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Abstract

Molecular and cellular studies have demonstrated several roles for zinc (Zn) in insulin production and
the consequent actions of insulin on metabolism. Clinical and epidemiological studies suggest that
reduced Zn status is associated with diabetes. Investigations of Zn in rodent models of diabetes have
provided a valuable link for understanding the molecular, cellular, clinical and epidemiological obser-
vations in the context of inter-organ metabolism and the metabolic disturbances of diabetes. This review
highlights some of the current knowledge and future research directions for the role of Zn in the pancreas
and diabetes based on rodent studies and experimental manipulations of Zn. Overall, Zn supplementa-
tion is effective for preventing or ameliorating diabetes in several rodent models of Type 1 and Type 2
diabetes. Studies with chemically-induced Type 1 diabetes indicate that the protective effects of Zn
involve antioxidant mechanisms whether it is Zn alone (as an antioxidant), Zn induction of metallo-
thionein or Zn inhibition of redox-sensitive transcription factors. Further studies are needed to identify
the mechanism(s) for Zn protection in Type 2 diabetes, including pancreatic and peripheral effects.
Experimental manipulations of Zn status in rodent models of diabetes provide a valuable approach
to explore mechanisms for the protective effects of Zn; however, long term clinical studies establishing
safety (lack of toxicity) and efficacy are required before any recommendations can be made for people
with diabetes.

Abbreviations: GK rats – Goto-Kakizaki rats; MT – metallothionein; STZ – streptozotocin; Zn – zinc

Introduction

At the molecular and cellular level, zinc (Zn) is
intimately involved in insulin synthesis, secretion
and signalling, and thus, the consequent actions
of insulin on metabolism (reviewed by Chausmer
1998; Tallman & Taylor 1999). Various clinical
and epidemiological studies suggest that reduced
Zn status is associated with diabetes (reviewed
by Chausmer 1998; Tallman & Taylor 1999).
Manipulations of Zn status in rodent models of
diabetes have been an important experimental
approach to link what is known at the molecular

and cellular levels with the clinical and
epidemiological observations. Rodent models are
amenable to manipulation of Zn status through
various approaches (e.g. dietary Zn level, oral
Zn supplementation, Zn injections) and allow
for in vivo investigation of Zn in the context of
inter-organ metabolism and the metabolic dis-
turbances of diabetes. The objective of this
review is to highlight some of the current
knowledge and future research directions for
the role of Zn in the pancreas and diabetes
based on rodent studies and experimental
manipulations of Zn.
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Zn and the pancreas

The pancreas is the site of insulin synthesis,
storage and secretion, and Zn is involved in each
of these processes (Dodson & Steiner 1998). Zn
ions bind insulin in a hexameric crystalline struc-
ture which is stored in secretory granules. Studies
with 65Zn have shown that secretory granules
contain one-third of islet Zn (Figlewicz et al.
1984). Several techniques have been used to
visualize Zn in subcellular compartments of
pancreatic islets (e.g. X-ray microprobe analysis
(Falkmer et al. 1985), fluorescent probes for
Zn (Zalewski et al. 1994), autometallography
(Kristiansen et al. 2001)). These techniques could
be used for comparison of pancreatic Zn locali-
zation with presence of diabetes and changes in Zn
status (deficient versus supplemented). To date,
Sondergaard et al. (2003) has reported no differ-
ences in the ultrastructural localization of Zn
ions in secretory granules among fa/fa Zucker
rats (insulin-resistant and obese model), Goto-
Kakizaki (GK) rats (non-obese Type 2 diabetes
model) and their respective controls during steady-
state glycemia, using autometallography.

There is a complex signalling cascade in
pancreatic islets for glucose-stimulated insulin
secretion that involves ATP-sensitive potassium
(KATP) channels (Rutter 2004). In the presence of
glucose, an increase in the intracellular ATP/ADP
ratio closes the KATP channels resulting in depo-
larization of the plasma membrane, influx of
extracellular calcium and activation of exocytosis.
The islet cell plasma membrane has KATP

channels, however, the majority of KATP channels
are localized on secretory granule membranes
(Geng et al. 2003). The pancreatic KATP channels
have four regulatory sulfonylurea receptor (SUR1)
subunits and four potassium pore-forming (Kir6.2)
subunits. Recent studies identify Zn as an
intracellular and extracellular regulator of KATP

channels (Prost et al. 2004) and that Zn binding to
two histidine residues (H326 and H332) on the
SUR1 subunit activates the KATP channels
(Bancila et al. 2004). The next step will be to
determine whether functioning of KATP channels is
responsive to in vivo alterations in plasma and
pancreatic Zn concentrations due to dietaryZn intake
or diabetes status.

