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Diabetes can be simply classified into type 1 diabetes mellitus and type 2 diabetes melli-
tus. Zinc transporter 8 (ZnT8), a novel islet autoantigen, is specifically expressed in insulin-

containing secretory granules of B-cells. Genetic studies show that the genotypes of
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SLC30A8 can determine either protective or diabetogenic response depending on environ-
mental and lifestyle factors. The ZnT8 protein expression, as well as zinc content in B-cells,
was decreased in diabetic mice. Thus, ZnT8 might participate in insulin biosynthesis and
release, and subsequently involved deteriorated B-cell function through direct or indirect
mechanisms in type 1 diabetes mellitus and type 2 diabetes mellitus. From a clinical fea-
ture standpoint, the prevalence of ZnT8A is gradiently increased in type 2 diabetes melli-

tus, latent autoimmune diabetes in adults and type 1 diabetes mellitus. The frequency
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and epitopes of ZnT8-specific T cells and cytokine release by ZnT8-specific T cells are also

different in diabetic patients and healthy controls. Additionally, the response to ZnT8
administration is also different in type 1 diabetes mellitus and type 2 diabetes mellitus. In
the present review, we summarize the literature about clinical aspects of ZnT8 in the
pathogenesis of diabetes, and suggest that ZnT8 might play a different role between
type 1 diabetes mellitus and type 2 diabetes mellitus.

INTRODUCTION
Diabetes, one of the most challenging heterogeneous diseases, can
be simply classified into type 1 diabetes mellitus and type 2 dia-
betes mellitus'. Historically, the distinction between type 1 dia-
betes mellitus and type 2 diabetes mellitus has mostly depended
on the clinical presentation, such as age at disease onset, the pres-
ence of ketosis and the dependence of insulin. Type 1 diabetes
mellitus, appearing mainly in childhood or young adulthood, is
characterized by T cells-mediated autoimmune destruction of -
cells, absolute insulin dependence and the need for insulin treat-
ment. Type 2 diabetes mellitus, mainly appearing in adulthood,
is the result of insulin resistance and relative insulin deficiency.
However, in clinical practice, some diabetic patients present
features of both type 1 diabetes mellitus and type 2 diabetes
mellitus, such as patients with latent autoimmune diabetes in
adults (LADA)> This subtype of diabetes is often positive for
autoantibodies against islet autoantigens (AAbs) including insu-
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lin, glutamic acid decarboxylase 65 (GAD65), tyrosine phos-
phatase-related molecules-2 and the zinc transporter-8 (ZnT8),
which indicates that LADA is an autoimmune disease’. Among
these autoantibodies, positivity of glutamic acid decarboxylase
antibodies (GADA) is one of three criteria, which can distin-
guish LADA from phenotypic type 2 diabetes mellitus'. How-
ever, LADA patients, especially patients with low-titer GADA,
shared similar metabolic features with that of type 2 diabetes
mellitus patients™. Our study has shown that the frequency of
HLA-DQA1*03-DQB1*0303, HLA-DQA1*05-DQB1*0201 and
HLA-DQA1*03-DQB1*0401 haplotypes showed a gradient
decrease tendency in juvenile-onset type 1 diabetes mellitus,
adult-onset type 1 diabetes mellitus, LADA with high GADA
titer, LADA with low GADA ftiter, type 2 diabetes mellitus and
control groups®. Therefore, some authors hold the opinion that
diabetes is a continuous clinical spectrum, from type 1 diabetes
mellitus, through LADA, to type 2 diabetes mellitus™”.

ZnT8, a 369 amino acid transmembrane protein, is a novel
islet autoantigen in type 1 diabetes mellitus. It is more specifi-
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cally expressed in insulin-containing secretory granules (ICSG)
than that of GAD65 and tyrosine phosphatase-related mole-
cules-2°. A number of studies have been carried out to examine
the biochemical function, genetic characteristics and immune
features of ZnT8 in diabetes, including type 1 diabetes mellitus,
LADA and type 2 diabetes mellitus® '". These studies show that
the role of ZnT8 among subtypes of diabetes is complicated. In
the present review, we mainly discuss the role of ZnT8 in
type 1 diabetes mellitus and type 2 diabetes mellitus, and
examine whether ZnT8 is the possible common molecular basis
in the diabetes spectrum.

