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Abstract

Human pancreatic β cells have exceptionally high zinc content. In β cells the highest zinc

concentration is in insulin secretory granules, from which it is co-secreted with the hormone.

Uptake of zinc into secretory granules is mainly mediated by zinc transporter 8 (ZnT8), the

product of the SLC30A8 gene. The minor alleles of several single nucleotide polymorphisms

(SNPs) in SLC30A8 are associated with decreased risk of type 2 diabetes (T2D), but the precise

mechanisms underlying the protective effects remain uncertain. In this article we review current

knowledge of the role of ZnT8 in maintaining zinc homeostasis in β cells, its role in glucose

metabolism based on knockout mouse studies, and current theories regarding the link between

ZnT8 function and T2D.
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Regulation of intracellular bioavailable zinc

Zinc is essential for human health, with clinical deficiency having potentially fatal

consequences, through affects on multiple organs including elements of the epidermal,

gastrointestinal, central nervous, immune, skeletal, and reproductive systems (reviewed in

[1, 2]). Moreover, disturbances in zinc homeostasis that may contribute to, or exacerbate,

pathology have been observed in many chronic conditions including Alzheimer’s disease,

cardiovascular disease, cancer, autoimmunity, and diabetes (reviewed by [3, 4]). Zinc is

required by all cell types, playing critical catalytic, structural and regulatory roles, by

binding to a zinc proteome estimated in humans to contain ~3000 members [5]. However,
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although intoxication is relatively rare compared to other heavy metal ions, intracellular free

zinc concentrations must nonetheless be tightly controlled due to the central role that zinc/

cysteine interactions play in redox homeostasis [6], and the consequent capacity for both

low and high levels of bio-available Zn2+ to induce oxidative stress and related metabolic

disturbances that can trigger cell death [2, 7]. The cytoplasmic zinc concentration is

controlled by the actions of three classes of proteins, namely metallothioneins (that control

availability), and zinc transporters of the solute linked carrier 30 (SLC30) and SLC39 gene

families that together regulate intracellular distribution, mediating efflux from, and influx

into, the cytoplasm respectively (recently reviewed in [3, 8–10]).

Compared to other cell types pancreatic β cells have exceptionally high zinc content [11].

Within β cells the highest levels of zinc are located in insulin secretory granules (ISGs),

which may contain up to 70% of the total β cell zinc, and where the total concentration is

~10–20 mM [12]. ZnT8, the product of the SLC30A8 gene (UniGene Hs.532270) is

responsible for the very high level of zinc accumulation in ISGs [13, 14]. The major intra-

granular ligand for zinc is insulin, which is stored in a crystalline lattice of insoluble

hexamers in which 6 insulin molecules are complexed with 2 Zn2+ ions and 1 Ca2+ ion

(reviewed by [15, 16]). The high capacity binding provided by nascent (pro)insulin

hexamers likely acts as a “sink” to drive uptake, evidenced by the fact that guinea pigs, that

lack the insulin B10 His that coordinates Zn2+, accumulate only low levels of zinc in their

islets [17], although whether guinea pigs actually express a ZnT8 isoform is currently

unclear. Additional ISG Zn2+ ligands include inorganic ions such as phosphate, and other

proteins that are co-secreted together with insulin [12]. Of particular note is islet amyloid

polypeptide (IAPP) [18, 19], which is the major constituent of the amyloid plaques that are

present in the pancreas of the majority of individuals with T2D [20] and have been

implicated in β-cell apoptosis [21] and islet inflammation [22]. Intriguingly, ISG Zn2+ may

play a key role in preventing amyloidogenesis, acting both to increase the lag time of fiber

formation and decrease the rate of addition of monomers to existing fibrils [23, 24].

Moreover, IAPP can also interact with monomeric and crystalline insulin [25], which may

also influence amyloidogenesis [18]. At rest, β cell cytoplasmic free Zn2+ is estimated to be

approximately 400–450 pM [26]. Zinc in ISGs only slowly exchanges with Zn2+ in the

cytoplasm [27], thus the increases in cytoplasmic Zn2+ concentrations that occur during

GSIS [26, 28] are unlikely to involve internal release of the ion from ISGs. However, since

upon exocytosis the elevated pH (~5.5 in granules, ~7.4 in blood) destabilizes insulin

crystals releasing the monomeric hormone and free Zn2+ and Ca2+, re-uptake of co-secreted

zinc could contribute to the increases observed. Co-secreted Zn2+ might potentially act in a

paracrine manner to regulate glucagon secretion from α-cells [29, 30], although this remains

a subject of controversy [31], but may also act in an autocrine fashion to potentiate GSIS

[32].