Exocytosis of secretory granules releases insulin
and Zn (Qian et al. 2003). Based on perfusion

studies with isolated pancreata, Ishihara et al.
(2003) are proposing that Zn released from b-cells
during insulin secretion may be involved in para-
crine communication for coordinated inhibition of
glucagon secretion by a-cells. This coordinated
response requires further investigation in the
context of whole body metabolism.

The pancreas is a location of high Zn turnover
and is one of the few tissues that shows reduced Zn
concentration during Zn deficiency (Roth &
Kirchgessner 1980). The observation by Scott
& Fisher (1938) of a 50% reduction in pancreatic
Zn concentration of diabetic cadavers compared
to non-diabetic cadavers focussed attention on
relationships among Zn, pancreas and diabetes.
Similarly, reduced pancreatic Zn concentrations
have been reported in genetic mouse models of
Type 2 diabetes, ob/ob (mutation in ob (leptin)
gene) and db/db (mutation in leptin receptor) mice
(Begin-Heick et al. 1985; Kennedy & Failla 1987;
Southon et al. 1988; Simon & Taylor 2001), and
GK rats (Type 2 model produced by selective
breeding of rats with glucose intolerance)(Takita
et al. 2004) compared to non-diabetic controls. An
exception is 20–25% higher pancreatic Zn con-
centrations in BB Wistar rats, a spontaneous
autoimmune model of Type 1 diabetes, compared
to non-diabetes prone Wistar rats (Failla &
Gardell 1985; Tobia et al. 1998). Although atten-
tion has been placed on Zn and the pancreas, the
consequences of reduced pancreatic concentra-
tions of other minerals (e.g. Fe, Mn and Mg in GK
rats, Takita et al. 2004) in consort with Zn has not
been explored.

Isotope studies in rodents with 65Zn have been
valuable for characterizing whole-body Zn flux.
The pancreas, along with intestine, liver, kidney
and spleen, are characterized by high rates of Zn
flux (Sheline et al. 1943). Within the pancreas, the
acinar cells have higher rates of 65Zn turnover
compared to b-cells (McIsaac et al. 1955). This is
explained by the high levels of Zn in exocrine
secretions and their importance in regulating Zn
homeostasis (De Lisle et al. 1996). Zn is critically
involved in both exocrine and endocrine functions
of the pancreas.

The identification of membrane proteins for Zn
transport, the ZIP and Zn transporter (ZnT)
families (Liuzzi & Cousins 2004), is revealing more
about the cellular movement of Zn within tissues
including the pancreas. Intracellular uptake of Zn
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is regulated by ZIP proteins while cellular efflux of
Zn into extracellular matrix or into intracellular
vesicles is controlled by ZnT proteins (Liuzzi &
Cousins 2004). Several ZIP and ZnT family
members have been identified (e.g. 15 ZIP and 9
ZnT) which have specificity for different cell types
and sub-cellular localization. A total of 16 ZIP and
ZnT transporters are present in mouse pancreas
with highest abundance for the cellular Zn
exporters, ZnT1 and ZnT2 (Liuzzi et al. 2004).
ZIP4 is present in b-cells while ZIP5 is expressed
in acinar cells (Dufner-Beattie 2004). ZnT5
(expressed in most tissues) is abundant in islet
cells, specifically the Golgi apparatus and secretory
granules (Kambe et al. 2002), the sites for assem-
bly and storage of the Zn-insulin complex. ZnT8 is
specific to pancreas islet cells where it co-localizes
with insulin in the secretory vesicles (Chimienti
et al. 2004). ZnT8 facilitates accumulation of Zn
from cytoplasm into intracellular vesicles; both
ZnT8 and the Zn concentration in the culture
medium determine the level of Zn accumulation
(Chimienti et al. 2004). The presence of these
membrane transporters for Zn raises interesting
questions about their response to altered Zn status
and presence of diabetes. In mice, 21 d Zn deple-
tion reduced ZnT1 and ZnT2 mRNAs (primarily
expressed in acinar tissue) �10-fold while other
ZnTs and ZIPs present in islets were not altered by
dietary Zn deficiency (Liuzzi et al. 2004). In
pancreatic islets of Wistar BB rats (spontaneous,
autoimmune model for Type 1 diabetes), mRNA
levels of several ZnTs demonstrated developmen-
tal regulation but they were unchanged compared
to non-diabetic control rats (Clifford &
MacDonald 2000). Further studies are needed to
establish whether ZIP and ZnT proteins are
changed in other models of diabetes in
combination with altered Zn status.

