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Abstract The usefulness of zinc transporter and metal-

lothionein (MT) gene expressions to detect changes in zinc

intake remains unclear. This pilot study aimed to determine

the effects of zinc supplementation on zinc transporter and

MT gene expressions in humans. Healthy adults (n = 39)

were randomised to zinc treatment (ZT), receiving 22 mg

Zn/day (n = 19), or no treatment (NT) (n = 20). Blood

samples were collected on Days 0, 2, 7, 14, and 21. Plasma

zinc and serum C-reactive protein concentrations were

analysed. Gene expression of zinc transporters and MT in

peripheral blood mononuclear cells was analysed using

real-time PCR. Using repeated-measures ANOVA, MT-2A

gene expression and fold change were found to be higher in

the ZT group (P = 0.025 and P = 0.016, respectively)

compared to the NT group, specifically at Day 2

(40 ± 18 % increase from baseline, P = 0.011), despite no

significant increase in plasma zinc concentration. In a

multiple regression model exploring the changes in gene

expressions between Days 0 and 21, the change in MT-2A

gene expression was correlated with changes in all zinc

transporter expressions (r2 = 0.54, P = 0.029); the change

in ZIP1 expression emerged as a univariate predictor

(P = 0.003). Dietary zinc intake was predictive of zinc

transporter and MT expressions (P = 0.030). Physical

activity level was positively correlated with baseline ZIP7

expression (r = 0.36, P = 0.029). The present study shows

that MT-2A expression is related to changing expression of

zinc transporter genes, specifically ZIP1, in response to

zinc supplementation. The current report adds to our

understanding of MT in the coordinated nature of cellular

zinc homeostasis.
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Introduction

Marginal zinc deficiency has been suggested to influence

multiple physiological systems due to the extensive

involvement of zinc in numerous structural and biochemical

functions of the body (Foster and Samman 2010); a signifi-

cant proportion of the world’s population may be at risk of

marginal zinc deficiency (Samman 2007), a condition that

contributes substantially to disease burden worldwide (Fis-

cher Walker et al. 2009). Despite being redox-inert, zinc can

act as a pro-antioxidant and modulate oxidative stress by

maintaining cell membrane integrity and regulating the

functions of metallothionein (MT), superoxide dismutases,

and glutathione (Maret 2003; Oteiza 2012). Since the dis-

covery of zinc deficiency in humans (Prasad et al. 1961), our

knowledge of the physiological roles of zinc has extended

beyond the initially proposed functions. Recent evidence
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suggests that zinc ions participate in cellular signalling

pathways as second messengers, for example propagating

signals in the insulin and nitric oxide signalling pathways

within the cell (Foster and Samman 2010). The involvement

of zinc in cellular signalling can be categorised into early or

late zinc signalling, with the latter primarily dependent on

transcriptional changes in zinc transporter expressions

(Fukada et al. 2011).

Recent advancements in molecular techniques have

enabled the use of novel approaches in the study of zinc

metabolism and homeostasis, especially within the cell.

The cytoplasmic zinc concentration is regulated largely by

two families of zinc transporters: the zinc transporter (ZnT;

SLC30) and Zrt- and Irt-like protein (ZIP; SLC39) families

(Lichten and Cousins 2009). Members from the ZIP family

of transporters are responsible for increasing cytoplasmic

zinc concentration by transporting zinc from intracellular

organelles or the extracellular space, while ZnT proteins

function to decrease cytoplasmic zinc by promoting cel-

lular zinc efflux or sequestering zinc in subcellular com-

partments. Another key group of proteins involved in the

regulation of cellular zinc homeostasis is MT. Within the

cell, MT serves as a chaperone of zinc ions, mediating the

movement and availability of zinc to other zinc-binding

proteins. The chemical structure of MT, which contains

seven zinc-binding sites with a range of affinities to zinc,

complements the function of MT in buffering and shuttling

zinc within the cytoplasm (Colvin et al. 2010).

