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Abstract 

Zn is critical for the synthesis, storage and release of insulin and abnormalities in Zn 

and Zn transporters occur in type 1 and 2 diabetes. However, the mechanism by which 

Zn is regulated in islet cells is still poorly understood. The major goal of this thesis was 

to investigate the role of Zn and Zn transporters in the pathogenesis of normal and type 

two diabetic pancreatic islets, using the type 2 db/db mouse model. There is limited 

information available on the physiological role of Zn and Zn transporters in these mice. 

The following hypotheses were tested. 1) There is an early loss of Zn in the 

development of type 2 diabetes which contributes to the transition to established 

diabetes; 2) The loss of Zn causes a block in insulin maturation resulting in impaired 

glucose responsiveness, hyperglycemia and decline in beta cell function; 3) This loss of 

Zn is due to alterations in Zn transporter proteins and metallothionein at the gene and 

protein level. Specifically changes in the organelle Zn transporters ZnT7 and ZnT8 

result in the block in insulin maturation, while dysregulation of the inflammation 

related plasma membrane Zn transporter protein ZIP14 contributes to inflammation that 

results in further beta cell dysfunction. The major aims of the project were to determine 

whether in early and late diabetes there are changes in 1) total and labile Zn and 

metallothionein, 2) Zn transporter gene expression; and 3) Zn transporter proteins. 

Whole pancreata from the db/db mice and age matched controls at various ages were 

used to investigate Zn, metallothionein protein, gene expression and subcellular 

distribution of Zn transporters and Zn related proteins. Immunofluorescence, 

immunoperoxidase and western blotting were used to investigate the Zn transporter 

protein expression and distribution. The major findings in this study were in early 

diabetes 1) loss of Zn occurred  in the labile islet beta cells Zn pools without decrease in 

systemic Zn ; 2) There were no changes at the gene level of Zn transporters ZnT1-10 

and ZIP1-14 or metallothionein; 3)There was a significant increase in islet ZnT7 

protein with a golgi like appearance; 4) ZnT8 protein was downregulated in islet beta 

cells but not alpha cells; 5) ZIP4 was expressed almost exclusively in the somatostatin 

producing delta cells; 6) ZIP14 staining was signficantly increased and coincided with 

islet macrophages. Changes in ZnT7, ZnT8 and ZIP14 expression may be factors 

leading to the loss of islet beta granule Zn. ZIP4 may be the major influx transporter for 

Zn in delta cells, ZnT8 is the transporter regulating Zn in insulin secretory granules and 

ZIP14 may be a novel marker of macrophage infiltration in diabetic islets. There are 



 

 

xiii 

 

two potential clinical implications. The first is in understanding better the early events 

in development of type 2 diabetes, how these are influenced by Zn status and whether 

Zn supplements have a role to play in slowing down the transition from pre-diabetes to 

established diabetes. The second is a better understanding of islet Zn homeostasis with 

potential benefits for outcomes of islet transplantation. 
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It is the branch that bears the fruit, 

That feels the knife, 

To prune it for larger growth, 

A fuller life 

Though every budding twig be loped 

And every grace 

Of swaying tendril, springing leaf, 

Be lost a space 

O thou whose life of joy seems left, 

Of beauty shorn; 

Whose aspirations lie in dust, 

All bruised and torn 

Rejoice tho each desire, each dream 

Each hope of thine 

Shall fall and fade it is the land 

Of love divine 

That holds the knife that cuts and breaks 

With tenderest touch, 

That thou, whose life has borne, 

Some fruit 

Mayst now bear much 

 

Annie Johnson Flint 
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1.1  Introduction 

The major aim of the studies reported in this thesis was to investigate the role of zinc 

(Zn) and two families of Zn transporter proteins in the pathogenesis of type 2 diabetes, 

and changes in pancreatic islets. This chapter begins with a brief review of the burden, 

pathogenesis and risk factors of type 2 diabetes and how the body controls the blood 

glucose levels. Next, there is a description of the relevant islet cells and tissues, 

including the structure of the exocrine and endocrine pancreas, islet vasculature, 

inflammation and macrophages in normal and diabetic islets. Then there is a description 

of the biology of the alpha, beta and delta cells. The second section describes the role of 

leptin and leptin receptor signalling in pancreatic islet function and abnormalities in 

type 2 diabetes. There is a description of some relevant animal models of obesity and 

type 2 diabetes, with a focus on the leptin receptor mutant db/db mouse model, as well 

as some commonly used insulin secreting beta cell lines. The third section describes the 

general role of Zn in the body and, more specifically, in insulin synthesis and storage in 

the pancreatic islet beta cells. The concept is introduced of fixed and labile Zn pools 

and their detection by atomic absorption spectrometry and Zn fluorophores such as 

Zinquin and ZINPYR-1, The fourth section discusses the two major families of Zn 

transporters (ZIPs and ZnTs) in the body and the pancreatic islets and their implications 

for type 2 diabetes, as well as Zn binding proteins such as metallothioneins and TRPM3 

which are also known to be involved in Zn homeostasis. New insights into the 

regulation of these transporters are also described. Finally, the Hypotheses and Aims 

are presented.  
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1.2 Type 2 diabetes  

Organs such as the brain, liver and pancreas need a constant supply of energy in order 

to function. Glucose is an important source of energy for the body and is involved in 

many pathways in cells, both anabolic (e.g. amino acid synthesis) and catabolic (e.g. 

oxidation to pyruvate and eventually to CO2). When the body is deficient in glucose this 

leads to seizures, unconsciousness and eventually death. However, when blood glucose 

is in sustained excess this leads to development of diabetes, and complications of the 

heart, vasculature, nerves and kidney. Blood glucose homeostasis is maintained by 

many factors such as diet, hormone regulation, glucose uptake in peripheral tissues and 

liver glucose production (Figure 1.1). Amongst the hormones that maintain the blood 

glucose levels are leptin, insulin, glucagon and the incretins GLP-1 and GIP. They have 

positive and negative roles in controlling blood sugar levels
1
.  