Adequate levels of pancreatic Zn may also be
critical for providing antioxidant protection given
that oxidative stress is a component of tissue
damage in Type 1 and Type 2 diabetes and its
associated complications (Reviewed by Ho & Bray
1999 and Robertson et al. 2004). Compared to
several other tissues, b-cells have lower levels of
antioxidant defense components and are suscepti-
ble to oxidative damage (Lenzen et al. 1996;
Tiedge et al. 1997). Zn contributes to antioxidant
defense as a component of CuZnSuperoxide
dismutase (CuZnSOD) and metallothionein (MT).

Transgenic mice overexpressing CuZnSOD are
resistant to developing streptozotocin (STZ)- or
alloxan-induced diabetes (Kubisch et al. 1994,
1997) as are mice with overexpression of MT in
pancreatic b-cells (Chen et al. 2001). Thus, addi-
tional antioxidant protection has been proposed
as a means for prevention and management of
diabetes.

Zn and Type 1 diabetes models

Chemically-induced experimental rodent models
for Type 1 diabetes utilize STZ or alloxan to destroy
b-cells resulting in hypoinsulinemia; protocols may
use one or two high dose injections to produce
hyperglycemia rapidly (within 2–3 days), or a low
dose multiple injection regimen that results in
insulitis (immune component) along with the
hyperglycemia (Like & Rossini 1976). Pretreatment
with Zn injections (10 mg Zn/kg body weight sub-
cutaneously 12 h before STZ injection) partially
prevented hyperglycemia and development of dia-
betes in STZ rats (Yang & Cherian 1994). The Zn
protection was attributed to Zn induction of MT, a
scavenger of oxygen free radicals, and was asso-
ciated with reduction of lipid peroxidation in pan-
creas and liver. SOD did not play a role in the
protection as pancreatic and hepatic SOD activity
was reduced in STZ rats and not altered by Zn
injection. However, some of the protective effects of
Zn treatment may be independent of MT as a low
dose Zn pre-treatment (1 mg Zn/kg body weight)
ameliorated STZ-induced diabetes inMT-null mice
but had no effect in wild-type mice (Apostolova
et al. 1997). The wild-type STZmice were protected
with high dose Zn (10 mg Zn/kg body weight)
suggesting that the mechanism(s) for Zn protection
are dose dependent.

Other studies have focussed on oral Zn (sup-
plementation in diet or drinking water) and
signalling mechanisms for the protective effects of
Zn in different models of Type 1 diabetes. Dietary
Zn supplementation (1000 mg Zn/kg diet versus
50 mg Zn/kg in the control diet) from age 30 to
100 days old delayed the onset and reduced
severity of spontaneous diabetes in diabetes-prone
BB Wistar rats and elevated serum and pancreas
Zn concentration compared to BB rats given
normal dietary Zn (Tobia et al. 1998). A low Zn
diet (1 mg Zn/kg diet) did not alter diabetes
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incidence in the BB rats at 100-days-old but pan-
creas and serum Zn concentrations were reduced
compared to the normal Zn BB rats. High dietary
Zn intakes (greater than four times recommended
amounts) can impact negatively on copper
(Cu)-dependent enzymes and biochemical indices of
Cu deficiency in growing rats (L’Abbe and Fischer
1984a, 1984b). The Zn-supplemented BB rats had
elevated serum Cu and reduced pancreas Cu con-
centrations (Tobia et al. 1998), suggesting some
alteration of Cu metabolism.

Ho et al. (2001) demonstrated that high dietary
Zn supplementation (1000 mg Zn/kg diet for
14 days prior to diabetes induction versus 50 mg
Zn/kg in the control diet) reduced the effects of
STZ- and alloxan-induced diabetes in mice and
this was associated with elevated pancreas Zn and
MT concentrations. The high Zn supplementation
was short term (14 days); serum and pancreas Cu
concentrations were not affected but serum Zn
concentrations were doubled. Although different
mechanisms may be involved in the induction of
diabetes by STZ and alloxan, Zn supplementation
inhibited STZ- and alloxan-induced activation of
NFkB, a redox-sensitive transcription factor, and
inducible nitric oxide synthase (iNOS), a down-
stream target of NFkB (Ho et al. 2001). Like the
results of Apostolova et al. (1997), there was a
dose dependent-response (and mechanism(s)) as
supplementation with 500 mg Zn/kg diet provided
some protection against diabetes induction, ele-
vated pancreatic Zn but not MT, and partially
inhibited STZ-induced NFkB activation in pan-
creas (Ho et al. 2001).

