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Metallothionein and Zinc Transporter Expression
in Circulating Human Blood Cells as Biomarkers of
Zinc Status: a Systematic Review'™

Stephen R Hennigar, Alyssa M Kelley, and James P McClung*
US Army Research Institute of Environmental Medicine, Military Nutrition Division, Natick, MA

Zinc is an essential nutrient for humans; however, a sensitive biomarker to assess zinc status has not been identified. The objective of this

systematic review was to compile and assess studies that determined zinc transporter and/or metallothionein expression in various blood cell
types and to determine their reliability and sensitivity to changes in dietary zinc. Sixteen studies were identified that determined the expression
of zrt-, irt-like protein (ZIP) 1 [solute carrier family (SLC) 39AT], ZIP3 (SLC39A3), ZIP5 (SLC39A5), ZIP6 (SLC39A6), ZIP7 (SLC39A7), ZIP8 (SLC39A8), ZIP10
(SLC39A10), ZIP14 (SLC39A14), zinc transporter (ZnT)1 (SLC30AT), ZnT2 (SLC30A2), ZnT4 (SLC30A4), ZnT5 (SLC30A5), ZnT6 (SLC30A6), ZnT7 (SLC30A7),
ZnT9 (SLC30A9), and/or metallothionein in various blood cells isolated from healthy adult men and women in response to zinc supplementation
or depletion. Cell types included leukocytes, peripheral blood mononuclear cells, T lymphocytes, monocytes, and erythrocytes. ZIP1, ZnT1, and
metallothionein were the most commonly measured proteins. Changes in ZIP1 and ZnT1 in response to zinc supplementation or depletion were
not consistent across studies. Leukocyte metallothionein decreased with zinc depletion (—39% change from baseline, <5 mg Zn/d, n = 2 studies)
and increased with zinc supplementation in a dose-dependent manner (35%, 15-22 mg Zn/d, n = 7 studies; 267%, 50 mg Zn/d, n = 2 studies) and
at the earliest time points measured; however, no change or delayed response was observed in metallothionein in erythrocytes. A greater

percentage of studies demonstrated that metallothionein in leukocyte subtypes was a more reliable (100%, n = 12; 69%, n = 16) and responsive

(92%, n = 12; 82%, n = 11) indicator of zinc exposure than was plasma zinc, respectively. In conclusion, current evidence indicates that

metallothionein in leukocyte subtypes may be a component in determining zinc status. Adv Nutr 2016;7:735-46.
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Introduction

Zinc is an essential trace mineral required for growth, devel-
opment, DNA synthesis, immunity, and many other critical
biological processes. Although less common in those living
in developed nations, severe zinc deficiency has been de-
scribed in individuals consuming diets with low zinc bioavail-
ability and those with extensive burns, chronic diseases, and
genetic disorders such as acrodermatitis enteropathica (1).
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In contrast to severe zinc deficiency, marginal or moderate
zinc deficiency may be widespread. However, subclinical
zinc deficiency is difficult to diagnose because of the lack of
a specific, responsive, and reliable indicator of zinc status. Ex-
perimental zinc deficiency in laboratory animals demonstrates
that even mild and moderate zinc deficiency negatively affects
health. The severity of dietary zinc restriction (adequate zinc
and mild, moderate, and severe deficiency) is linked to the se-
verity of disease outcomes, including alopecia, dermatitis,
stunted growth and development, and death (2). In humans,
mild or moderate zinc deficiency can lead to stunted growth
and delayed puberty in adolescents, hypogonadism in males,
dermatitis, reduced appetite, mental lethargy, and delayed
wound healing (3). Thus, the lack of a biomarker to assess
zinc status is a substantial barrier to the development of tar-
geted nutritional interventions and human health.

