson et al. [38]. 2 Excludes cow’s
milk. 3 Household deprivation categorized using the NZDep scale in which decile 1 indicates the lowest level
of deprivation and 10 indicates the highest [31]. 4 Weight-for-age z-score calculated based on the World Health
Organization standards [34]. 5 Length-for-age z-score calculated based on the World Health Organization standards
[34]. 6 Food fussiness was determined using the six questions on food fussiness from the Children’s Eating Behaviour
Questionnaire [32]. Lowest score: 1.0, highest score: 5.0.

3.4. Multiple Regression Analysis of “Predictors” of Plasma Zinc Concentrations at 12 Months of Age

The correlation matrix shows the strength of the association between the continuous modifiable
“predictor” variables (Table 4). Energy, zinc intake, “meat, fish, poultry”, and red meat were strongly
correlated with each other as well as being significantly correlated with plasma zinc, so it was only
appropriate for one of them to be used in the final model. Red meat was the variable included in the
final model because it was a specific component of the BLISS study intervention [26] and a component
of the other variables. Therefore, the final model comprised red meat intake, consumption of infant
formula (formulas contained 3–6 mg zinc per 100 g), and food fussiness score (Table 5).

Table 4. Correlations (r) between potentially modifiable “predictor” variables, and between these
continuous variables and plasma zinc concentration.

Potentially Modifiable “Predictor” Variables

Plasma Zinc Energy Zinc Red Meat MFP Infant Formula Food Fussiness

Potentially
modifiable
“predictor”
variables

Plasma zinc -
Energy 0.18 -

Zinc 0.27 * 0.82 ** -
Red meat 0.24 * 0.59 ** 0.73 ** -

MFP 0.24 * 0.53 ** 0.70 ** 0.70 ** -
Food fussiness −0.18 −0.15 −0.07 −0.01 0.01 0.10 -

Abbreviations: MFP, “meat, fish, poultry”. * p < 0.05, ** p < 0.001.

Table 5. Multiple regression analysis of “predictors” of plasma zinc concentrations at 12 months of age
(n = 103).

Change in Plasma Zinc Concentration (μmol/L) 1 for Each Unit Change in the “Predictor”

B (SE) p

Red meat intake, 10 g/day 0.12 (0.04) 0.004
Infant formula

No 1.00 (reference) -
Yes 0.64 (0.28) 0.026

Food fussiness score 2 −0.49 (0.22) 0.028

Bold indicates a statistically significant difference at p < 0.05. 1 Adjusted plasma zinc = exp[unadjusted lnplasmazinc
− (regression coefficient for lnCRP) * (lnCRPdiff) − (regression coefficient for lnAGP) * (lnAGPdiff)] from
Larson et al. [38]. 2 Food fussiness was determined using the six questions on food fussiness from the Children’s
Eating Behaviour Questionnaire [32]. Lowest score: 1.0, highest score: 5.0.
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Toddlers had a 0.12 μmol/L higher plasma zinc concentration per 10 g of red meat consumed
per day (p = 0.004), and toddlers who consumed zinc-fortified infant formula had on average a
0.64 μmol/L higher plasma zinc concentration compared with those who did not consume infant
formula (p = 0.026) (Table 5). Food fussiness was also significantly associated with plasma zinc
concentration. A one-unit increase in food fussiness score (possible score range: 1.0 to 5.0, where
highest scores represent increased food fussiness) was associated with a 0.49 μmol/L lower plasma
zinc concentration (p = 0.028).

The R2 for the final model was 0.13 (p < 0.001) indicating that 13% of the variance in plasma zinc
concentration (μmol/L) was explained by these three “predictors”.

4. Discussion

In this cross−sectional analysis, a large proportion (60%) of toddlers had plasma zinc
concentrations below the recommended reference limit of <9.9 μmol/L [37]. Red meat intake,
consumption of infant formula, and food fussiness were significant potentially-modifiable “predictors”
of zinc status at 12 months of age.

Whether the high proportion of toddlers with plasma zinc values below the reference limit is of
concern is uncertain. The current reference limit applied here was not based on data for children less
than three years of age [2] and, hence, may be inappropriate for toddlers aged 12 months [40,41].

Several variables were significantly associated with plasma zinc concentration in the univariate
analysis including hemoglobin, maternal education, household deprivation, dietary intakes of: energy,
zinc, “meat, fish, poultry”, red meat, and consumption of breast milk and infant formula. In
contrast to findings from previous studies [18,24,42,43], no association was seen between plasma
zinc concentration and growth indicators (length-for-age and weight-for-age z-scores), or dietary
phytate intake. However, in the final regression model, the variables that were significantly associated
with plasma zinc concentration at 12 months, and were potentially modifiable, were red meat intake,
consumption of zinc-fortified infant formula, and food fussiness score.

