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Abstract Zinc (Zn) is an essential trace mineral that reg-

ulates the expression and activation of biological molecules

such as transcription factors, enzymes, adapters, channels,

and growth factors, along with their receptors. Zn defi-

ciency or excessive Zn absorption disrupts Zn homeostasis

and affects growth, morphogenesis, and immune response,

as well as neurosensory and endocrine functions. Zn levels

must be adjusted properly to maintain the cellular pro-

cesses and biological responses necessary for life. Zn

transporters regulate Zn levels by controlling Zn influx and

efflux between extracellular and intracellular compart-

ments, thus, modulating the Zn concentration and distri-

bution. Although the physiological functions of the Zn

transporters remain to be clarified, there is growing evi-

dence that Zn transporters are related to human diseases,

and that Zn transporter-mediated Zn ion acts as a signaling

factor, called ‘‘Zinc signal’’. Here we describe critical roles

of Zn transporters in the body and their contribution at the

molecular, biochemical, and genetic levels, and review

recently reported disease-related mutations in the Zn

transporter genes.
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Zinc homeostasis is essential for life

Bioinformatics analysis of the human genome reveals that

zinc (Zn) can bind*10% of all of the proteins found in the

human body [1, 2]. This remarkable finding highlights the

physiological importance of Zn in molecules involved in

cellular processes. Zn is required for the normal function of

numerous enzymes, transcriptional factors, and other pro-

teins [3–6]. These proteins can potentially interact with Zn

through specific regions such as Zn-finger domains, LIM

domains, and RING finger domains. The skeletal muscles

and bones serve as major tissue reservoirs for Zn [7, 8]

(Fig. 1) but cannot store more Zn than the body needs.

Therefore, we must take in Zn daily from our diet to

maintain proper Zn-related cellular processes. While the

toxicity of Zn is quite low, and it is generally non-harmful,

a deficiency or excess of Zn can cause severe symptoms

[4]. Zn deficiency causes eye and skin lesions, hair loss,

immune dysfunction, taste abnormalities, and growth

retardation, and excessively high Zn exhibits its toxicity as

nausea, vomiting, fever, and headaches [9]. Symptoms of

Zn deficiency are improved by Zn supplementation [4],

confirming that Zn is an essential trace mineral and that Zn

homeostasis is a crucial physiological process [10–15].

Zn is important for development, differentiation, immune

responses, neurological functions, and protein synthesis.

Supplementation of Zn and Zn complex with some other

compounds are reported to have somebeneficial effects onour
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health [16–18]. Recent studies provide evidence for a growing

number of physiological functions of chelatable Zn in cellular

responses. Zn acts as a neuromodulator in synaptic transmis-

sions [19, 20], and as an intracellular signal transducer in

multiple cellular functions, which is regulated by Zn trans-

porters [21–23]. A number of Zn transporters regulate Zn

homeostasis and are crucial for proper cellular functions.

Recent studies indicate that impaired Zn transporter function

is strongly linked to clinical human diseases. There are a

number of evidences about the membrane transporters having

the great potential for drug targets [24–31]. Hence, Zn and Zn

transporters should be considered as novel therapeutic targets.

We here describe the physiological and molecular

functions of Zn transporters, which regulate Zn home-

ostasis and are involved in cellular biology, signal trans-

duction, development, and human diseases.

Systemic Zn homeostasis

The adult human body contains *2–3 g Zn. The skeletal

muscle, bone, and liver/skin store 60, 30, and 5% of the

total Zn, respectively, and*2–3% is stored in other tissues

[7] (Fig. 1). Less than 1% of the total Zn is found in the

serum; 80% of the serum Zn is bound to serum albumin,

and 20% is strongly bound to a2-macroglobulin [32, 33].

The body can adjust to up to a ten-fold increase in daily Zn

intake and maintain homeostasis [34]. Approximately 0.1%

of the total Zn is supplemented by daily food intake (or for

infants, breast milk). Zn from food is absorbed mainly in

the small intestine, and the body’s ability to absorb Zn

increases up to 90% when the availability of Zn is limited

[35]. When too much Zn is taken in, Zn is secreted from

the gastrointestinal tract and is also disposed of through

sloughing epithelial cells in the mucosa [36, 37]. As Zn is

distributed within the body, each Zn transporter tightly

regulates Zn levels according to the tissue, cell type, and

organelle level. In terms of Zn distribution in the cellular

compartments, the cytoplasm, the nucleus, and the plasma

and organelle membranes contain 50, 30–40, and 10%,

respectively, of the total cellular Zn [21, 38]. Although the

intracellular Zn concentration reaches 10–100 lM [39–41],

the actual concentration of Zn in the cytosol is estimated to

be quite low, perhaps in the pico-molar to low nano-molar

range, because Zn binds a number of functional proteins in

the cytosol and organelles and is also distributed into
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Fig. 1 Zn storage and

distribution in the body. Dietary

Zn is absorbed from the small

intestine and distributed to the
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vesicles in the cytosol [42–45]. Zn concentrations have

been reported for mitochondria (0.14 pM) [46], the mito-

chondrial matrix (0.2 pM) [47], the ER (0.9 pM–5 nM),

and the Golgi (0.2 pM) [48, 49] (Fig. 2, top). However,

there are dramatic differences in the concentrations in some

cases, which could be due to environmental differences

such as oxidative conditions, protein folding, Zn interac-

tions with other proteins, and the methods of measurement.

When Zn acts as a signaling molecule, as in the Zn spark or

Zn wave [50, 51], the cellular Zn concentration fluctuates

in response to various biological stimuli. The further

development of advanced methods for monitoring Zn

levels both in vitro and in vivo will help to reveal the

importance of these fluctuations in Zn levels.

Structure, function, and mechanism of Zn
transporters

The Zn ion is a stable divalent cation in living organisms, and

thus does not require a redox reaction formembrane transport,

unlike copper or iron [52, 53]. Thus, the expression level of Zn

transporters at the sites where they normally operate directly

defines the net cellular Zn transport. There is growing evi-

dence that themembrane proteins involved in Zn transport are

crucial for a variety of biological processes. Although some

types of permeable-channel proteins, including calcium

channels, assist in moving Zn across cellular membranes, the

Zn transporter (ZnT)/SLC30A family and the Zrt/Irt-like

protein/solute carrier family 39 (ZIP/SLC39A) are the pri-

mary Zn-transport proteins in metazoa, and are thus closely

related to Zn physiology and pathogenesis [53–57]. The

mammalian genome encodes nine ZnT and 14 ZIP trans-

porters; higher and lower numbers are encoded in other spe-

cies, such as Caenorhabditis elegans, Drosophila

melanogaster, and Gallus gallus [53, 58]. In general, ZnT-

family members, which are mammalian cation-diffusion

facilitator (CDF) proteins, are efflux transporters that reduce

cytosolic Zn levels by transporting Zn directly out of the cell

or into intracellular compartments, while ZIP-family proteins

are influx transporters that elevate cytosolic Zn levels by

pulling Zn into the cytosol from the extracellular fluid or from

intracellular vesicles (Fig. 2, bottom).

