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ABSTRACT: About 20 chemical elements are nutritionally essential for humans with defined molecular functions. Sever-

al essential and nonessential biometals are either functional nutrients with antidiabetic actions or can be diabetogenic. A 

key question remains whether changes in the metabolism of biometals and biominerals are a consequence of diabetes or 

are involved in its etiology. Exploration of the roles of zinc (Zn) in this regard is most revealing because 80 years of scien-

tific discoveries link zinc and diabetes. In pancreatic β- and α-cells, zinc has specific functions in the biochemistry of in-

sulin and glucagon. When zinc ions are secreted during vesicular exocytosis, they have autocrine, paracrine, and endo-

crine roles. The membrane protein ZnT8 transports zinc ions into the insulin and glucagon granules. ZnT8 has a risk al-

lele that predisposes the majority of humans to developing diabetes. In target tissues, increased availability of zinc enhan-

ces the insulin response by inhibiting protein tyrosine phosphatase 1B, which controls the phosphorylation state of the 

insulin receptor and hence downstream signalling. Inherited diseases of zinc metabolism, environmental exposures that 

interfere with the control of cellular zinc homeostasis, and nutritional or conditioned zinc deficiency influence the patho-

biochemistry of diabetes. Accepting the view that zinc is one of the many factors in multiple gene-environment inter-

actions that cause the functional demise of β-cells generates an immense potential for treating and perhaps preventing 

diabetes. Personalized nutrition, bioactive food, and pharmaceuticals targeting the control of cellular zinc in precision 

medicine are among the possible interventions.
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INTRODUCTION

A review article on selected trace elements and minerals 

[magnesium, manganese, iron, zinc (Zn), and chromium] 

in diabetes recognized (i) profound effects on metabolic 

processes, (ii) perturbed balances in diabetes and influ-

ences on the progression of the disease, and (iii) a need 

to define the nutritional status (1). The article specifical-

ly refrained from discussing whether imbalances of these 

micronutrients cause diabetes. Significant knowledge on 

the roles of these and other chemical elements in diabe-

tes has been generated since the article was written more 

than 30 years ago. Definition of the nutritional status of 

trace elements and minerals in health and disease is an 

on-going endeavour and the issue of causation remains 

largely unresolved. A resolution would have significant 

potential for preventing and treating metabolic syndrome 

and diabetes.

Biometal science is often viewed as a specialized field 

and largely ignored in many investigations despite of 

metal ions being omnipresent in food and biochemical 

reagents, and affecting the outcome of experiments (2). 

Many bioactive nutrients either bind metal ions or inter-

act with metal/mineral metabolism indirectly by binding 

to proteins that control metal/mineral homeostasis (Fig. 

1). A true understanding of trace metal and mineral met-

abolism is somewhat hindered by not separating quan-

tity from quality (function). Cellular concentrations and 

amounts of minerals (a term often used for sodium, po-

tassium, magnesium, and calcium) and trace metals (a 

term used for the other metals though the concentra-

tions of iron and zinc are rather high and should not be 

considered as traces) cover many orders of magnitude 

(Fig. 2). The notion of a “trace” is sometimes understood 

as being less important or more specific. However, metal 

ions, even at very low concentrations, have potent ef-

fects by binding to macromolecules, being chemically re-

active or catalytically active. Some are vitally important 

as micronutrients for the metabolism of macronutrients. 

Because “trace” and “ultratrace” are terms used in analyt-

ical chemistry, I shall refer to the biologically active met-

als/minerals as biometals/biominerals instead. Two issues 
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Fig. 1. Biometals/biominerals interact with food bioactives and 
micronutrients. Metal ions bind to molecules affecting the me-
tabolism of both. For those metal ions with high affinity binding, 
actions can be at very low concentrations (Fig. 2). In addition 
to the interaction with biomolecules, some free (unbuffered) 
metal ions have unique chemical reactivities. Bioactive food is 
rarely screened for metal content and metal binding capacity 
nor are the effects on control of metal homeostasis addressed.