Optimal zinc status can be defined as the concentration
of dietary zinc intake required to saturate tissue concentra-
tions and, as a result, prevent functional declines associated
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with deficiency. Zinc status is currently assessed by mea-
suring plasma or serum zinc concentration (referred to as
“plasma zinc” hereafter). Despite their convenience for as-
sessing zinc status at the population level, circulating con-
centrations of zinc are considered to be a poor indicator
of zinc status (4-6). Because zinc is required for multiple as-
pects of general metabolism, complex systems tightly regulate
zinc homeostasis. When zinc intake is low, there is a reduction
in endogenous losses to conserve zinc (7) and zinc is mobilized
from small, rapidly exchangeable pools in the plasma, liver, and
possibly bone (8, 9). Thus, circulating concentrations of zinc
are relatively insensitive to changes in dietary zinc. Moreover,
plasma zinc responds to factors unrelated to zinc status. Factors
such as pregnancy, oral contraceptive use, inflammation/infec-
tion, fasting compared with postprandial state, and time of day
all are known to influence circulating concentrations of zinc
(4). Because of the lack of a specific, responsive, and reliable in-
dicator of zinc status, various alternative biomarkers have been
considered [reviewed in (10)].

One potential method is assessment of the expression of
zinc-transporting and zinc-binding proteins, such as metal-
lothionein, in circulating blood cells, such as peripheral
blood mononuclear cells (PBMCs)*. These cell populations
are readily obtained by venipuncture and may have utility
in clinical or field studies. Since the discovery of the first
zinc transporter in 1995, 24 zinc transporters have been de-
scribed in mammals and can be divided into 2 distinct fam-
ilies: the zrt-, irt-like protein (ZIP) [solute carrier family
(SLC) 39A] family of zinc importers and the zinc transporter
(ZnT, SLC30A) family of zinc exporters. Whereas ZIPs im-
port zinc into the cell or transport zinc from within a sub-
cellular compartment into the cytoplasm, ZnTs export
zinc out of the cell or transport zinc from the cytoplasm
into subcellular compartments. Metallothioneins are 61—
amino acid proteins characterized by their high cysteine
(30%) and metal content. Metallothionein binds cellular
zinc with high affinity, binding up to 7 zinc atoms (3 zinc
atoms in the B domain and 4 zinc atoms in the o domain),
and may serve as a small zinc reserve for cells (5). It is im-
portant to note that although metallothioneins are capable
of binding other essential (e.g., copper) and nonessential
(e.g., cadmium) metals, metallothionein-bound zinc is
thought to be the predominant form of metallothionein in
human tissue. For example, metallothionein is not present
in the livers of zinc-deficient rats, even when liver copper
concentrations are high (11). Metallothioneins are localized
intracellularly. Metallothionein-1 and -2 are the major iso-
forms and are expressed ubiquitously; metallothionein-3
and -4 are the minor isoforms and are found in specialized
cells, such as neurons and stratified squamous epithelium,
respectively. Metallothionein expression is induced by zinc
through the binding of zinc to metal-regulatory transcription
factor 1, which binds to metal-responsive elements in the

“ Abbreviations used: DBS, dried spot of whole blood; PBMC, peripheral blood mononuclear
cell; SLC, solute carrier family; TPEN, N,N,N' N'-tetrakis(2-pyridylmethyl)ethylenediamine; ZIP,
zrt-, irt-like protein; ZnT, zinc transporter.
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promoter of the metallothionein gene (12). Some zinc trans-
porters, such as ZnT1 (13), ZnT2 (14), and ZIP10 (15), also
contain metal-responsive elements that respond to zinc.
Zinc-responsive elements in the promoter region of zinc trans-
porters (16), such as ZnT5 (SLC30A5) (17), suggest additional
mechanisms by which zinc may regulate zinc transporter ex-
pression. Thus, a number of studies have sought to determine
whether the protein or mRNA abundance of zinc transporters
and/or metallothionein in available tissues/cells may serve as
reliable biomarkers for zinc status. Because of the current
lack of comprehensive evidence detailing the use of PBMCs
and related cell types as a measure of zinc status, the objectives
of the present systematic review were to determine I) the re-
lation between zinc transporter and metallothionein expres-
sion in various circulating blood cell types and zinc exposure
in healthy adults and 2) the sensitivity of these measures com-
pared with the responsiveness of plasma zinc concentrations.

Methods

This review was written with the use of the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses statement guidelines (18).