Structural and biochemical studies reveal that ZnT

transporters and their homologs act as Zn2?/H? antiporters

[59–61], which is reasonable for ZnT transporters, espe-

cially for ZnT2, ZnT3, ZnT4, and ZnT8, which localize to

acidic compartments and to vesicles such as endosomes/

lysosomes, synaptic vesicles, and insulin granules. How-

ever, it is still not clear how ZIP-family members transport

Zn. Zn-uptake studies suggest a mode of Zn/bicarbonate

symport [62–64], but this has not yet been confirmed by

other methods. An in vitro study using reconstituted pro-

teoliposomes suggested that ZIP proteins transport Zn by a

selective electrodiffusional channel mechanism [65].

ZnT-family structural properties

In general, ZnT transporters form homodimers to transport

Zn across cellular membranes [66, 67]. Each protomer is

thought to have a topology of six transmembrane domains

(TMDs) with cytosolic amino- and carboxyl-termini, based

on hydropathy plots and biochemical characterization
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Fig. 2 Zn storage and distribution

in intracellular compartments. The
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[53, 54]. Each protomer has two histidine (His) and two

aspartic acid (Asp) residues in TMDs II and V (HDHD core

motif) [68–70], which are thought to form an intramem-

branous tetrahedral Zn-binding site, because they are

indispensable for Zn-transport activity (Fig. 3) [68–70].

These structural characteristics almost coincide with those

of the Escherichia coli homolog YiiP, which is the only

ZnT-family protein whose overall three-dimensional

structure has been verified [71, 72]. YiiP’s 3D structure

shows a Y-shaped homodimer in which each protomer has

6 TMDs [71–74]. These TMDs are grouped into a compact

four-helix (TMDs I, II, IV, and V) bundle and a two-helix

pair (TMDs III and VI). The compact four-helix bundle

forms an inner core that creates a channel, where the

intramembranous tetrahedral Zn-binding site (site A) is

formed by four hydrophilic residues (a DDHD core motif)

in TMDs II and V, while the two-helix pair forms an

antiparallel configuration outside the bundle. Each pro-

tomer’s cytosolic carboxyl-terminal domain, which con-

sists of two a helixes and three b sheets, has two Zn-

binding sites (site C) and adopts the structure of a metal-

lochaperone-like fold. This metallochaperone-like structure

is highly conserved in other bacterial ZnT homologs

despite a high degree of sequence variety [75–77], and is

expected to be conserved in metazoan ZnT transporters.

Although there is much evidence to support the importance

of this structure, the recent discovery of CDF proteins

lacking this region raises questions about its precise role

[78]. Another Zn-binding site is located at the interface

between the membrane and the cytoplasmic domains (site

B) in YiiP, but this site is not conserved among ZnT

transporters.

Fig. 3 The putative structures of ZnT and ZIP transporters. Left side:

the putative topology of ZnT transporters. ZnT transporters efflux Zn

from the cytosol to the extracellular space or to the lumen of

intracellular compartments. ZnT transporters are thought to have six

TMDs consisting of two bundles of a compact four-helix (TMDs I, II,

IV, and V) and a two-helix pair (TMDs III and VI). They are thought

to function as Y-shaped dimers for Zn transport, based on the

structural information of E. coli YiiP (shown in top-left panel, PDB

3H90) [71–74]. Most ZnT transporters have an indispensable

intramembranous Zn-binding site (site A, indicated in magenta circle)

consisting of two His (magenta) and two Asp (yellow) residues

(HDHD core motif). The position of the His residue (red circle) is

speculated to regulate metal substrate specificity. The cytosolic

carboxyl-terminal domain (pink square) contains the cytosolic Zn-

binding site (site C, indicated in dark green circle), and is thought to

consist of two a helixes and three b sheets (abbab). The Zn-binding

site corresponding to site B in YiiP is omitted because this site is not

conserved among ZnT transporters. The cytosolic His-rich loop is

indicated in green. The PP motif in the luminal loop in ZnT5 and

ZnT7, which is important for TNAP activation [139], is shown in red.

Putative Zn chaperon proteins in the cytosol may transfer Zn to the

ZnT transporters (see text). Right side: the putative topology of ZIP

transporters. This diagram is based on the information available for

ZIP4, which is in the LIV-1 subfamily [93, 95]. ZIP transporters

mobilize Zn in a direction opposite to that of ZnT transporters. ZIP

transporters are thought to have eight TMDs and to function as dimers

(not shown). The His residue (magenta) in TMD V is speculated to

form part of an intramembranous Zn-binding site, and this position

may be involved in specifying the substrate metal. ZIP transporters of

the LIV-1 subfamily are characterized by a long extracellular amino-

terminal portion containing the helix-rich domain (HRD, orange) and

the PAL motif–containing domain (PCD, blue). A potential metal-

loprotease motif (HEXPHEXGD) is embedded in TM helix V (pale

green). Some ZIP transporters have a His cluster (purple) in the

cytosolic loop between TMDs III and IV
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Several mechanistic models have been proposed to

explain how YiiP transports Zn. An autoregulation model

proposes that YiiP’s Zn-transport activity is regulated by an

allosteric mechanism: the cytosolic carboxyl-terminal

domain containing site C senses and binds the Zn ion, which

induces a scissor-like movement of the homodimers that

interlocks the TMDs at the dimer interface, thereby modu-

lating the coordination geometry of the intramembranous Zn

(site A) for Zn transport [71, 72]. Another model proposes an

alternative-access mechanism in the Zn2?/H? exchange, in

which TMDs of YiiP can adopt cytosolic-facing and peri-

plasm-facing conformations, both of which can bind Zn ions

(in site A) or protons, and the extracellular proton provides a

driving force for exporting the Zn ions from the cytosol

[73, 74]. In this mechanism, Zn binding to the cytosolic

carboxyl-terminal portion (site C) might induce conforma-

tional changes in the TMDs for Zn transport in alternative-

access mechanism [77], and is important for stabilizing the

homodimers [73, 74]. Most ZnT transporters and their

homologs have a characteristic cytosolic loop between

TMDs IV andV that is enriched inHis residues. TheHis-rich

loop is thought to be essential for modulating Zn transport

and for metal substrate specificity [59, 79], and thus might

deliver Zn from the cytosol to the Zn-binding site (site A)

within the TMDs as a key Zn-binding motif.