ZnT8 expression

In humans high-level expression of SLC30A8 is mainly restricted to the endocrine pancreas.

It is absent from pancreatic exocrine tissue [33], but is expressed in some extra-pancreatic

sites, most notably retinal pigment epithelium [34] and several layers of the retina [35],

where its loss may contribute to the pathology of ischemic retinopathy. SLC30A8 mRNA
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has also been detected in human adipocytes [36] and lymphocytes [37], although evidence

of ZnT8 protein expression is still lacking. Within human islets, SLC30A8 mRNA and ZnT8

protein levels are highly enriched in β cells, but both are also present in α cells, albeit at

significantly lower levels [33, 38–40]. This is also true in rodents [41], but not in pigs,

where ZnT8 appears to be restricted exclusively to β cells [42]. In rodents, expression of

Slc30a8 has also been detected in extra-pancreatic endocrine glands including pituitary,

adrenal, and thyroid [43, 44].

At steady state in human β cells, ZnT8 shows a high degree of co-localization with insulin,

consistent with its principal role of facilitating uptake of Zn2+ into ISGs. However, the

overlap appears incomplete [45], suggesting that ZnT8 may also traffic to other intra-cellular

compartments. At present the sorting signal(s) responsible for targeting ZnT8 to ISGs have

not been defined, and the possibility that the alternatively spliced isoforms (see Box 1) have

distinct intra-cellular itineraries, like ZnT2 [46] and ZnT5 [47], cannot be excluded.

BOX 1

Zinc transporter 8 (ZnT8) regulation

There are 10 members of the SLC30 gene family in humans, and at least 8 of these

(SLC30A1, 2, 4, 5, 6, 7, 8, and 9) are expressed in human β cells [38, 40]. Of these, the

most abundant transcript encodes ZnT8, the product of the SLC30A8 gene located on

chromosome 8 at position 8q24.11.

The SLC30A8 gene contains 13 exons (exons 2 and 5 having multiple 5′ splice donor

sites; Fig IA) and spans ~226kB. It is processed to generate 5 primary transcripts, at least

two of which are co-expressed in β cells [38 ] and can potentially encode 2 protein

isoforms. The longest open reading frame (ORF), derived from transcript 1, encodes a

369 aa integral membrane protein translated from a start site in exon 5 (Fig IA). Exon 6,

present in transcripts 2–5, contains 2 in frame stop codons, which may prevent efficient

expression of transcripts 2, 4 and 5, that retain the start codon in exon 5. Transcript 3

lacks this exon, and could generate a truncated product of 320 aa derived from an

alternative start site in exon 7. This isoform would lack most of the N-terminal

cytoplasmic domain (Fig IB), a region that is also absent in the majority of non-

mammalian orthologs [48]. However, direct evidence for expression of the truncated

protein is lacking, and potential functional differences remain largely un-explored.

Relatively little is known about the transcription factors regulating SLC30A8 expression,

in part because the proximal SLC30A8 promoter is only active in stable and not transient

transfections [33]. Pound and colleagues identified a strong transcriptional enhancer in

the second intron of the mouse Scl30a8 gene [49] that is highly conserved (>80%) in

humans [33]. This enhancer is active in islet-derived β cells but not α cells [33, 49].

Analysis of the enhancer by scanning mutagenesis indicates that it binds multiple

transcription factors, one of which was identified through gel retardation and ChIP

analyses as Pdx-1 [49].

Several groups have studied factors that might regulate SLC30A8 expression. For

example, zinc depletion, glucose and cytokine treatments have all been reported to
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decrease Slc30a8 gene expression in mouse and rat islet-derived cell lines [50, 51],

although cytokine treatment had little apparent effect on SLC30A8 transcript levels in

cultured human islets [38]. Such regulation might potentially contribute to disease since

acute suppression of ZnT8 impairs GSIS in rodent β-cells [52] and in vivo may represent

an early event in diabetes [53].