A number of studies have explored the effect of zinc

supplementation or depletion on the regulation of selected

zinc transporters and MT in humans. The results predom-

inately are consistent in showing changes at the gene

expression level within blood cells in response to zinc

depletion or supplementation; for instance, MT and ZnT1

expressions decreased significantly with a virtually zinc-

free diet (0.3 mg/day) (Ryu et al. 2011) and increased

during zinc supplementation (Aydemir et al. 2006; Ryu

et al. 2011). Limited available evidence explores simulta-

neous changes in multiple zinc transporter and MT

expressions during zinc supplementation in humans. The

lack of a defined metabolic zinc store, in addition to the

ubiquitous nature of zinc, complicates the assessment of

zinc status in humans (King 2011). Multiple factors, such

as oxidative stress, serum glucose concentration, and

inflammatory cytokines, have been associated with the

regulation of zinc transporters and MT in different cell

types (Lichten and Cousins 2009; Foster and Samman

2012; Hennigar and Kelleher 2012), which may confound

the delineation of the relationship between zinc status and

the expression of zinc transporter and MT genes. The

feasibility and usefulness of a range of zinc transporter and

MT gene expressions to detect modest changes in dietary

and/or supplemental zinc intake remain unclear.

The aim of the present study is to determine the effects

of zinc supplementation on the gene expression of zinc

transporters and MT. Furthermore, this study aims to

explore the relationships between lifestyle characteristics,

such as habitual physical activity levels, and expression of

zinc transporter and MT genes to further understand cel-

lular zinc homeostasis in the context of whole body

metabolism.

Methods

Study design

Healthy adults, aged between 18 and 65 years, were

recruited to participate in the present pilot study via

advertising around the University of Sydney campus.

Exclusion criteria were: diagnosis of chronic illness; use of

prescription drugs (excluding oral contraceptive agents);

use of micronutrient supplementation in the preceding

6 weeks; and women who were pregnant or breastfeeding.

A screening questionnaire was used to determine eligibility

and collect anthropometric and lifestyle data, such as

height, weight, change in weight over the preceding

3 months, alcohol consumption, and smoking habits.

Physical activity levels of the participants were assessed

using the self-administered International Physical Activity

Questionnaire (IPAQ)—short form (Craig et al. 2003) prior

to study participation. Information gathered from the IPAQ

was analysed according to the Guidelines for Data Pro-

cessing and Analysis of the International Physical Activity

Questionnaire (IPAQ Research Committee 2005).

Enrolled participants (n = 39; 18 females and 21 males)

were randomised to zinc treatment (ZT group, n = 19) or

no treatment (NT group, n = 20) by a computer-generated

random-number sequence. The ZT group received an oral

dose of 22 mg/day elemental zinc chelated with amino acid

(Nature’s Own, Sanofi-Aventis Healthcare Pty Ltd, Aus-

tralia) for 21 days. The supplemental dose of 22 mg/day

elemental zinc was chosen to provide a substantial increase

in total zinc intake while minimising the risk of exceeding

the upper daily limit (National Health and Medical

Research Council 2006). Participants were advised to

report any adverse effects that they experienced during the

trial. During the final week of the study, height (to the

nearest 0.1 cm) was measured with a stadiometer and body

weight (to the nearest 100 g) was measured on an elec-

tronic calibrated scale. A survey was conducted at Day 21

to confirm that no nutritional supplements (other than the

provided supplements) were consumed during the study

period. Apparent compliance with the intervention was

verified by counting of returned tablets at the end of the

study. All eligible participants provided their written
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informed consent to participate in the study. The Human

Research Ethics Committee of the University of Sydney

approved the study protocol, and the trial was registered at

www.anzctr.org.au (ACTRN12613001200774).

Blood collection

Venous blood samples were collected from participants on

Days 0 (baseline), 2, 7, 14, and 21. At each time point,

blood was collected between 0700 and 0900 after an

overnight fast of at least 10 h. Cell preparation tubes (CPT)

with sodium citrate (Becton–Dickinson, Franklin Lakes,

NJ) were used for the isolation of peripheral blood

mononuclear cells (PBMC). Serum gel tubes (Becton–

Dickinson) were used for C-reactive protein (CRP) analy-

sis. EDTA tubes (Becton–Dickinson) were used for anal-

ysis of plasma zinc. Within two hours of blood collection,

plasma and serum were separated from whole blood after

centrifugation at 4 �C for 10 min at 12009g. Plasma and

serum samples were stored at -80 �C until analysis.

Biochemical analyses

Plasma zinc concentrations were determined by flame

atomic absorption spectroscopy (SpectrAA220, Varian,

Palo Alto, CA) in a single-batch run. Samples were diluted

(1:4) with Milli-Q water and measured against a matrix-

matched standard curve in triplicates, over five seconds of

absorbance integration. Appropriate quality control sam-

ples were prepared and analysed throughout the run.

