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Abstract

The zinc content in the pancreatic beta cell is among the highest of the body. Zinc appears to be an
important metal for insulin-secreting cells as insulin is stored inside secretory vesicles as a solid hexamer
bound with two Zn2+ ions per hexamer. Zinc is also an important component of insulin secretion mech-
anisms and is likely to modulate the function of neighbouring cells via paracrine/autocrine interactions.
Therefore beta cells undoubtedly need very efficient and specialized transporters to accumulate sufficient
amounts of zinc in secretion vesicles. We report here the discovery and the characteristics of a new zinc
transporter, ZnT-8, belonging to the CDF (Cation Diffusion Facilitator) family and expressed only in
pancreatic beta cells. This transporter, localized in secretion vesicles membrane, facilitates the accumulation
of zinc from the cytoplasm into intracellular insulin-containing vesicles and is a major component for
providing zinc to insulin maturation and/or storage processes in insulin-secreting pancreatic beta cells. We
discovered mammalian orthologs (rat, mouse, chimpanzee, and dog) and found these ZnT-8 proteins very
similar (98% conserved amino acids) to human ZnT-8, indicating a high conservation during evolution.

Introduction

Zinc is an essential component of many proteins
and is necessary to almost if not all cell functions
(Vallee & Falchuk 1993). The zinc content in the
pancreatic beta cell is among the highest of the
body (Zalewski et al. 1994). Therefore zinc appears
to be an important metal for insulin-secreting cells,
and it may serve as a mediator of insulin storage
and secretion (Chausmer 1998). Here, we review
the principal aspects of the knowledge regarding
zinc homeostasis in insulin-secreting cells and
present a new beta cell-specific zinc transporter.

SLC30 family zinc transporters

Zinc homeostasis depends on the uptake and
export of zinc by specialized proteins (for review
see (Chimienti et al. 2003, Eide 2004)). The two
main components involved in zinc homeostasis are

metallothioneins and zinc transporters (Liuzzi &
Cousins 2004). Metallothioneins are implied in
intracellular zinc storage and trafficking (Maret
2003). Zinc transporters ensure zinc carriage
across biological membranes. The SLC39 family
of proteins (Zips proteins) allows intracellular
uptake of zinc (Eide 2004), while the SLC30 family
(ZnTs proteins) permits cellular efflux of zinc into
extracellular matrix, or into intracellular vesicles.
In mammalian cells, 10 homologous SLC30
proteins, named ZnT-1 to -10 have been described
(Seve et al. 2004). These proteins are members of
the CDF (Cation Diffusion Facilitator) family,
and share the same predicted structure, with six
membrane-spanning domains and a histidine-rich
intracellular loop between helices IV and V, except
for ZnT-6 which retains a serine-rich loop from
prokaryotic transporter CZCD (Huang et al. 2002)
and ZnT-10 which bears a basic amino acid-rich
loop. ZnT-1 and -2, located either in the plasma
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membrane or in acidic endosomal/lysosomal
vesicles, respectively, confer zinc resistance by
ensuring zinc efflux from the cytoplasm (Palmiter
& Findley 1995, Palmiter et al. 1996a). ZnT-3 and
ZnT-4, cloned from human, also localized in
intracellular vesicles, but are more dedicated to
secretion pathways (Palmiter et al. 1996b, Murgia
et al. 1999). ZnT-3 is tissue specific and mainly
located in brain, in the membranes of zinc-rich
synaptic vesicles within mossy fiber boutons of
hippocampus (Wenzel et al. 1997) and in testis
(Palmiter et al. 1996b). Conversely, ZnT-4 is lar-
gely expressed (Liuzzi et al. 2001). However,
higher levels of ZnT-4 were found in brain and
epithelial cells, and this transporter has been
shown to be essential in mammary epithelia for
regulating milk zinc content (Huang & Gitschier
1997). More recently ZnT-4 has been shown to
have a role in mast cell zinc homeostasis (Ho et al.
2004). ZnT-5 is a zinc transporter mainly localized
in the Golgi apparatus and ubiquitously expressed
at higher levels in pancreas, liver, kidney, muscle
and heart (Kambe et al. 2002). ZnT-5 null mice
have been shown to suffer from osteopenia and
male-specific sudden cardiac death, suggesting that
ZnT-5 protein plays an important role in main-
tenance of the cells involved in the cardiac
conduction system (Inoue et al. 2002). Two other
transporters, ZnT-6 and -7, described very
recently, are expressed in various tissues and both
localized to the Golgi apparatus (Huang et al.
2002, Kirschke & Huang 2003). The intracellular
distribution of ZnT-6 and ZnT-4 has been shown
to be regulated by zinc, while exposure of
ZnT-7-expressing cells to zinc causes an accumu-
lation of zinc in the Golgi apparatus. More
recently, ZnT-5 and -7 have been shown to
be needed for the activation of Glycosylphos-
phatidylinositol (GPI)-anchored zinc-requiring
enzymes (Suzuki et al. 2005). Few information is
available for ZnT-9, also described as HUEL
(Human Embryonic Lung cDNA, or C4orf1),
which displays nuclear translocation in a cell
cycle-dependent manner (Sim del et al. 2002) and
ZnT-10 (Seve et al. 2004). The role of ZnT-8 will
be described below.