Search methods for identification of studies. Manuscripts were obtained with
the use of PubMed and Web of Science. Zinc supplementation and depletion
studies were included in the search. The search terms used were “(erythrocyte
OR RBC OR peripheral blood mononuclear cell OR PBMC OR leukocyte OR
lymphocyte OR monocyte) AND (zinc transporter OR ZIP OR ZnT OR
SLC39 OR SLC30 OR metallothionein) AND (supplement OR supplementa-
tion OR depletion OR deficiency).” Manuscripts were compiled into one data-
base and duplicates were removed. Initial screening of manuscripts was
performed by assessing the title and/or abstract. Full-text manuscripts were re-
trieved for those that remained after the initial screening and the citations of
the full-text manuscripts were searched for additional sources. All manuscripts
then were evaluated in their entirety by 2 independent reviewers (SRH and
AMK). The last search was performed on 15 December 2015.

Study selection. A summary of zinc transporters, the participants, interven-
tions, comparisons, outcomes, and study design criteria used for the inclusion
and exclusion of studies is included in Table 1. Eligible studies were in the
English language and included healthy adults (=18 y of age) who received
a zinc intervention (supplementation and/or depletion) with known concen-
trations of zinc accompanied by the separation of a blood cell type from hu-
man whole blood and a measure of zinc transporter and/or metallothionein
abundance in those cells. Additional criteria included the following: 1) re-
ported zinc transporter and/or metallothionein abundance at baseline and
after zinc supplementation or depletion or the use of a placebo group, 2) re-
ported daily dose of elemental zinc administered as a supplement or as dietary
zinc, and 3) participants did not consume mineral or vitamin supplements.
There was no restriction of study design, which included randomized
controlled trials, controlled clinical trials, and before—after studies. Exclu-
sion criteria included the following: I) studies involving pregnant or
breastfeeding women or individuals with existing disease and 2) studies
in commercial cell lines or studies in which human blood cells were ob-
tained and treated subsequently with zinc and/or a zinc chelator such as
N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) in vitro.

Data extraction. Data extraction was conducted by one reviewer (AMK) and
verified by a second reviewer (SRH). A third reviewer (JPM) was consulted in
cases of disagreement. Extracted data included sample size, age, study design,
form and quantity of zinc, cell type isolated, proteins measured, collection
day(s), significant findings, and plasma zinc response. To approximate the ef-
fect of varying concentrations of supplemental zinc on leukocyte metallothio-
nein, the percentage change from baseline was calculated for all studies that
examined metallothionein expression in leukocytes. In studies that determined



TABLE 1

Summary of participants, interventions, comparisons,

outcomes, and study design criteria used for the inclusion and
exclusion of studies

Inclusion

Exclusion

Participants

Interventions

Healthy

Adults (=18'y)

Female and/or male
participants

Isolation of blood cell
type from zinc

Existing disease
Children (<18'y)
Pregnant

No intervention
Commercial cell line

supplemented/depleted or isolation of blood
subjects cell type and
treatment/depletion
) ) of zinc in vitro
Comparisons  Baseline
Placebo

Expression of
metallothionein
Expression of zinc
transporter(s)
No restriction

Outcomes

Study design

metallothionein expression at multiple time points (19-21), the day with the
greatest percentage change was used. Data were grouped on the basis of
the amount of dietary zinc consumed per day (<5, 15-22, and 50 mg Zn/d)
and are presented as percentage change from baseline = SE