DIFFERENT ROLE OF SLC30A8 GENE ON THE
SUSCEPTIBILITY TO TYPE 1 DIABETES MELLITUS AND
TYPE 2 DIABETES MELLITUS

ZnT8 is encoded by SLC30A8, which is located in chromosome
8q24.11. This gene has a common non-synonymous single-
nucleotide polymorphism (SNP), rs13266634 (a C/T polymor-
phism), which encodes either arginine (R) by the C allele or
tryptophan (W) by the T allele at aa325 of ZnT8’. Notably,
aa268-369 of ZnT8, especially ZnT8-325R and ZnT8-325W, is
the dominant epitope in type 1 diabetes mellitus’>'*. The
ZnT8-325R allele is associated with autoantibody against ZnT8-
325R (ZnT8A-325R)">"*, which suggests that rs13266634 might
be critical for humoral autoimmunity in type 1 diabetes melli-
tus'”. A study showed that SLC30A8 genotype can stratify
type 1 diabetes mellitus risk in ZnT8A-positive children".
However, some studies found that there is no association
between this polymorphism and disease progression of type 1
diabetes mellitus'®"”.

A genome-wide association study reported that the C allele
of SLC30A8 rs13266634 confers an increased risk of type 2 dia-
betes mellitus (odds ratio [OR] 1.18-1.53)". A meta-analysis
also found the relationship between rs13266634 and impaired
glucose tolerance (IGT; OR 1.06-1.26)". In non-diabetic off-
spring of type 2 diabetes mellitus patients, the C allele of
rs13266634 was associated with decreased first-phase insulin
release and impaired proinsulin conversion, but not associated
with insulin resistance'® . These studies show that SLC30A8
rs13266634 is the common genetic background of relatives of
type 2 diabetes mellitus, IGT and type 2 diabetes mellitus
patients. In addition, a recent study has surprisingly shown that
12 protein-truncating mutations in SLC30A8 could confer a
65% reduction in type 2 diabetes mellitus risk'’.

Therefore, the genotypes of SLC30A8 can determine whether
the responses are protective or diabetogenic in the develop-
ment of type2 diabetes mellitus. However, SLC30A8
rs13266634 might not be the susceptibility gene of type 1 dia-
betes mellitus, while the connection between this polymor-
phism and LADA has also not been reported. Questions
remain about why so many patients present different types of
diabetes, such as type 1 diabetes mellitus and type 2 diabetes
mellitus, even when they carry the same genotype of SLC30A8
1513266634.

http://onlinelibrary.wiley.com/journal/jdi

INTERACTION BETWEEN GENETIC AND
ENVIRONMENTAL FACTORS DETERMINES THE TYPE
OF DIABETES

The development of diabetes is multifactorial, and influenced
by the interaction between genetic and environmental factors'.
The onset of type 2 diabetes mellitus is often influenced
by lifestyle factors, such as age, obesity and high-fat diet'.
Interestingly, the function of ZnT8 is also age-, sex- and diet-
dependent®™ . For example, glucose tolerance and insulin sen-
sitivity remained unchanged when ZnT8-knockout (ZnT87)
mice were fed a normal diet. However, they developed weight
gain (~10%), glucose intolerance and their islets became less
responsive to glucose, leading to overt diabetes in 50% of the
ZnT8”™ mice after high-fat diet feeding”*>. The whole pro-
cesses could be influenced by the C allele of SLC30A8
1s13266634*> >*, Thus, the interaction between the SLC30A8
genotype and lifestyle factors might play an important role in
the pathogenesis of type 2 diabetes mellitus.

Environmental factors, such as viral infection, can contribute
to the risk of initiating and developing type 1 diabetes melli-
tus". In type 1 diabetes mellitus patients, ZnTSA can recognize
the epitopes of asymptomatic infection of Mycobacterium avi-
umsubspecies paratuberculosis (MAP) through food contamina-
tion”>°. There are similar sequences between ZnT8 and MAP
at least in two pairs: ZnT8gs 104 (VAANIVLTV) and
MAP3865¢;33 141 (LAANFVVAL), and ZnT8,75 155 (MIIVSS-
CAV) and MAP3865¢;55 133 (MIAVALAGL)®. These similari-
ties show that ZnT8 might be a target protein in initiating
the islet autoimmunity through a molecular mimicry mecha-
nism after bacterial infection®>?°. Additionally, ZnT8 also can
be presented by islet antigen presenting cells (APCs) to T cells
in NOD mice, especially under inflammation of an islet".
Thus, environmental factors can participate in type 1 diabetes
mellitus development through the autoimmune response to
ZnT8.

Taken together, it seems that the different role of SLC30A8
rs13266634 in type 1 diabetes mellitus and type 2 diabetes mel-
litus might depend on environmental factors, such as diet and
bacterial infection. This means that gene—environment interac-
tions could determine which type of diabetes occurs.