Zinc and insulin secretion

Insulin is generally believed to be stored inside
secretory vesicles as a solid hexamer bound with

two Zn2+ ions per hexamer (Emdin et al. 1980,
Gold & Grodsky 1984, Dodson & Steiner 1998).
Insulin, produced and stored in pancreatic beta
cells, is released by exocytosis in response
to external stimuli, such as elevated glucose
concentration. When exocytosis of insulin occurs,
insulin granules fuse with the beta cell plasma
membrane and release their content, insulin as well
as zinc into the circulation (Qian et al. 2000).
Moreover, there appears to be a complex
relationship between zinc and both type 1 and type
2 diabetes, since several complications of diabetes
may be mediated through oxidative stress, ampli-
fied in part by zinc deficiency (Chausmer 1998).
Hence, zinc is an important component of insulin
storage and secretion mechanisms. Free zinc will
also be produced in the islet when the insulin
crystals are dissolved on exocytosis of b-cells.
Therefore zinc is also likely to modulate the func-
tion of neighbouring cells via paracrine/autocrine
interactions. A recent report indicates that zinc
released from activated insulin-secreting beta cells
is implied in the suppression of glucagon-secreting
activity of neighbouring alpha cells (Ishihara et al.
2003). Hence beta cells undoubtedly need very
efficient and specialized transporters to accumulate
sufficient amounts of zinc in secretion vesicles.

A new zinc transporter bringing zinc
to insulin vesicles

We recently identified and cloned a pancreatic
specific zinc transporter belonging to the SLC30
protein family, named ZnT-8, and localized in
insulin secretory granules (Chimienti et al. 2004).
This new zinc transporter (Genbank accession
number AY117411) may be a major component
for providing zinc to insulin maturation and/or
storage processes in insulin-secreting pancreatic
beta cells. ZnT-8, coded by the gene SLC30A8
(chromosome 8q24.11), is a 369 amino acids
protein. ZnT-8 was predicted to adopt the
same topology as the other ZnT proteins with
6 transmembrane helixes. In addition, the pre-
dicted sequence contains a histidine-rich domain
between the fourth and the fifth helix. ZnT-8
sequence is closely related to ZnT-2, ZnT-3, and
ZnT-4 (Seve et al. 2004), all of which have already
been involved in secretory/synaptic vesicles trans-
port and lysosomal/endosomal zinc storage in
different cells. We demonstrated that SLC30A8
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expression could be detected only from pancreas
cDNA sample. We also found an expression in the
insulin-secreting INS-1 cell lines, human fetal
pancreas and human Langerhans islets. As dem-
onstrated by confocal immunofluorescence
microscopy assay, ZnT-8 was co-localized with the
insulin granules secretory pathway Altogether
these data suggest an important role for ZnT-8 in
insulin secretion/synthesis (Chimienti et al. 2004).

Mammals’ orthologs

After identification and cloning of the human
ZnT-8 sequence (NP_776250), we searched for
orthologs in other mammal species in the available
databases. We found proteins similar to human
ZnT-8 in rat, mouse (NP_766404), chimpanzee
(XP_519918), and dog. All proteins have the same
genomic organisation, with 8 exons and 7 introns.
These mammalian ZnT-8 protein sequences were
aligned using the ClustalW program (Thompson
et al. 1994). All proteins share 98% cons-
erved amino acids and 70% identical residues
(Figure 1a), reflecting a high degree of sequence

homology. Therefore ZnT-8 is highly conserved
during evolution, suggesting a central role for zinc
transport within pancreatic beta cells. Using the
amino acids alignment, a phylogenetic tree for the
mammalian ZnT-8 sequences was calculated by the
neighbour-joining method (Figure 1b). Bootstrap
analysis is based on multiple re-sampling of the
original data and is the most common method of
estimating the degree of confidence in the topology
of phylogenetic trees (Xia & Xie 2001). From this
analysis, as expected, we can delineate two sub-
groups: human, chimp and dog ZnT-8 are closely
related, specially for the human and chimpanzee
proteins, whereas rodents ZnT-8 (mouse and rat)
are much more related to each other than to other
species.