Similarly, Schott-Ohly et al. (2004) have
reported that pre-treatment with Zn sulphate-
enriched (25 mM) drinking water for 1 week
before 3–5 day multiple low dose STZ injections
inhibited STZ-induced up-regulation of ex vivo
activity of NFkB and activator protein-1 (AP-1).
Zn alone (i.e. no STZ injection) did not affect
NFkB and AP-1, transcription factors which are
required for cytokine gene activation and disease
progression in chronic inflammatory diseases.
Administration of Zn sulphate-enriched drinking
water to parents and F1 offspring also protected
female non-obese diabetic (NOD) mice from
spontaneous development of Type 1 diabetes (via T
cell-dependent inflammatory responses in this
model) (Schott-Ohly et al. 2004). Less protection
was achieved if only the breeding pairs or offspring

were provided with Zn in the drinking water, indi-
cating in utero programming of diabetes develop-
ment and prevention in NOD mice. In contrast to
the STZ model, Zn treatment of NOD mice in-
duced activation of NFkB and AP-1 in islets. The
authors proposed that Zn may prevent cytokine-
induced apoptosis of islets in NOD mice through
activation of NFkB, whereas Zn inhibition of STZ-
induced NFkB activation may prevent cytokine
mediated toxicity in STZ mice (Schott-Ohly et al.
2004). These studies illustrate the importance of
understanding the mechanisms of islet cell
destruction in relationship to mechanisms for Zn
protection.

Zn and Type 2 diabetes models

Protective effects of Zn have also been demon-
strated in rodent models of Type 2 diabetes. Very
high dietary Zn supplementation (1000 mg Zn/kg
diet) for 4 weeks in ob/ob mice attenuated fast-
ing hyperglycemia and hyperinsulinemia, elevated
insulin in pancreatic islets, and attenuated the
abnormally high insulin secretory response to glu-
cose in isolated pancreatic islets from ob/ob mice
(Begin-Heick et al. 1985). Zn supplementation did
not improve the response of ob/ob mice to an oral
glucose tolerance test, leading the researchers to
conclude that Zn supplementation did not alter the
peripheral response in this model (Begin-Heick
et al. 1985).

A lower level of dietary Zn supplementation
(300 mg Zn/kg diet) for 6 weeks was effective for
reducing fasting hyperglycemia and hyperinsulin-
emia, and reducing weight gain (i.e. better meta-
bolic control) in young db/db mice (Simon &
Taylor 2001). Unchanged liver and renal Cu
concentrations and normal growth in the lean
genotype suggested that the dietary Zn supple-
mentation was not adversely affecting Cu meta-
bolism. Conversely, a Zn-deficient diet (3 mg Zn/
kg diet versus a Zn-adequate diet of 30 mg Zn/kg
diet) for 6 weeks exacerbated fasting hyperglyce-
mia in db/db mice and this was associated with
reduced circulating insulin. Pancreatic Zn was re-
duced in db/db mice compared to the lean geno-
type, and Zn supplementation of db/db mice
normalized pancreatic Zn to the levels of lean
mice. The combination of higher pancreatic Zn
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and lower circulating insulin concentrations in
Zn-supplemented db/db mice versus control db/db
mice suggested that Zn supplementation improved
pancreatic b-cell function and/or peripheral insulin
sensitivity such that less circulating insulin was
required for glucose uptake. Zn has been shown to
enhance tyrosine kinase phosphorylation in insulin
signal transduction using in vitro systems (Findik
& Presek 1988; Mooney & Bordwell 1992). In-
sulin-stimulated tyrosine kinase activity was higher
in the db/db genotype, however, it was not altered
in mice fed Zn-supplemented or Zn-deficient diets
(Simon & Taylor 2001).

Another approach has been development of
Zn-containing compounds with insulinomimetic
activity. Daily intraperitoneal injections of these
Zn(II) complexes for 14 days attenuated hyper-
glycemia, hyperinsulinemia and hyperlipidemia,
and improved oral glucose tolerance and HbA1c
values in KK-Ay mice (Type 2 diabetes model)
without negative effects on indices of renal and
hepatic function (Yoshikawa et al. 2001, 2002;
Kojima et al. 2003). Similar results have been
reported in GK rats (non-obese Type 2 diabetes
model) given Zn(II) complexes intraperitoneally or
by oral administration for 30–45 days (Fugono
et al. 2002).