 

1.2.1  Burden of type 2 diabetes 

There are two types of diabetes mellitus. Type 1 results from autoimmune destruction 

of the pancreatic β cells, and type 2 results from insulin resistance and subsequently 

decreased ability of the pancreatic β cells to make insulin leading to β cell dysfunction, 

hyperglycaemia and secondary microvascular and macrovascular complications
2
. Type 

2 is the most common form, affecting 85-90% of all people with diabetes. While it 

usually affects older adults, the disease is increasingly more prevalent in younger adults 

and children
3
. Type 2 diabetes results from an interaction of many factors such as 

genetic predisposition, lifestyle, environment and obesity
4
. Figure 1.2 depicts the 

normal progression and development of the disease. Usually, in healthy subjects, the 

insulin secretion is low and postprandial and fasting glucose are low. In type 2 diabetes, 

insulin resistance increases over time thereby leading to increased insulin secretion and 

increased postprandial and fasting glucose levels in the blood. The development of 

obesity is an important factor preceding the development of insulin resistance
1
. 

Prediabetes is defined as impaired fasting glucose and impaired glucose tolerance. 

Impaired fasting glucose is a condition in which blood glucose levels are higher than 

normal but not high enough to be diagnosed as type 2 diabetes. Impaired glucose 

tolerance is impaired clearance of glucose after a bolus of glucose or consumption of 



 

 

4 

 

oral glucose. People who have this early stage of the disease often do not realise that 

they have this condition
5
. Normal people have fasting blood glucose levels ~100mg/dl 

(5.6 mmol/L) and prediabetic individuals have blood glucose levels of 110 to 125 mg/dl 

(6.1 to 7.0 mmol/L). 
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Figure 1.1 Regulation of blood glucose homeostasis in blood 

The pancreas is an important organ which controls glucose homeostasis. (A) The 

pancreas is made up of two types of organs, exocrine (acinar and duct tissue) and 

endocrine (islets of Langerhans). The acinar tissue is involved in the digestion of food 

(secretion of pancreatic digestive enzymes). (B) The pancreatic islets are involved in 

releasing hormones that regulate blood glucose levels. The pancreas is innervated by 

the parasympathetic and sympathetic nervous systems, and the release of hormones is 

controlled in part by the hypothalamus but the major control is through the blood 

glucose levels. When the blood glucose levels are high, the pancreatic beta cells release 

insulin and this stimulates glucose transporter 2 (GLUT2) in peripheral tissues to take 

up glucose. Insulin also stimulates gluconeogenesis in the liver (glycogen formation), 

further lowering the blood glucose levels. When the blood glucose levels fall, the 

pancreatic alpha cells secrete glucagon, breaking down glycogen in the liver and raising 

 

A B 
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the blood glucose levels. (Figure modified from website http://physiology-

11.wikispaces.com/02+Homeostasis, originally derived from Human Physiology, 11th 

edition)

http://physiology-11.wikispaces.com/02+Homeostasis
http://physiology-11.wikispaces.com/02+Homeostasis
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1.2.2 Pathogenesis of type 2 diabetes 

There are five stages of the progression of type 2 diabetes proposed by Gordon Weir 

and Susan Bonner-Weir
6
. Stage 1 is called the compensation stage. The pancreatic 

islets increase in size (hypertrophy) to compensate for the insulin resistance and the 

beta cells have a lower set point for glucose stimulated insulin secretion and make more 

insulin than normal (hyperinsulinemia). Stage 2 is called stable adaptation. It occurs 

when blood glucose rises above 6-7 mmol/L. At this stage the progression of diabetes 

can be treated with anti-diabetic drugs such as GLP-1 and changes in diet and lifestyle 

can slow the progression or even reverse it to normal. At this stage there is a loss of first 

phase insulin secretion in response to glucose. This is accompanied by changes in gene 

and protein expression in beta cells
7
. At this stage antioxidant and proapoptotic genes 

are also activated by high glucose levels and a subset of beta cells undergoes 

dedifferentiation to alpha and delta cells and this further increases hyperglucagonemia 

and can contribute to disease severity. Beta cell dedifferentiation to other cell types may 

due to glucotoxicity
8
, local inflammation such as macrophage infiltration and release of 

cytokines IL-6, IL-1β and TNF-α
9
. Endoplasmic reticulum (ER) stress is also thought to 

be a major mechanism of beta cell dysfunction. ER stress is caused by multiple factors 

such as lipotoxicity, glucotoxicity and islet cell amyloid deposition. ER is a site where 

proteins are synthesised and folded into their correct tertiary structure. It is also 

involved in cholesterol biosynthesis and storage of calcium and Zn. ER stress is defined 

as “an imbalance between the protein folding capacity of the ER and the protein load, 

resulting in the accumulation of misfolded protein”
10,11

. Lipotoxicity is reported to 

cause ER stress by the action of saturated free fatty acids but the mechanism of how 

they act and cause stress is not yet elucidated. Fatty acids have been reported to inhibit 

proinsulin synthesis and maturation
12

. Glucotoxicity is another factor that causes ER 

stress, by accumulation of reactive oxygen species (ROS). Increase in ROS also leads to 

decreased proinsulin synthesis by decreasing mRNA expression of transcription factors 

such as pancreatic and duodenal homeobox 1 and MaFa. Finally islet cell amyloid 

deposition also causes ER stress, through deposition of hyaline in beta cells which are 

insoluble fibrous protein aggregates.  However, the exact mechanism by which amyloid 

deposition leads to ER stress and eventually beta cell death by apoptosis is not known
13

. 

Stage 3: In this phase of the disease there is a further decline in beta cells and increase 

in insulin resistance. Proinsulin gene expression is increased to compensate for the 
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decline of mature insulin. Stage 4 is the stable stage decompensation. At this stage up 

to 50% of the beta cells in human pancreatic islets are lost. Anti-diabetic drugs are not 

able to work to reverse hyperglycaemia.  Increase in dedifferentiation of beta cells to 

alpha, delta and PP cells is also seen in this stage. Apoptosis can promote amyloid 

deposits and fibrosis of islets, as well as being a consequence of them. Stage 5 

represents severe loss of beta cells and ketosis where insulin is now required for 

survival. This is normally seen in type 1 diabetic patients but is less common in type 2 

diabetes.  

 

1.2.3 Risk factors for diabetes 

Most patients with type 2 diabetes are obese, and the global epidemic of obesity largely 

explains the dramatic increase in the incidence and prevalence of type 2 diabetes over 

the past 20 years. The risk of type 2 diabetes in obesity is determined by the location of 

where the body fat is located. Abdominal fat is associated most with increased risk of 

type 2 diabetes. In a recent survey 2011-2012, 70% of adult males and 56% of females 

were overweight or obese (Australian Bureau of Statistics). The progression to diabetes 

from obesity is dependent on a number of factors including insulin resistance, 

inflammation, mitochondrial dysfunction and ER stress
14

. 