The magnitude of the association between plasma zinc concentration and red meat was small
(0.12 μmol/L per 10 g of intake). This small effect can be illustrated by the increase in red meat
consumption required to theoretically produce an increase in plasma zinc concentration from the
observed mean of 9.7 μmol/L to the recommended reference level of 9.9 μmol/L [37]. At 17 g/day,
this increase in red meat intake is substantially higher than the median intake of this group (4.4 g/day),
indicating that such an increase would be challenging. Although a previous intervention in New
Zealand toddlers reported a 17 g per day increase in red meat consumption, the meals were provided
ready-prepared and free of charge to the parents [44]. This suggests that modifying red meat intake
alone is unlikely to be sufficient to increase plasma zinc concentrations meaningfully at 12 months of
age. Although there have been concerns about the possible health effects of excessive intakes of red
meat in adults [45], we are aware of no published studies that have investigated whether there may be
detrimental effects of an increased intake of red meat in infants and toddlers. An increase in red meat
intake of 17 g/day, as discussed in the current study, would result in total intakes of approximately
150 g/week—substantially lower than the recommended safe level for adults of 500 g/week (no
corresponding figures exist for infants). The saturated fat content of red meat may also be a concern.
However, in adults, an increased intake of lean red meat in an otherwise healthy diet does not appear
to adversely affect serum lipids [46].

Toddlers consuming zinc-fortified infant formula had a 0.64 μmol/L higher plasma zinc
concentration than toddlers who did not consume formula. While consuming infant formula may
seem achievable for toddlers, it is important to consider whether the consumption of infant formula
would then replace other milk feeding (particularly breast milk), and the cost. It is also not clear
from the analyses we have been able to carry out here how much infant formula is needed to have a
meaningful impact on zinc status—presumably there is a dose−response relationship of some sort,
and intakes were as high as 908 mL per day in some of these toddlers.
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The relationship between food fussiness and zinc concentrations is potentially exciting.
A one-point lower food fussiness score was associated with a plasma zinc concentration that was
0.49 μmol/L higher in this group of toddlers. This suggests that either a decrease in food fussiness
score could result in an increase in plasma zinc concentration (Figure 2A: direction 1), or an increase
in plasma zinc concentration could result in a lower food fussiness score (Figure 2A: direction 2).
Unfortunately, it is not possible to determine from this observational analysis whether food fussiness
caused lower plasma zinc concentration, or vice versa. There is very limited research in this area,
but it does appear that increased food fussiness may result in decreased zinc intake (Figure 2B:
pathway 1) [47] and there is a plausible mechanism for this association—if an infant or toddler is more
food fussy, then they may eat fewer foods that are high in zinc, and may also consume fewer foods that
enhance zinc absorption (e.g., meat). In turn, decreased zinc intakes may result in poorer zinc status
(Figure 2B: pathway 2). However, there is also evidence for the opposite pathway from low zinc status
to increased food fussiness. Lower zinc status may result in impaired taste acuity in children [42,48,49]
which may, in turn, result in higher food fussiness [50] (Figure 2B: pathways 3 and 4).

The only way to resolve the uncertainty about the direction of the association reported in the
current study would be to conduct a randomized controlled trial of zinc supplementation, with the
measurement of changes in taste acuity and food fussiness; or an intervention to reduce food fussiness
(such as the behavioral intervention by Birch et al. [51], which achieved an improvement in children’s
food preference by increasing the frequency of their exposure to a food) with measurement of the
subsequent impact on zinc intake and plasma zinc concentration.

The final regression model comprising red meat intake, infant formula consumption, and food
fussiness, explained 13% of the variance in plasma zinc concentrations. This highlights that many other
factors are contributing to zinc status in toddlers that were not included in this final model. More work
is necessary to determine further factors that have the potential to affect plasma zinc concentrations in
this age group, and whether any of these are potentially modifiable.

This study has a number of strengths, including rigorous dietary data collection using weighed
diet records, a method that is recommended for estimating dietary intakes of very young children [52].
The quality of the dietary assessment data is reflected in our ability to detect a significant association
between dietary zinc intake and zinc status. We used strict trace element-free methods to collect and
separate blood samples for determining plasma zinc concentrations, as recommended by IZiNCG [40].
Additionally, we were able to minimize variability due to fasting status by using a rigorous pre-sample
protocol that included encouraging parents to feed their child milk 90 min before the blood test, and
then no other food or drink until after the blood sample was collected; and to minimize the impact of
infection on plasma zinc concentrations, by delaying the blood test for 14 days if the child was unwell.

It is important to note the limitations of the current study which include that this was a
cross-sectional secondary analysis using data from the BLISS study—a randomized, controlled trial
that was not specifically designed to determine predictors of zinc status. Additionally, although the
biochemical and dietary data were both collected at, or soon after, the toddlers turned 12 months of
age, the dietary data were collected over a three-week period, and some participants’ blood samples
were delayed if they had been unwell, so the intakes presented here may not be a true reflection of
dietary intakes immediately before the blood sample was collected. Lastly, conclusions from this study
should be treated with caution as this was an observational study, so causation and the direction of
associations cannot be determined.
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Figure 2. Four plausible pathways in the association between food fussiness and zinc status (A); with
existing evidence for these associations [4,42,47–50,53] (B).