DIFFERENT ROLE OF ZNT8 IN B CELL FUNCTION IN
TYPE 1 DIABETES MELLITUS AND TYPE 2 DIABETES
MELLITUS

ZnT8 and Zip (SLC39A gene family) regulate zinc homeostasis,
and zinc is required for insulin crystallization, storage and the
exocytosis of insulin secretory vesicles’. Interestingly, both in
the type 2 diabetes mellitus animal model (db/db mice) and in
the maturity-onset diabetes of the young (MODY) animal
model (Akita mice), the protein expression of ZnT8 in B-cells
was significantly downregulated in the early stage of diabetes®”.
The zinc content in islets was also decreased with the downreg-
ulation of ZnT8>®. These results suggest that the decrease of
ZnT8 expression and/or its function can indirectly regulate
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insulin homeostasis through maintaining zinc homeostasis in
B-cells.

The effects of ZnT8 on B-cell number and B-cell function
have been investigated by several studies” >***7°. In vitro
experiments using ZnT8-silenced INS-1 cells showed that both
insulin content and glucose-stimulated insulin secretion (GSIS)
were reduced®®. However, the effects of ZnT8 on GSIS are
inconsistent in ZnT8 "~ mice’. Some studies showed that
ZnT8 cannot regulate GSIS*"**, whereas other studies reported
impaired GSIS***, or even enhanced GSIS***°. These incon-
sistent results could be explained by the differences in age,
sex, diet and the SLC30A8 genotype of mice’ >, Recent
studies found the significant decrease of plasma insulin
concentrations’>*’ with increased plasma proinsulin levels™,
indicating the defect of proinsulin to insulin conversion. Other
studies found that the reduced mature dense core insulin
granules were replaced by immature ‘progranules’®"**, suggest-
ing that ZnT8 might affect insulin crystallization. In addition,
the transcription factors (Pdxl and Mafa), the processing
enzymes (prohormone convertase 1 and 2) and the adenosine
triphosphate-sensitive K* channel (KIR6.2 protein) were
reduced in islets from ZnT8~ mice®. These results suggest
that ZnT8 might regulate insulin biosynthesis directly, as the
molecules are required for GSIS and insulin biosynthesis.
Tamaki et al” recently showed that insulin clearance in
the liver was increased after glucose tolerance test in mice
and in humans carrying SLC30A8 rs13266634. Most studies
reported that ZnT8 has no effect on islet size, islet number,
B-cell mass, cellular composition and insulin sensitivity*"***°.
Thus, ZnT8 has a direct effect on maintaining periph-
eral insulin homeostasis, whereas it has no effects on islet
architecture.

The aforementioned studies show that ZnT8 deficiency or
downregulation can affect insulin biosynthesis, release, and -
cell function through direct and/or indirect mechanisms. Dete-
rioration of B-cell function leads to absolute or relative defi-
ciency of insulin, which can cause type 1 diabetes mellitus and
type 2 diabetes mellitus'. Genetic studies have found the associ-
ation between the C allele of SLC30A8 rs13266634 SNP and
residual B-cells dysfunction in type 1 diabetes mellitus*"**. This
SNP is also associated with variance in the doses of insulin
therapy™. In addition, in type 1 diabetes mellitus, the initially
higher titer of ZnT8A is also associated with higher plasma
levels of stimulated C-peptide’®, whereas the decreases in
ZnT8A-325W levels can predict the decline of B-cell function
3-6 years after diagnosis’®. In individuals at increased risk of
type 1 diabetes mellitus, the C allele of rs13266634 was associ-
ated with decreased first-phase insulin release and impaired
proinsulin conversion'® >, However, in in type 2 diabetes mel-
litus and LADA patients, there are no articles to report the
association between SLC30A8 genotype and P-cell function.
Thus, the role of ZnT8 on the PB-cell function in diabetic
patients is still under study.
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GRADIENT CHANGES OF HUMORAL AUTOIMMUNITY,
BUT NOT CELLULAR AUTOIMMUNITY, TO ZNTS8 IN
DIABETES SPECTRUM

During the process of insulin biosynthesis and secretion, the
frequent exocytosis of ICSG can increase the chance of ZnT8
exposed to the B-cell surface, which means a better B-cell func-
tion might cause more ZnT8 antigen to be exposed™. Once
ZnT8 is exposed, it can trigger or exacerbate autoimmunity in
genetically susceptible individuals®. Actually, this phenomenon
can occur in healthy subjects, type 1 diabetes mellitus patients
and type 2 diabetes mellitus patients®® >®.