Although Zn has demonstrated protective ef-
fects in the Type 2 models of diabetes, some limi-
tations need to be acknowledged. The genetic
rodent models of Type 2 diabetes tend to have
greater hyperglycaemic levels (e.g. >15 mM ser-
um glucose) than humans (>7 mM fasting serum
glucose for diagnosis of diabetes). Most of the
rodent models for Type 2 diabetes are character-
ized by single gene mutations (e.g. mutations in
leptin, leptin receptor or the agouti locus for ob/ob,
db/db, and KK-Ay mice, respectively), whereas
multiple gene interactions with environment are
believed to contribute to Type 2 diabetes in
humans. In terms of Zn, the studies have initiated
Zn treatment at a relatively young age (5–9 weeks
of age) for a short period of time (2–6 weeks).
Elevated Zn intakes over longer periods of time
could lead to toxicity. Furthermore, the safety
window for high Zn intakes is relatively narrow.
L’Abbe & Fischer (1984a, 1984b) have reported
that four times the recommended Zn intake for
rats leads to biochemical evidence of Cu defi-
ciency. For humans, the Upper Limit (UL) for Zn
intake is 40 mg/day for adults compared to the

Recommended Daily Allowances of 8 and 11 mg
Zn/day for females and males, respectively (Food
and Nutrition Board 2001).

Further research is required to identify the
mechanism(s) for the protective effects of Zn sup-
plementation in Type 2 diabetes models, and in
particular, to distinguish the effects on the pan-
creas versus the periphery. Studies of dietary Zn
deficiency in non-diabetic rats have demonstrated
that peripheral insulin resistance contributes
to impaired glucose tolerance in Zn-deficient
rats (reviewed by Tallman & Taylor 1999). For
example, Zn-deficient rats were more resistant to
exogenous insulin injections compared to pair-fed
control rats (Quarterman et al. 1966), and had less
glucose turnover during an euglycemic hyperinsu-
linemic glucose clamp (Faure et al. 1992). How-
ever, assessments of peripheral insulin resistance,
insulin signalling and its downstream effects in the
periphery have generally not been done in studies
investigating Zn in rodent models of diabetes.
Furthermore, there is evidence to support interre-
lationships among obesity (present in most Type 2
diabetes), leptin and Zn metabolism. For example,
adipose Zn concentrations were reduced in mice
with diet-induced obesity and adipose Zn was
negatively correlated with serum leptin concen-
trations (Tallman & Taylor 2003). MT-null mice
are obese and have hyperleptinemia (Beattie et al.
1998). Thus, peripheral effects of Zn in diabetes
may extend beyond interactions with insulin and
include adipocytokines and other signalling
molecules.

The investigations of Zn in Type 1 diabetes
models have focussed on the pancreas, however,
antioxidant protection in the pancreas is also
relevant in Type 2 diabetes. The pathways
responsible for glucose-dependent insulin secretion
appear to simultaneously increase reactive oxygen
production (Fridlyand & Philipson 2004). This
would suggest that increased insulin secretion in
Type 2 diabetes would be accompanied by greater
reactive oxygen production, and consequently
more oxidative stress if the antioxidant defense
system was insufficient to detoxify the increased
load of free radicals. Reactive oxygen species and
circulating inflammatory mediators can activate
apoptotic signalling pathways in b-cells (Mand-
rup-Poulsen 2003). Thus, Zn may protect the pan-
creas in Type 2 diabetes directly as an antioxidant
(Bray & Bettger 1990) or via inhibition of redox
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sensitive transcription factors and signalling
pathways for apoptosis and inflammatory media-
tors (e.g. Ho et al. 2001, 2004).

Conclusions

In summary, Zn supplementation is effective
for preventing or ameliorating diabetes in several
rodent models of Type 1 and Type 2 diabetes.
Studies with chemically-induced diabetes (i.e. STZ
and alloxan) indicate that the protective effects of
Zn involve antioxidant mechanisms whether it is
Zn alone (as an antioxidant), Zn induction of MT
or Zn inhibition of redox-sensitive transcription
factors (e.g. NFkB activation). Further studies are
needed to identify the mechanism(s) for Zn pro-
tection in Type 2 diabetes, including pancreatic
and peripheral effects. It is possible that Zn pro-
tects against progressive b-cell injury in Type 2
diabetes via mechanisms involving inhibition of
oxidative stress, apoptosis and inflammation.
Worldwide incidence of diabetes is increasing at an
alarming rate, with Type 2 diabetes representing>
90% of cases. Given that Type 1 and Type 2 dia-
betes are characterized by b-cell destruction and
b-cell exhaustion, respectively, there is consider-
able opportunity to develop preventative and
therapeutic strategies for protecting pancreatic
function. Experimental manipulations of Zn status
in rodent models of diabetes provide a valuable
approach to explore mechanisms for the protective
effects of Zn; however, long term clinical studies
establishing safety (lack of toxicity) and efficacy
are required before any recommendations can be
made for people with diabetes.

Acknowledgements

The research program on zinc is funded by the
Natural Sciences and Engineering Research Council
of Canada.

References

Apostolova MD, Choo KH, Michalska AE, Tohyama C. 1997
Analysis of the possible protective role of metallothionein in
streptozotocin-induced diabetes using metallothionein-null
mice. J Trace Elem Med Biol 11(1), 1–7.