5. Conclusions

In this cross-sectional analysis, intake of red meat and the consumption of zinc-fortified infant
formula were positively associated with plasma zinc concentrations, whereas food fussiness score was
inversely associated with plasma zinc. Although higher intakes of red meat and the consumption
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of infant formula are potentially achievable in the diets of toddlers, it is important to consider the
potential barriers associated with increasing intakes of both of these foods—particularly the possible
impact on breastfeeding, cost, and parents’ and toddlers’ willingness to modify their behavior. This
analysis provides compelling evidence for an association between food fussiness and zinc status,
however, further studies are required to determine the direction of this association.
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Abstract: Micronutrient deficiency and depression are major global health problems. Here, we
first review recent empirical evidence of the association between several micronutrients—zinc,
magnesium, selenium—and depression. We then present potential mechanisms of action and
discuss the clinical implications for each micronutrient. Collectively, empirical evidence most
strongly supports a positive association between zinc deficiency and the risk of depression and
an inverse association between zinc supplementation and depressive symptoms. Less evidence is
available regarding the relationship between magnesium and selenium deficiency and depression,
and studies have been inconclusive. Potential mechanisms of action involve the HPA axis, glutamate
homeostasis and inflammatory pathways. Findings support the importance of adequate consumption
of micronutrients in the promotion of mental health, and the most common dietary sources for
zinc and other micronutrients are provided. Future research is needed to prospectively investigate
the association between micronutrient levels and depression as well as the safety and efficacy of
micronutrient supplementation as an adjunct treatment for depression.

Keywords: nutrition; micronutrient; diet; depression; zinc; magnesium; selenium; microbiota

1. Introduction

Micronutrient deficiencies and depression are major global health problems, with more than
two billion people in the world estimated to be deficient in key vitamins and minerals [1] and more
than 300 million people suffering from depression [2]. Micronutrients have been consistently linked
with health outcomes such as cognitive functioning [3,4], cancer [5,6], obesity [7,8], and immune
functioning [9,10]. However, the role of micronutrients in the etiology and progression of depression
remains unclear. Given that micronutrient deficiency is both prevalent and modifiable, even a modest
association with risk of depression would be of public health interest.

Micronutrient deficiencies may play a role in the development of depression, and several studies
have explored micronutrient supplementation as an adjunct to antidepressant therapy. Zinc and
magnesium have been most commonly studied with respect to depression, and it has been suggested
that these micronutrients might influence depression through similar biological mechanisms. Recent
studies have suggested that selenium may also play a role in the development of depression, although
evidence is sparse and inconsistent.

The aim of the present review is to (1) examine empirical evidence of the association between
micronutrients (zinc, magnesium, selenium) and depression; (2) discuss possible mechanisms of action;
and (3) explore the clinical implications of such findings. As micronutrient deficiency and mental
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health are of great global public health importance, understanding the possible roles of micronutrients
in depression will help elucidate the mechanisms underlying this condition and inform primary and
secondary prevention strategies.

2. Zinc

Zinc is an essential trace element important for many biochemical and physiological processes
related to brain growth and function [11,12], as well as cellular metabolism [13,14]. Zinc is acquired
through dietary intake of foods such as red meat, oysters and crab, and zinc deficiency can occur
with reduced intake, insufficient absorption, and/or increased zinc utilization or expenditure.
Normal serum zinc levels range from 0.66 to 1.10 μg/mL in adults [15]. The balance of intracellular and
extracellular zinc levels is crucial for maintaining zinc homeostasis in many brain regions, including
those involved in the physiopathology of depression, such as the hippocampus, amygdala, and the
cerebral cortex [13,14,16].

An association between zinc and depression was first suggested in the late 1980s [17]. Since then,
the association between zinc and depression has been extensively studied in both animals and humans.
Rodent studies have reported associations between zinc deficiency and depressive symptoms [18–21].
Researchers have also reported lower serum zinc levels in animals more resistant to antidepressant
treatment [18,20]. Observational studies have supported these findings [14,22–24]. A meta-analysis
of 17 observational studies found that blood zinc concentrations were approximately 0.12 μg/mL
lower in depressed subjects than in control subjects [25]. Cross-sectional studies among female
adolescents [22,23], postmenopausal women [26] and patients on hemodialysis [27] have reported
a positive association between zinc deficiency and depression severity. Interestingly, in their 2012
cross-sectional study, Maserejian et al. [14] found an association between zinc deficiency and depressive
symptoms among women, but not men. A prospective cohort study similarly found no significant
association between dietary zinc intake and the risk of depression among middle-aged men [28].

Intervention studies in both humans and rodents involving dietary or supplemental zinc have
reported antidepressant-like and mood-enhancing activities of zinc [29–31]. In animal models,
adult rats fed a zinc-deficient diet demonstrated more depressive symptoms than adult rats fed
a zinc-sufficient diet, as assessed by the forced swim test, the tail suspension test as well as
demonstrated anorexia and anhedonia [20,21]. Similarly, depressive symptoms induced in mice
through chronic restraint stress (CRS) were alleviated by treatment by zinc (30 mg/kg) or imipramine,
a traditional antidepressant [32]. Randomized controlled trials among individuals with depression
have demonstrated decreases in depressive symptoms when supplementing antidepressant drug
treatments with zinc compared to antidepressants alone [29,31]. Among healthy young women, those
who received zinc and multivitamin supplements showed greater reductions in depression-dejection
scores of the Profile of Moods State (POMS) assessment than those who had only received multivitamin
supplementation [30].