Figure I for BOX 1. Schematic representation of human ZnT8 transcripts and proteins
A. Exons comprising the 5′ UTR and initiator methionine of the 5 NCBI RefSeq

transcripts are shown. Coding exons are shown in green and the 30bp exon 6 that

contains 2 in-frame stop codons in red, or pink in the case of transcript 3 that lacks the

start site in exon 5 and could give rise to a truncated product from a downstream in frame

ATG in exon 7. Exons 2 and 5 contain multiple splice acceptor sites. All transcripts

contain exons 8–13. The ZnT8 isoform potentially encoded by each transcript is shown.

It should be noted that most studies of the expression of SLC30A8 mRNA in non-β cell

tissues use primer pairs that will not distinguish the various transcripts. B. The domain

structure of the two isoforms are shown. The light blue shapes indicate domains

implicated in Zn2+ binding, and the bracket the approximate location of the polymorphic

residue 325.

ZnT8 and T2D in humans

Perhaps the most striking aspect of ZnT8 biology is the observation that polymorphisms in

the SLC30A8 gene are associated with altered risk of T2D. Exon 13, which encodes the final

52 aa of both isoforms (Box 1) contains 6 reported SNPs, two of which cause amino acid
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changes at position 325 (276 in isoform b), from an Arg to a Trp (rs13266634) or Gln

(rs16889462) respectively. Genome Wide Association Study (GWAS) data showed that the

major allele of rs13266634 was associated with a modest increased risk of T2D in some

[61–64], but not all [65, 66], populations. However, Flannick and colleagues recently

described 12 rare loss-of-function ZnT8 mutants that collectively are associated with a 65%

decrease in T2D risk [67]. This suggests that the GWAS data should instead more properly

be interpreted in terms of the minor allele of rs13266634 being associated with modest

protection from T2D. It should also be noted that the probes used to detect rs13266634

cannot distinguish between the Arg and Gln variants since both have a C at that position,

although in contrast to rs13266634, which has a relatively high minor allele frequency in

many populations, the Gln encoding rs16889462 SNP is relatively rare. Thus although in

most of the subjects included in the GWAS studies the C allele of rs13266634 likely

encoded an Arg, it cannot be concluded that this was always the case.

The other four SNPs on exon 13 are located in the 3′ UTR, and two (rs3802177 and

rs11558471) that are in strong linkage disequilibrium with rs13266634 have also been

linked to T2D risk [17, 18]. The rs13266634 Trp325-encoding T-allele is also associated

with a decrease in the plasma proinsulin to insulin ratio during oral glucose tolerance tests in

a population of individuals at risk for T2D [68]. However there are conflicting reports as to

whether rs13266634, rs3802177 and/or rs11558471 are linked to altered fasting blood

glucose, fasting insulin, insulin sensitivity, or glucose tolerance and insulin secretion [69–

73] [68, 74, 75].

A key issue therefore, is the mechanism that underpins the T2D association of rs13266634.

The initial and simplest hypothesis was that the coding change directly influences ZnT8’s

ability to transport zinc. Evidence that this could be the case was reported by Nicolson and

co-workers who used fluorescent dyes to monitor cytosolic (FluoZin-3) and vacuolar

(Zinquin) accumulation of zinc in murine MIN6 cells transiently expressing the Arg or Trp

variants of human ZnT8 [13]. They observed significantly greater fluorescence in cells

expressing the Trp variant, and concluded that this variant was therefore a more active

transporter. Similarly Kim and colleagues reported increased uptake of 65Zn into vesicles

from INS-1 cells over-expressing the Trp compared to the Arg variant [60]. However, how

this change is deleterious to β cell function is unclear since Cauchi and colleagues [73]

reported that the Trp encoding variant is not associated with improved basal or glucose-

stimulated insulin secretion (GSIS) from human islets. Moreover, the observation by

Flannick and colleagues [67] that haploinsufficiency is associated with marked decreased in