 

Not all obese individuals develop type 2 diabetes, due in part to a genetic predisposition 

for diabetes
4
. There are a number of genes involved in increasing the risk of type 2 

diabetes. These include peroxisome proliferator activated receptor gamma gene 

(PPAR), KCNJ11, calpain-10 gene (CAPN10), hepatocyte nuclear factor 4 A gene  

(HNF4A) and transcription factor 7 like 2 gene (TCF7L2). Relevant to this thesis, the 

gene for Zn transporter SLC30A8 (ZnT8) has recently been added to this list (discussed 

later in this chapter).Other risk factors include physical inactivity, diet, smoking and 

alcohol consumption
15

. 
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Figure 1.2 Declining beta cell function over time 

The figure shows the stages in years from diagnosis of type 2 diabetes (X axis). 

Impaired glucose tolerance represents pre-diabetes, postprandial hyperglycaemia is 

early diabetes and type 2 diabetes is the established diabetes. The Y axis shows % Beta 

cell function. Beta cell dysfunction occurs early and, by the time of diagnosis, 

approximately 50% of the function is lost
16
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1.3 Pancreas: endocrine and exocrine 

The pancreas is an elongated organ, located in the abdominal cavity, which has a major 

role in maintaining glucose levels in the blood. It is divided into three regions: the head, 

body and the tail. Figure 1.1 B shows the endocrine tissue which comprises 1-2% of the 

volume of the pancreas and is composed of the islets of Langerhans which are scattered 

in the exocrine tissue (acinar cells). The islets are more dense in the pancreatic body 

and tail region than in the head in both humans and rodents
17,18

.  

 

1.3.1 Acini 

The acini are rounded structures consisting of acinar and ductal cells. The acinar tissue 

contains pyramidal epithelial cells which synthesise and release digestive enzymes such 

as carboxypeptidase and lipases. The digestive enzymes are stored within granules at 

the apical region of the acinar cell, and the enzymes are secreted into the lumen under 

the control of hormones and neurotransmitters. The digestive enzymes are secreted into 

the acinus and released into the interlobular ducts which drain into the major pancreatic 

duct
19

.  

 

1.3.2 The Islets of Langerhans 

The islet of Langerhans is composed of five major cell types: - alpha cells which 

produce glucagon, beta cells which produce insulin, delta cells which produce 

somatostatin, PP cells which produce pancreatic polypeptide and epsilon cells which 

produces ghrelin (figure 1.3). Insulin, glucagon and somatostatin will be described in 

more detail as they are relevant for these studies. Within pancreatic islets, the 

composition and distribution of the endocrine cell types differs between species. For 

example, in humans, the pancreatic islet cells comprise 1% of the total pancreas. Of 

these, beta cells comprise 60%, alpha cells 30% and the remainder are delta and PP 

cells 
20

 Mouse islets have a greater proportion of beta cells compared to human islets 

~77% and fewer alpha cells <20%
20

 . However, these compositions can vary from islet 

to islet. In humans and primates, the endocrine cells are randomly distributed 

throughout the islet. However, in the mouse and rat, beta cells are predominantly 

located in the inner core of the islet and are surrounded by a mantle of alpha, delta and 

PP cells
20

(Figure 1.3).  



 

 

11 

 

 

Despite obvious differences in size, humans and mice have similarly sized islets as islet 

function depends upon an optimal islet size. The number of islets is related to the size 

of the animal as this facilitates adequate glucose homeostasis. Insulin secreted by the 

beta cell has an inhibitory effect on glucagon secretion in alpha cells and vice versa. In 

addition, somatostatin, whose release from the delta cells is stimulated by 

hyperglycemia, has an inhibitory effect on hormone release by both alpha and beta 

cells. Hauge-Evans et al proposed that “locally released delta cell somatostatin exerts a 

tonic inhibitory influence on insulin and glucagon secretion
21,22

. 
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Figure 1.3 The unique architecture of human and mouse pancreatic islets 

The figure shows the architecture of a pancreatic islet from human (left panel) and 

mouse (right panel). The pancreatic islet is composed of five major types of cells that 

have a regulatory role in controlling blood glucose homeostasis. They are the insulin 

producing beta cells (red), glucagon producing alpha cells (green), somatostatin 

producing delta cells (blue), polypeptide producing PP cells (not shown in figure) and 

epsilon cells which produces ghrelin an appetite regulating hormone (not shown in 

figure). In the human islet, the pancreatic islet cells are dispersed throughout the islet, 

whereas, in the mouse islet, there is a mantle composed of alpha, delta and PP cells and 

a central core composed of beta cells. The pancreatic islet cells produce hormones that 

have paracrine roles where insulin inhibits the secretion of glucagon and vice versa. 

Somatostatin controls the secretion of both insulin and glucagon. Figure adapted from  

Cabrera et al
20
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1.3.3 Islet vasculature 

Islets are well-vascularized and their blood supply has been likened to that of a 

glomerulus, with between one and five arterioles per islet which branch into capillaries 

forming a spherical network. In close proximity to the capillaries, islet cells are both 

well-nourished and subject to hormonal signals. In the mouse, with its well-defined 

mantle of non-beta cells, the afferent arteriole (or arterioles, depending on the size of 

the islet) reach to the islet periphery and then divide into smaller vessels which supply 

non beta cells first
20,23

. Blood then flows to the beta cell region in the islet core, and 

leaves the islet through the venules (Figure 1.4). Islet perfusion is strongly influenced 

by the action of nerve endings in the islet including vasodilatory effects controlled by 

the vagus and sympathetic nerves. Islet blood flow is also regulated by glucose and 

ATP (which stimulate blood flow) and by insulin (which decreases blood flow)
23,24

. 