Serum CRP concentrations were analysed using an

immunoturbidimetric assay kit (Cardiac CRP (Latex) High

Sensitive Kit, Roche Diagnostics, Basel, Switzerland),

adapted for the Cobas C311 auto-analyser (Roche Diag-

nostics). Quality control serum (Precinorm Protein, Roche

Diagnostics) was analysed throughout a single-batch run.

Total RNA extraction and cDNA synthesis

PBMC were isolated from CPT after centrifugation at room

temperature for 30 min at 15009g within 2 h of blood

collection. Extracted cells were washed twice with Dul-

becco’s PBS (Sigma-Aldrich, St. Louis, MO). Total RNA

was prepared using the PARIS kit (Ambion, Life Tech-

nologies, Carlsbad, CA), according to the manufacturer’s

instructions. The purity and yield of isolated RNA samples

were checked using UV nanospectrophotometry, with all

samples generating A260:A280 and A260:A230 ratios

within the range of 1.7–2.1. The integrity of ribosomal

RNA was checked by denaturing agarose gel elec-

trophoresis (1 % agarose containing 2.2 M formaldehyde)

(Lehrach et al. 1977). Total RNA was reverse transcribed

into cDNA using the SuperScript VILO cDNA synthesis

kit (Invitrogen, Life Technologies, Carlsbad, CA),

according to the manufacturer’s instructions. cDNA sam-

ples were stored at -80 �C until real-time PCR analysis.

Quantitative real-time PCR

Relative quantification of zinc transporter and MT mRNA

was conducted using TaqMan real-time PCR (StepOnePlus

Real-Time PCR System, Applied Biosystems, Life Tech-

nologies, Carlsbad, CA), as per the manufacturer’s

instructions. Inventoried TaqMan gene expression assays

were obtained for ZnT1, ZnT5, ZnT6, ZnT7, ZIP1, ZIP3,

ZIP7, ZIP8, ZIP10, ZIP14, MT-1A, MT-2A, and 18S. The

efficiency in amplification of the primers was determined

using the standard curve method, with all primers gener-

ating efficiencies in the range of 85–95 %. The chosen zinc

transporter and MT transcripts represent key mediators of

cellular zinc homeostasis and transport in PBMC. All

mRNA expression levels were normalised to 18S rRNA

expression as an endogenous reference and quantified using

the DCP method; fold change relative to baseline was

quantified using the DDCP method.

Dietary intake analysis

Participants maintained a 3-day estimated food record (two

weekdays and one weekend day) during the second week

of the study. Participants were instructed to record all food

and drinks consumed during the day with portions esti-

mated using the food record templates provided. A research

dietitian checked each completed food record with the

participant to clarify any missing items or unusual portions.

Food records were analysed (FoodWorks 7 Professional

Edition 2012, Xyris Software, QLD, Australia) for the

determination of energy, macro- and micronutrient intakes.

Statistical methods

Descriptive data were expressed as mean ± SD, and out-

come measures were described as mean ± SEM. Differ-

ences between groups at baseline were analysed using

independent t-tests. The primary outcomes, changes in

gene expression and fold change (relative to baseline)

between groups, were assessed by repeated-measures

ANOVA for complete sets of data. Age, BMI, and physical

activity were explored as covariates of the models used.

Normality, sphericity, and residuals were checked for

compliance with model assumptions. Greenhouse-Geisser

corrections were used when Mauchly’s sphericity test

returned P\ 0.05.

Factor analysis using principal components was used to

identify ‘clusters’ of zinc transporter gene expression at
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baseline. Multiple regression models were used to inves-

tigate whether the difference in MT-2A gene expression

over the trial was determined by changes in the expression

of zinc transporter genes, grouped either as ‘all genes

measured’ or within the identified ‘clusters’. Similarly,

changes in measured zinc transporters and MT were used

to predict the change in plasma zinc concentration. Mul-

tivariate ANOVA models were used to analyse whether

dietary zinc intake and different components of physical

activity levels (vigorous, moderate, and walking physical

activity) determined the expression of zinc transporter and

MT genes at baseline. Bivariate correlations were used to

explore the possible relationships between physical activity

levels, plasma zinc concentration, and zinc transporter and

MT gene expressions at baseline. In primary analyses, i.e.

comparisons between groups, P\ 0.05 was used to denote

statistical significance. In ‘secondary’ analyses, P\ 0.01

was used to denote statistical significance with P\ 0.05

being marginally significant due to the large number of

statistical tests performed. Statistical analyses were per-

formed using IBM SPSS Statistics for Windows, version

21.0 (Armonk, NY: IBM Corp).