T2D risk appears to conflict with the conclusion that expression of a slightly less active form

of ZnT8 causes a modest increased risk of T2D, and suggests that a more complex

mechanism is responsible for the observed rs13266634 T2D association. Intriguingly, Nica

and colleagues found evidence of allele specific expression of the rs11558471 SNP [40] that

might be consistent with differential expression of the 2 alleles. However, Cauchi and

colleagues found no evidence that rs13266634 (and by implication those SNPs in linkage

disequilibrium with it) influenced SLC30A8 mRNA levels [73], arguing against changes in

mRNA expression or stability as the primary factor underlying T2D association with

rs13266634.
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In light of the effects of haploinsufficiency [67], other potential explanations that deserve

further exploration are that the protective Trp variant turns over at a faster rate than the Arg

isoform (thereby mimicking the effect of haploinsufficiency), or that it traffics differently

within the cell. Evidence for the latter possibility comes from the study of Nicolson and

colleagues [13], since the most dramatic difference between the Arg and Trp variants was

seen with respect to cytoplasmic accumulation of zinc. This suggests that ZnT8, like ZnT5

variant B [76], can operate bi-directionally, and mediate uptake across the plasma membrane

[13]. Consequently the protective effect of the Trp variant might stem from greater activity

at the plasma membrane than the Arg variant. How this might provide protection is unclear.

Of note, GSIS is associated with increased production of reactive oxygen and nitrogen

species [77]. Given the central role of zinc in mitigating oxidative stress [6] a unified theory

that might reconcile the apparently conflicting observations is that both the Trp and loss of

function variants might act by transiently providing a higher cytoplasmic zinc concentration

in the β cell during GSIS. In the former case this would be through greater activity at the

plasma membrane, and in the latter through a slower rate of depletion through uptake into

granules.

ZnT8 and β cell function in mice

The role of ZnT8 in mice in vivo has been investigated by six studies that examined the

effect of either global [13, 78–80] or β cell specific [81, 82] deletion of the Slc30a8 gene

(Table 1). There were several points on which most or all of these studies concurred. Most

studies reported no changes in islet insulin content [13, 78–80, 82] or on islet size, numbers

and cell composition [13, 78, 81, 82] in the ZnT8 knockout (KO) mice (Table 1). Global or

β cell-specific deletion of the gene resulted in marked changes in the appearance of insulin

secretory granules [13, 80–82] in most cases, however, one study observed no changes [79]

(Table 1). A clear decrease in islet zinc content was also observed (Table 1), though subtle

differences were apparent. Specifically Nicolson et al. [13] detected a decrease in zinc

content when using zinquin and dithizone but not FluoZin-3 whereas Pound et al. [78, 79]

detected a marked decrease through the use of FluoZin-3. Also, using zinquin, Wijesekara et

al. [81] detected a much more modest decrease in islet zinc in β-cell specific Slc30a8 KO

than global KO [13] mice.

Impact of ZnT8 on glucagon secretion

As discussed above, the Zn2+ that is co-secreted with insulin could potentially act in a

paracrine manner to regulate glucagon secretion from α-cells [29, 30], although this remains

a subject of controversy [31]. Neither global [13] nor β cell-specific [82] deletion of Slc30a8

appears to affect glucagon secretion from isolated islets. In addition, plasma glucagon levels

were unaltered in α cell-specific Slc30a8 KO mice [81], β cell-specific KO mice [82] and

global KO mice [13, 78–80]. The function of ZnT8 in α cells is therefore uncertain.

However, it is important to note that none of these studies examined the most important

stimulator of glucagon secretion in vivo, namely hypoglycemia [83].
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Impact of ZnT8 on GSIS and proinsulin processing

One of the most striking aspects of the KO mouse studies are the discordant results with

respect to the effect of Slc30a8 deletion on GSIS from isolated islets (Table 1). Two studies

report no effect of Slc30a8 deletion on GSIS [79, 80], two report impaired GSIS [78, 81]

and two report enhanced GSIS [13, 82] (Table 1). Tamaki et al. [82] have suggested that an

increase in GSIS in Slc30a8 KO mouse islets could be explained by the previously reported

inhibitory effect of zinc on insulin secretion. One potential technical explanation as to why

four of the six studies did not detect an increase in GSIS might involve differences in the

volume of media used in GSIS assays since this would alter the degree of dilution of co-

secreted zinc. However, whether such differences existed is not apparent from the methods

sections of these papers.