Studies with animal models of diabetes have indicated a close relationship between islet 

vascularisation and insulin secretion. For example, in Zucker fatty diabetic rats, islet 

vascularisation increases with increase in islet cell mass and, later, decreases as beta 

cell mass is lost. Increase in islet blood flow and blood pressure is also seen in ob/ob 

mice, non obese diabetic Goto Kakizaki rats (GK) and the Otsuka Long Evans 

Tokushima fatty rat model. A number of islet capillary changes were noted in adult 

db/db mice including loss of islet capillaries, increased capillary diameter and pericyte 

hypertrophy
25

.  
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Figure 1.4 The microvasculature of mouse pancreatic islets 

 

(A) This figure shows a scanning electron micrograph of the microvasculature of the 

pancreatic islet (red box), with a red arrow indicating the arteriole and blue arrow 

indicating the venule. (B) This figure shows a schematic diagram of the 

microvasculature of mouse islet. The arterioles enter the islet through a gap in the 

mantle cells and then directly enter the beta cell core where it branches out into 

numerous capillaries which, in turn, become collecting venules. Figure adapted from 

Bonner-Weir and Orci
26

. 
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1.3.4 Islet inflammation 

Inflammation of islets is a major feature of type 1 diabetes but also occurs to a varying 

extent in type 2 diabetes. Islets from patients show immune cell infiltration, 

inflammatory cytokine production, and death of cells by apoptosis and fibrosis. 

 

An important inflammatory cell that infiltrates the islets is the macrophage. Both 

vascular endothelial growth factor and inflammatory cytokines cause enhanced 

infiltration of islets by macrophages. Following infiltration, macrophages can produce 

more proinflammatory cytokines and amplify the process. As a consequence of elevated 

circulating glucose and fatty acids levels, ER stress in beta cells may also lead to 

inflammation and beta cell death
27

. 

1.3.5 Macrophages 

Tissue macrophages are derived from circulating blood monocytes and are important 

effector cells in both the innate and adaptive immune systems of the body, where they 

are involved in phagocytosis of bacteria, removal of apoptotic cells, cytokine 

production and other activities
28

 Usually, macrophages comprise only a small 

percentage of the cells in a tissue but they are often increased during inflammation, 

infection and the immune response. In some organs, especially the liver and brain, they 

are normally present in much larger numbers (up to 20% of the cells) as Kuppfer cells
29

 

and microglia
30

, respectively, where they  have special roles such as removal of 

senescent red cells in the liver. A special type of tissue macrophage is the dendritic cell 

(DC), which is involved in presentation of antigen to T lymphocyte subsets as part of 

the initiation of an immune response
31

. 

 

Macrophages are recognized by their distinctive morphology, by their capacity to ingest 

particles or bacteria (phagocytosis) or dead cells (efferocytosis) and by the presence of 

specific cell surface markers such as CD68 and F480. Subsets of macrophages (M1 and 

M2) have been defined according to state of activation, cytokines produced and 

presence of surface markers
28

. Mouse CD68 is a heavily glycosylated and 

predominantly intracellular member of the lysosomal-associated membrane protein 

(LAMP) family and is rich in late endosomes of tissue macrophages. The function of 



 

 

16 

 

CD68 is not clear but it may be involved in cell-cell interaction or cell-ligand 

interactions
32

. 

 

Macrophages are involved in a number of roles concerning the vasculature such as 

angiogenesis
33

, wound healing
34

 and vascular remodelling
35

 as well as pathological 

processes including atherosclerotic plaque development
36

. Macrophages are one of the 

main scavengers for low-density lipoprotein and continuous uptake of oxidized 

lipoproteins by macrophages in the arterial walls converts them into fat-rich foam cells, 

which are pro-thrombic and pro-inflammatory and contribute to vascular occlusion in 

atherosclerosis
37

. When mice lacking macrophage differentiating cytokine colony 

stimulating factor -1 (CSF1) were crossed with atherosclerosis-prone, apolipoprotein E 

null mice, there was decreased plaque formation. By contrast, treatment of 

hyperlipidaemic rabbits with CSF1 decreased atherosclerosis
38

. Overexpression of 

CSF1 in rabbit adipose tissue increased both the number of macrophages and the fat 

mass, while antibody to CSF1 decreased these. Administration of CSF1 to mice lacking 

functional CSF1 partially restored growth retardation and increased fat content
39,40

. 

 

Macrophages are increased in the adipose tissue of obese mice and humans. In part, this 

is due to the production of monomeric tartrate-resistant acid phosphatase by 

macrophages, which stimulates adipogenesis. It is believed that obesity drives a low 

level inflammatory state, which leads to insulin resistance, and that macrophages play a 

pivotal role in this since, in an animal model, removal of macrophages reversed 

inflammation and insulin resistance
28

.   

 

1.3.6 Macrophages in islets and diabetes 

Macrophages play important roles during islet cell development and also inflammation 

in diabetes. The macrophages are required for proper enlargement of beta cell mass 

during embryonic development and after birth. However, the precise mechanism of how 

macrophages are involved in beta cell growth is not clear
41

. In diabetes, the macrophage 

may have a critical role in local inflammation leading to beta cell dysfunction and 

apoptosis. In rodent models, C57BL6J mice fed with high fat diet, db/db mice and GK 

rats showed increased numbers of M1 macrophages but no change in the number of M2 

macrophages within the islets
42,43

. A recent study by Cucak et al also confirmed these 
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results. M1 macrophages (CD68+F4/80-) were increased in the db/db mice islets 

compared to the M2 macrophages (CD68+f4/80+)
44

. Whether the proinflammatory M1 

macrophages play specific roles in diabetes-related events such as beta cell 

dedifferentiation needs to be determined. 

1.3.7 Macrophages and iron metabolism 

Macrophages are also important in the homeostasis of iron, the most abundant mineral 

in the body
45,46

. While the major focus of this thesis is on Zn, there are chemical and 

biological similarities between iron and Zn and some Zn transporters also transport iron 

(see later). Therefore, disturbances in iron metabolism and deposition may also 

influence Zn-dependent pathways in the islet and contribute to beta cell dysfunction and 

death in type 2 diabetes. Macrophages and iron will be reviewed briefly here. The 

relationship between macrophages and Zn will be discussed in a later section. 

 

Iron is an essential component of oxygen-binding proteins, hemoglobin, in blood and 

myoglobin in muscle tissue, as well as proteins involved in energy metabolism and in 

tissue damage via iron-catalysed oxyradical production. Low levels of iron in the 

circulation may lead to anemia and hypoxia while excess iron promotes the generation 

of ROS. Iron levels in the body are mainly regulated at the level of dietary uptake in the 

small intestine. Iron-rich foods include lentils, red meat, liver and grains
47

. Hereditary 

hemochromatosis comprises a group of genetic disorders characterized by abnormal 

iron absorption and iron deposition in vital organs with toxic effects
48,49

. Excessive 

uptake of iron into the pancreas can result in type 2 diabetes mellitus.  