Although all ZnT transporters have an intramembranous

tetrahedral Zn-binding site (site A) in the HDHD core

motif [68–71], ZnT10 is unique in having an Asn residue

instead of a His residue in TMD II (the NDHD core motif

in TMDs), which enables ZnT10 to transport manganese

(Mn) [80]. An S. pneumonia ZnT homolog, the Mn-specific

transporter MntE, has an Asn residue in the corresponding

position in TMD II (NDDD core motif), and this residue is

required for its ability to transport Mn [81]. These results

suggest that this position in TMD II is critical for regu-

lating metal substrate specificity. Consistent with this

possibility, replacing the His residues in TMD II with Asp

residues (i.e., an alteration from the HDHD motif to the

DDHD core motif) allows ZnT5 and ZnT8 to transport

cadmium as well as Zn [68]. Based on their phylogenetic

relationships and metal substrate specificities, CDF trans-

porters are classified as Zn-CDF, Zn/Fe-CDF, or Mn-CDF

transporters. All ZnT transporters belong to the Zn-CDF

group [69, 82], and they are further subdivided into four

groups: (1) ZnT1 and ZnT10; (2) ZnT2, ZnT3, ZnT4, and

ZnT8; (3) ZnT5 and ZnT7; and (4) ZnT6 [58, 69, 83]. This

system does not place ZnT10 in the Mn-CDF family,

despite its ability to transport Mn; therefore, its classifi-

cation might have to be reconsidered.

While most ZnT transporters form homodimers to

transport Zn, ZnT5 and ZnT6 (and their orthologs) form

heterodimers [66, 84–86]. In the ZnT5-ZnT6 heterodimer,

ZnT6 functions as an auxiliary subunit because it lacks Zn-

transport activity; it may have a modulatory function for Zn

transport [86]. In addition to ZnT5 and ZnT6, other ZnT

transporters were recently found to form heterodimers

[87, 88] that might regulate Zn homeostasis under physi-

ological and pathological conditions in manners distinct

from their respective homodimers [87]. Covalent dityrosine

bonds within the cytosolic carboxyl-terminal domain are

proposed to regulate the homo- and heterodimerization of

ZnT transporters [88]; thus, clarifying the molecular

mechanism by which these covalent dityrosine bonds are

created would help us understand how the heterodimers

form.

ZIP-family structural properties

Although the structure of ZIP-family transporters has

proven elusive [89], recent studies have added to our

understanding of their structural and mechanistic charac-

teristics. As with ZnT transporters, ZIP transporters form

homodimers or heterodimers to transport Zn [65, 90–92].

Each protomer is thought to have eight TMDs and a

membrane topology in which the amino- and carboxyl-

terminal ends are both located outside the plasma mem-

brane or in the lumen of a subcellular compartment

(Fig. 3). Recent computational studies present a structural

model for ZIP4 that predicts eight TMDs and a homodimer

structure [93]. Based on their phylogenetic relationships,

ZIP transporters can be classified into subfamilies (I, II,

LIV-1, and gufA) [62, 94]. Most mammalian ZIP-family

members are classified into the LIV-1 subfamily, which is

characterized by a potential metalloprotease motif (HEX-

PHEXGD) in TMD V and a CPALLY (PAL) motif

immediately preceding the first TMD. A recent study of the

crystal structure of the long extracellular amino-terminal

portion of ZIP4 revealed that the portion forms a homod-

imer centered around the PAL motif-containing domain

(PCD) [95]. Each protomer (extracellular portion) consists

of two structurally independent subdomains (PCD and a

helix-rich domain: HRD), both of which play pivotal but

distinct roles in Zn transport, although it has not been

revealed whether the structure is altered by Zn binding. Zn

transport by ZIP4 across the plasma membrane requires

extracellular His residues [96], raising the interesting

possibility that His residues in the extracellular portion

may alter the homodimer conformation through Zn bind-

ing. The PAL motif is found in most LIV-1 members

except for ZIP7 and ZIP13; thus, ZIP4’s structure provides

clues to the structure and function of the extracellular

portions of other proteins in the LIV-1 subfamily. Based on

the sequence similarity of the extracellular portion, the

LIV-1 subfamily proteins are divided into four subgroups:

(I) ZIP4 and ZIP12; (II) ZIP8 and ZIP14; (III) ZIP5, ZIP6,

J Physiol Sci (2017) 67:283–301 287
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and ZIP10; and (IV) ZIP7 and ZIP13. Proteins in the

subgroup III have a unique domain called a prion fold in

the extracellular region proximal to the membrane, indi-

cating an evolutionary link between these ZIP proteins and

the prion protein family [97]. Proteins in the subgroup IV

have a degenerate PAL motif. The extracellular portion of

the LIV-1 subfamily is thought to be important for dimer

formation, but may have different dimerization properties

in different subgroup members. In ZIP4, the extracellular

portion forms homodimers without an intermolecular

disulfide bond, while that of ZIP14 is predicted to form a

disulfide bond at the dimerization interface [95]. As with

ZnT transporters, ZIP transporters may operate as hetero-

dimers [92], in which the extracellular portion regulates

dimerization. ZIP transporters mobilize not only Zn, but

also iron, Mn, and cadmium across the cellular membranes.

The activity of ZIP8 and ZIP14 in transporting these ions

has been well investigated through in vitro kinetic evalu-

ation [63, 64, 98] and by physiology and pathology studies

in vivo [99–103]. In ZIP8 and ZIP14, the Glu residue in

TMD V rather than a His residue may recognize these

metals. However, the molecular mechanism of this recog-

nition has not yet been clarified, and other common

mechanisms may help regulate the metal specificities of the

ZIP transporters.