In addition to playing a structural role in the storage of insulin, Zn2+ is an essential co-factor

for many components of the proinsulin processing machinery [84]. Thus, ZnT8 may play a

role both in sorting/retaining proinsulin into the regulated secretory pathway, as well as in

regulating the activity of enzymes such as prohormone convertase (PC)1/3, PC2, or

carboxypeptidase E (CPE) and modulating intragranular pH or Ca2+ concentration. Zn2+ is

an essential co-factor for CPE [85], and loss of CPE activity reduces the overall rate of

conversion of proinsulin to insulin [86] probably through product inhibition of PC1/3 and 2

by conversion intermediates. Thus, several of the mouse KO studies examined the effect of

Slc30a8 deletion on proinsulin levels and processing. Inconsistent results were obtained,

with two studies reporting no effect on proinsulin processing [13, 80] whereas two other

studies reported a small increase in plasma proinsulin [81, 82]. In contrast, Pound and

colleagues [79] reported an unexpected decrease in plasma proinsulin levels, although the

effect was influenced by genetic background, leading to the conclusion that in mice, the

absence of Slc30a8 has only a minor effect on proinsulin processing, despite gross changes

in ISG morphology [13, 81].

Role of ZnT8 on in vivo physiology

All six Slc30a8 KO mouse studies investigated the influence of ZnT8 on in vivo physiology,

particularly with respect to glucose metabolism. As with the studies on β cell function, there

were several points on which most or all of these studies concurred. All six studies found

that Slc30a8 deletion does not affect body weight when mice are fed a standard chow diet

(Table 1), and, where analyzed, using either insulin tolerance tests or euglycemic-

hyperinsulinemic clamps, no changes in insulin sensitivity were observed [13, 79, 80, 82].

Five of the studies reported no change in fasting blood glucose (FBG) [78–82] whereas one

study reported an elevation in FBG, but only in young mice [13]. Similarly, three of the

studies reported no change in fasting insulin [79, 81, 82] whereas one study reported a

marked decrease [78]. Most studies also reported impaired glucose tolerance during

intraperitoneal glucose tolerance tests (IPGTTs) in young mice [13, 79, 80, 82], but only two

studies observed impairment in older mice [13, 78–80, 82] (Table 1). A slight impairment in

glucose tolerance at a single time point was observed during oral glucose tolerance tests

(OGTTs) in young mice [81] but no impairment was apparent in older mice [79] (Table 1).
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Impact of high fat diet (HFD)

Several of the KO studies also examined the effect of HFD, expecting that the additional

insulin secretory demand imposed by HFD induced insulin resistance might unmask a clear

phenotype in KO mice [87]. As with the studies on chow fed mice, the outcome of these

HFD studies were variable. Pound et al. [79] and Tamaki et al. [82] reported no difference

in glucose tolerance relative to wild type (WT) mice following HFD in global and β cell-

specific Slc30a8 KO mice, respectively, though Pound et al. [79] reported that the global

KO mice gained slightly less weight and had lower fasting insulin levels. Lemaire et al. [80]

also reported little effect in global Slc30a8 KO mice on glucose tolerance or body weight

after 10 weeks on HFD relative to WT mice, though interestingly, after prolonged feeding

(20 weeks) diabetes developed in 2 out of 4 KO mice versus 0 out of 8 WT mice. Finally,

Hardy et al. [88] reported that global Slc30a8 KO mice gained more weight than WT mice

on HFD and had higher fasting insulin levels, consistent with preliminary studies described

by Nicolson and colleagues [13] on the same mouse colony. Strikingly, Hardy et al. [88]

demonstrated that these effects of HFD on body weight were not replicated in β cell-specific

Slc30a8KO mice, suggesting that the effect of HFD on body weight they observed in global

KO mice required deletion of Slc30a8 in other cell types. Interestingly in humans SLC30A8

is preferentially associated with T2DM in lean and not obese individuals [89].

Tamaki and colleagues [82] recently reported that the absence of ZnT8 affects insulin

clearance by the liver. Using an elegant comparison of pancreas perfusion versus dual

pancreas and liver perfusion, they demonstrated enhanced GSIS from the pancreas of KO

mice using pancreas perfusion that was lost following dual pancreas and liver perfusion.