 

Several proteins regulate iron uptake and distribution. Hepcidin, a 25-amino acid anti-

microbial peptide in plasma and urine
50,51

 is also found in the small intestine, liver and 

pancreas. The liver is a major producer of hepcidin. In the intestine, hepcidin acts to 

suppress iron uptake
48,49,52

.  Because of their role in clearance of red cells, macrophages 

contain abundant iron. They release iron via the surface membrane iron efflux protein 

ferroportin
53

. By suppressing iron release from macrophages, hepcidin also controls 

iron levels
54

. When hepcidin levels are high, such as in inflammation, circulating iron 

levels can drop because iron is trapped inside macrophages.  

 

In the pancreas, hepcidin is present in the insulin-containing granules of beta cells and 
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its levels in these cells are regulated by iron
55

. It has been proposed that regulation of 

iron metabolism may also be an important function of beta cells that explains previous 

findings on iron and glucose metabolism, including a positive correlation between body 

iron stores and serum insulin and blood glucose concentrations
45,56,57

. 

 

1.4 Beta cells and Insulin 

Discussion on the role of Zn in insulin synthesis and storage is presented in section 1.14 

 

1.4.1 Transcription of insulin 

Insulin was discovered by Banting and Best in the early 1920s as a factor in pancreatic 

extracts that was able to prolong the life of dogs that were rendered diabetic following 

removal of their pancreas. Insulin obtained its name from the Latin word insula, 

meaning island. It is derived by proteolysis from a 11.5 kda precursor polypeptide 

known as preproinsulin
59

. Preproinsulin is transcribed from the INS gene on the short 

arm of chromosome 11 (11p15.5) in humans. Mutations in the INS gene that block 

cleavage of  proinsulin or binding of the A chain of insulin to the B chain result in a 

genetic disorder in infants called permanent neonatal diabetes mellitus
60

. Mice express 

two nonallelic genes of insulin:- Insulin 2 is the murine homologue of the human 

insulin gene and is located on mouse chromosome 7 while Insulin 1 on mouse 

chromosome 19 may have arisen by a gene duplication event
61

 Transcription is 

regulated by a number of  transcription factor-binding elements in the promoter region 

of the gene. These include regulatory sequences for Pdx1, NeuroD and MafA. Other 

elements negatively regulate transcription of the INS gene. Intervening sequences are 

then excised, the 5’ terminus is capped by 7-methyl, guanosine and the 3’ terminus is 

polyadenylated. One form of post-transcriptional regulation involves stability of this 

mature preproinsulin mRNA
61

.  

 

1.4.2 Post translational maturation  

Following translation, the preproinsulin is targeted to the rough endoplasmic reticulum 

(RER ) via  a 24-residue, hydrophobic signal sequence that binds to a receptor in the 

RER membrane
62

. This sequence is then removed by a peptidase at the luminal side of 

the membrane and the cleaved polypeptide (now referred to as proinsulin) enters the 
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lumen and is folded within the cisternae of the RER into the native tertiary 

conformation with the help of 3 disulfide bonds. Next, proinsulin is moved to the trans-

Golgi network and incorporated into immature granules (condensing vacuoles or early 

secretory granules). Here, further proteolytic processing occurs mediated by two 

endopeptidases known as prohormone convertase PC1/3 and PC2, and by the 

exoprotease carboxypeptidase E. In the process, three polypeptide chains are formed. 

These are the A  and  B chains of insulin that recombine via disulphide bonding to form 

mature insulin  and a separate sequence known as C-peptide (which was formerly  the 

intervening sequence between B and A in proinsulin). Finally, mature secretory 

granules containing insulin are formed
63

(Figure 1.5).  

 

1.4.3 Regulation of insulin secretion: 

 

The beta cell senses blood glucose levels and responds with enhanced insulin release. 

Unlike many receptor-mediated signalling events in cells, glucose-mediated signalling 

of insulin secretion in the beta cell requires the intracellular metabolism of the 

signalling molecule, glucose. Glucose is internalized via the glucose transporter 

GLUT2
64

.Within the cytosol of the beta cell, glucose is converted to pyruvate via 

glycolysis, forming ATP and NADH.The latter is used by the mitochondrial electron 

transport chain to produce more ATP. Pyruvate is also metabolized by the 

mitochondrial TCA cycle to generate further NADH and additional ATP
65

.  

 

There are two phases to glucose action. Firstly, glucose modestly stimulates (~ 2-fold), 

the transcription of the preproinsulin gene but, more importantly, it greatly enhances 

(10- to 20-fold) the translation of preproinsulin mRNA through an increase in the 

activity of the translation machinery and changes at the level of the structure of the 

mRNA
66

. It has been proposed that there is cooperatively between the preproinsulin 

mRNA 5’- and 3’-UTRs for the specific translational control of glucose-induced 

proinsulin bio- synthesis. In addition, glucose stimulates the synthesis of proteins which 

comprise the secretory granule
67

. Glucose is a positive effector of biosynthesis and is 

the primary regulator of insulin biosynthesis and secretion of other hormones. This is, 

in part, mediated by an increase in cAMP levels and activation of protein kinase A to 

phosphorylate key target proteins.  



 

 

20 

 

 

In response to glucose and other signalling molecules, the secretory granules fuse with 

the plasma membrane of the beta cell, releasing insulin, Zn and C-peptide. The increase 

in the cytosolic ratio of ATP to ADP causes a rise in intracellular cytosolic Ca2+ 

concentration which is essential for insulin exocytosis. This is mediated by closure of 

ATP-sensitive K
+
-channels, depolarizing the plasma membrane and thereby opening 

voltage- sensitive L-type Ca
2+-

channels, that result in influx of extracellular Ca
2+ 68

. 

Free fatty acids, formed as a consequence of pyruvate metabolism to oxaloacetate as a 

step in replenishing TCA cycle metabolites, is also thought to be an important 

requirement for glucose- induced insulin secretion and may act via protein kinase C 

dependent phosphorylation, or protein acylation, of proteins involved in the exocytosis 

pathway
69-72

. 