Mechanisms of Zn transporter expression
and modification

Because Zn transporters play physiological roles in a wide

range of cellular processes, increases or decreases in Zn-

transporter expression must be precisely timed for proper

Zn transport. The expression of ZnT and ZIP transporters is

sophisticatedly coordinated by transcriptional and post-

transcriptional regulations—including transcriptional acti-

vation, mRNA stabilization, protein modifications,

trafficking to target organelles, and degradation—in

response to various stimuli, including hormones, cytokines,

ER stress, oxidative stress, and hypoxia [104–115], all of

which is conducted in a cell- and tissue-specific or a dif-

ferentiation and developmentally regulated manner. For

instance, Zip6 upregulation by the transcriptional factor

STAT3 leads to the epithelial-mesenchymal transition

(EMT), which is critical in development [116]. Recent

studies revealed that microRNAs control the expression of

ZnT and ZIP transporters [117–119]. These expression

controls all contribute to cellular Zn homeostasis, and thus

a normal physiological state, and are involved in disease

pathogenesis in some cases. This review focuses only on

the regulation of Zn transporters by Zn status; other stimuli

that affect Zn transporter expression are reviewed else-

where [52–55, 57, 120–123].

In vertebrates, the rapid Zn-responsive transcriptional

control of some ZnT transporters requires the Zn-sensing

transcription factor MTF-1 (metal response element-bind-

ing transcription factor-1). MTF-1 increases ZnT1 tran-

scription, as does metallothionein, by binding metal-

responsive elements (MREs) in response to excessive Zn

[15, 124]. A similar regulatory mechanism functions in the

Zn-responsive increase of ZnT2 transcription [104]. How-

ever, ZIP10 transcription is repressed via MTF-1 binding to

MREs, by which MTF-1 pauses Pol II transcription

[12, 125]. Another Zn-finger transcription factor, ZNF658,

also regulates Zn-responsive Zn transporter expression

[126]. Because transcriptional regulation by ZNF658 is

completely independent of MTF-1, ZNF658 is likely to be

important in Zn homeostasis in a unique manner, although

this point needs to be clarified.

The expression of ZIP and ZnT transporters is regu-

lated posttranslationally in a Zn-dependent manner. This

is exemplified in ZIP4 expression, which increases sig-

nificantly in response to Zn deficiency, causing an accu-

mulation of ZIP4 protein at the apical surface of intestinal

epithelial cells. When cytosolic Zn levels are sufficiently

elevated, the accumulated ZIP4 on the plasma membrane

is rapidly endocytosed and then degraded [127–131]. A

similar endocytosis in response to excessive Zn has been

found for several ZIP transporters [132]. The endocytosed

ZIP4 and other ZIP transporters are degraded in the

ubiquitin–proteasome or lysosomal degradation pathway,

suggesting that a conserved Zn-responsive endocytosis

mechanism may maintain Zn homeostasis by controlling

the expression of ZIP transporters. Severe Zn deficiency

causes ZIP4 to be processed so that the extracellular

amino-terminal portion is proteolytically cleaved

[129, 133]. A similar proteolytic processing mechanism is

found in ZIP10 in response to Zn deficiency [134] and in

ZIP6 for its trafficking to the plasma membrane [134].

Since the cleaved ZIP transporters (the 8 TM helices

lacking the amino-terminal portion) can still transport Zn

[95, 129], it is possible that the extracellular portion of

these ZIP proteins modulates Zn-transport activity, and

that the proteolytic processing of the amino-terminal

portion is a crucial mechanism for regulating Zn uptake.

Intriguingly, this processing also occurs in ZIP10 in the

prion-infected mouse brain [134]. The posttranslational

regulation of ZnT transporters in response to Zn status is

poorly understood. However, it is interesting that some

ZnT transporters (ZnT4 and ZnT6) traffic Zn from

intracellular compartments to the cell periphery when Zn

levels are high [135]. The regulation of Zn-induced ZnT

translocation mechanisms is important for proper cellular

Zn homeostasis, as is also true for copper, for which the

transporters ATP7A and ATP7B are important regulators

[136].
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Zn transporters regulate Zn enzyme activation
and maturation

There is growing evidence that Zn transporters contribute

to various physiological events and to disease pathogeneses

by mobilizing Zn ions across biological membranes. One

crucial function of Zn transporters is the activation of Zn

enzymes, which is mediated by Zn coordination at the

enzyme’s active site. In this section, we will briefly sum-

marize the sophisticated molecular mechanism by which

Zn transporters activate Zn enzymes by describing the

tissue-nonspecific alkaline phosphatase (TNAP) activation

process.

Many ZnT transporters pass through the ER and Golgi

apparatus, and can thus carry Zn from the cytosol into the

lumen. However, the luminal Zn mobilized by a specific

ZnT transporter is probably limited to a very specific,

critical role, if any, in these organelles. For example, ZnT5–

ZnT6 heterodimers and ZnT7 homodimers are indispens-

able for activating TNAP, a Zn-requiring ectoenzyme, by

supplying Zn to the apo-TNAP protein [137, 138]. Inter-

estingly, both complexes (even mutant ZnT5–ZnT6 het-

erodimers that cannot transport Zn) stabilize the TNAP

protein, indicating that the processes of protein stabiliza-

tion and metalation can be divided in Zn–TNAP interac-

tions. TNAP activity is severely diminished in cells lacking

both ZnT5–ZnT6 heterodimers and ZnT7 homodimers, and

is not restored by excess Zn supplementation in the culture

medium [137]. Thus, ZnT5–ZnT6 heterodimers and ZnT7

homodimers probably control TNAP activation through an

elaborate two-step regulation mechanism: the TNAP pro-

tein (apo-TNAP) is first stabilized in the early secretory

pathway, after which the apo-TNAP protein is converted to

holo-TNAP by Zn that is supplied by ZnT5–ZnT6 hetero-

dimers or ZnT7 homodimers.

In this two-step mechanism, the Pro-Pro (PP) motif in

the luminal loop of ZnT5–ZnT6 heterodimers and ZnT7

homodimers (Fig. 3) is suggested to be important [139].

The PP motif is highly conserved in ZnT5 and ZnT7

across multiple species, but is not conserved in other

ZnTs. A double Ala substitution in ZnT5’s PP motif

severely impairs its ability to activate TNAP, but does not

appear to significantly impair its ability to transport Zn.

The PP motif is thought to be located just above the

HDHD core motif in ZnT5 and ZnT7, suggesting that a

unique cooperative mechanism may operate between

these two motifs. Interestingly, ZnT5 with mutations in

the amino acids of the HDHD core motif (e.g., H451D or

D599E) fails to activate TNAP [139], although neither

mutation impairs ZnT5’s ability to transport Zn [68, 70],

suggesting that the HDHD core motif is important for

enzyme activation in addition to determining metal

specificity [68, 80].