Results
A total of 233 records were identified through database
searching (Figure 1). After screening the abstracts, 193 rec-
ords were excluded and 40 full-text manuscripts were ac-
cessed and assessed for eligibility. Common reasons for
exclusion included lack of intervention or baseline measure-
ment or control group, pre-existing health condition (e.g.,
diabetes), <18 y of age, or the study exclusively used animals
or commercialized cell lines. One study was not included be-
cause high-quality RNA was isolated from only 6-9 subjects
despite samples having been obtained from 48 subjects (22).
Sixteen studies were included in the qualitative synthesis.
The characteristics and findings of the 16 studies included
in this systematic review are summarized in Table 2 (19-21,
23-35). Ten studies enrolled male subjects, 3 studies enrolled
female subjects, and 3 studies enrolled both male and female
subjects. Thirteen studies enrolled healthy subjects with ages
ranging from 18 to 65 y, with one study including a subset
of healthy subjects aged 64-75 y (24); one study included
only healthy subjects aged 59-78 y (25); and one study in-
cluded only subjects aged 65-85 y with low plasma zinc
(<0.77 mg/L or 11.8 M) (33). One study only included over-
weight/obese subjects [defined as BMI (in kg/mz) =25] (30).
This study was not excluded because not all studies included in
this systematic review included the body weight of study par-
ticipants. All studies included either a depletion phase fol-
lowed by a repletion phase or a supplementation phase; in
some instances this included a post-supplementation phase
during which the subjects received a placebo pill. Six studies
included controlled feeding for a select period or the entire du-
ration of the study. In the remaining studies, participants con-
sumed a self-selected diet, or the diet was not specified. Zinc

supplementation studies ranged from 10 to 84 d and included
supplementation with ~15-50 mg Zn/d. Zinc depletion stud-
ies were ~ 10 d and consisted of an egg white-based liquid diet
containing ~0.3-0.5 mg Zn/d with added sodium phytate to
limit the bioavailability of zinc; one depletion study provided a
marginal zinc diet (4.6 mg Zn/d) for 70 d (23).

Three studies isolated leukocytes (24, 29, 30); 1 study iso-
lated granulocytes (19), which include neutrophils, eosino-
phils, and basophils; 4 studies isolated monocytes (19-21,
34); 3 studies isolated T lymphocytes (19, 23, 33); 4 studies iso-
lated PBMCs (20, 26, 27, 31), which include T lymphocytes
and monocytes; 1 study isolated reticulocytes (31); 5 studies
isolated erythrocytes (20, 21, 25, 28, 35); and 3 studies used
whole blood or dried spots of whole blood (DBSs) (19, 20, 31).

With the exception of 6 studies that determined the pro-
tein expression of metallothionein (20, 21, 25, 28, 35) and
ZnT1, Z1P8, and ZIP10 (32) in erythrocytes, all studies deter-
mined the RNA expression of metallothionein or zinc trans-
porters. Expression of ZnT1 was determined in 7 studies (19,
24, 27, 29-32). Four studies (2 in leukocytes, 1 in PBMCs,
and 1 in erythrocytes) demonstrated no change in ZnT1 ex-
pression in response to zinc supplementation or depletion
(24, 27, 29, 32). Two studies, one in DBSs and one in leuko-
cytes, identified an increase with zinc supplementation (19,
30), and one study that isolated PBMCs, reticulocytes, and
whole blood found a decrease in ZnT1 in all cell types with
zinc depletion (31). Of those studies reporting a change,
DBS ZnT1 responded within 48 h to zinc supplementation
(earliest time point studied) (19). PBMC, reticulocyte, and

Records identified through
database searching:
PubMed (n=117)

=
2 | Web of Science (n = 166)
S
!
E
= Records after Additional records
duplicates removed identified through
(n=226) other sources (n = 7)
; |
=
E Records Records
E screened —>| excluded
2 (n=233) (n=193)
£ Full-text articles Full-text articles excluded (n = 24)
E assessed for - No intervention (n=7)
i) T — e ;
= eligibility - Existing disease (n = 6)
(n=40) - Cell line (n=6)
- No baseline or control (n = 2)
\L - Included pregnant subjects (n = 2)
E Studies included in - Included subjects <18 y old (n=1)
% qualitative synthesis
= (n=16)
FIGURE 1 Flow diagram of preferred reporting items for

systematic reviews and meta-analyses.
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whole-blood ZnT1 responded within 6 d of zinc depletion,
which was the earliest time point studied (31).