Results

Of the 153 enquiries received, 66 volunteers returned

screening questionnaires and were assessed for eligibility

to participate in the study. Twelve volunteers did not meet

the inclusion criteria, 13 declined to participate, and two

others withdrew their interest due to work commitments.

Thirty-nine healthy participants (21 males and 18 females)

were enrolled in the study and randomised into either the

NT group (n = 20) or the ZT group (n = 19). Supple-

mental Figure 1 shows the trial profile.

Thirty-four participants completed the study, with five

participants lost to follow-up at either Day 2 or 14. Two

participants who completed the trial each had one missing

time point (Day 0 and 7, respectively) due to unexpected

circumstances. Given that the reasons for missing data and

withdrawal were unrelated to the trial, only complete data

were included for the analysis of primary outcomes. A high

apparent compliance rate of 97 % was found in the ZT

group. All participants reported that no nutritional sup-

plements (other than the provided supplements) were

consumed during the trial. The age and BMI of the par-

ticipants who completed the trial were 26.5 ± 11.7 years

(mean ± SD) and 22.5 ± 2.6 kg/m2, respectively. There

were no significant differences in the baseline levels of

physical activity, biochemical measurements, or nutrient

intakes between the two groups (Table 1).

Plasma Zinc and Serum CRP

At baseline, the mean plasma zinc concentration for both

groups were within the reference range (10–18 lmol/L)

(Brown et al. 2004) and were not significantly different

between groups. Using repeated-measures ANOVA to

determine the change in plasma zinc concentration over the

course of the trial, no significant differences were found

between the two groups (P = 0.21, Supplemental Fig-

ure 2). In the ZT group, plasma zinc concentration

increased by 0.98 ± 0.67 lmol/L (mean ± SEM) at Day

21; however, this was not significantly higher than the

baseline value (P = 0.32).

No differences were observed in serum CRP between

the two groups at baseline (P = 0.21) and over the course

of the trial (P = 0.21). Serum CRP concentrations for all

participants were below 10 mg/L, suggesting the absence

of acute inflammation (Myers et al. 2004).

Table 1 Selected baseline

characteristics and dietary

intakes (data shown as

mean ± SD) of participants

who completed the trial

NT group (n = 18) ZT group (n = 16)

Age (year) 25.8 ± 12.5 27.3 ± 10.9

BMI (kg/m2) 22.8 ± 2.7 22.2 ± 2.6

Plasma zinc (lmol/L) 17.0 ± 3.1 16.0 ± 3.5

Serum CRP (mg/L) 1.2 ± 0.8 1.8 ± 1.8

Total physical activity (MET-minutes/week) 4159 ± 2982 2403 ± 1583

Weekday sitting time (min/day) 472 ± 148 420 ± 210

Energy (kJ/day) 10,904 ± 2934 10,700 ± 4095

Carbohydrate (% of energy) 46.1 ± 9.3 38.2 ± 10.7

Protein (% of energy) 20.3 ± 5.9 17.9 ± 4.1

Total fat (% of energy) 28.8 ± 5.8 36.6 ± 9.3

Dietary fibre (g/day) 30.2 ± 11.5 27.4 ± 12.1

Dietary zinc (mg/day) 15.6 ± 7.3 13.9 ± 7.4

NT no treatment, ZT zinc treatment
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Zinc transporter and metallothionein gene

expressions

Gene expressions of MT-2A were higher in the ZT group

compared to the NT group (P = 0.025), as determined by

repeated-measures ANOVA. When the data were expres-

sed as fold change relative to baseline, fold changes ofMT-

2A were higher in the ZT group (P = 0.016; Fig. 1),

specifically at Day 2 (P = 0.011). In the ZT group, the fold

change of MT-2A was 1.40 ± 0.18 at Day 2, indicating an

increase of 40 ± 18 % in the relative copies of MT-2A

mRNA from baseline. The addition of age, BMI, and

physical activity as covariates within the repeated-mea-

sures ANOVA models did not alter the overall results.

Zinc supplementation did not change the gene expres-

sion (Supplemental Table 1) or fold change of zinc trans-

porters or MT-1A. Of the measured ZnTs in this study,

ZnT7 was the most highly expressed zinc transporter at

baseline as judged by relative Cp values, expressing at

more than twofold higher than the other cytoplasmic zinc

exporters. ZIP1 and ZIP3 had the highest expression of the

measured ZIPs, while ZIP14 had the lowest expression

(Supplemental Figure 3). No significant differences were

found in the gene expression of zinc transporters and MT at

baseline between the two groups.