Many Zn-requiring ectoenzymes probably become

functional by binding Zn in the secretory pathway, which

suggests that disturbing the cytosolic Zn metabolism may

affect their activation. This idea is based on the activation

process of copper-requiring ectoenzymes, in which the

cytosolic copper chaperone Atox1 is crucial for transferring

cytosolic copper to the ectoenzyme for its metalation

through trans-Golgi network-resident copper-transporting

P-type ATPases (ATP7A and ATP7B). Thus, copper-re-

quiring ectoenzymes are not fully activated in cells lacking

Atox1 [140], even though cytosolic copper levels are ele-

vated [141]. Interestingly, disturbing cytosolic Zn metabo-

lism by disrupting the ZnT1, ZnT4, and metallothionein

genes significantly impaired TNAP activation despite ele-

vated cytosolic Zn [142]. Considering the similar enzyme-

activation defects in cells lacking Atox1 and those lacking

ZnT1, ZnT4, and metallothionein, it is attractive to

hypothesize that putative Zn chaperone proteins, controlled

by the cooperative functions of ZnT1, ZnT4, and metal-

lothionein, may function in the transfer of cytosolic Zn to

ZnT transporters such as the ZnT5–ZnT6 heterodimers or

ZnT7 homodimers [142] (Fig. 3).

Zn transporters mediate Zn signaling

A number of cellular proteins interact with Zn in a specific

domain to exert their biological functions. Studies have

revealed that Zn acts not only as an accessory molecule for

proteins but also as a signaling molecule, much like cAMP

and calcium [22, 143], and thus regulates various signaling

pathways such those mediated by growth factors, hormones,

[144], or Toll-like or cytokine receptors [108, 112, 116, 145].

Consider the following examples:

ZIP6: ZIP6-regulated Zn transport suppresses E-cadherin

transcription via SNAIL, and this suppression is important

in the embryogenesis of the zebrafish gastrula [116, 146].

ZIP6 also adjusts TLR-signal-mediated immune responses

[108].

ZIP8: ZIP8 transcription is controlled by NF-jB. ZIP8-
mediated Zn transport decreases proinflammatory

responses by suppressing IjB activity [110].

ZIP10: ZIP10 inhibits caspase activity, in turn promoting

cell survival in B cell development [112]. ZIP10 also

regulates B-cell antigen-receptor (BCR) signaling,

which includes CD45 phosphatase activity [147].

ZIP13: ZIP13-mediated Zn transport regulates BMP/

TGF-b signaling by controlling SMAD’s nuclear

translocation [148].
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ZIP14: ZIP14-mediated Zn transport negatively regu-

lates phosphodiesterase (PDE), to maintain cAMP levels

within GPCR signaling pathways [147, 148]. In addition,

ZIP14 modulates protein tyrosine phosphatase 1b

(PTP1B) to promote c-Met phosphorylation and con-

tribute to liver regeneration [149].

These functions of ZIP-family members indicate their

principal relationships to systemic growth and bone

homeostasis. Interestingly, the Zn signals mediated by each

Zn transporter regulate not only the influx or efflux of Zn

ions, but also specific cellular events. Therefore, a deeper

understanding of the biological functions of each Zn

transporter will provide further insight into the Zn trans-

porter–Zn axis as a crucial physiological system.

Physiology and pathophysiology of ZnT and ZIP-
family members

Various biological functions have been reported for ZnT

and ZIP-family members (Fig. 4; Tables 1, 2). Knockout

(KO) studies in mice and human genetic studies have

revealed unique physiopathological roles of each ZnT and

ZIP protein, as follows.

ZnT: physiology and pathophysiology

ZnT1: genetic Znt1-KO mice show embryonic lethality

[150].

ZnT2: the genetic loss of ZnT2 function reduces Zn

levels in breast milk [151] and causes Zn-deficiency-

related symptoms in infants [152–154].

ZnT3: Znt3-KO mice have Alzheimer’s-like memory

impairment, indicating that ZnT3 is involved in main-

taining memory [155, 156].

ZnT4: mice with a genetic loss of Znt4 function (called

lethal-milk mutant mice) produce milk with markedly

low Zn content [157]. ZnT4’s function in regulating the

Zn content of breast milk in mice is similar to that of

ZnT2 in humans. The lethal-milk phenotype of these

mice clearly demonstrated that sufficient dietary Zn is

indispensable for the development and growth of the

pups.

ZnT5: Znt5-KO mice have impaired mast-cell-mediated

immune responses [158], severe osteopenia, and brad-

yarrhythmia-induced male-specific sudden death [159].

ZnT7: in Znt7-KO mice, both growth and the accumu-

lation of body fat are impaired [160]. In addition, male

KO mice fed a high-fat diet have symptoms of metabolic

disorders such as insulin and glucose intolerance and

hyperglycemia [161].

ZnT8: bioinformatic analysis showed that the ZnT8 gene

is strongly related to type I and II diabetes [162, 163].

ZnT8 expressed in pancreatic b cells is involved in

secreting insulin, forming crystals [164–166], and elim-

inating insulin by the liver [167].

ZnT10: the loss of ZnT10 function results in Parkinson-

ism and dystonia-like symptoms with hypermangane-

semia, chronic liver dysfunction, and hematopoiesis

disorders such as polycythemia [103, 168–170].

ZIP11

Golgi ER

Insulin granules

Endosomes / Lysosomes

ZnT1ZIP14ZIP1~6 ZIP8 ZIP10

ZIP7

ZnT2~4

ZnT5

ZnT8

ZnT5

ZnT7

ZnT10

ZIP8

ZIP9

ZIP13

Fig. 4 ZnT and ZIP intracellular localizations. The diagram shows

the localization of ZnT (green) and ZIP (yellow) proteins, and the

direction of Zn transport (black arrows) for each organelle and

plasma membrane. In terms of Zn homeostasis, ZnT and ZIP maintain

the influx and efflux of Zn ions between the cell and extracellular

spaces, or between the cytosol and the organelle compartments,

thereby maintaining appropriate Zn concentrations in the cells
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ZIP: physiology and pathophysiology

While the biochemical characterization of ZIP transporters

is less complete than that of ZnT transporters, their phys-

iological significance is evident (Fig. 4). Knockout studies

of ZIP-family genes have reported many unique pheno-

types (Table 2).

ZIP1, ZIP2, and ZIP3: KO studies of Zip1, Zip2, and

Zip3 in mice did not reveal any phenotypes; however,

embryonic development was abnormal if the mother’s

Zn intake was limited. Therefore, during pregnancy,

lacks of the ZIP1, ZIP2, and ZIP3 genes are thought to

be more susceptible to Zn deficiencies [171–174].