Expression of ZIP1 was determined in 5 studies. Three
studies found that ZIP1 did not respond to zinc supplemen-
tation or depletion in leukocytes or PBMCs (27, 29, 31). One
27-d zinc supplementation study found a decrease in ZIP1
expression in leukocytes (24), whereas one longer-term sup-
plementation study (84 d) that used lymphocytes found an
increase in ZIP1 (33). Expression of ZIP3 was determined in
3 studies (19, 27, 31). DBS ZIP3 decreased with 48-h zinc
supplementation (19), and reticulocyte ZIP3 decreased
with 6 d of zinc depletion (no change was observed in
PBMC ZIP3) (27, 31). ZIP8 and ZIP10 were measured in
3 studies (27, 31, 32). Neither transporter responded to
zinc in PBMCs, reticulocytes, or erythrocytes. Expression
of ZnT5 and ZnT6 were determined in 3 studies (27, 30,
31); expression of ZnT7 and ZIP14 were determined in 2
studies (27, 31); and expression of ZnT2, ZnT4, ZnT9,
ZIP5, and ZIP6 were determined in one study (30, 31).
PBMC ZnT5 and ZnT4 decreased with zinc depletion and
leukocyte ZnT5 and ZnT9 increased with zinc supplementa-
tion (27, 30, 31); no other transporters responded to zinc.

Metallothionein was the most frequently investigated
marker of zinc status; 12 studies determined its expression
in various blood cell types. T lymphocyte metallothionein
increased and decreased with zinc supplementation (19,
33) and depletion (23), respectively. The increase in metal-
lothionein was observed within 48 h of supplementation
(earliest time point measured) (19). Monocyte metallothio-
nein increased within 48 h of zinc supplementation (19-21,
34), whereas granulocyte metallothionein did not increase
significantly until day 4 of supplementation (19). In both
cell types, metallothionein returned to baseline 48 h after
supplementation ceased. PBMC metallothionein increased
(20, 26, 27) and decreased (31) with zinc supplementation
and depletion, respectively. These changes were observed
at the earliest time point measured (48 h and day 10, respec-
tively). Erythrocyte metallothionein protein did not increase
until day 8 of zinc supplementation and remained elevated
after supplementation ceased (20, 21). Similarly, erythrocyte
metallothionein protein did not decline until day 7 of zinc
depletion, when the volunteers were on the repletion phase
(28, 35). DBS metallothionein increased within 48 h of zinc
supplementation (19, 20). One study reported that metallo-
thionein returned to baseline 48 h after supplementation
ceased (19), whereas another found that metallothionein
protein did not return to baseline until 4 d after supplemen-
tation ceased (20). Reticulocyte metallothionein did not
change with zinc depletion (31).

The plasma zinc response to supplementation and/or de-
pletion was determined in 14 studies. Six studies found no
change in plasma zinc with zinc depletion or supplementa-
tion (23, 25, 27-30). Two studies that provided 15 mg Zn/d
for 10 d indicated an increase in plasma zinc after 2d and 4 d
of zinc supplementation (20, 26). These were the earliest
time points of data collection. One study found a decrease
in plasma zinc by day 8 of a 10-d depletion (31). In the

same study, plasma zinc increased by day 3 of zinc repletion
(31). Two studies that supplemented with 50 mg Zn/d for
15-18 d reported an increase in plasma zinc on day 6 (ear-
liest time point measured) (21, 34). One longer-term study
documented an increase in plasma zinc on day 56 of an 84-d
supplementation trial (20 mg Zn/d) (33).

Eleven studies determined both metallothionein and
plasma zinc in response to zinc supplementation and/or de-
pletion. A comparison of the findings for both measures is
presented in Table 3. To assess the reliability of these mea-
sures to changes in dietary zinc, the percentage of studies
that responded to zinc supplementation and/or depletion
was determined for metallothionein and plasma zinc. Metal-
lothionein responded to zinc supplementation or depletion
in 100% of the studies that used leukocytes (n = 12) and
89% of studies that used erythrocytes, reticulocytes, or
DBSs (n = 9). Plasma zinc responded to zinc supplementa-
tion or depletion in 69% of studies (n = 16). The sensitivity
of changes in metallothionein and plasma zinc was deter-
mined by calculating the percentage of studies that detected
a change at the earliest time point measured. Of those stud-
ies that reported a change, leukocyte metallothionein re-
sponded at the earliest time point measured in 92% of
studies (n = 12), the exception being granulocyte metallothi-
onein, which responded on day 4 of supplementation (day 2
was the earliest) (19). Erythrocyte, reticulocyte, and DBS
metallothionein responded at the earliest time point mea-
sured in 63% of studies reporting a change (n = 8) and failed
to return to baseline post-supplementation in 2 studies.
Plasma zinc responded at the earliest time point measured
in 82% of studies reporting a change (n = 11) and did not
return to baseline post-supplementation.