Tamaki et al. [82] suggested that this enhanced insulin clearance was likely not due to the

absence of ZnT8 per se but instead due to a reduction in zinc secretion from KO beta cells

resulting in enhanced clathrin-dependent insulin endocytosis. Indeed, Lemaire et al. [80]

showed that zinc release is markedly reduced from Slc30a8 KO islets. Thus Tamaki and

colleagues [82] hypothesized that the absence of ZnT8 has dual effects, promoting GSIS and

hepatic insulin clearance, both of which are mediated via the absence of zinc. Since the

GSIS observed using dual pancreas and liver perfusion was the same between WT and KO

mice, these effects at first glance appear to be offsetting [82]. However, Tamaki et al. [82]

also reported a marked decrease in insulin secretion in vivo during IPGTTs. While this

decrease is consistent with the observed impairment in glucose tolerance, it implies that the

initial absence of zinc during insulin secretion must enhance not only the first pass clearance

of the hypersecreted insulin though the liver but also subsequent passages. In support of

their model Tamaki et al. have shown that the rs13266634 SNP is associated with altered

insulin clearance in humans, as assessed by c-peptide/insulin ratios [82]. However, only two

other mouse studies examined insulin secretion in vivo during GGTs with one seeing a

similar decrease in insulin secretion [13] and the other reporting no change [81].

Nevertheless, a change in insulin clearance would explain the low fasting plasma insulin

observed in one study [78], though it would not explain why a similar decrease was not

observed in others (Table 1).
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The influence of genetic background and non-beta cell Slc30a8 expression

The variable results observed between the six KO mouse studies suggest that other factors

must be influencing the effect of Slc30a8 deletion. Environmental differences might be

important [90]; indeed, two groups [91, 92] have recently described an interaction between

SCL30A8 SNPs and plasma trans-β-carotene and zinc, respectively, that modulate the

influence of these SNPs on T2D risk. However, the most likely explanation for the variable

results is the variable genetic background and hence the variable influence of compensatory

modifier genes (Table 1). The influence of genetic background was initially apparent from

the studies of Nicolson et al. [13] who described data derived from independent colonies of

mixed genetic background global Slc30a8 KO mice established in London and Toronto. For

example, glucose tolerance in males was normal in the Toronto colony at 12 weeks of age

but impaired in the London colony, whereas GSIS was increased in isolated islets from KO

mice in the Toronto colony at 12 weeks of age but no change was observed in isolated islets

from KO mice in the London colony [13]. Similarly, when Pound et al. examined the effect

of Slc30a8 deletion on a mixed [78] and pure C57BL/6J [79] genetic background, multiple

differences were observed. Most notably, the reduction in fasting insulin in male mice and

the reduction in isolated islet GSIS observed on a mixed genetic background were lost on

the pure C57BL/6J background. Interestingly, the rs13266634 SLC30A8 variant is

associated with T2D risk in Asians and Europeans, but not in Africans [66], suggesting that

modifier genes may also influence the effect of SLC30A8 variations in humans.

The observation that mice with a global deletion of Slc30a8 do not have the same phenotype

as mice with β cell-specific deletion [79, 82] (Table 1), even when the two colonies are on a

pure C57BL/6J genetic background, suggests that Slc30a8 expression in other tissues also

influences the phenotype of global KO mice. Indeed, although predominantly expressed in β

cells in mice, ZnT8 is also found at lower levels in the testis, submaxillary glands, the

cubical epithelium that lines the thyroid follicles and the adrenal cortex [43].

The potential influence of developmental compensation

The presumptive deleterious effects of a complete loss of ZnT8 function may not be

apparent in global KO mice due to unknown compensatory gene expression changes during

development. Consistent with this hypothesis, Fu an colleagues [52] demonstrated

diminished uptake of exogenous zinc, reduced insulin content, and decreased GSIS

following an acute ~90% reduction of ZnT8 using an shRNA-mediated approach in the

INS-1 pancreatic β cell line. These acute suppression studies might reflect the true biological

importance of ZnT8, but are unlikely to be relevant to providing mechanistic explanations

for why lower expression of ZnT8 would be associated with reduced T2D risk.

The obvious candidates for compensatory factors are the other Slc30a family members. RT-

PCR analyses showed low expression of several Slc30a isoforms in both mouse [13] and

human islets [79], at least at the RNA level, but no evidence for a compensatory increase in

the expression of these or Slc39a members in islets from mice with either global [13, 80] or

β cell-specific [81] deletion. However, knockdown and KO mouse studies suggest that ZnT3

[50, 93] and ZnT7 [94] may play a functional role in regulating GSIS independent of ZnT8,

at least in mice. Although clearly unable to mediate high-level zinc accumulation in ISGs,
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these data suggest that factors affecting the activity of other zinc transporters may be able to

partially compensate for the loss of ZnT8, and could explain some of the variation in results

obtained between the various animal models.