2.1. Mechanisms

The potential mechanisms underlying the association between low serum zinc and depression
remain unclear, but may involve the regulation of neurotransmitter, endocrine and neurogenesis
pathways. Such mechanisms are outlined in Table 1.

In the hippocampus and cortex, zinc ions regulate synaptic transmission or act as
neurotransmitters [33], modulating many ligand- and voltage-gated ion channels [34–40]. Disruption
of zinc homeostasis in these regions has been implicated in many disturbances in cognition, behavioral
and emotional regulation [41] through mechanisms of decreased neurogenesis [42,43] and neuronal
plasticity [43].

Zinc deficiency has also been implicated in the endocrine pathway of depression. Takeda et al. [44]
reported that a zinc-deficient diet induced high levels of serum cortisol concentration in rats.
Persistently high levels of cortisol have been implicated in the development of depression via
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hyperactivity of the hypothalamic–pituitary–adrenal (HPA) axis [45,46]. Increased plasma cortisol
levels could, therefore, potentially mediate the relationship between zinc deficiency and depression.

Further, recent research has highlighted the role of zinc transporters (ZincTs) and zinc-sensing
GPR39 receptors in the development and treatment of depression [47]. Zinc transporter-3 knockout
mice lack vesicular zinc and demonstrated fewer proliferating progenitor cells and immature
neurons [48]. A reduced hippocampal volume has been extensively reported in association with
depression [49,50], thus implicating the disruption of Zinct-3-dependent neurogenesis in the etiology
of depression. In addition, GPR39 receptors have been increasingly associated with the serotonergic
system, as recent studies have established links between GPR39 proteins and serotonin synthesis [51]
and receptor signaling [52]. Moreover, GPR39 receptors have also been reported to play a role in the
action of antidepressants. GPR39 knockout mice have been shown to be resistant to the normalizing
effects of imipramine and escitalopram in the forced swim test (FST) [53]. Moreover, studies have
shown that the binding of zinc to GPR39 receptors activates downstream cyclic AMP-response element
(CRE)-dependent gene transcription, resulting in higher levels of brain-derived neurotrophic factor
(BDNF) in the hippocampus and cortex [54]. The action of zinc mimics the actions of traditional
antidepressants, and previous studies have shown normalization of low BDNF levels in depressed
patients treated with antidepressants [55,56].

Another possible reason for the antidepressant effects of zinc may be the anti-inflammatory
and antioxidant properties of zinc supplementation. Previous studies have reported that zinc
supplementation decreases C-reactive protein (CRP) levels in humans [57,58]. Increased CRP levels
have been previously associated with depression [59,60], and a recent study found that the effectiveness
of the antidepressant, agomelatine, was associated with a reduction in CRP levels [61]. Similarly, zinc
has demonstrated protective effects against lipid peroxidation [62,63]. Recent evidence has supported
a relationship between lipid peroxidation and major depression [64], suggesting that the observed
antidepressant properties of zinc result, in part, from its antioxidant effects.

Lastly, the potential antidepressant properties of zinc may be related to its function as an antagonist
of the glutamatergic N-methyl-D-aspartate (NMDA) receptor and involvement in the L-arginine–nitric
oxide (NO) pathway as a nitric oxide synthase (NOS) inhibitor. NMDA has been therapeutically
targeted in clinical and preclinical studies of depression treatment, as growing evidence supports
the presence of disrupted glutamate homeostasis and neurotransmission in depressed subjects [65].
In a study that measured depressive symptomology in mice, both blockage of NMDA receptors
and addition of NOS substrate independently negated the beneficial effects of zinc–chloride on the
reduction of depressive symptoms, suggesting that the antidepressant properties of zinc–chloride may
have been partially mediated by zinc’s inhibition of NOS and NMDA receptors [66].
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2.2. Discussion and Implications

Several methodological considerations underlie the evaluation of the research studies reviewed
here. First, the measurement error of zinc status should be considered. While the measurement of
serum zinc levels has been shown to be a useful biomarker of population zinc status, its reliability as
an indicator of individual zinc status has not been demonstrated [67]. The relationship between serum
zinc levels and depression could be partially explained by reverse causation, whereby depression
influences the intake [68], bioavailability or biological regulation of zinc [20,32,69]. Oxidative stress
and its accompanying immune-inflammatory response have been linked to the pathophysiology of
depression [70]. In response to oxidative stress, levels of pro-inflammatory cytokines (e.g., interleukin
1 (IL-1) and IL-6) increase and, in turn, decrease of the level of albumin and increase the synthesis of
metallothioneins [71]. Albumin is the main zinc transporter [72], and a decrease in albumin coupled
with an increase in metallothioneins may compound to decrease serum levels of zinc. Future studies
should include oxidative stress markers to further assess the directionality of the relationship between
zinc status and depression status.