Role of ZnT-8 in beta cell physiology

Zinc is known to play physiologically a key role in
the synthesis and action of insulin, and its homeo-
stasis is modified in the pathogenic state of diabetes
(for review see (Chausmer 1998)). Zinc is required
for insulin synthesis and storage (Emdin et al.
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Figure 1. Alignment and phylogeny of ZnT-8 ortholog proteins. (a) Amino acid alignment of ZnT-8 protein sequences identified in
Homo sapiens (human, NP_776250), Pan troglotydes (chimpanzee, XP_519918), Mus musculus (mouse, NP_766404), Rattus norvegicus
(rat) and Canis familiaris (dog) were performed with ClustalW program. Black boxes correspond to conserved residues in all the
sequences while grey and white boxes correspond to partially conserved residues. (b) For phylogenetic analysis ZnT-8 protein
sequences were aligned using the clustalW program. Bootstrapping (2000 replicate sets) and calculation of the consensus tree were done
with the DAMBE program. The scale of the branch length is given in amino acid substitutions per site.
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1980), and thus large amounts of zinc are released
with insulin after glucose stimulation (Gold &
Grodsky 1984, Qian et al. 2000). During insulin
synthesis, we propose that the presence of ZnT-8 in
insulin vesicles is necessary to allow zinc to be
incorporated within these vesicles and to facilitate
the formation of zinc-insulin solid hexamers.
Additionally, considering the anatomical structure
of the Langerhans islets, it is likely that the beta
cells also modulate the function of neighbouring
cells via paracrine/autocrine interactions (Ishihara
et al. 2003). There is precedence for such a para-
crine role of zinc from work in the central nervous
system, where it has been shown that synaptically
released zinc functions as a conventional synaptic
neurotransmitter or neuromodulator (Frederickson
&Bush 2001).Moreover, a specific zinc transporter,
ZnT-3, has been described in these secretory neu-
rons (Palmiter et al. 1996b). Thus, zinc is of prime
importance for both insulin synthesis/secretion
by beta cells and islet cells paracrine/autocrine
communication.

Typically, insulin is secreted from beta cells
after glucose stimulation (Figure 2). Glucose-induced
increase of ATP/ADP ratio will then block
ATP-dependent potassium (KATP) channels,
thereby provoking plasma membrane depolarization

(Tarasov et al. 2004). Therefore, voltage-sensitive
calcium channels open. Influx of Ca(2+), and thus
increase in the [Ca(2+)]i is the main trigger for
fusion of insulin vesicles to the plasma membrane
and thus insulin secretion. Recent works demon-
strate that zinc regulates this pathway at many
levels, i.e. on KATP channels (Bancila et al. 2004),
in insulin synthesis and storage (Dodson & Steiner
1998) and at the alpha cell level (Ishihara et al.
2003).

Conclusion

In conclusion, zinc has a significant role in all
processes of insulin trafficking, i.e. synthesis,
storage and secretion, and is also important in
Langerhans islet cells communication. Addition-
ally, the hypozincemia frequently associated with
diabetes can have deleterious effects for pancreatic
beta cells (Chausmer 1998). We describe here
a Langerhans islets-specific zinc transporter
expressed in beta cells, which facilitates accumu-
lation of zinc from the cytoplasm into intracellular
vesicles. Thus, ZnT-8 may be a major component
for providing zinc to insulin maturation and/or
storage processes in insulin-secreting pancreatic

Figure 2. Mechanism of insulin secretion and hypothetic role of ZnT-8 and zinc ions in the pancreatic beta cell. Accumulation of zinc
in vesicles occurs through the whole process of insulin maturation, storage and secretion. Zinc insulin is stored inside secretory vesicles
as a solid hexamer bound with two Zn2+ ions per hexamer. Zinc is also an important component of insulin secretion mechanisms
through an autocrine action and modulates the function of neighbouring cells via paracrine interactions.

316



beta cells. However further work is needed to
clarify the exact molecular mechanism by which
ZnT-8 acts in beta cells.
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