ZIP4: ZIP4’s physiological functions are well charac-

terized in both mice and humans. A genetically mutated

SLC39A4/ZIP4 allele that loses ZIP4 function results in

a rare autosomal recessive disorder (acrodermatitis

enteropathica) characterized by severe Zn-deficiency

symptoms such as periorificial and acral dermatitis,

alopecia, and diarrhea in infants [175–177]. Zn supple-

ments improve these symptoms, and allow the patient to

survive; without supplementation, the patients die within

two years [175]. ZIP4 expressed on the apical membrane

of enterocytes regulates Zn absorption [127]. ZIP4 also

supports embryonic development by incorporating Zn

into the embryo [178].

ZIP5: ZIP5 loss-of-function mutations are associated

with autosomal-dominant nonsyndromic high-grade

myopia [179].

ZIP7: the genetic disruption of Zip7 in mouse intestine

enhances ER stress signaling, which associates with cell

death occurred in intestinal epithelium by loss of ZIP7

[180], which is discussed in the next part.

ZIP8: ZIP8 increases the expression of matrix-degrad-

ing enzymes by controlling Zn influx into chondro-

cytes, inducing osteoarthritis in mice and humans

[107]. Zip8-KO mice are embryonic lethal because of

abnormal organ morphogenesis and hematopoiesis

[181]. ZIP8 variants affect the function of Mn-depen-

dent enzymes, which is related to glycosylation [102].

In addition, ZIP8 has a non-synonymous variant that is

linked with schizophrenia [182]. The single-nucleotide

polymorphism analysis in the patients of inflammatory

bowel disease reveals that a ZIP8 variant is associated

with Crohn’s disease and gut microbiome composition

[183].

ZIP9: ZIP9 is expressed in breast cancer and prostate

cancer cell lines. Testosterone treatment increases intra-

cellular Zn concentrations, thereby upregulating a gene

related to apoptosis. These findings suggest that ZIP9 is

important for the mechanisms of cellular functions in

cancer cells [184].

Table 1 Genetic evidence for the biological relevance of ZnT transporters

Official

symbol

Protein Mutation

type

OMIM Gene

locus/

phenotype

Abnormality (*Phenotypes in human) Expression References

Slc30a1 ZnT1 KO 609521/ - Embryonic lethal Ubiquitous [150]

Slc30a2 ZnT2 *Mutation 609617/

608118

*Low Zn in milk Widely

distributed

[151–154]

Slc30a3 ZnT3 KO 602878/ - Prone to seizures; similar to the synaptic and memory deficits

of Alzheimer’s disease; required for pre-synaptic Erk

activation and hippocampus-dependent memory

Brain [155, 156]

Slc30a4 ZnT4 Mutation 602095/ - Lethal milk mutant: low Zn in milk Ubiquitous [157]

Slc30a5 ZnT5 KO 607819/ - Growth retardation, osteopenia and male-specific cardiac

death; impaired mast cell functions

Ubiquitous [158, 159]

Slc30a6 ZnT6 611148/ - Widely

distributed

Slc30a7 ZnT7 KO 611149/ - Growth retardation, low body Zn status and low fat

accumulation

Widely

distributed

[160, 161]

Slc30a8 ZnT8 KO;

*SNP

611145/

125853

Impairment of insulin secretion and insulin-crystal formation;

*type I and II diabetes mellitus

Pancreas [162, 167]

Slc30a10 ZnT10 *Mutation 611146/

613280

*Parkinsonism, hypermanganesemia, syndrome of hepatic

cirrhosis, dystonia, polycythemia

Small

intestine

Liver

Brain

[169, 170]
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ZIP10: Zip10-KO B cells in mice are developmentally

and functionally impaired, which disrupts immune

responses [112, 147]. ZIP10 expressed in breast cancer

and renal carcinoma cells affects cancer progression

[185, 186].

ZIP12: the genetic disruption of Zip12 attenuates the

development of pulmonary hypertension in a hypoxic

atmosphere in rats [114].

ZIP13: bone, tooth, and connective tissues development

and systemic growth are impaired in Zip13-KO mice and

in patients with loss of functions of ZIP13 proteins

[148].

ZIP14: as in Zip13-KO mice, Zip14-KO mice have

defects in bone development and systemic growth [187].

ZIP14 is also associated with hepatocyte proliferation,

decreased insulin signals, and increased production of

leptin and other adipokines [188]. One very recent study

suggested that the genetic loss of ZIP14 function is

involved in Parkinsonism-dystonia with neurodegenera-

tion and hypermanganesemia in childhood [103].

Table 2 Genetic evidence for the biological relevance of ZIP transporters

Official

symbol

Protein Mutation

type

OMIM Gene

locus/

phenotype

Abnormality (*Phenotypes in human) Expression References

Slc39a1 ZIP1 KO 604740/ – Abnormal embryonic development Ubiquitous [172]

Slc39a2 ZIP2 KO 612166/ – Abnormal embryonic development Liver, ovary,

skin, dendritic

cell

[173]

Slc39a3 ZIP3 KO 612168/ – Abnormal embryonic and T-cell development Widely

distributed

[171]

Slc39a4 ZIP4 KO;

*Mutation

607059/

201100

Embryonic lethal, *acrodermatitis

enteropathica

Small intestine [95, 175–177]

Slc39a5 ZIP5 KO;

*Mutation

608730/

615946

Intestinal Zn excretion; Pancreatic Zn

accumulation. *Nonsymptomatic high myopia

Small intestine,

kidney,

pancreas

[179]

Slc39a6 ZIP6

Liv1

608731/ – Abnormal gonad formation and E-cadherin

expression.

Glial cell migration in Drosophila

Widely

distributed

[92, 146]

Slc39a7 ZIP7

Ke4

601416/ – Impaired melanin synthesis, FGFR and Notch

signaling in Drosophila.

Colon epithelial cell differentiation and

proliferation in mouse

Widely

distributed

Colon

[180, 205, 206]

Slc39a8 ZIP 8 KO;

*Mutation

608732/

616721

Cdm mouse: Resistance to cadmium-induced

testicular damage, Crohn’s disease.

*Disorder of Mn transporter and glycosylation

Widely

distributed

[99, 102, 182, 183]

Slc39a9 ZIP9 Expressed in breast and prostate cancer cell

lines. Apoptosis regulation

Widely

distributed

[184]

Slc39a10 ZIP 10 KO 608733/ – B-cell development.