Bancila V, Cens T, Monnier D, Chanson F, Faure C, Dunant Y,
Bloc A. 2005 Two SUR1-specific histidine residues mandatory

for zinc-induced activation of the rat KATP channel. J Biol
Chem 280(10), 8793–8799 (Epub 2004 December 21).

Beattie JH, Wood AM, Newman AM, Bremner I, Choo KHA,
Michalska AE, Duncan JS, Trayhurn P. 1998 Obesity and
hyperleptinemia in metallothionein (-I and -II) null mice.
Proc Natl Acad Sci USA 95, 358–363.

Begin-Heick N, Dalpe-Scott M, Rowe J, Heick HM. 1985
Zinc supplementation attenuates insulin secretory activity
in pancreatic islets of the ob/obmouse.Diabetes 34(2), 179–184.

Bray TM, Bettger WJ. 1990 The physiological role of zinc as an
antioxidant. Free Radical Biol Med 8(3), 281–291.

Chausmer AB. 1998 Zinc, insulin and diabetes. J Am Coll Nutr
17(2), 109–115.

Chen H, Carlson EC, Pellet L, Moritz JT, Epstein PN. 2001
Overexpression of metallothionein in pancreatic b-cells re-
duces streptozotocin-induced DNA damage and diabetes.
Diabetes 50, 2040–2046.

Chimienti F, Devergnas S, Favier A, Seve M. 2004 Identifica-
tion and cloning of a b-cell-specific zinc transporter, ZnT-8,
localized into insulin secretory granules. Diabetes 53,
2330–2337.

Clifford KS, MacDonald MJ. 2000 Survey of mRNAs encoding
zinc transporters and other metal complexing proteins in
pancreatic islets of rats from birth to adulthood: similar
patterns in the Sprague-Dawley and wistar BB strains. Dia-
betes Res Clin Pract 49, 77–85.

De Lisle RC, Sarras MP Jr, Hidalgo J, Andrews GK. 1996
Metallothionein is a component of exocrine pancreas secre-
tion: implications for zinc homeostasis. Am J Physiol 271
(4 Pt 1), C1103–C1110.

Dodson G, Steiner D. 1998 The role of assembly in insulin’s
biosynthesis. Curr Opin Struct Biol 8(2), 189–194.

Dufner-Beattie J, Kuo YM, Gitschier J, Andrews GK. 2004
The adaptive response to dietary zinc in mice involves the
differential cellular localization and zinc regulation of the
zinc transporters ZIP4 and ZIP5. J Biol Chem 279(47),
49082–49090.

Failla ML, Gardell CY. 1985 Influence of spontaneous diabetes
on tissue status of zinc, copper, and manganese I the BB
wistar rat. Proc Soc Exp Biol Med 180(2), 317–322.

Falkner S, Odselius R, Blondel B, Prentki M, Wollheim CB.
1985 Energy dispersive X-ray microanalysis of zinc and
calcium in organelles of insulin-producing cells of the mouse,
rat, and a fish. Biomed Biochim Acta 44(1), 37–43.

Faure P, Roussel A, Coudray C, Richard MJ, Halimi S, Favier
A. 1992 Zinc and insulin sensitivity. Biol Trace Elem Res 32,
305–310.

Figlewicz DP, Forhan SE, Hodgson AT, Grodsky GM. 1984
65Zinc and endogenous zinc content and distribution in islets
in relationship to insulin content. Endocrinol 115(3),
877–881.

Findik D, Presek P. 1988 Zn2+ enhances protein tyrosine ki-
nase activity of human platelet membranes. FEBS Lett 235,
51–56.

Food and Nutrition Board, Institute of Medicine. 2001 Dietary
reference intakes for vitamin A, vitamin K, arsenic, boron,
chromium, copper, iodine, iron, manganese, molybdenum,
nickel, silicon, vanadium, and zinc. The National Academy of
Sciences. National Academy Press, Washington, DC [http://
www.nap.edu/openbook/0309072794/html/index.html accessed
25/01/2005].

Fridlyand LE, Philipson LH. 2004 Does the glucose-dependent
insulin secretion mechanism itself cause oxidative stress in
pancreatic b-cells. Diabetes 53, 1942–1948.

310



Fugono J, Fujimoto K, Yasui H, Kawabe K, Yoshikawa Y,
Kojima Y, Sakurai H. 2002 Metallokinetic study of zinc in
the blood of normal rats given insulinomimetic zinc(II)
complexes and improvement of diabetes mellitus in type 2
diabetic GK rats by their oral administration. Drug Metabol
Pharmacokin 27(4), 340–347.