Finally, potential confounding by socioeconomic status and diet should be considered, as these
factors could influence both zinc status and the risk of depression. Hair cortisol and parental
education status have been found to be associated with hair zinc levels in a population of Canadian
preschoolers [73], thus pointing towards a possible mechanism through which socioeconomic status
could influence both zinc levels and depression. Dietary factors, such as the consumption of phytates,
a compound present in many grains, have been shown to reduce zinc absorption in the intestine [74].
Furthermore, as zinc is primarily consumed through red meats and seafood, diets that limit the
consumption of these foods (e.g., vegetarianism, veganism) may alter serum zinc levels.

Further prospective studies are needed to investigate potential biologic mechanisms that
may underlie the association between zinc and depression. Zinc deficiency may increase the
vulnerability to psychological stress by depressing levels of neurogenesis and plasticity, and
maintaining electrophysiological balance in various brain regions. These psychological and biological
changes may act in concert to influence the development of depression, which itself could further
reduce serum zinc levels. If evidence for a causal effect of zinc on depression risk accumulates, future
studies exploring the safety and effectiveness of zinc as a potential supplement to antidepressants
could also be warranted. Future intervention treatments should note that the presence of excess zinc
can be potentially problematic. Secondary copper deficiency has been demonstrated as a potential
consequence of a high dietary intake of zinc [75]. As a result, it is recommended that dietary zinc
intake is limited to the recommended amount or that zinc supplementation is coupled with adequate
copper supplementation. In the Age-Related Eye Disease Study, supplementation of zinc was given
with a small amount of copper (80 mg zinc oxide, 2 mg cupric oxide) [76].

3. Magnesium

Magnesium is a micronutrient that is essential for the proper activity of many biochemical and
physiological processes, including DNA replication, transcription and translation [77,78]. It is a
bivalent intracellular cation that acts as a coenzyme or an activator for over 300 enzymatic systems,
many of which are important for proper brain function [79]. Magnesium is usually consumed
through nuts, seeds, green leafy vegetables and whole grains. Normal serum magnesium levels
range from 0.62 to 1.02 mmol/L [80]. A 2005 study that leveraged dietary surveys suggested that 68%
of Americans consume less than the recommended daily allowance of magnesium [81]. Magnesium
levels are important for central nervous system (CNS) function and may play a role in Alzheimer’s
disease, diabetes, stroke, hypertension, migraines and attention deficit hyperactivity deficit [82].
Previous studies have associated magnesium with various brain regions in the limbic system [83], thus
implicating a possible role for magnesium in the etiology and progression of depression.

A positive association between magnesium deficiency and depression has been documented in
both animal and human studies. Mice subjected to magnesium deficient diets have shown behavioral

199



Nutrients 2018, 10, 584

deficits associated with depression [84–86]. Likewise, cross-sectional studies [26,87–89] have reported
an inverse relationship between depressive symptoms and magnesium levels and magnesium intake,
which persisted after adjustment for age, body mass index, and education. However, prospective
cohort studies have failed to find an association between magnesium status and later risk of depression.
A study performed in the SUN Mediterranean cohort of 15,863 men and women without any history
of depression found no significant association between magnesium intake, as assessed by diet, and
risk of depression 10 years later [90]. Another study of approximately 13,000 Spanish university
graduates free of depression at baseline reported an inverse association between magnesium intake
and depression incidence 6 years later [91].

Some intervention studies have suggested a beneficial role of magnesium supplementation in the
treatment of depression [92,93], while others have not [94,95]. A recent randomized clinical trial in a
population of adults diagnosed with mild-to-moderate depression found that the consumption of 248
mg of magnesium per day for 6 weeks resulted in a clinically-significant 6 point decrease (p < 0.001)
in depressive symptoms, as measured by the Patient Health Questionnaire-9 (PHQ-9) compared to
those receiving a placebo treatment [93]. Similarly, a randomized controlled trial of 60 individuals
with depression and hypomagnesemia demonstrated that daily consumption of 500 mg magnesium
oxide led to significant improvements in Beck Depression Inventory scores, compared to individuals
with depression and hypomagnesemia who received a placebo [92]. However, intervention studies
among postpartum women [95] and an elderly population with hypomagnesemia [94] found no effect
of magnesium supplements, of 328 mg/day and 50 mg/day, respectively, on the depression statuses of
these individuals.

3.1. Mechanisms

The biological mechanisms that potentially underlie the association between low serum
magnesium levels and depression remain unclear but may involve the central nervous system, stress
axis, and oxidative pathways. These mechanisms are outlined in Table 1.