Breast cancer progression

Widely

distributed.

Renal cell

carcinoma

B-cell

[92, 147, 185, 186]

Slc39a13 ZIP13 KO

*Mutation

608735/

612350

Growth retardation, abnormal hard and

connective tissue development.

*Spondylocheiro dysplastic Ehlers–Danlos

syndrome

Hard and

connective

tissues

[148, 196]

Slc39a14 ZIP14 KO

*Mutation

608736/

617013

Growth retardation and impaired GPCR

signaling.

Impaired Mn homeostasis. Adipokine

production.

*Childhood-onset Parkinsonism-dystonia

Widely

distributed.

Bone and

cartilage

[103, 187, 188]
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Among the ZIP family, we introduce the most current

information about selected ZIP-family members as follows.

ZIP7: role of Zn signaling in the self-renewal
of intestinal epithelial cells

Ohashi et al. demonstrated that ZIP7, which predominantly

localizes to the ER membrane, promotes rapid cell prolif-

eration in intestinal crypts by maintaining ER function

[180]. The continuous self-renewal of the intestinal

epithelium depends on precisely regulated stem-cell

activity and the vigorous proliferation of progenitor

daughter cells [189]. A growing body of evidence indicates

that the unfolded protein response (UPR) plays a crucial

role in regulating the proliferation of the intestinal

epithelium, whereas excessive UPR induces ER stress,

leading to cell death [190–193]. Therefore, the balance of

UPR signaling must be finely tuned for the self-renewal of

intestinal epithelial cells. However, the underlying mech-

anisms remain unclear.

Ohashi et al. recently found that mice with an intestinal-

epithelium-specific Zip7 deletion exhibited extensive

apoptosis in the stem-cell-derived transit-amplifying (TA)

cells due to increased ER stress. This abnormality causes

the loss of intestinal stem cells and irreversibly impairs the

induction of self-renewal of the intestinal epithelium, and

is consequently lethal within a week after Zip7 deletion.

Taken together, the TA cells in the lower region of the

intestinal crypt enhance UPR signaling to support vigorous

cell proliferation. The UPR signaling then upregulates

ZIP7, which maintains Zn homeostasis under ER stress and

facilitates epithelial proliferation. This mechanism is

important for maintaining intestinal stemness, because

stem cells are highly susceptible to the ER-stress-induced

death of neighboring cells. Hence, ZIP7 is considered a

novel regulator of the homeostasis of the intestinal

epithelium [180].

ZIP10: role of Zn signaling in B-cell function
and embryonic development

ZIP10 is expressed in the spleen, thymus, and lymph nodes.

Among the various immune cells, ZIP10 is highly

expressed in B cells, especially in early B cell stages [147].

The deletion of Zip10 gene specifically in pro-B cells

reduces the B-cell counts and plasma Ig levels in mice

[112]. A B-cell-specific Zip10 deficiency impairs B-cell

differentiation and increases some types of caspase activity

leading to apoptosis; the same result is obtained by treating

cells with a chemical Zn-ion chelation compound. The

expression levels of other ZIP-family members are

unchanged in Zip10-KO mice, indicating that ZIP10 sig-

naling specifically regulates caspase activity, thereby pro-

moting the survival of pro-B cells. ZIP10 is also required

for functions of mature B cells. Namely, BCR-induced

B-cell proliferation is abolished in Zip10-KO mice, due to

that ZIP10-Zn signaling regulates activity of CD45, a

receptor-type protein tyrosine phosphatase (PTPase), which

is needed for BCR signal transduction, which contributes to

antibody-mediated immune responses. [147]. Therefore,

ZIP10 is a key player to fine-tune both early and late B cell

stages.

Taylor et al. reported that ZIP10’s physiological func-

tion is also required for embryonic development and cell

migration in fish. Zip10 knockdown causes head, eye,

heart, and tail deformities in zebrafish. They also demon-

strated that ZIP10 and ZIP6, the closest molecular relative

of ZIP10, form a heteromer to become functional. Since

ZIP6 is involved in cell migration during embryogenesis of

zebrafish [116] so ZIP6 and ZIP10 may cooperate their

functions in some cases [92].

ZIP13: role of Zn signaling in the development
of hard and connective tissues

ZIP13 forms a homodimer and localizes to the Golgi

apparatus. ZIP13 mobilizes Zn from the Golgi to the

cytosolic compartment, contributing to Zn homeostasis

[90, 91, 148]. ZIP13 is involved in the development of hard

and connective tissues [148, 194, 195], in the following

ways. (1) Bone formation: Zip13-KO mice have growth

impairments such as osteopenia and growth retardation.

Some processes required for bone elongation, such as

osteoblast-mediated bone formation and endochondral

ossification, are also impaired [148]. (2) Skin morphology:

Zip13-KO mice have fragile skin caused by a decrease in

the fibril-associated collagen layer [148, 194]. (3) Odon-

tological morphology: Zip13-KO mice have odontological

defects such as malocclusion, deformity, and incisor-tooth

breakage [148, 194].

In Zip13-KO mice, the functional genes related to cell

adhesion and polarity are decreased in primary osteoblasts

and chondrocytes [148]. The RNA expression of Msh

homeobox2 (Msx2), which regulates the development of

bones and teeth by BMP signaling, and of dermal type 1

collagen mRNA, is decreased in cells prepared from Zip13-

KO mice. In contrast, the mRNA of Runt-related tran-

scriptional factor 2 (Runx2), which affects osteoblast

maturation, accumulates excessively. BMP4 does not

induce Msx2 mRNA in Zip13-KO primary osteoblasts;

however, it dramatically increases Runx2 mRNA expres-

sion. TGF-b induces Smad7 mRNA and reduces type 1

collagen (Col1a2) in Zip13-KO primary dermal fibroblasts.
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Ectopic ZIP13 overexpression in Zip13-KO primary cells

rescues impaired BMP4/TGF-b signaling. Interestingly, the

TGF-b–mediated nuclear translocation of SMAD, but not

its phosphorylation, is inhibited in the Zip13-KO cells,

concomitant with the increase and decrease of Zn levels in

the Golgi and nucleus, respectively. A short-term Zn

deficiency in rats increases the Zip13 mRNA; however,

BMP2 is suppressed in the bones, causing defective bone

formation. The ZIP13 molecule is therefore significant in

BMP/TGF-b signaling.