Relationships between zinc transporters and MT

Relationships between zinc transporter and MT gene

expressions at baseline are shown in Table 2. Significant

relationships were observed among all transporters in the

ZnT family (P\ 0.01). ZIP7 and ZIP10 had the largest

number of significant associations, each with five signifi-

cant positive relationships with other zinc transporters and

MT (P\ 0.01). Conversely, ZIP8 gene expression was not

related to any of the other measured zinc transporters or

MT.

Factor analysis using principal components revealed two

‘clusters’ of zinc transporters in which the expression of

zinc transporters within each cluster was related to each

other at baseline. The clusters identified were: Cluster 1—

ZIP1, ZIP3, ZIP7, ZIP10, and ZIP14; Cluster 2—ZnT1,

ZnT5, ZnT6, ZnT7, and ZIP8. When multiple regression

models were used to explore the factors determining the

change in MT-2A gene expression between Days 0 and 21,

changes in all measured zinc transporters were related to

the change in MT-2A expression (r2 = 0.54, P = 0.029;

Table 3). Similarly, changes in the gene expression of zinc

transporters within Cluster 1 determined the change in the

Fig. 1 MT-2A fold change in NT (no treatment, n = 17) and ZT

(zinc treatment, n = 15) groups. Data expressed as estimated

marginal mean ± SEM from repeated-measures ANOVA.

P = 0.016 between groups, P = 0.011 at Day 2

Table 2 Pearson correlation coefficients (r) between zinc transporters and metallothionein for all participants at baseline (n = 38)

ZnT5 ZnT6 ZnT7 ZIP1 ZIP3 ZIP7 ZIP8 ZIP10 ZIP14 MT-1A MT-2A

ZnT1 0.64*** 0.60*** 0.46** 0.32 0.33* 0.30 0.10 0.27 0.25 0.07 0.37*

ZnT5 0.64*** 0.62*** 0.17 0.33* 0.20 0.22 0.36* 0.30 0.09 0.11

ZnT6 0.65*** -0.03 0.24 -0.03 0.26 0.19 0.04 0.09 0.05

ZnT7 0.03 0.33* 0.08 0.26 0.27 0.15 0.23 0.12

ZIP1 0.64*** 0.76*** 0.09 0.41* 0.64*** -0.01 0.55***

ZIP3 0.52** 0.22 0.46** 0.50** -0.07 0.21

ZIP7 -0.04 0.54*** 0.52** 0.10 0.46**

ZIP8 0.15 0.20 0.20 0.14

ZIP10 0.68*** 0.48** 0.44**

ZIP14 0.11 0.47**

MT-1A 0.35*

* P\ 0.05, ** P\ 0.01, *** P\ 0.001
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expression of MT-2A gene (r2 = 0.48, P = 0.003). In both

models, ZIP1 gene expression emerged as a significant

univariate predictor of the change in MT-2A expression

(P\ 0.01).

Relationships between plasma zinc concentration,

dietary zinc intake, and gene expression of zinc

transporters and MT

In multivariate analysis, dietary zinc intake was a signifi-

cant predictor of all measured zinc transporter and MT

gene expressions at baseline (P = 0.03, Supplemental

Table 2), explaining 61 % of variance in gene expressions;

MT-1A expression emerged as a significant univariate

factor within the multivariate ANOVA model (P = 0.002),

while ZIP10 reached marginal statistical significance

(P = 0.045). At baseline, plasma zinc concentration was

not correlated with any of the measured zinc transporter or

MT gene expressions. Changes in the expression of zinc

transporter and MT genes did not predict the change in

plasma zinc concentration over the trial period.

Relationships between physical activity levels

and zinc transporter and MT gene expressions

Weekday sitting time was not correlated with any of the

measured zinc transporters or MT. When components of

physical activity (vigorous, moderate, or walking) were

used to predict the gene expression of all measured zinc

transporters and MT, no significant relationships were

found (data not shown). Total physical activity level was

correlated with ZIP7 gene expression at baseline (Fig. 2,

r = 0.36, P = 0.029). One participant reported a total

physical activity level of 13,914 MET-minutes/week,

which was[3 SD above the group mean and therefore was

considered to be an outlier. The positive relationship

between total physical activity and ZIP7 was strengthened

after removal of the outlier within the data set (r = 0.43,

P = 0.009).