Fig. 2. The cellular concentrations of biometals and biominerals.
Essential metal ions occur at concentrations that cover many 
orders of magnitude. Controlled fluctuations make them impor-
tant regulators of biological function, especially the redox-inert 
metal ions calcium and zinc as intracellular messengers/sig-
nalling ions. Some non-essential metal ions occur at concen-
trations commensurate with those of essential metal ions. ppm, 
parts per million; ppb, parts per billion; ppt, part per trillion.

need to be considered. First, which chemical elements 

are essential should be stated with reference to a partic-

ular organism. For example, vanadium and nickel  are not 

known to be essential for humans though they have well- 

defined molecular functions in some organisms. Specific 

organisms acquire metals such as tungsten, cadmium, or 

even lanthanides for functions. Second, the meaning of 

the word “essential” should be specified. It is understood 

here as essential for the survival of an organism. But a wider 

definition is also employed: the presence of some chem-

ical elements optimizes specific functions without the 

element being essential for survival (3). Such beneficial 

functions are documented for chemical elements such as 

fluorine, boron, or vanadium (4). An unresolved issue is 

whether or not chromium(III) is essential for humans. 

Whilst accepted as an essential trace metal in many gov-

ernment guidelines, the premise that it is essential came 

under scrutiny recently (5). The arguments surrounding 

this issue are involved and cannot be addressed in this 

short article. Suffice it to say that we cannot claim that 

we know the full complement of chemical elements that 

are essential for humans. A reminder of our lack of 

knowledge is that a molecular function for bromine in 

humans was established only two years ago (6).

More than 20 chemical elements are essential for life 

(7). Thus an organic chemistry-centric view of life is 

insufficient. Inorganic－“not deriving from organic mat-

ter”－chemistry is a misnomer when discussing biochem-

istry, where a considerable amount of metallobiochemi-

stry that is traditionally within the purview of inorganic 

chemistry is critical for life processes. Not addressing the 

inorganic aspects of life processes omits a large number 

of functional micronutrients. Another striking fact is that 

in addition to the essential chemical elements many oth-

er elements are present in human tissues. Some of them, 

e.g. rubidium, strontium, titanium, and aluminium, oc-

cur at higher concentrations than those of some essen-

tial elements. Their biological functions are largely un-

known. They are not chemically inert. Metals such as 

cadmium and lead accumulate with age with adverse, but 

not yet fully understood consequences for our health (8, 

9). It would seem prudent to monitor the concentrations 

of these additional chemical elements in human tissues, 

in particular the ones that are known to be toxic and to 

interact with the functions of the essential elements. 

However, this is done only in exceptional cases when poi-

soning is suspected. The status of essential chemical ele-

ments influences the functions of toxic elements and vice 

versa. Interactions are multimodal. For example, iron 

deficiency (anaemia) increases the uptake of cadmium, 

which then interferes with the functions of zinc. Like-

wise, essential chemical elements interact. High zinc in-

take in the diet lowers copper uptake from the diet; high 

molybdenum in the diet also interferes with copper me-

tabolism, though such molybdenosis is rare in humans.

BIOMETALS IN DIABETES

Some metal ions have antidiabetic functions, e.g. zinc 

and vanadium at certain concentrations, while others are 

diabetogenic, e.g. iron under conditions of its overload 

or cadmium. With few exceptions, there is little insight 

into how human cells allow or restrict the access of non- 

essential metal ions to tissues. Cadmium and nickel can 

be measured in human pancreatic islets. At concentra-

tions corresponding to environmental exposures, cadmi-

um affects functions of murine β-cells (10). While cad-

mium ions can be transported into cells, human zinc ex-

porters of the ZnT family prevent their export (11), sug-

gesting a possible pathway for accumulation in the cell 

but also for protection of subcellular compartments such 

as the dense core insulin granules of β-cells from cadmi-

um toxicity. 

There is a rather extensive literature on an altered sta-
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tus of biometals and biominerals in diabetic patients (12). 

Hypomagnesemia and hypozincemia have been noted re-

peatedly (13-15). Concentrations in blood plasma, which 

is the source for most clinical tests, do not necessarily 

reflect the status of biometals or biominerals in tissues. 

For example, an increase of zinc in blood cells was noted 

in insulin-dependent diabetes mellitus (IDDM) patients 

(16). With regard to zinc, only about 0.1% of total body 

zinc is in blood and it is not an indicator of zinc status in 

tissues, for which there is no established biomarker. 

There are several pathways for re-distribution of metal 

ions in diabetes. First, infections and inflammation trig-

ger an acute phase response that removes metal ions 

from the circulatory system. As a result an inverse rela-

tionship exists, namely increasing cellular concentrations 

of some metal ions while decreasing them systemically. 