To determine whether expression of leukocyte metallothio-
nein reflected the amount of dietary zinc consumed, percentage
change from baseline was calculated for all studies that deter-
mined metallothionein expression in leukocytes (Figure 2).
Data were organized on the basis of the amount of dietary
zinc consumed (<5 mg Zn/d, n = 2; 15-22 mg Zn/d, n = 7;
50 mg Zn/d, n = 2). Metallothionein expression decreased
39% from baseline in subjects consuming <5 mg Zn/d
(RDA = 8 mg/d and 11 mg/d for women and men >19 y)
and increased with elevated concentrations of dietary
zinc (135%, 15-22 mg Zn/d and 267%, 50 mg Zn/d).

Discussion

The major finding from this systematic review was that me-
tallothionein expression in leukocytes was more sensitive to
changes in dietary zinc than other indicators. Findings also
suggest that metallothionein expression in leukocytes may
be a more reliable and sensitive measure than plasma zinc
for determining zinc exposure. As such, of currently available
methods, leukocyte metallothionein expression may be an
important component in determining zinc status. Finally,
this systematic review highlights the need for more studies
that examine the utility of zinc transporter expression in leu-
kocytes, perhaps in combination with another biomarker, as a
clinical indicator of zinc status in human blood.

Metallothionein and zinc transporters as zinc biomarkers 743



TABLE 3 Comparison of metallothionein and plasma zinc response to zinc supplementation and depletion’

Metallothionein response Plasma zinc response

Response Day Response Day Notes Study (reference)
T lymphocytes v (D) 49 (earliest) — — Allan et al,, 2000 (23)
A (5 2 (earliest) NA — Metallothionein returned to baseline Aydemir et al.,, 2006 (19)
with placebo (2 d, earliest)
A (5 84 (earliest) A (S 84 (earliest) Sharif et al., 2015 (33)
Granulocytes A (5 4 (2 earliest) NA — Aydemir et al., 2006 (19)
Monocytes A (5 2 (earliest) NA — Metallothionein returned to baseline Aydemir et al.,, 2006 (19)
with placebo (2 d, earliest)
A (5 2 (earliest) A (S 2 (earliest) Metallothionein returned to baseline Cao and Cousins, 2000 (20)
with placebo (2 d, earliest)
A (S 6 (earliest) A (S 6 (earliest) Sullivan and Cousins, 1997 (34)
A (S 2 (earliest) A (S 6 (earliest) Metallothionein returned to baseline Sullivan et al, 1998 (21)
with placebo (4 d, earliest)
PBMCs v D) 6 (earliest) v (D) 8 (3 earliest) Ryu et al, 2011 (31)
A (5 2 (earliest) A (S 2 (earliest) Metallothionein returned to baseline Cao and Cousins, 2000 (20)
with placebo (2 d, earliest)
A (9 4 (earliest) A (5 4 (earliest) Cao et al, 2001 (26)
A (5 2 (earliest) — — Metallothionein returned to baseline by Chu et al, 2015 (27)
day 4 of supplementation
Erythrocytes v D) 21* (15 earliest) — — *Metallothionein decreased on day 6 of Bales et al,, 1994 (25)
repletion (no change on day 15 of
depletion)
v (D) 12 (earliest) — — Thomas et al,, 1992 (35)
A (S 30 (earliest)
v D) 7* (1 earliest) — — *Metallothionein decreased on day 1 of ~Grider et al,, 1990 (28)
repletion (no change on days 1-6 of
depletion)
A (5 7 (earliest) Metallothionein decreased to baseline
after supplementation ceased (7 d,
earliest)
A (9 8 (2 earliest) A (5 2 (earliest)  Metallothionein remained elevated af-  Cao and Cousins, 2000 (20)
ter supplementation ceased (2-4 d)
A (9 8 (2 earliest) A (5 6 (earliest)  Metallothionein remained elevated af-  Sullivan et al, 1998 (21)
ter supplementation ceased (4 d)
Reticulocytes — D) — \ ) 8 (3 earliest) Serum zinc increased by day 3 of re- Ryu et al, 2011 (31)
pletion (earliest)
DBSs A (9 2 (earliest) NA — Metallothionein returned to baseline Aydemir et al,, 2006 (19)
with placebo (2 d, earliest)
A (5 2 (earliest) A (S 2 (earliest)  Metallothionein returned to baseline by Cao and Cousins, 2000 (20)