Magnesium deficiency has been shown to lead to changes in the functioning of the central
nervous system (CNS), especially in the glutamatergic transmission in the limbic system and cerebral
cortex [54]—brain regions that play important roles in the etiopathogenesis of depression [96–98].
Magnesium is particularly well known for its importance as an antagonist of the NMDA glutamate
receptor, which has long been understood as a key player in synaptic potentiation, learning and
memory [99,100]. However, despite magnesium’s well-known involvement in the voltage gating
function of the receptor, evidence pointing towards direct magnesium-induced changes in NMDA
channels in the expression of depression-like behavior is scarce. A recent mouse study found
that dietary magnesium restriction reduced levels of the GluN1 NMDA receptor subunit in the
amygdala and hypothalamus [101], a phenomenon that mirrors the GluN1 reduction response
to chronic stress [102]. Further, because NMDA channels mainly conduct calcium and sodium
currents, a depletion of magnesium could allow for excess calcium current. Evidence supports
the possibility that magnesium deficiency disrupts neuronal function by means of increasing neuronal
calcium flow, thereby resulting in increased nitric oxide, a toxic reactive oxygen species that leads to
neuronal swelling and death [103–105]. While the mechanism has yet to be elucidated, studies have
demonstrated that the ameliorative effects of magnesium on depressive symptoms in mice can be
reversed by NMDA-receptor agonists [106], thus pointing to a possible interaction between magnesium
and the NMDA receptor as a therapeutic target for the treatment of depression.

Another possible mechanism for magnesium’s protective effect against depression could involve
magnesium’s modification of the stress response. Magnesium’s ability to reduce the release of
adrenocorticotrophic hormone (ACTH) and modulate adrenocorticotropic sensitivity to ACTH is
preventative against the hyperactivation of the HPA axis. Dysregulation of the HPA axis in adults has
been robustly linked to stress and depression; elevated cortisol and dysregulated HPA activity are
highly over-represented in depressed populations [107,108]. Glucocorticoids have been continuously
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demonstrated to exhibit neurotoxic effects in the hippocampus, thus suggesting a role for excess
glucocorticoids in the hippocampal cell death observed in depression [109,110]. If HPA axis dysfunction
plays a mechanistic role in depression, magnesium deficiency could be a risk factor making individuals
vulnerable to chronic elevated cortisol and its neurodegenerative effects.

Magnesium’s role in the gut microbiota (GM) has been of recent interest, as alterations in GM
have been linked to depression [111,112]. Magnesium-induced changes in microbiota have also been
associated with changes in the oxidative and inflammatory response, characterized by increased
cytokines and biomarkers of cellular stress [113]. A recent study examining depression in mice
demonstrated that 6 weeks of a magnesium-deficient diet induced depressive symptoms in the FST,
which was associated with changes in GM and hippocampal interleukin-6 [86]. Previous studies
have also demonstrated an inverse association between dietary magnesium intake and levels of
inflammatory markers, such as serum C-reactive protein, interleukin-6 and tumor necrosis factor-α
receptor 2 [114,115]. As evidence for the potential roles of inflammation and oxidative stress in the
pathogenesis [116,117] and the progression of depression [118] continues to accumulate, it may be
important to consider magnesium’s immune modulatory role.

Magnesium could potentially exert antidepressant effects through its role in serotonergic,
noradrenergic and dopaminergic neurotransmission [119,120], increased expression of BDNF [121]
and modulation of the sleep–wake cycle through augmentation of the biosynthesis of melatonin [122].

3.2. Discussion and Implications

Overall, the majority of evidence supports an inverse association between magnesium and the
development of depression, as well as the antidepressant properties of magnesium. Methodologically,
it is important to note that erythrocyte magnesium levels have been demonstrated to be more reliable
in determining magnesium deficiency than serum levels [123]. Because only about 1% of total body
magnesium is typically found extracellularly in the serum, serum magnesium levels are not necessarily
representative of total body magnesium or the concentration of magnesium found intracellularly
that is available for cellular use [124]. Magnesium homeostasis is maintained by the intestine, the
bones and the kidneys; magnesium should still be consumed regularly in sufficient amount to prevent
deficiency [125]. As a result of active biological regulation of magnesium levels, magnesium deficiency
is likely an indicator of poor nutrition or ailments that affect magnesium absorption or excretion,
such as diabetes mellitus [125]. The reviewed studies using serum magnesium can thus be viewed
as reliable indicators of persistent hypomagnesemia in individuals, rather than a daily fluctuation in
magnesium intake.

Potential confounding by obesity, comorbidities, medication or diet should be considered, as these
factors may be common causes of a low magnesium status and depression. Potential confounding
by vitamin D and calcium levels is also possible. Magnesium is known to play a role in calcium
balance as well as vitamin D metabolism [126], and dysregulation of these two compounds has also
been implicated in depression [127,128]. Lastly, reverse causation may again be considered, whereby
magnesium deficiency may be secondary to depression-related behavioral changes, such as reduced
food intake [20].