Second, oxidative stress affects thiols of cysteines that 

are involved in the binding of many biometals. The re-

duced binding capacity of proteins for metal ions in-

creases available metal ion concentrations with either 

functional effects at sites where metal ions do not nor-

mally bind or export of metal ions from the cell. Third, 

diuresis and compromised kidney function contribute to 

an overall loss of metal ions. An ensuing deficiency of an 

essential biometal may be treated by supplementation. 

However, supplementation does not always restore the 

metal balance and improve function. Reasons why it can 

be ineffective involve additional factors, e.g. not treating 

an underlying oxidative stress or the occurrence of com-

pensatory changes in the control of metal homeostasis 

through altered gene expression.

This short review focuses on some particular aspects 

of diabetes related to the functions of insulin and zinc in 

the pancreas and in target tissues. Diabetes is a complex 

metabolic disease. In 1936, Himsworth distinguished 

two forms: type 1 and type 2 (17). Type 1 is an autoim-

mune disease that destroys the insulin-producing pan-

creatic islet β-cells resulting in an absolute requirement 

for insulin (IDDM, mostly juvenile). Type 2 accounts for 

90+% of all diabetes cases and was originally adult-onset 

but is now more frequently diagnosed in younger peo-

ple. It develops from insulin resistance in peripheral tis-

sues, hence its designation as non-IDDM. When type 2 

diabetes progresses the capacity of β-cells to produce in-

sulin is eventually exhausted and the patient also be-

comes dependent on insulin. Thus impaired insulin se-

cretion from β-cells is critical to the etiology of both types 

of diabetes. A prediabetic state, metabolic syndrome－de-

fined by the occurrence of three out of five factors, i.e. 

abdominal obesity, high blood pressure, increased se-

rum triglycerides and fasting plasma glucose, and de-

creased high-density lipoproteins－can develop into type 

2 diabetes. The immense health risks arising from un-

controlled blood glucose (hyperglycemia) are diabetic 

complications leading to microvascular disease with kid-

ney failure (nephropathy), blindness (retinopathy), nerve 

damage (neuropathy), macrovascular disease with am-

putations, cardiovascular disease, and stroke. Diabetes is 

also a risk factor for developing neurodegenerative dis-

eases (Alzheimer’s and Parkinson’s) and cancer. It has 

reached epidemic proportions globally, is a major public 

health issue, and poses a largely unresolved challenge to 

existing health care systems.

THE SIGNIFICANCE OF ZINC

Zinc receives increasing attention with regard to diabe-

tes in the scientific community. Zinc behaves like a type 

2 nutrient, i.e., one that is needed for general metabo-

lism (18). Its importance can be understood in terms of 

its large number of functions in an estimated 3,000 hu-

man proteins affecting almost any aspect of cellular biol-

ogy (19). Zinc has catalytic, structural, and regulatory 

functions in proteins. Catalytic functions in about 1,000 

human enzymes of all six enzyme classes are used pre-

dominantly in hydrolytic reactions and in some commit-

ting steps in intermediary metabolism. Zinc has structur-

al functions when it stabilizes global protein structure or 

organizes local protein domains that interact with other 

proteins, nucleic acids, or lipids. Regulatory functions 

have received attention only rather recently when con-

trolled release of zinc ions in the cell and from some cells 

was observed.

Characteristic fluctuations make zinc a signalling ion 

on par with calcium in intracellular communication. Zinc 

ions also participate in intercellular communication. 

While bioinformatics has provided realistic estimates of 

the number of proteins with catalytic and structural zinc 

sites, the number of regulatory sites in proteins is un-

known and is expected to increase the protein/zinc in-

teractions beyond the ones in the 3,000 human zinc 

proteins. Regulatory functions require an additional lev-

el of homeostatic control, namely the control of fluctuat-

ing zinc ion concentrations. This control is critical for the 

balance between health and disease. At least three dozen 

proteins participate in this process: zinc transporters of 

the ZnT (SLC30A) and Zip (SLC39A) families and cyto-

solic transport proteins such as metallothioneins (MTs). 

The realization that such a complex network of proteins 

is necessary for controlling cellular and subcellular zinc 

ion concentrations emphasizes the importance of this bi-

ometal for cellular function and shifts the attention from 

zinc in the diet to the many proteins that control zinc.