The abnormal phenotypes in dermal, skeletal, ocular,

and dental tissues of Zip13-KO mice are clinically similar

to human Ehlers-Danlos syndrome (EDS), a genetic dis-

order that causes the abnormal development of connective

tissues [196]. Notably, loss-of-function mutations in the

ZIP13 gene have been identified in patients with the

spondylocheirodysplastic form of EDS (SCD-EDS),

specifically a G64D mutation at the c.221 nucleotide and a

frameshift mutation with a deletion between the c.483–491

nucleotides [148, 196]. ZIP13-mutant proteins are suscep-

tible to degradation by the valosin-containing protein

(VCP)-linked ubiquitin (Ub)-proteasome pathway, and this

degradation process is suppressed by proteasome-inhibitor

treatment [91]. Since ZIP13 mutants are susceptible to Ub-

proteasome pathways, Zn homeostasis via ZIP13 is

impaired, leading to the severe SCD-EDS pathogenesis

[91, 197].

ZIP14: role of Zn signaling in systemic growth

ZIP14, which is encoded by the SLC39A14 gene, is

expressed in the plasma membrane [187, 198]. ZIP14 is

expressed in chondrocytes and pituitary cells, and is crucial

for bone elongation and growth-hormone production

[199, 200]. Zip14-KO mice show dwarfism, scoliosis,

osteopenia, and shortened long bones [187].

Chondrocytes differentiate into prehypertrophic cells

that mature into hypertrophic chondrocytes [199]. Mice

with a chondrocyte-specific Zip14 KO are morphologi-

cally abnormal, with excessive hypertrophy in prolifera-

tive and hypertrophic zones. This phenotype is similar to

that of mice with a chondrocyte-specific deletion of

parathyroid hormone 1 receptor (PTH1R) [201]. PTH1R

signaling increases cAMP levels, which contributes to the

translocation of the catalytic subunit alpha of protein

kinase A (PKA-Ca) to the nucleus. PKA-Ca translocation

activates c-fos transcription [202]. Consistent with this

finding, the PKA-Ca–mediated c-fos transcription in

PTH1R signaling is reduced in Zip14 gene-deficient

chondrocytes with low intracellular Zn levels. In Zip14-

deficient cells, the cAMP levels are restored by Zn sup-

plementation or ectopic ZIP14 expression. ZIP14

signaling is therefore linked to PTH1R signaling, and has

an additive effect [187].

ZIP14-mediated Zn signaling also regulates somatic

growth. The Zn and cAMP levels are reduced in the pitu-

itary gland of Zip14-KO mice. Growth hormone-releasing

hormone (GHRH), which induces the release of GH from

pituitary somatotrophs, does not increase the plasma GH

levels in Zip14-KO mice. Insulin-like growth factor I (IGF-

I) in plasma and the transcription of its encoding gene, igf1,

in hepatocytes [203, 204] are reduced in Zip14-KO mice,

and the expression of the GH receptor is slightly altered in

the pituitary gland. Taken together, ZIP14 contributes to

GPCR signaling related to endochondral ossification and to

GH production, and is thus important for regulating sys-

temic growth in vertebrates.

Zip13 and Zip14 knockouts in mice have demonstrated

that these Zn transporters regulate Zn signaling that is

linked to specific physiological functions, and the impair-

ment of these Zn-signaling axes causes abnormalities in

systemic growth and bone homeostasis. Each of these Zn

transporters is likely to trigger signal pathways that regu-

late specific Zn-dependent outcomes (Fig. 5). ZIP14 is also

an important transporter for Mn. In zebrafish, a ZIP14

mutation impairs Mn transport and homeostasis, leading to

abnormal locomotor activity [103]. Interestingly, Mn

accumulations have been observed in patients with rapidly

progressive childhood-onset Parkinsonism-dystonia, and

reducing the blood Mn level improves clinical symptoms.

Moreover, ZIP14 mediates non-transferrin bound iron into

liver, which possibly involves in iron overload [100]. Thus,

homeostasis of multiple metals regulated by ZIP14 might

also be important in disease pathology.

Conclusions and perspectives

In the past few decades, physiological and genetic studies

of mice and humans have demonstrated the importance of

Zn and Zn transporters in health and disease. Although

much has been learned about the roles of Zn transporters,

their precise physiological functions are not clear. In par-

ticular, there are still major questions about the Zn trans-

porter families that have yet to be resolved. These

questions can be answered by analyzing (1) the expression

profiles, transcription mechanisms, and activation mecha-

nisms of Zn transporter family members in various tissues

and organelles; (2) the structure of each Zn transporter and

how the structure is related to the actual Zn influx/efflux

mechanisms; and (3) the signal-transduction mechanism of

each Zn transporter that reflects the Zn ion as a signal

molecule. These analyses require the development of

methods for detecting Zn and Zn transporters at high res-

olution both in vitro and in vivo. It would also be helpful to
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identify chemical compounds that specifically modulate

Zn-transporter functions; in addition, these compounds

would be candidate therapies for Zn-related disorders.

Zn homeostasis is likely to involve Zn-transporting

molecules besides the ZnT and ZIP families, and these

should be identified. Some Zn transporters also mobilize

another trace metal, indicating that two or more metal ions

might regulate cellular functions via identical membrane

transporters. Thus, we should focus not only on Zn, but

also on Mn, iron, and other trace metals, and further studies

of Zn transporters will provide a comprehensive picture of

systemic metallomics and of their therapeutic potential.

Recent studies have revealed important relationships

between Zn transporters and human diseases, indicating the

potential of Zn transporters as therapeutic targets (Fig. 5).

Further investigation of the functions of Zn transporters

will provide novel insights into their roles in cellular

functions and in mammalian health and disease.
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Fig. 5 Summary of Zn transporters in physiology and pathogenesis.

Biological inputs such as oxidative stress, antigen stimulation, aging,

growth factors, and virus infection trigger various intracellular

processes (blue square on upper side). ‘‘Modulation of Zn signals’’

intends the Zn ion, which is transported through individual Zn

transporters, modulates various intracellular processes followed by

the regulation of molecular status of their target molecules (red arrow

area in the middle). Zn signal affects numerous cellular events such as

migration, differentiation, proliferation and apoptosis, etc. These

cellular events contribute to induce specific biological outputs such as

allergy, development, immunity, nerve system and endocrine, etc.

(dark blue area on lower side). The impairment of Zn transporter-

mediated Zn signal will cause the progression and initiation of various

diseases. Please refer to Tables 1 and 2 for reviewing individual

biological functions of zinc transporters
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