AADs, such as GADA, tyrosine phosphatase-related mole-
cules-2 and ZnT8A, are useful humoral autoimmunity
biomarkers for diabetes diagnosis'. The specific distribution of
ZnT8A among different types of diabetes has been shown by
several studies®® ™. Wenzlau et al® found that the positive
rate of ZnT8A was 60-80% in Caucasians with new-onset
type 1 diabetes mellitus, whereas the positive rate was <3% in
type 2 diabetes mellitus patients and <2% in healthy people®.
Our research showed that ZnT8A-positive rates in type 1 dia-
betes mellitus, LADA and type 2 diabetes mellitus are 24.1,
10.7 and 1.99%, respectively in Chinese diabetic patients®*>*,
Similar results were also reported in Japan®®*'. These results
show that the gradient increase of ZnT8A positive rates from
type 2 diabetes mellitus, through LADA, to type 1 diabetes
mellitus is one of the autoimmune features of the diabetes spec-
trum.

The T cell responses against islet autoantigens are also
an important etiological classification tool for diabetes. Several
reports confirmed that ZnT8 is a major target of T cell
response in  patients with type 1  diabetes mellitus
(>68%)%°%*%, 1t has shown that even in AAbs-negative phe-
notypic type 2 diabetes mellitus patients, some people still
have islet autoantigens-specific T cell reactivity™, such as
ZnT8-reactive CD8" T cell’”. In fact, a low frequency of
ZnT8-sepcific T cell response was observed in the healthy
population (<8%) or type 2 diabetes mellitus (<6/24)738,
Additionally, based on cytokine secretion profiles, ZnT8-speci-
fic CD4" T cells tended to convert into T helper (Th)1 cells
in type 1 diabetes mellitus patients, but into Th2 and inter-
leukin-10 producing cells in healthy adults®. These results
show a gradient change of ZnT8-specific T cell response from
type 1 diabetes mellitus, through type 2 diabetes mellitus, to
healthy subjects, but the frequency of ZnT8-specific T cells in
LADA, the bridge among diabetes spectrum, has not been
shown.

Several T cell epitopes of ZnT8 have been identified, mainly
mapped to the transmembrane region or the C-terminal of
ZnT8, but not overlapped with the amino acid polymorphism
at position 325'%7*%  Chang and Unanue® identified
aal66-179 of ZnT8 as an epitope bound to HLA-DQS8
molecules. In addition, the HLA-DR4 restricted epitopes are
ZnT8s 5, ZnT8)5 50, 7ZnT8150 1345 ZNT8134 148, ZnT8360 2745
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ZnT8,¢; 251 and ZnT8y95 309, Whereas the HLA-DR3 epitopes
are ZnT8,ss 160 and ZnT85,5 33, in humans®. There are differ-
ences of the predominant T cell epitope of ZnT8 between
type 1 diabetes mellitus and type 2 diabetes mellitus. ZnT8g4"
106 Z0T8)53 161, ZnT807 115 ZnT815 123 and ZnT8y,s5 53 are
predominantly T cell epitopes in type 1 diabetes mellitus®”*>*,
whereas ZnT8,s3 56, is more frequently recognized in HLA-
A2" type 2 diabetes mellitus patients®’. These showed that the
different ZnT8 epitope-specific T cell responses might be the
different molecular basis of autoimmunity in type 1 diabetes
mellitus and type 2 diabetes mellitus.

http://onlinelibrary.wiley.com/journal/jdi

DIFFERENT RESPONSES OF GLUCOSE METABOLISM TO
ZINC SUPPLEMENTATION BETWEEN TYPE 1 DIABETES

MELLITUS AND TYPE 2 DIABETES MELLITUS

Given the tissue specificity of ZnT8, it might become an
attractive target of diabetes treatment'’. The potential ZnT8-
based diabetic treatments include ZnT8-specific immunomodu-
lation, ZnT8 function regulation and/or zinc supplementation.
The islet autoantigen-specific therapies, including oral and
nasal insulin or alum-formulated recombinant human GAD65,
are the important immunomodulatory strategies for type 1
diabetes mellitus**. However, until now, there is no relevant
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Figure 1 | The clinical features (below the dotted line) and potential pathway (above the dotted line) of zinc transporter 8 (ZnT8)in diabetes. The
initial phase of diabetes might be the interaction between genetic and environmental factors. One or more of the 12 rare mutations of SLC30A8
might be dominant to environmental factors and reduce the risk of diabetes (protect effect). In contrast, the C allele of 513266634 single
nucleotide polymorphism might downregulate ZnT8 protein expression and transporter activity causing decreased zinc concentration (indirect