A remarkable number of mutations in zinc transport-

ers and MTs demonstrate genetic variations in zinc re-

quirements and utilization and are associated with vari-

ous diseases, including hypertension with reference to 
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Fig. 3. Complexity of zinc circuits in pancreatic islet biology. In 
addition to intracellular functions in about 3,000 proteins, zinc 
ions have hormone-like functions in islet biology. They are se-
creted from matured insulin and glucagon vesicles in β- and 
α-cells by exocytosis and have autocrine functions. Zinc ions 
secreted from β-cell together with insulin affect glucagon se-
cretion from α-cells (paracrine function) and have been sug-
gested to have an endocrine function on hepatic insulin clear-
ance. A, autocrine effects; B, paracrine effect.

metabolic syndrome (20,21). While many of these trans-

porters have specific roles in processes relevant to diabe-

tes in pancreatic islets, I will focus only on one zinc trans-

porter in islet cells, for which an association with dia-

betes risk is firmly established.

ZINC AND DIABETES

As far back as in the 1930s, autopsies revealed that only 

about half the amount of zinc is present in the pancreas 

of diabetic patients compared to a healthy pancreas (22). 

The involvement of zinc in carbohydrate, lipid, and pro-

tein metabolism then established multiple interactions 

with metabolic disease and diabetes (23,24), which were 

discussed at a “Zinc and Diabetes” symposium that I 

convened during the BioMetals 2004 conference and 

published as key presentations (25). In the following 

sections, I will discuss some additional aspects that have 

developed over the last 10 years. They concern the role 

of zinc in the insulin-producing β-cells and in insulin 

signal transduction in cells targeted by insulin, and the 

importance of the general relationship between zinc and 

redox metabolism for diabetes.

ZINC IN PANCREATIC ISLET PHYSIOLOGY

The secretory granules of pancreatic β-cells are a hub of 

biochemical activity (26). Proteomics studies demonstrate 

the presence of >600 proteins and low molecular weight 

compounds such as adenine nucleotides and calcium, 

zinc, magnesium, and phosphate ions in the granules 

(27,28). In humans, insulin is stored as a crystalline 

hexamer containing two zinc ions and one calcium ion. 

When interacting with a phenolic ligand in vitro, the zinc 

coordination changes and insulin undergoes an allosteric 

transition from the T to the R state (29). Whether such 

ligand interactions occur in vivo is not known. Zinc co- 

secreted with insulin has an autocrine effect on the β-cell, 

a paracrine effect on glucagon secretion from α-cells, and 

possibly an endocrine effect on the liver by inhibiting 

hepatic insulin clearance (30,31) (Fig. 3). Zinc binding 

may prevent amyloidogenesis of proteins in and secreted 

from β-cell granules. In vitro, zinc inhibits the fibrillation 

of monomeric insulin and the formation of the dimer of 

the human islet amyloid polypeptide (amylin), which is 

co-secreted with insulin and can be detected as amyloid 

fibers in the pancreas of diabetic patients. The dissocia-

tion constant of zinc from monomeric insulin is 0.4 μM 

(32). Zinc interacts with C-peptide and amylin, presum-

ably through binding to Glu-27 of C-peptide (33) and 

His-18 of the amylin monomer, inhibiting the formation 

of toxic amylin oligomers (34). Zinc binding does not af-

fect the structural features of the amylin oligomer but 

binds only to specific classes of oligomers, thus decreas-

ing the number of polymorphic forms (35). C-peptide 

and amylin form 1:1 heterodimers with insulin, thus re-

moving insulin oligomers and suppressing aggregation 

(36). Zinc ions localize to the granules of α-cells, where 

a zinc-specific stain detects them at the membrane (37). 

Their secretion is thought to have an autocrine effect on 

α-cells as well (30).

ZnT8, a member of the cation diffusion facilitator fam-

ily of zinc transporters, SLC30A, transports zinc into the 

secretory insulin granules of β-cells (38). It is also found 

in α-cells where it is required for hypoglycemica-induced 

glucagon secretion (39). ZnT8 is an autoantigen in type 

1 diabetes (40). A strong association between a mutation 

in ZnT8 and type 2 diabetes was noticed by many inves-

tigators and investigated extensively in different popula-

tions (41). An Arg instead of a Trp at position 325 in the 

cytoplasmic domain of ZnT8 increases the risk for devel-

oping diabetes. The risk allele is the one prevalent in 

populations (55% in Asians, 75% in Europeans, and 95% 

in Africans). In addition, rare N-terminal truncations of 

the protein lead to haploinsufficiency and are associated 

with a loss-of-function (42). The Arg mutant has higher 

zinc transport activity (43). It is a matter of intense re-

search efforts with practical implications for improving 

β-cell function to determine how the two amino acids in 

the cytoplasmic domain differentially affect zinc trans-

port in the transmembrane domain and how higher zinc 

transport is associated with a risk for developing diabetes 

(44).