Discussion

The present study explored the effects of zinc supple-

mentation on the expression of zinc transporter and MT

genes in PBMC of healthy adults. The primary finding is

a significant upregulation of MT-2A gene expression

within two days of zinc supplementation, in the absence

of significant change in plasma zinc concentration. Our

previous report suggests coordination among components

of cellular zinc homeostasis (Foster et al. 2011), and the

current findings extend these observations by demon-

strating numerous relationships between the expression of

zinc transporter and MT genes at baseline and during zinc

supplementation. Specifically, the use of multiple regres-

sion models showed that the difference in MT-2A gene

expression over the trial period was determined by

changes in the expression of zinc transporter genes. In

addition, to the best of our knowledge, this is the first

study to report a relationship between habitual physical

activity level and zinc transporter gene expression in

humans.

Table 3 Multiple regression models using changes in all or ‘clusters’ of zinc transporters identified by principal component analysis to predict

the change in MT-2A gene expression over the study period

Dependent

variable

Factors r2 Overall

P value

Univariate component Standardised coefficient (b)
± standard error

Univariate

P value

D MT-2A D All ZnTs and ZIPsa 0.542 0.029 ZIP1 0.89 ± 0.26 0.003

D Cluster 1b 0.477 0.003 ZIP1 0.77 ± 0.22 0.002

D Cluster 2c 0.073 NS – – –

Based on complete data available for analysis (n = 33)
a ZnT1, ZnT5, ZnT6, ZnT7, ZIP1, ZIP3, ZIP7, ZIP8, ZIP10, and ZIP14
b ZIP1, ZIP3, ZIP7, ZIP10, and ZIP14
c ZnT1, ZnT5, ZnT6, ZnT7, and ZIP8

Fig. 2 Bivariate correlation between total physical activity (MET-

minutes/week) and ZIP7 gene expression at baseline for all partic-

ipants (n = 38). The positive relationship remained after removal of

the outlier within the data set (r = 0.43; P = 0.009)
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MT represents a large group of metal-binding proteins,

with at least 10 functional MT isoforms identified in

humans (Blindauer 2014). While MT-2A responds to many

physiological stresses, such as hormones and thiol oxida-

tion, the principal role of MT-2A relates to the mainte-

nance of cellular zinc homeostasis. The primary

observation of an increase in MT-2A gene expression

during zinc supplementation is supported by previous

studies of similar duration as the current report. In a study

that utilised a high dose of zinc supplementation

(50 mg/day elemental zinc), a significant increase in MT

mRNA was observed in monocytes throughout the inter-

vention period, with a return to baseline level within 4 days

of supplement cessation (Sullivan et al. 1998). A lower

dose of elemental zinc (15 mg/day) with a shorter duration

(10 days) elicited similar responses in MT gene expression

within PBMC and subsets of leucocytes (Cao and Cousins

2000; Aydemir et al. 2006). Moreover, MT-2A gene

expression is responsive to suboptimal dietary zinc intake.

After 10 weeks of 4.6 mg of dietary zinc intake/day, MT-

2A mRNA in T lymphocytes decreased significantly,

before returning to the baseline level after 5 weeks of zinc

repletion (Allan et al. 2000). While some of the earlier

studies did not distinguish between the numerous isoforms

of MT that are present in humans which present method-

ological differences in the present literature, the results are

consistent in showing the responsiveness of MT tran-

scription to changes in total zinc intake.

The mechanisms that regulate MT transcription in cells

have been explored extensively using in vitro models

(Vandeghinste et al. 2000; Jackson et al. 2009).Upregulation

of MT transcription can be induced by the binding of acti-

vated metal-regulatory transcription factor-1 (MTF-1) to the

metal-responsive region of the MT gene (Günther et al.

2012). Recently, a novel transcription factor, CCAAT/en-

hancer binding protein-a (C/EBPa), was found to be

important in the induction of MT expression, both inde-

pendently and synergistically with MTF-1 (Datta et al.

2007). Activation of C/EBPa by phosphorylation can be

mediated through the phosphoinositide 3-kinase/Akt path-

way, one of the many signalling pathways in which zinc

plays a regulatory role as a second messenger (Foster and

Samman 2010). In the current study, using multiple regres-

sion models that explored changes over the study period, the

difference in MT-2A gene expression was determined by

changes in the expression of zinc transporter genes, both

when measured collectively and when grouped according to

the ‘clusters’ identified from factor analysis using principal

components. In particular, the present study shows that the

change in ZIP1 gene expression was a strong independent

predictor of the change in MT-2A expression. ZIP1 mRNA

was abundantly expressed and is a major zinc importer at the

plasma membrane. The relationship between ZIP1 andMT-

2AmRNAaffirms the role ofMT inmaintaining cellular zinc

homeostasis in response to changes in the levels of exoge-

nous zinc; the potential cellular mechanisms that link ZIP1

with MT gene expression are shown in Fig. 3.