biological effect), and subsequently impaired B-cell function (direct biological effect). In addition, during the biosynthesis and secretion of insulin,
exocytosis of insulin granules can increase the chance of ZnT8 exposed to the cell surface, which initiates ZnT8 epitope-specific T cells-mediated -
cell destruction, and cause type 1 diabetes mellitus (TTDM; autoimmune injury), or cause type 2 diabetes mellitus (T2DM) and latent autoimmune
diabetes in adults (LADA; combined with insulin resistance). The prevalence of ZnT8A and ZnT8-specific T cells is gradiently decreased from T1DM,
through T2DM, then to healthy controls clinically. The cytokine secretion and T cell epitopes of ZnT8-specific T cells are different in TIDM and
T2DM. The solid lines represent certain effect. The dashed line represents the possible effect. The symbol ?' represents the lack of relevant data. IL-
10, interleukin-10; Th1, type 1 T helper; Th2, type 2 T helper.
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literature about ZnT8-specific immunotherapy in type 1 dia-
betes mellitus patients or animal models. Because of the direct
diabetogenic role of ZnT8'"!, it might induce immune tolerance
similar to GAD65 in type 1 diabetes mellitus**. The most
important prerequisite to induce immune tolerance and pre-
vent type 1 diabetes mellitus is matching the diabetogenic epi-
tope form of ZnT8 to the recipient'. It is supposed that an
individual’s genotype could determine the protective or
immunogenic response to ZnT8-specific immunotherapy in
humans"’,

Regulating ZnT8 function might be a complex treatment
strategy. The results from ZnT8 '~ animal models suggested
that increasing ZnT8 function can improve insulin levels and
glucose metabolism®'>**>*°. However, study of loss-of-function
mutations in SLC30A8 suggested the protective role of ZnT8 in
type 2 diabetes mellitus'’, which indicates that ZnT8 inhibitors
can be used as a potential therapy for diabetes®. One of the
possible explanations is the genotype of SLC30A8. For diabetic
patients carrying the C allele of rs13266634 SNP, enhancing
ZnT8 activity would be a useful therapeutic option, whereas for
patients with SLC30A8 haploinsufficiency or protein-truncating
variants, inhibition of ZnT8 would be a therapeutic strategy™.
However, evidence of the potential therapeutic role of regulat-
ing ZnT8 function is mostly from type 2 diabetes mellitus
models!®27:2.

The results of several studies using zinc supplementation to
treat diabetes are conflicting. A recent meta-analysis reported
that zinc supplementation (3—240 mg/day, median 30 mg/day)
significantly decreased fasting glucose concentrations (—0.19 +
0.08 mmol/L) and glycated hemoglobin (-0.64 + 0.36%),
whereas serum insulin levels remained unchanged in diabetic
patients in the overall, ungrouped analysis®. However, zinc
supplementation seems to have no effect on glucose concentra-
tions in type 1 diabetes mellitus subjects’. Conversely, in non-
diabetic patients, fasting glucose concentrations tended to
increase from 91.2 % 12.13 mg/dL to 95.5 £ 18.99 mg/dL after
zinc supplementation®. Therefore, the different responses to
zinc supplementation in type 1 diabetes mellitus, type 2
diabetes mellitus and non-diabetic patients show the different
role of zinc in the diabetes spectrum.

CONCLUSIONS

In conclusion, we suggest that ZnT8 plays a different role on
type 1 diabetes mellitus and type 2 diabetes mellitus. The dif-
ferences are mainly concentrated in the different role of the
genotypes of SLC30A8 in the susceptibility to type 1 diabetes
mellitus and type 2 diabetes mellitus, the different outcome of
gene—environment interactions, and the different response to
ZnT8 administration. However, diabetes autoimmunity against
ZnT8" and the multifunctional role of ZnT8 in B-cell function
show the potential mechanistic link between type 2 diabetes
mellitus and type 1 diabetes mellitus, the two major forms of
the diabetes spectrum. Therefore, further studies are required
to verify the hypothesis that ZnT8 might be one of the mole-
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cules playing a major role in the diabetes spectrum (Figure 1).
Efforts are required to examine the role and frequencies of
ZnT8-specific T cells in LADA and type 2 diabetes mellitus.
The association between the SLC30A8 genotype and the risk of
LADA also needs to be shown. Although ZnT8 is a diabeto-
genic antigen that can participate in diabetes'’, the detailed
mechanisms of ZnT8 autoimmunity-induced B-cell destruction
are still unclear. It is necessary to confirm the regulatory func-
tion of ZnT8 in insulin homeostasis in NOD mice and in
humans. It is also necessary to explore the cytokine expression
profiles released by ZnT8-specific T cells among different types
of diabetes.
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