 

1.4.4 Function 

Insulin is transported in the bloodstream and binds to its specific receptor in the plasma 

membrane of cells in target tissues where it regulates glucose homeostasis. Control of 

blood glucose levels is also regulated by glycogenolysis (breakdown of liver glycogen 

to glucose) and gluconeogenesis (synthesis of glucose from amino acids and 

glycerol)
73

. Binding of insulin to its receptor triggers an intracellular signalling cascade. 

As a result, glucose uptake is rapidly increased via translocation of the GLUT4 glucose 

transporter to the plasma membrane
74,75

. Insulin also promotes storage of glucose as 

glycogen, in muscle and liver, via activation of glycogen synthase
76

 and storage as fat, 

in liver and adipose tissue, via increased lipogenesis
77

. In addition, insulin blocks 

gluconeogenesis
78

 and lipolysis (which releases fatty acids from triglycerides stored in 

adipose tissue and muscle
79

). Therefore, in diabetes, when insulin levels are low and/or 

when insulin function is impaired, there is increase in circulating sugars and lipids.  

 

1.4.5 Insulin and diabetes 

Insulin resistance in liver, skeletal muscle and other organs or tissues is an early event 

in diabetes and is further worsened by the chronic exposure of these to hyperglycaemia. 

An early response to insulin resistance is hyperplasia and hypertrophy of islets allowing 

increased insulin release and hyperinsulinemia. With time, however, beta cell function 
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fails, beta cell mass may decrease, insulin output is decreased and blood sugars rise to 

high levels
80-82

. Obese non-diabetic subjects have an increase in their relative beta cell 

number, whereas obese diabetic subjects have significant decrease in the beta cell 

number (both compared to non diabetic lean subjects).This indicates that obese 

individuals are able to compensate for the increase in blood sugar by increasing their 

mass of beta cells, whereas in the diabetic individuals the beta cell mass decreases due 

to the beta cells not being able to compensate for the hyperglycamia
80

.  

 

While the insulin protein regulation has been extensively studied and established, the 

regulation of insulin at the gene level is still controversial. More studies are needed to 

identify the role of gene expression of insulin in diabetes. 
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Figure 1.5 Conversion of pre-proinsulin to mature insulin 

A) This shows the two stages of proteolytic processing of 1) pre-proinsulin to 

proinsulin in the ER, with removal of signal peptide sequence (SP) and 2) proinsulin to 

mature insulin in the secretory granules, with removal of C-peptide sequence. Figure 

modified from website (http://sitemaker.umich.edu/liu.lab/home) 

B) This shows an electron micrograph of immature granules (IG) containing proinsulin 

and the mature granules (MG) with a dense core containing mature insulin. This figure 

was adapted from Masini et al
83

. 

Pre-proinsulin 

Proinsulin 

Insulin 

A B 
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1.5 Alpha cells and Glucagon: 

In 1923, a year after the discovery of insulin, Kimball and Murlin identified a hormone 

that contaminated impure insulin preparations and was present in pancreatic extracts 

that had the opposite effect to insulin, that is increasing blood sugars
84

. It was named 

glucagon and the hormone was purified as a 29 amino acid peptide hormone
85

 and 

shown to be secreted by the alpha cells of the pancreatic islets
86

. By their opposing 

actions, insulin and glucagon tightly regulate glucose homeostasis
87

. 

 

1.5.1 Preproglucagon gene transcription 

The glucagon gene is more widely expressed than insulin, being not only expressed in 

the α-cells of the endocrine pancreas, but also heavily expressed in various regions of 

the brain, such as the hypothalamus as well as in intestinal L cells
88

.  

1.5.2 Proteolytic processing to form glucagon 

Similar to insulin, the glucagon gene product is an inactive precursor polypeptide of 

180 amino acids (preproglucagon) that requires further proteolytic processing and 

maturation to become the active hormone. Preproglucagon also contains the amino acid 

sequences for three other hormones known as glucagon-like peptide-1 (GLP-1), 

glucagon-like peptide-2 (GLP-2) and glicentin-related polypeptide 

(GRPP)
89,90

.Preproglucagon is first converted to proglucagon by removal of a 20 amino 

acid leader sequence. It is then cleaved at several points by prohormone convertases 

that differ between glucagon-expressing cells. Within the alpha cells, glucagon is the 

major product of the cleavages whereas in intestinal L cells, GLP-1, GLP-2 and 

glicentin are major products
90,91

. Prohormone convertase (PC2) is important for 

processing to glucagon in alpha cells. PC2 knockout mice had marked hyperplasia of α-

cells with  proglucagon-containing granules
92,93

 (Figure 1.6). 

1.5.3 Glucagon function 

Inadequate glucagon results in hypoglycaemia. Glucose suppresses glucagon secretion 

while arginine and other amino acids produced during protein turnover stimulate 

glucagon secretion
94

. Overall glucagon signalling promotes glycogenolysis. 

 



 

 

24 

 

Glucagon exerts its effect on cells via its membrane receptor which, when bound by 

glucagon, leads to activation of G proteins Gs alpha and Gq
95

. Activation of Gs alpha 

causes activation of adenalyate cyclase and therefore a rise in intracellular cAMP 

which, in turn, activates protein kinase A; activation of Gq triggers a second major 

signalling pathway mediated via phospholipase C, inositol 1, 4, 5-triphosphate, release 

of intracellular calcium from ER and diacylglycerol-mediated activation of protein 

kinase C. Activation of glycogen phosphorylase results in phosphorylation of glycogen 

and glycogen breakdown
96

. 

 

1.5.4 Glucagon and diabetes 

Normally after a meal, insulin is released and has an inhibitory effect on glucagon 

release. Therefore glucagon levels fall after the meal. In people with type 2 diabetes 

there is a delay in insulin response and therefore glucagon levels are not immediately 

depressed. Due to the abnormality of insulin and glucagon secretion in type 2 diabetic 

patients they are unable to clear the glucose ingested i.e. glucose tolerance is impaired. 

In type 2 diabetes in mice, the alpha cell number increases and they are no longer 

present in the mantle of the islet but also the inner core of the islet. The mechanism of 

how and why these cell numbers increase in diabetes are yet to be determined
97

. 