Geng X, Lehong L, Watkins S, Robbins PD, Drain P. 2003 The
insulin secretory granule is the major site of KATP channels
of the endocrine pancreas. Diabetes 52, 767–776.

Ho E, Bray TM. 1999 Antioxidants, NFkB activation, and
diabetogenesis. Exp Biol Med 222, 205–213.

Ho E, Quan N, Tsai YH, Lai W, Bray TM. 2001 Dietary zinc
supplementation inhibits NFkB activation and protects
against chemically induced diabetes in CD1 mice. Exp Biol
Med 226, 103–111.

Ho LH, Ruffin RE, Murgia C, Lixin L, Krillis SA, Zalewski
PD. 2004 Labile zinc and zinc transporter ZnT4 in mast cell
granules: role in regulation of caspase activation and NF-kB
Translocation. J Immunol 172, 7750–7760.

Ishihara H, Maechler P, Gjinovci A, Herrera P-L, Wollheim
CB. 2003 Islet b-cell secretion determines glucagons
release from neighbouring a-cells. Nat Cell Biol 5(4),
330–335.

Kambe T, Narita H, Yamaguchi-Iwai Y, Hirose J, Amano T,
Sugiura N, Sasaki R, Mori K, Iwanaga T, Nagao M. 2002
Cloning and characterization of a novel mammalian zinc
transporter, zinc transporter 5, abundantly expressed in
pancreatic b cells. J Biol Chem 277(21), 19049–19055.

Kennedy ML, Failla ML. 1987 Zinc metabolism in genetically
obese (ob/ob) mice. J Nutr 117(5), 886–893.

Kojima Y, Yoshikawa Y, Ueda E, Ueda R, Yamamoto S,
Kumekawa K, Yanagihara N, Sakurai H. 2003 Insulinomi-
metic zinc(II) complexes with natural products: in vitro
evaluation and blood glucose lowering effect in KK-Ay mice
with type 2 diabetes mellitus. Chem Pharm Bull 51(8),
1006–1008.

Kristiansen LH, Rungby J, Sondergaard LG, Stoltenberg M,
Danscher G. 2001 Autometallography allows ultrastructural
monitoring of zinc in the endocrine pancreas. Histochem Cell
Biol 115(2), 125–129.

Kubisch HM, Wang J, Bray TM, Phillips JP. 1997 Targeted
overexpression of Cu/Zn superoxide dismutase protects
pancreatic beta-cells against oxidative stress. Diabetes
46((10), 1563–1566.

Kubisch HM, Wang J, Luche R, Carlson E, Bray TM, Epstein
CJ, Phillips JP. 1994 Transgenic copper/zinc superoxide
dismutase modulates susceptibility to type 1 diabetes. Proc
Natl Acad Sci USA 91, 9956–9959.

L’Abbe MR, Fischer PW. 1984a The effects of dietary zinc on
the activity of copper-requiring metalloenzymes in the
growing rat. J Nutr 114(5), 813–822.

L’Abbe MR, Fischer PW. 1984b The effects of dietary zinc on
the activity of copper-requiring metalloenzymes in the rat.
J Nutr 114(5), 823–828.

Lenzen S, Drinkgern J, TiedgeM. 1996 Low antioxidant enzyme
gene expression in pancreatic islets compared with various
other mouse tissues. Free Radic Biol Med 20(3), 463–466.

Like AA, Rossini AA. 1976 Streptozotocin-induced pancreatic
insulitis: new model of diabetes mellitus. Science 193(4251),
415–417.

Liuzzi JP, Bobo JA, Lichten LA, Samuelson DA, Cousins RJ.
2004 Responsive transporter genes within the murine
intestinal-pancreatic axis form a basis of zinc homeostasis.
Proc Natl Acad Sci USA 101(40), 14355–14360.

Liuzzi JP, Cousins RJ. 2004 Mammalian zinc transporters.
Annu Rev Nutr 24, 151–172.

Mandrup-Poulsen T. 2003 Apoptotic signal transduction
pathways in diabetes. Biochem Pharmacol 66, 1433–1440.

McIssac RJ. 1955 The distribution of zinc-65 in the rat pan-
creas. Endocrinol 57(5), 571–579.

Mooney RA, Bordwell KL. 1992 Differential dephosphoryla-
tion of the insulin receptor and its 160-kDa substrate (pp160)
in rat adipocytes. J Biol Chem 267, 14054–14060.

Qian WJ, Gee KR, Kennedy RT. 2003 Imaging of Zn2+ release
from pancreatic b-cells at the level of single exocytotic
events. Anal Chem 75, 3468–3475.

Quarterman J, Mills CF, Humphries WR. 1966 The reduced
secretion of, and sensitivity to insulin in zinc-deficient rats.
Biochem Biophys Res Commun 25, 354–358.