The lack of response in plasma zinc concentration during

zinc supplementation is consistent with the modest effect of

dietary zinc intake on systemic zinc concentration reported

in a recent meta-analysis of randomised controlled trials

(Lowe et al. 2012). The duration and dose of zinc supplement

provided in the current study may be insufficient to elicit an

increase in plasma zinc concentration as identified in other

studies, particularly with the added limitation of a small

sample size. In contrast to plasma zinc concentrations, MT-

2A gene expressions in PBMC are more reflective of

immediate changes in dietary zinc intake. The transient

increase in MT-2A gene expression during zinc supplemen-

tation is intriguing and can be explained by the rigid regu-

lation of zinc metabolism. The maintenance of whole-body

zinc homeostasis is mediated primarily through the balance

of endogenous zinc secretion and absorption within the

gastrointestinal tract, which reflects immediate changes in

dietary zinc intake (Chung et al. 2008). In a study which

utilised zinc stable isotopes, six consecutive days of

20 mg/day zinc supplementation reduced fractional zinc

absorption in the gut by 50 % (Tran et al. 2004), suggesting

rapid physiological adaptation to increased dietary zinc

intake. We propose that the MT-2A gene expression profile

seen in the current study, comprising a rapid increase and

subsequent return to baseline level byDay 7, is reflective of a

reduction in systemic uptake of zinc in the gut in response to

consecutive days of zinc supplementation.

The gene expression analysis in the present study is

limited to 10 of the 24 zinc transporters identified in

humans to date. Data on the expression of other zinc

transporters may provide further details on the fluctuations

in intracellular zinc concentration during zinc supplemen-

tation. For instance, in HEK-293 and MCF-7 cells, ZnT2

gene expression has been shown to be modulated by

numerous suppressive and active regulators, including

zinc-induced activation of MTF-1 (Lu et al. 2015). In

fibroblast cells, the upregulation of ZnT2 expression and its

subsequent function of sequestering zinc within lysosomes

are proposed to be one of the mechanisms in which cells

maintain zinc homeostasis during excess zinc exposure

(Falcón-Pérez and Dell’Angelica 2007). Moreover, gene

transcription represents one of the many points of regula-

tion in the ultimate protein function. It is plausible that zinc

supplementation may modulate post-transcriptional modi-

fications of zinc transporters and MT, impacting the

localisation and function of these proteins. Further inves-

tigations into the role of zinc transporters and MT in

maintaining cellular zinc homeostasis would benefit from

proteomic and intracellular zinc analyses.
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Although the inclusion of age as a covariate in the sta-

tistical models did not alter the overall results of the pre-

sent study, age is a significant factor in maintaining

immune and antioxidative functions of zinc (Mocchegiani

et al. 2014). A recent trial in an elderly population with low

zinc status (plasma zinc concentration \11.77 lmol/L)

reported that zinc supplementation upregulates the gene

expressions of ZIP1 and MT-1A (Sharif et al. 2015). Dis-

crepancies between the results reported by Sharif et al.

(2015) and those of the present study may be related to

differences in age, zinc status, and other baseline charac-

teristics of the sampled populations. In addition, cellular

uptake of zinc in response to zinc supplementation is

influenced by polymorphisms in zinc transporter and MT

genes. A study in an elderly population reported that par-

ticipants with the G? allele in the ?1245 A/G MT1A gene

polymorphism exhibited higher levels of intracellular labile

zinc after zinc supplementation than those with the G-

allele (Giacconi et al. 2014). Thus, the potential moderat-

ing effects of age, zinc status, and genetic polymorphisms

on the gene expression of zinc transporters and MT in

response to zinc supplementation and implications for

oxidative stress warrant further research.

Recent studies have shown relationships between zinc

transporters and skeletal muscles in the context of exercise.