 

1.5.5 Alpha cell hyperplasia in diabetes 

Alpha cell hyperplasia is observed in conditions such as insulin deficiency and 

hyperglycaemia and in rodent animal models of streptozotocin induced diabetes (NOD-

SCID), diet induced obesity and type 2 diabetic models. Hyperglucagonemia is 

common in both type 1 and 2 diabetes
98

, where glucagon is released and stimulates 

glucogoneolysis in the liver thereby leading to elevation of blood glucose level in the 

blood in both pancreatic islets of animals and humans. In type 1 and 2 diabetes, there is 

an increase in alpha cells while beta cells decrease
99,100

. Alpha cells may increase in 

diabetes due to dedifferentiation of beta cells back to their stem cell progenitors (which 

express Neurogenin3, Oct4, Nanog, and L-Myc) and thence into alpha cells
101

. 
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Figure 1.6 Conversion of preproglucagon to glucagon 

The figure shows the stages of proteolytic cleavage for of preproglucagon processing 

and maturation to become the active hormone. Preproglucagon also contains the amino 

acid sequences for other hormones known as glucagon-like peptide-1 (GLP-1), 

glucagon-like peptide-2 (GLP-2), glicentin-related polypeptide (GRPP) and 

intermediate peptide 1 and 2 (IP1 and IP2). Preproglucagon is first converted to 

proglucagon by removal of a 20 amino acid leader sequence.  Within the alpha cells, 

glucagon is the major product of the cleavages whereas in intestinal L cells GLP-1, 

GLP-2 and glicentin are major products. Figure adapted from Veronica et al
102

. 
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1.6 Delta cells and Somatostatin 

 

Somatostatin is a peptide hormone produced by delta cells (D cells) of the islets. It was 

initially found in the extracts of the hypothalamus where it was found to inhibit the 

release of growth hormone
103

. There are two forms of somatostatin that are derived by 

proteolytic cleavage of preprosomatostain, a single 116 amino acid polypeptide
104

, 

forming 14 and 28 amino acid compounds. The 14 amino acid isoform of somatostatin 

is expressed highly in the hypothalamus and the pancreatic islets while the other 

isoform is expressed abundantly in the intestine. The D cells are located next to the 

alpha and beta cells and play an important inhibitory role in insulin and glucagon 

secretion. D cells are not only expressed in the pancreatic islets but they also are found 

in the gastrointestinal system
105

. They are located in the gut mucosa in the gastric 

fundus atrium and duodenum. The delta cell regulates the secretion of various 

gastrointestinal hormones including gastrin. Somatostatin is released into the circulation 

by delta cells and controls gastrointestinal motility and blood flow
106

. Somatostatin 

receptors are expressed on both alpha and beta islet cells where somatostatin binds to its 

receptors, thereby activating cyclic AMP, altering calcium transport into cells and 

inhibiting hormone secretion
107,108

(Figure 1.7). 

Somatostatin plays an important role in the regulation of cancer growth
109

; however its 

role in diabetes is not well understood. It was reported that delta cells in the early 

diabetes db/db mice pancreatic islets increase and in late diabetes delta cells 

decrease
110

. Delta cells in the periphery of the islets translocate into the central core of 

the islet in diabetes
110-112

. 

1.7  PP cells and Pancreatic Polypeptide: 

 

The other endocrine cell in the islet is the PP cell which makes pancreatic polypeptide 

hormone, a 36-amino acid peptide. This hormone is also involved in regulation of other 

islet hormones and has been suggested to function as a feedback inhibitor of pancreatic 

secretion after a meal
113

.  
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Figure 1.7 Conversion of preprosomatostatin to somatostatin 

 

The figure shows that somatostatin is derived by proteolytic cleavage of 

preprosomatostatin, forming 14 and 28 amino acid compounds. The subtype 14 of 

somatostatin is expressed highly in the hypothalamus and the pancreatiic islets while 

the 28 isoform is expressed abundantly in the intestine.  

Figure adapted from website:  

http://www.vivo.colostate.edu/hbooks/pathphys/endocrine/otherendo/somatostatin.html
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1.8 Leptin and leptin receptor 

 

Leptin is a 16kDa neuroendocrine hormone which is produced by adipose tissue and 

secreted into the blood stream. It suppresses food intake and increases energy 

expenditure and its circulating levels are proportional to the amount of adipose tissue in 

the animal. Mutations in the obese (ob) gene cause leptin deficiency leading to obesity 

in animals and humans. Supplementation of leptin has been shown to reduce weight 

gain
114,115

. 

 

Leptin binds to the leptin receptor (Ob-R) in the hypothalamus, which in turn acts as an 

efferent feedback to maintain homeostasis
116,117

. Ob-R is member of the cytokine class 

1 family 
118

. The gene codes for five isoforms Ob-Ra, Ob-Rb, Ob-Rc, Ob-Rd and Ob-

Re
119

 (Figure 1.8 A). The Ob-Rb isoform is expressed highly in the hypothalamus and 

is involved in signal transduction. Leptin acts on the leptin receptors in neurons which 

activates the JAK /STAT signalling pathway (Figure 1.8 B). Leptin is also involved in 

the insulin receptor pathway involving phosphatidylinositol 3 kinases (PI3-K). 

 

1.8.1 Leptin and pancreatic islet function 

Leptin significantly reduces insulin release from pancreatic beta cells under 

physiological conditions. It suppresses insulin secretion in beta cells by affecting ATP 

sensitive potassium channels through PI3K dependent activation of PDEB and glucose 

transport into beta cells
120

. Leptin has also been shown to suppress pre-proinsulin 

mRNA expression in response to high glucose concentrations. Leptin also inhibits 

glucagon secretion from pancreatic alpha cells
121

. These findings suggest that leptin 

may modulate glucose homeostasis by inhibiting insulin and glucagon release from the 

pancreatic islets.
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1.9 Animal models of obesity and type 2 diabetes  

To investigate pathogenic mechanisms in type 2 diabetes, various animal models of 

obesity, type 2 diabetes and insulin resistance have been used. Rodent models include 

spontaneously diabetic rodents, artificially induced diabetic rodents and transgenic or 

knockout diabetic rodents. Spontaneous rodent models are most often used because 

they best mimic features of type 2 diabetes, obesity and insulin resistance in humans. 

These include the ob/ob and db/db mice as well as the Zucker rat.  