Prost AL, Bloc A, Hussy N, Derand R, Vivaudou M. 2004 Zinc
is both an intracellular and extracellular regulator of KATP
channel function. J Physiol 559(Pt 1), 157–167.

Robertson RP, Harmon J, Tran POT, Poitout V. 2004 b-Cell
glucose toxicity, lipotoxicity, and chronic oxidative stress in
Type 2 diabetes. Diabetes 53(Suppl 1), S119–S124.

Roth HP, Kirchgessner M. 1980 Zn metalloenzyme activities.
Changes and biochemical aspects in Zn deficiency. World
Rev Nutr Diet 34, 144–160.

Rutter GA. 2004 Visualising insulin secretion. The Minkowski
Lecture 2004. Diabetologia 47, 1861–1872.

Schott-Ohly P, Lgssiar A, Partke HJ, Hassan M, Friesen N,
Gleichmann H. 2004 Prevention of spontaneous and exper-
imentally induced diabetes in mice with zinc sulfate-enriched
drinking water is associated with activation and reduction of
NF-kB and AP-1 in islets, respectively. Exp Biol Med 229,
1117–1185.

Scott DA, Fisher AM. 1938 The insulin and the zinc content of
normal and diabetic pancreas. J Clin Invest 17, 725–728.

Sheline GE, Chaikoff IL, Jones HB, Montgomery ML. 1943
Studies on the metabolism of zinc with the aid of its radio-
isotope. II. The distribution of administered radioactive zinc
in the tissues of mice and dogs. J Biol Chem 149, 139–151.

Simon SF, Taylor CG. 2001 Dietary zinc supplementation
attenuates hyperglycemia in db/db mice. Exp Biol Med 226,
43–51.

Sondergaard LG, Stoltenberg M, Flyvbjerg A, Brock B,
Schmitz O, Danscher G, Rungby J. 2003 Zinc ions in b-cells
of obese, insulin-resistant, and type 2 diabetic rats traced by
autometallography. APMIS 111, 1147–1154.

Southon S, Kechrid Z, Wright AJA, Fairweather-Tait SJ. 1988
Effect of reduced dietary zinc intake on carbohydrate and
zinc metabolism in the genetically diabetic mouse (C57BL/
KsJ db+/db+). Br J Nutr 60, 499–507.

Takita S, Wakamoto Y, Kunitsugu I, Gugiyama S, Okuda M,
Houbara T. 2004 Altered tissue concentration of minerals in
spontaneous diabetic rats. J Toxicol Sci 29(3), 195–199.

Tallman DL, Taylor CG. 1999 Potential interactions of zinc in
the neuroendocrine-endocrine disturbances of diabetes
mellitus type 2. Can J Physiol Parmacol 77, 919–933.

Tallman DL, Taylor CG. 2003 Effects of dietary fat and zinc on
adiposity, serum leptin and adipose fatty acid composition in
C57BL/6J mice. J Nutr Biochem 14, 17–23.

Tiedge M, Lortz S, Drinkgern J, Lenzen S. 1997 Relation be-
tween antioxidant enzyme gene expression and antioxidative
defense status of insulin-producing cells. Diabetes 46(11),
1733–1742.

Tobia MH, Zdanowicz MM, Wingertzahn MA, McHeffey-
Atkinson B, Slonim AE, Wapnir RA. 1998 The role of

311



dietary zinc in modifying the onset and severity of sponta-
neous diabetes in the BB wistar rat. Mol Genet Metabol 63,
205–213.

Yang J,CherianMG.1994Protective effects ofmetallothioneinon
streptozotocin-induced diabetes in rats. Life Sci 55(1), 43–51.

Yoshikawa Y, Ueda E, Kawabe K, Miyake H, Takino T,
Sakurai H, Kojima Y. 2002 Development of new
insulinomimetic zinc (II) picolinate complexes with a
Zn(N2O2) coordination mode: structure characterization, in
vitro, and in vivo studies. J Biol Inorg Chem 7, 68–73.

Yoshikawa Y, Ueda E, Miyake H, Sakurai H, Kojima Y.
2001 Insulinomimetic bis(maltolato)zinc(II) complex: blood
glucose normalizing effect in KK-Ay mice with type 2
diabetes mellitus. Biochem Biophys Res Commun 281,
1190–1193.

Zalewski PD, Millard SH, Forbes IJ, Kapaniris O, Slavotinek
A, Betts WH, Ward AD, Lincoln SF, Mahadevan I. 1994
Video image analysis of labile zinc in viable pancreatic islet
cells using a specific fluorescent probe for zinc. J Histochem
Cytochem 42(7), 877–884.

312