ZINC IN THE PHYSIOLOGY OF CELLS 

TARGETED BY INSULIN 

Already 50 years ago it was observed that zinc-deficient 

rats secrete less insulin and have reduced insulin sensi-



Zinc and Diabetes 5

tivity (45). Zinc stimulates lipogenesis and glucose up-

take in isolated adipocytes (46). In some cultured hy-

bridoma cell lines, zinc can replace insulin in serum-free 

media (47). The effects of zinc are variously referred to 

as insulin-mimetic, insulin-like, or insulin-sparing. Ef-

fects of zinc are intracellular and resemble the effects of 

reactive oxygen species, namely inhibiting the dephos-

phorylation of the insulin/insulin-like growth factor-1 

receptor by protein tyrosine phosphatases (PTPs) and 

maintaining the receptor in an active state for down-

stream signalling (48,49). Zinc and reactive oxygen spe-

cies inhibit PTPs by different mechanisms. PTPs are not 

recognized as metalloenzymes. However, both metal cat-

ions and metal oxyanions bind to their active sites and 

modulate their enzymatic activity. At physiological con-

centrations of zinc ions, inhibition occurs only when an 

oxyanion is already bound in the active site and the pro-

tein is in the closed conformation with the catalytic as-

partate in a position to provide a donor atom for zinc co-

ordination (50). This novel and so far unique mecha-

nism is different from the established redox regulation 

of PTP activity in the open conformation. Zinc inhibits 

PTP1B, which controls the phosphorylation state of the 

insulin and leptin receptors, with an IC50 value of 15 nM 

(48,51). The inhibition explains why zinc-dependent 

changes in phosphorylation of proteins in signalling 

downstream of the insulin receptor have been observed. 

For example, zinc affects phosphoinositide 3-kinase 

(PI3K) and protein kinase B (Akt), enhancing glucose 

uptake (52). Fluctuations of zinc ion concentrations for 

modulation of PTP activity can be induced by insulin 

through nicotinamide adenine dinucleotide phosphate  

oxidase-generated hydrogen peroxide production result-

ing in zinc release from MT or by zinc release from the 

endoplasmic reticulum by the zinc channel Zip7 (53,54).

THE ROLE OF ZINC IN REDOX HOMEOSTASIS

A relatively large body of literature describes a role of ox-

idative stress in developing the complications of uncon-

trolled diabetes (55). Oxidative stress has a role in β-cell 

pathophysiology (56) and in insulin resistance in target 

tissues (57). Increased and decreased cellular zinc con-

centrations elicit oxidative stress (58). Considering zinc 

as an antioxidant, however, is chemically not correct be-

cause zinc is redox-inert in biology. Observed effects are 

indirect and depend on the zinc concentrations, making 

zinc either a pro-antioxidant or a pro-oxidant with a role 

in redox homeostasis and redox signalling (59,60). Zinc 

deficiency and zinc overload are pro-oxidant conditions 

leading to oxidative damage of biomolecules. The pro-an-

tioxidant effects of zinc have been explained with (i) pro-

tecting sulfhydryls against oxidation, (ii) competing with 

redox-active transition metal ions and thereby avoiding 

the production of damaging free radicals, and (iii) acti-

vating metal response element (MRE)-binding transcrip-

tion factor (MTF)-1 and NF-E2-related factor (Nrf-2) 

transcription factors and thus expression of antioxidant 

enzymes, MT, and enzyme(s) of glutathione metabolism. 

Increased zinc ion concentrations induce the production 

of free radicals by inhibiting antioxidant enzymes and the 

mitochondrial respiratory chain. The threshold at which 

zinc ion concentrations switch from pro-antioxidant/cyto-

protective to pro-oxidant/cytotoxic effects depends on 

the cellular zinc buffering capacity of cells－the ratio be-

tween bound zinc and free zinc ions. Oxidative stress 

decreases the zinc buffering capacity because about one 

third of this zinc buffering capacity is based on sulfhydr-

yl donors as ligands of zinc. Any chemistry that oxidizes 

or modifies these sulfhydryls lowers the zinc buffering 

capacity and increases the availability of free zinc ions. 