Variants of single nucleotide polymorphism in ZnT8 gene

have been associated with differences in muscle phenotype

and function in men (Sprouse et al. 2014). The positive

relationship between ZIP7 gene expression and total

physical activity level found in the current study may be

reflective of the function of this particular zinc transporter

in skeletal muscles. ZIP7 transporter resides on the endo-

plasmic reticulum of the cell and is responsible for tran-

sient influx of zinc into the cytosol in response to cellular

signals (Taylor et al. 2012). The function of ZIP7 to elicit a

rapid increase in cytosolic zinc is related to the propagation

of cellular signalling pathways, specifically those reliant on

the phosphorylation of Akt and extracellular signal-regu-

lated kinases 1/2 (ERK-1/2). A recent study, which used

siRNA to silence ZIP7 expression in a skeletal muscle cell

line, found that both basal and insulin-stimulated glucose

metabolism are compromised as a result of reduced ZIP7

expression (Myers et al. 2013). Due to the crucial role of

ZIP7 in glycolysis, the authors suggest that this zinc

transporter may present as a molecular target in the treat-

ment of insulin resistance within skeletal muscles. This

Fig. 3 Schematic showing hypothesised regulation of MT-2A gene

expression by zinc.(1) Increased extracellular zinc is transported into

the cell by the cellular zinc importer, ZIP1. (2) Higher concentration

of intracellular zinc can activate transcription factor, MTF-1. (3) Zinc

ions also can indirectly modulate the coactivator, C/EBPa, through
the PI3K–Akt signalling pathway. (4) Activated MTF-1 and C/EBPa
can translocate into the nucleus, binding to the promoter region of

MT-2A gene, upregulating gene transcription. (5) Upregulation of

gene expression can eventuate in increased MT-2A protein. (6)

Higher concentration of MT serves to sequester intracellular zinc,

thereby creating a negative feedback signal within the cell. PTP-1

protein tyrosine phosphatase-1b, PI3K phosphoinositide 3-kinase,

GSK-3 glycogen synthase kinase-3, C/EBPa CCAAT/enhancer bind-

ing protein-a, MTF-1 metal-regulatory transcription factor-1, MRE

metal-responsive element
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supposition is supported by the action of zinc ions in the

insulin signalling pathway (Jansen et al. 2009) and the role

of mitochondrial MT–Zn complex in regulating cellular

energy metabolism (Ye et al. 2001).

The current study presents the influence of physical

activity and zinc supplementation on the expression of

ZIP7 and MT-2A genes, respectively. The modulations in

the mediators of cellular zinc homeostasis by external

stimuli, such as exercise and dietary zinc intake, may have

implications for zinc-mediated intracellular signalling

pathways and related cellular functions. MT-2A partici-

pates in ‘zinc-muffling’ reactions (Maret 2011), which

involve the binding of excess zinc ions and delivering them

to different subcellular compartments. Zinc-induced

upregulation of MT protein may attenuate the spatial and

temporal characteristics of transient increases in intracel-

lular zinc concentration (Colvin et al. 2010), which impact

zinc-mediated cellular signalling pathways, such as those

activated by insulin. We have shown previously in PBMC

that cytokine production, an important function of immune

cells, is determined by zinc transporter and MT expressions

(Chu et al. 2015), possibly via the modulation of ERK-1/2

and JAK/STAT pathways. The interactions between zinc

homeostasis, intracellular signalling pathways, and cellular

function warrant further investigation.

A number of limitations should be considered in the

interpretation of this study, in particular the small sample

size and the use of EDTA plasma tubes and CPT with

sodium citrate for the analysis of plasma zinc and PBMC

extraction, respectively. However, all precautions were

taken to avoid zinc contamination in the collection and

subsequent processing of the blood samples. Furthermore,

the current study lacked the analysis of PBMC subtype

populations which may influence the gene expression of

zinc transporters and MT. PBMC represent a cohort of

immune cells that can be modified by lifestyle factors, for

example exercise (Deuster et al. 1988) and zinc status

(Beck et al. 1997; Uciechowski et al. 2008). Whether

changes in the PBMC transcriptome as a result of zinc

supplementation derive from differences in the composi-

tion of the PBMC subtypes or transcriptional changes in a

stable cohort of PBMC is currently unclear.

The current study demonstrates a transient increase in

MT-2A gene expression during zinc supplementation in

healthy adults. The difference in MT-2A gene expression

over the trial period was correlated with the change in ZIP1

expression, suggesting coordination in the maintenance of

cellular zinc homeostasis. The positive correlation between

physical activity level and ZIP7 gene expression suggests

an influence of lifestyle and biological factors on the

mediators of cellular zinc homeostasis. Given the complex

biological functions in which zinc is involved, the under-

standing of multiple variables, including expression of zinc

transporter and MT genes, may be required to predict zinc

status at the individual level.
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