The impact of gender

It is apparent that multiple gender differences exist with respect to the effects of Slc30a8

deletion [95], though gender cannot explain the variable data shown in Table 1, which are all

derived from studies on male mice. For example, Pound and colleagues [79] reported a

decrease in fasting insulin levels in female but not male KO mice on the C57BL/6J genetic

background. Similarly, Nicolson et al. [13] reported that female KO mice were glucose

intolerant in their Toronto colony at 12 weeks of age whereas males were normal. In

contrast, male mice were glucose intolerant in their London colony at 12 weeks of age

whereas females were normal. Most strikingly, Lemaire et al. [80] reported no effect of

Slc30a8 deletion on glucose tolerance in male mice at any age whereas female mice showed

impaired glucose tolerance at 6 weeks of age, improved glucose tolerance at 12 weeks of

age and no change at 25 weeks of age.

Concluding remarks and future perspectives

Overall, the six KO mouse studies show that in rodents the effects of Slc30a8 deletion are

fairly modest (Table 1), especially given the uniformly dramatic decrease in free zinc levels

in KO islets. Indeed, they imply that very low levels of zinc are sufficient for proper insulin

secretion and that Zn2+ accumulation in ISGs is probably not as important for insulin

secretion as previously thought. Consistent with this conclusion, guinea-pig insulin lacks a

histidine residue in the B10 position of the molecule, which normally binds zinc in hexamer

formation, and the zinc content of guinea pig islets is very low compared to mice and rats

[96]. The extent to which GSIS and ISG biogenesis place a burden on the capacity of SLC30

and SLC39 family members to maintain zinc homeostasis is unknown, although it is evident

that islet zinc content and insulin content do not change in parallel [27]. Given that the ISG

compartment can turn over every 24h, this is clearly a highly dynamic process, and both net

influx and the efflux of zinc from β cells are high relative to other cell types [97]. This may

create vulnerability, such that an imbalance in ZnT8 function may lead to increased β cell

stress that over time accelerates failure and progression to glucose intolerance and overt

T2D.

The KO mouse studies were initiated with the anticipation that a complete loss of ZnT8

would be deleterious and would likely lead to the development of T2D. This assumption was

based, at least in part, on an extrapolation of the initial GWAS studies in humans [61–64].

However, in the light of the recent study by Flannick and colleagues [67] it appears clear

that the previous focus on the major, rather than the minor rs13266634 allele, may have been

misleading. Indeed some of the KO data, such as the global Slc30a8KO mouse study by

Pound et al. [33], which showed decreased GSIS, decreased fasting insulin and normal

glucose tolerance, suggest improved rather than impaired glucose homeostasis, and are thus

more consistent with the conclusion that decreased ZnT8 expression is protective against

T2D.
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At least four key questions remain to be answered. First, how is ZnT8 haploinsufficiency

protective against T2D? Second, is ZnT8 inhibition a viable therapeutic strategy to prevent

T2D? Third, since ZnT8 has been evolutionarily conserved, is there a biologically critical

function of ZnT8 that is hidden by compensatory developmental mechanisms in KO mice?

Fourth, how can the rare loss-of-function variants and the common rs13266634 encoded Trp

variant, which has increased rather than decreased transporter activity [13, 60], share a

common phenotype (reduced risk of T2D)? Do they have distinct mechanisms of action?

The hypothesis that elevated ZnT8 activity is deleterious rather than protective has not been

explored, and studies with transgenic mice will likely be required to test this possibility.

Similarly, since murine IAPP, unlike the human protein, is not amyloidogenic, crosses of the

slc30a8 KO and hIAPP transgenic mice will be required to determine the role, if any, of

ZnT8 in amyloidogenesis. Intriguingly T2D is also associated with elevated plasma

proIAPP/IAPP ratios [98], although a linkage with the ZnT8 rs13266634 SNP remains to be

investigated.