Going forward, additional studies are needed to investigate the potential mechanisms that may
underlie the association between magnesium and depression, as well as individual-level factors that
might explain the variable associations found for magnesium supplementation. The evaluated studies
varied with regard to magnesium dosage, ranging from 50 to 500 mg/day, and there is no clear trend
between magnesium dosage and antidepressant effects. Similarly, the studies also varied with regard to
patient population and duration of treatment as well as the unreliability of magnesium intake reports,
which could, in turn, affect the discrepant findings. Furthermore, there is no observed relationship
between the effect of magnesium supplementation and pre-treatment with magnesium or depressive
status. Additional intervention studies might clarify whether magnesium supplementation can confer
any benefits in the treatment of depression.
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4. Selenium

Selenium is an essential trace element that is vital for the proper functioning of several
selenoproteins involved in antioxidant defenses within the brain and nervous system [129–131].
Currently, the recommended daily allowance of selenium is 55 μg/day [132]. Optimal serum selenium
levels are defined as being between 70 μg/L and 90 μg/L [133]. As the source of selenium intake is
through the consumption of grains, selenium intake is highly dependent on the selenium content in
food, which is, in turn, dependent on the selenium content of the soils in which it is grown. As a result,
selenium deficiency often results from suboptimal presence in regional soil, thus making selenium
deficiency often an endemic problem. It is estimated that one in seven people have low dietary
selenium intake [134], and selenium deficiency has been implicated in a variety of conditions, such as
renal disease [135] and obesity [136].

Given its neuromodulatory role in brain function [137–139], recent studies have investigated a
relationship between selenium levels and depression. A rodent study found an association between
selenium deficiency and decreased BDNF concentrations [140]. As a neurotrophic factor that has been
extensively associated with the pathophysiology of major depressive disorder [141,142], it is plausible
that BDNF concentrations could mediate the relationship between selenium deficiency and depression.
In an intervention study performed on mice, Brüning et al. [143] showed that the administration
of m-trifluoromethyl-diphenyl diselenide (m-CF3–PhSe)2, a multi-target selenium-based compound,
reduced depressive symptoms as measured by immobility time in a forced swimming test (FST),
in female mice, suggesting a potential antidepressant effect of selenium.

Observational studies have also investigated the relationship between selenium and depressive
symptomology or risk of depression but have provided inconsistent results. A cross sectional study
performed in a middle-aged population in West Texas demonstrated an inverse relationship between
selenium level and depressive symptoms as measured by the Geriatric Depression Scale (GDS) [144].
Similarly, data from a nested case-control study on 1494 women aged 20–89 years reported that
lower dietary selenium intake (<8.9 μg/day) was associated with a higher risk of developing major
depressive disorder [139]. However, the results of two cross-sectional studies performed among a
geriatric population in rural China [137] as well as a population of hemodialysis patients [145] found
no significant association between selenium levels and depression scores after controlling for chronic
kidney disease and cognitive function. Conversely, several studies have found a positive association
between selenium serum levels and depressive symptomology. In a cross-sectional study using toenail
biomarkers from 3735 participants aged 20–32 years, Colangelo et al. [146] found that higher levels
of selenium exposure as assessed through toenail clippings were associated with the presence of
elevated depressive symptoms. The idea that an “optimal range” with respect to depressive outcomes
may exist for selenium levels was supported by Conner et al.’s [147] cross sectional study that found
increased depressive symptomology below and above the serum selenium levels of 82 and 85 μg/L,
with depressive symptomatology at its lowest at 85 μg/L.

Intervention studies of selenium supplementation in humans have reported similarly inconsistent
findings. A randomized control trial among 166 Iranian women found that selenium supplementation
during pregnancy was associated with increased selenium serum levels as well as lower scores on the
Edinburgh Postnatal Depression Scale (EPDS) compared to those receiving placebo after 8 weeks of
treatment [138]. However, Rayman et al. [148] reported the results of a randomized control trial to
evaluate the effect of selenium supplementation on mood using the Profile of Moods States-Bipolar
Form (POMS-BI) questionnaire and found that supplementation of selenium significantly increased
plasma selenium levels without influencing mood scores after six months of supplementation.

4.1. Mechanism of Action

The association between selenium and depression has been less explored than the associations
between zinc and magnesium with depression. However, research has suggested several possible
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hypotheses regarding selenium’s mood-enhancing effects, including its role in maintaining metabolic,
oxidative and central nervous system functioning. These are outlined in Table 1.

Selenium’s modulatory effects on metabolism may influence an individual’s susceptibility to
developing depression. Selenium, which is incorporated into iodothyronine deiodinases (DIOs),
is essential for the proper synthesis and metabolism of thyroid hormones. It has been long recognized
by clinical investigators that thyroid function is associated with neuropsychiatric manifestation, such
as mood disorders, cognitive dysfunction and other psychiatric symptoms [149]. Selenium deficiency
and resulting deregulation of thyroid function may play a role in the development of depression [150].

The results from our review also indicate that an increasing amount of evidence points towards
an “optimum range” of serum selenium levels in relation to depressive symptomology [146,147].
Studies have found that both high and low selenium levels have been linked with dysregulation of
oxidative and inflammatory pathways, offering another potential mechanism that could explain the
observed association between selenium levels and depression. Selenoproteins, such as glutathione
peroxidases, thioredoxin reductases and selenoprotein P, are known to provide protection against
lipoperoxidation and oxidative cell damage. A low selenium concentration has been associated with
an increased level of pro-inflammatory cytokines, such as interleukin-6 (IL-6), C-reactive protein,
and growth differentiation factor-5 (GDF-5) [151–153]. Additionally, a 2017 study demonstrated an
association between low levels of cholesterol and increased risks of depression and suicidality [154],
suggesting a possible role for selenium’s anti-lipoperoxidative actions in its protective effect against
depression. However, at an optimum level of selenium supplementation, there is an enzymatic
and protein saturation effect that sends excess selenium into a metabolic process to restrict the
further creation of selenoproteins. The metabolites of this excess selenium metabolism have been
demonstrated to be pro-oxidative and result in increased levels of damaging reactive oxygen species
(ROS) [155] Recent studies have shown that depression is associated with increased levels of oxidative
stress biomarkers, strengthening the hypothesis that oxidative stress and inflammation may be
significant factors in the pathogenesis of depression [149]. In light of selenium’s dual antioxidant and
pro-oxidative properties, it is conceivable that hyperactivity of oxidative and inflammatory pathways
can contribute to the pathophysiology of depression.