day 4 of placebo (2 d, earliest)

' *Response was observed during repletion phase. D, depletion; DBS, dried spot of whole blood; NA, not available; PBMC, peripheral blood mononudlear cell; S, supplementation;

¥V, decrease; A, increase; —, no change.

This systematic review highlights several attributes that sug-
gest metallothionein expression in leukocytes may have poten-
tial as a preferred biomarker to assess zinc status. The studies
included in this review demonstrate that metallothionein ex-
pression is sensitive to changes in dietary zinc. Metallothionein
expression in leukocytes decreased in response to zinc deple-
tion and increased in response to zinc supplementation in
a dose-dependent manner and at the earliest time point
measured, from decreased expression with zinc intake less
than the RDA to a corresponding increase with elevated
amounts of dietary zinc. This is in agreement with previous
work that demonstrated that metallothionein increases in
response to extracellular zinc and is degraded when metal-
lothionein-bound zinc is released when zinc is low (13). In-
terestingly, metallothionein expression in cells isolated from
the erythroblast lineage (e.g., reticulocytes and erythro-
cytes) demonstrated a reduced or lack of sensitivity to
changes in dietary zinc. This likely reflects the absence

744 Hennigar et al.

of nuclei and longer lifespan of red blood cells (120 d)
compared with leukocytes (4-39 d). Metallothionein, which
is concentrated in the reticulocyte fraction, can also change
in response to factors influencing the rate of erythropoi-
esis (e.g., poor iron status) (23), further suggesting that
erythrocytes may not be a sensitive cell type for assessing
zinc status.

In contrast to leukocyte metallothionein, plasma zinc did
not respond consistently to changes in dietary zinc. Some
studies did not detect a change in plasma zinc, and, in
others, the response was not sensitive (i.e., failed to return
to baseline when supplementation ceased). Changes in
plasma and tissue zinc are relatively insensitive to changes
in dietary zinc because of mechanisms that tightly control
zinc homeostasis. Thus, plasma zinc only falls when dietary
intake is so low that homeostasis cannot be established with-
out the use of zinc from the exchangeable zinc pools (when
dietary zinc falls below 5-6 mg Zn/d) (4). One study included
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FIGURE 2 Metallothionein expression in leukocytes. Values are
percentage changes from baseline * SEs for all studies that
examined metallothionein expression in leukocytes. In studies
that determined metallothionein expression at multiple time
points (19-21), the day with the greatest percentage change
was used. Data are grouped based on the amount of dietary
zinc consumed per day [<5 mg Zn/d, n = 2 (23, 31); 15-22 mg
Zn/d, n =7 (19, 20, 26, 27, 33); 50 mg Zn/d, n = 2 (21, 34)].

in this systematic review only included subjects with low
plasma zinc (<0.77 mg/L or 11.8 uM) and found increases
in metallothionein expression and plasma zinc with increased
zinc supplementation (33). However, this study only included
2 time points (baseline and day 84), so it is not possible to
determine the sensitivity of the measures in individuals
who start with low plasma zinc concentrations. Collec-
tively, these findings suggest that, compared with plasma
zing, zinc status may be more appropriately determined by
considering assessment of the mechanisms used to control
zinc homeostasis in response to fluctuations in zinc intake
(i.e., zinc-binding proteins and/or zinc transporters).