Free zinc ion concentrations are higher in cells from dia-

betic cardiac cells/tissues (61), decrease under hypoxia 

in β-cells (62), and double when β-cells are exposed to 

higher glucose concentrations (63). When free zinc ion 

concentrations increase zinc can bind to macromolecules 

/proteins that otherwise would not interact with zinc 

and affect their functions. Increases of free zinc ion con-

centrations may lead to a loss of zinc from tissues. Cel-

lular zinc deficiency exacerbates the oxidative stress, in-

creases inflammation, and compromises immunity. An-

other pathway leading to increased free zinc ion concen-

trations involves glycation of proteins in diabetic hyper-

glycemia, decomposition of advanced glycation end prod-

ucts to generate so-called carbonyl stress, and the re-

action of carbonyls with sulfhydryl groups and lowering 

the zinc buffering capacity (64). This reactivity has been 

shown for MT, a family of at least a dozen human pro-

teins that participate in cellular zinc and redox buffering 

(65). Their zinc/thiolate coordination environments con-

fer redox-activity on the protein. Oxidation of their cys-

teine sulfhydryls results in zinc dissociation while reduc-

tion of the oxidized sulfhydryls restores the capacity to 

bind zinc. Accordingly, higher amounts of MT protect 

the pancreas and other tissues against the chemical stress 

and hence tissue injury in diabetes (66). A polymorphism 

of MT1A, an Asn27Thr substitution, which is thought to 

change the zinc-binding properties of the protein, is as-

sociated with type 2 diabetes and coronary heart disease 

(67).

NUTRITIONAL APPROACHES TO PREVENT 

AND TREAT DIABETES 

Micronutrient deficiencies can be treated by supplement-

ing the micronutrient. Yet, occasional failures to restore 
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the nutritional status through supplementation of single 

bioactive micronutrients influenced a widespread belief 

that orthomolecular therapy－a termed coined by Pauling 

(68)－is ineffective. Accordingly biometals in diabetes 

have received limited attention. Biometals such as zinc 

have central roles in both islet biology and insulin sensi-

tivity of peripheral tissues. Our thinking about how to 

approach metal deficiencies and overloads in diabetes is 

too simplistic. A lack of understanding of the conse-

quences of genetic variability and of suitable biomarkers 

means that we cannot reliably determine the requirement 

for supplementation. Not the underlying biochemistry 

but the particular interventions are at issue. Zinc sup-

plementation may not restore control of zinc homeo-

stasis under conditions of sustained oxidative stress. In 

fact, additional zinc may harm rather than benefit be-

cause it binds to proteins that are normally not targeted 

if control of redox homeostasis is compromised. Resto-

ration of proper redox homeostasis is not straightfor-

ward as redox signalling is necessary in cells, in partic-

ular in cells with specific requirements such as β-cells 

that rely on glucose-stimulated mitochondrial adenosine 

triphosphate generation for insulin release. The risks and 

benefits of zinc supplementation need to be evaluated 

carefully with not only zinc itself in mind but also the 

factors that affect its proper usage in tissues (69). 

Zinc supplementation has insulin-enhancing effects, 

lowers blood glucose, and improves β-cell function in 

preclinical investigations. There is ample evidence for 

zinc compounds having antidiabetogenic and insulinomi-

metic properties (70,71). In humans, zinc supplementa-

tion alleviates markers of oxidative stress (72). Yet, de-

spite all of these insights, including urinary loss of zinc in 

diabetic patients, and some positive effects of zinc sup-

plementation in zinc-deficient humans, epidemiological 

studies and systematic reviews of prospective cohort 

studies are inconclusive as to whether zinc supplemen-

tation prevents type 2 diabetes (73-75). The consensus 

is, however, that more well-designed intervention stud-

ies are needed to evaluate this important aspect of pub-

lic health.

Novel approaches to prevent and treat diabetes are dir-

ely needed. Targeting the proteins that control systemic 

and cellular homeostasis of biometals and biominerals is 

an avenue worth pursuing. The zinc/diabetes interac-

tions described here have far reaching implications for 

prevention and treatment of metabolic disease in set-

tings such as primary zinc deficiency in developing coun-

tries and in specific populations such as the elderly, 

changes in zinc metabolism in genetically predisposed 

individuals, and environmental exposures that lead to 

perturbations of zinc homeostasis. 
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