Lastly, selenium could potentially exert antidepressant effects through its modulatory role
in various neurotransmitter systems. Selenium has been found to have significant modulatory
effects on the dopaminergic, serotonergic, and noradrenergic systems [156], which are all involved
in the physiopathology of depression and other psychiatric illnesses [157]. Neurochemical data
indicate that (m-CF3–PhSe)2 modulates the serotonergic system through mechanisms that involve
selective inhibition of monoamine oxidase A (MAO-A), an enzyme implicated in 5-HT degradation,
resulting in an overall increase of 5-HT availability in the synaptic cleft, contributing to its
pharmacological effects [158]. Similarly, dopaminergic neurons vulnerable to oxidative stress have
been shown to be modulated by selenoprotein, thus allowing selenium to play a preventative role in
neurodegeneration [159]. While more studies are needed to clarify the relationship between selenium
and depression, these findings suggest several plausible mechanisms through which selenium could
be protective against depression.

4.2. Discussion and Implications

Studies examining the association between depression and selenium have been largely
inconclusive. Overall, selenium deficiency seems to correlate with depression symptoms. However,
this result was not observed in hemodialysis patients or in a rural elderly population in China. It is
important to note that dialysis patients are at increased risk of selenium depletion due to low diffusion
of selenium over the dialyzer membrane [160]. Moreover, comorbidities and other confounders, such as
age and geographic location, may contribute to the discrepant findings. Alcohol is another potentially
important confounder of this relationship as chronic alcoholism leads to lower plasma selenium
through a reduction of selenium deposits as well as depression of selenoprotein expression and
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activity [161]. Longitudinal and cross sectional studies have further found associations between alcohol
abuse and depression [162,163], In addition, zinc [25] and iron [164] may serve as confounders as both
have been associated with depression status. Zinc has been shown to modulate the bioavailability of
selenium, although the mechanism for this relationship is unclear [165].

Selenium exposure classification also varied within the reviewed studies. The majority of the
reviewed studies utilized serum selenium or dietary intake of selenium as measurements of selenium
levels. Selenium is regulated through excretion, and a direct relationship is evident between selenium
intake and excretion [166]. As a result, selenium must be consumed regularly to maintain adequate
selenium levels. However, the brain retains selenium better than any other tissue [167] and thus,
measurement of selenium serum deficiency may not be indicative of brain selenium levels. Similarly,
utilizing dietary recall incurs the risk of unreliability and recall bias that could potentially confound
the results.

Further prospective investigations are needed to clarify the relationship between selenium and
depression and to investigate reasons for the discrepant findings noted in this review. The inconsistent
findings could be a result of different participant characteristics, such as geographic location, which
plays a role in the amount of selenium available in local produce and subsequent selenium intake.
Similarly, differing methods of the measurement of depression outcome as well as the duration of
selenium treatment could potentially explain discrepant findings. For future intervention trials, it is
important to note that high levels of selenium are toxic, as high dose selenium supplementation at or
above 1600 μg/day has been shown to induce symptoms of selenium toxicity [168].

5. Conclusions

In this integrated review, we examined several lines of evidence, including animal, observational,
and intervention studies, which provided evidence for a potential role of micronutrients in the
development and progression of depression. The literature most strongly supports a role for
zinc deficiency in increasing the risk of depression as well as the mood-enhancing effects of zinc
supplementation in populations both with and without depression. While studies examining the
magnesium–depression relationship have reported mixed findings, evidence generally supports a
relationship between magnesium deficiency and the risk of depression as well as its antidepressant
properties. The fewest number of studies have examined the link between selenium and depression, as
most of the literature studying micronutrients has focused on zinc and magnesium. Studies examining
the selenium–depression relationship have reported inconsistent findings, and future studies are
needed to understand the effects of selenium deficiency on the etiology and treatment of depression.
Although selenium deficiency is quite rare and regionally-specific, it has been recognized as an
imminent public health problem due to the effects of climate change [169]. More prospective cohort
and intervention studies are needed to assess the relationship between serum micronutrient levels
and later risk of depression as well as the potential mechanisms underlying the observed associations.
If evidence for a causal effect of these micronutrients on depression outcomes accumulates, the safety
and efficacy of micronutrient supplementation as an adjust treatment for depression could also be
explored. A balanced diet including adequate intake of foods containing zinc and other micronutrients
could be an effective supplement to antidepressants for alleviating depressive symptoms.
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