It is also possible that the events that link ZnT8 to T2D occur outside the β cell. Indeed, two

reports have shown that the rs13266634 SNP is linked to non-β cell changes. Thus, even

though SLC30A8 is not expressed in liver or muscle, Tamaki and colleagues have shown

that the SNP is associated with altered insulin clearance, as assessed by C-peptide/insulin

ratios, consistent with their KO mouse data [82]. Similarly, Sprouse et al. [99] reported that

the SNP is associated with altered muscle function, perhaps suggesting that ZnT8 influences

communication between β cells and other tissues. The fact that these fundamental questions

remain to be addressed indicates that much still remains to be learned about ZnT8.
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BOX 2

ZnT8 structure and function

ZnT8 is a member of the ancestral Cation Diffusion Facilitator (CDF) family of heavy

metal transporters [48]. Based on protein sequence similarities reflecting metal ion

specificities, most CDF members can be assigned to one of 3 groups: Zn (Group I),

Fe/Zn (Group II), or Mn (Group III). Apart from ZnT9, the SLC30 family all show the

molecular signature of group I [48]. ZnT8 shows the highest sequence similarity with

ZnT2, ZnT3, and ZnT4 that form a distinct sub-group [48, 54], consistent with their

orthologous roles in the secretory pathway where they mediate Zn2+ uptake into

conventional and secretory lysosomes (ZnT2), synaptic vesicles (ZnT3), endosomes and

constitutive secretory vesicles (ZnT4) and regulated secretory granules (ZnT8)

respectively [55]. Like most CDF family members, ZnT8 is predicted to have 6 trans-

membrane helices with both N and C termini localized to the cytoplasm ([45]; Box 1, Fig

IB), and to function as a homo-dimer [13, 43]. Key residues regulating metal ion

specificity are located in transmembrane domains II and V [56].

The 3-dimensional structure of ZnT8 is unknown, although two groups have developed

models [13, 57] based upon the distantly related E. coli group II transporter FieF (YiiP)

[58]. They are broadly in agreement, and support the proposed topology, but differ in

their interpretation of the potential effect of substitutions at position 325, a key ZnT8

residue linked to T2D. Nicolson and colleagues predict that an Arg to Trp substitution

will likely impact key Zn2+ binding sites [13], whereas Weijers concluded that the

residue at position 325 is shielded, and hence unable to influence ZnT8’s metal ion

sensing capacity [57]. Although informative, these models must be interpreted with care

[59], as they use low-resolution templates to model regions of low sequence conservation

(i.e. the region surrounding residue 325). An accurate assessment of the structural

implications of substitutions at position 325 must await crystallization of human ZnT8.

Studies of ZnT8’s ability to transport zinc have so far been indirect, being based on

measurements in over-expressing or knockdown cells [13, 45, 52, 56, 60]. They confirm

that ZnT8 is a bona fide zinc transporter with specificity for Zn2+ but not Cd2+ [56], but

cannot accurately measure kinetic parameters or relative efficiencies due to localization

of ZnT8 to multiple subcellular compartments with distinct ionic environments, and the

potentially confounding presence of other family members. Accurate measurement of

transporter function must await reconstitution of purified ZnT8 into proteoliposomes.
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Highlights

• ZnT8, the product of the SLC30A8 gene, mediates zinc uptake into insulin

secretory granules within pancreatic islet beta cells.

• Polymorphisms in SLC30A8 are associated with decreased risk for T2D in

humans.

• Slc30a8 knockout mice show a marked reduction in beta cell zinc content but a

mild metabolic phenotype.

• Potential mechanisms linking polymorphisms in SLC30A8 with changed risk for

T2D include reduced insulin secretion, increased insulin clearance, or greater

sensitivity to reactive oxygen species.
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Figure 1. Hypothetical unified model to reconcile rare and common SLC30A8 genetic data
The best characterized pathway for GSIS is shown, though other pathways clearly contribute

[100]. We speculate that the minor rs13266634 allele encoding the 325 Trp ZnT8 variant

and rare mutations leading to haploinsufficiency are protective against T2D due by

prolonging the transient increase in cytoplasmic zinc levels that occur during GSIS thereby

reducing the deleterious effects of ROS. In Panel A we speculate that the minor rs13266634

allele encoding the 325 Trp ZnT8 variant enhances cytoplasmic zinc levels mainly through

increased re-uptake of co-secreted Zn2+ at the plasma membrane. In Panel B we speculate

that rare mutations leading to haploinsufficiency enhance cytoplasmic Zn2+ levels mainly

through a reduced rate of uptake into ISGs and that SLC39 family members can compensate

for the slight decrease in ZnT8 mediated uptake at the plasma membrane.
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