Lastly, this review highlights the lack of consistency in the
zinc transporter expression data. Because of the large number
of zinc transporters and the general lack of studies that exam-
ined zinc transporter expression in response to zinc supple-
mentation and/or depletion, more comprehensive studies
are required to determine whether zinc transporter expres-
sion in leukocytes can be used to assess zinc status. Before
conducting these studies, it is important to consider that
zinc transporters are expressed in a tissue and cell type—specific
manner (36). Thus, it is essential first to characterize the zinc
transporters expressed in different human leukocyte popula-
tions and to determine which of these transporters re-
sponds to dietary zinc. Overbeck et al. (37) assessed the
expression of ZnT1-9 in PBMCs and found that ZnT1
was most highly expressed, whereas ZnT2 was not expressed
and ZnT3 and ZnT9 were expressed at low levels. Impor-
tantly, the authors reported that ZnT8 was not expressed
uniformly, suggesting that ZnT8 expression is not a reliable
indicator of zinc status. The authors also isolated and cul-
tured PBMC:s in vitro in response to supplemental zinc or
TPEN and found that ZnT1 expression increased incremen-
tally in cells cultured with 15 and 30 wM zinc and decreased
slightly with TPEN. Expression of other zinc transporters
has been assessed in commercialized cell lines, such as
THP-1 monocytes (38). However, these studies may not
represent accurately changes observed in humans, because
the expression pattern between commercialized cell lines

and primary cells varies (37). Finally, zinc transporters re-
spond to zinc through transcriptional and post-translational
mechanisms (39, 40). Thus, no changes in expression, but dif-
ferences in localization/function, may provide important in-
formation regarding their use in assessing status.

The current study is not without limitations. Because of
the number of zinc transporters and different cell types in-
cluded in this systematic review, it was not possible to com-
pare the results statistically. It should also be noted that 9
of the 16 studies included in this systematic review came
from one laboratory. Moreover, the majority of studies de-
termined the RNA expression of metallothionein, which
precludes comparison of the relative concentrations of me-
tallothionein across studies and clinically. Recent advances
allow for the detection of metallothionein with the use of
commercially available immunoassays; however, reference
material for metallothionein concentrations needs to be
developed in order to compare metallothionein concentra-
tions reliably across different immunoassays.

Moving forward, future research should further characterize
the use of metallothionein as a biomarker of zinc status, such as
whether metallothionein can be used in adolescents and chil-
dren or individuals with disease. Although the authors did
not determine metallothionein expression, one study not in-
cluded in this systematic review examined ZnT1 and ZIP1 ex-
pression in leukocytes isolated from 12- to 16-y-old female
patients (41). In agreement with Andree et al. (24), the authors
reported a decrease in ZIP1 with zinc supplementation; how-
ever, no change was observed in ZnT1 or plasma zinc con-
centrations. Other questions, such as whether the different
proportion of blood cell subtypes in peripheral blood, which
vary across individuals, affects the sensitivity to zinc supple-
mentation/depletion, should also be assessed. For example,
metallothionein transcript abundance in monocytes is 3 times
that found in granulocytes and 2 times that found in T lym-
phocytes (19). Moreover, factors that affect metallothionein
and zinc transporter expression [e.g., inflammatory agents,
free radicals, glucocorticoids, and pharmacologic agents (42,
43)] must be considered when assessing zinc status. To cir-
cumvent the impact of confounders, other nutrients use mul-
tiple indicators and a multivariable model. Following this
paradigm, it is likely that the search for a zinc biomarker will
not yield a sole indicator to assess zinc status. Thus, the com-
bination of metallothionein and zinc transporter expression in
leukocytes (perhaps used in conjunction with plasma zinc) may
provide a more comprehensive view of zinc status while min-
imizing the influence of confounders on any single variable.

Overall, evidence from the current systematic review
suggests that metallothionein in leukocytes is sensitive to
changes in dietary zinc. This indicates that the detection of
metallothionein in leukocytes, which can be obtained readily
by venipuncture, may be a reliable marker to assist in the de-
tection of zinc status in a clinical or field setting.
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