 

1.9.1 The ob/ob mouse model 

In 1950 Ingalls and colleagues from the Jackson laboratory first described the ob/ob 

mouse. The ob/ob mutation arose spontaneously in a colony of mice and resulted in 

hyperplasia and obesity at an early age
122

. These mice have a point mutation in the 

leptin gene, which makes them deficient in leptin. The size of the pancreatic islets are 

also increased and they have marked hypertrophy and hyperplasia of the pancreatic 

islets, due to increase in both number and size of the alpha and beta cells
123,124

. 

Hyperplasia of these islet cells is accompanied by increased circulating levels of 

glucagon and insulin, respectively
125,126

. Insulin levels in their blood are increased by 3 

weeks of age 
127

 and peak at 25-30 ng/ml by 6-8 months of age
126,128

. These mice do not 

go on to develop diabetes and this is thought to be due to the successful compensatory 

increase in beta cells
129

.  

 

1.9.2 Zucker Diabetic Fatty Rat 

The most commonly used rat diabetic model, the Zucker diabetic fatty rat, develops 

both obesity and diabetes, when on a high fat and carbohydrate diet 
130

. It has a single 

base point mutation in the leptin receptor gene resulting in an amino acid change 

(glutamine to proline at amino acid 279) altering the extracellular domain and the 

dimerization of this receptor. This impairs leptin signalling leading to early obesity, 

hyperphagia (increased appetite) and reduced thermogenesis (body heat production)
131

. 

In these rats, hyperglycaemia occurs at 7-9 weeks of age and is accompanied by obesity 

and insulin resistance.  
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1.9.3 db/db mouse 

Diabetic db/db mice arose as a spontaneous autosomal recessive mutation in a colony of 

mice at Jackson Laboratory
132,133

. Like the Zucker diabetic rat, the db/db mouse lacks a 

functional leptin receptor and develops both obesity and diabetes. Consistent with 

impaired leptin signalling due to leptin receptor mutation, exogenous administration of 

leptin to db/db mice was ineffective in altering food intake and weight gain.  

 

The db/db mouse has an autosomal recessive mutation in the leptin receptor gene on 

chromosome 4 which renders them leptin receptor deficient. This G  →  T point 

mutation results in alternative splicing of the receptor coding region and the addition of 

a 106bp insert containing a premature termination signal resulting in a truncated leptin 

receptor lacking the cytoplasmic region
119,134

. Heterozygotes with one mutant copy of 

the leptin receptor are phenotypically normal, at least with respect to body weight and 

blood concentrations of glucose and lipids
135

. 

 

As discussed by Belke and Severson (2012)
135

, there are at least two experimental 

advantages of the db/db mouse model. Firstly, the natural progression of the diabetes, 

with initial insulin resistance followed by an impairment of insulin secretion, is very 

similar to the pathogenesis of type 2 diabetes in humans. Secondly, hyperphagia and 

insulin resistance occur as early at 2 weeks of age, quickly followed by compensatory 

responses of hyperinsulinemia, beta-cell hyperplasia and islet hypertrophy. Later, when 

beta cell compensation can no longer match peripheral and hepatic insulin resistance, 

the onset of hyperglycemia occurs. The db/db mice develop obesity at the age of 3 to 4 

weeks. They become hyperglycaemic at the age of 4 to 8 weeks and their diabetes is 

established at 10 weeks. This is followed by rapidly decreasing insulin levels as beta-

cells apoptose
136,137

.  

 

Interestingly, the severity of the db phenotype is influenced by the genetic background. 

On the most commonly used background C57BL/KsJ the diabetes is severe and 

accompanied by extensive beta-cell necrosis. However, on the C57BL/6J background, 

there is severe insulin resistance, less severe hyperglycaemia and beta-cell hyperplasia. 

The db/db mice that were used in this thesis were B6.BKS (D)-Lepr
db

/J. The disease 

phenotype of these mice was of intermediate severity and will be discussed further in 
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chapter 3. Like the ob/ob mice, the pancreas of these mice is heavier compared to 

littermates and there is hypertrophy and hyperplasia of the pancreatic islets. However, 

while ob/ob mice have a beta cell compensatory response that protects them from 

diabetes, the db/db mice have decreased beta cell compensation leading to beta cell 

dysfunction and finally failure
139

. 
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Figure 1.8 Leptin receptor isoforms and signal pathway 

 

The figure shows the five isoforms of the leptin receptor that are found in the mouse 

(upper panel in A). Mutation in the leptin receptor results in a truncated derivative 

which lacks the intracellular tail and leads to obesity and diabetes in db/db mice (red 

box, lower panel). Figure adapted from Friedman and Halaas
140

. (B) The figure shows 

the signalling pathway resulting from leptin binding to the leptin receptor isoform Ob-

Rb. Ob-Rb contains protein motifs that are involved in the JAK-STAT signalling 

pathway altering gene expression. After binding of leptin to Ob-Rb receptor, a number 

of signalling pathways are turned on, including STAT3 which becomes phosphorylated 

and activated and translocates to the nucleus to modify gene expression. Figure adapted 

from Cava et al
141

. 
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1.10  Insulin-secreting beta cell lines  

Beta cell lines are tools for islet cell research as they are helpful in answering important 

biological questions on the physiology and pathology of beta cells. They are also 

important in understanding the pathogenesis of diabetes and the development of new 

therapies
142

. Isolated islets have many disadvantages compared to beta cell lines as they 

are vulnerable to hypoxia 
143

 and they are separated from  the vasculature
26

, connexins 

and intergrins as well as nerves. The loss of these connections leads to increased 

insulin, glucagon and somatostatin release and eventually to islet cell death
142

. 

The commonly used insulin secreting cell lines are rat insulinoma cell line (RIN), 

Human Insulinoma cell line (INS-1) and mouse insulinoma cells (MIN6). MIN6 cells 

are mouse insulinoma cells derived from a pancreas B cell tumour in a C57BL6/J 

mouse transgenic for a human insulin promoter - SV40 T-antigen hybrid gene. They 

grow as a three dimensional aggregate. MIN6 cells are considered to be an appropriate 

model for studying the mechanism of glucose-stimulated insulin secretion in pancreatic 

beta cells as they have properties similar to those of isolated mouse islets. However, 

they secrete not only insulin but also glucagon and somatostatin (to enable them to 

grow and survive). Another beta cell line (RIN rat insulinoma cells) also secretes 

insulin, glucagon and somatostatin, although the latter two hormones were only made in 

small amounts
144

. MIN6 cells are glucose responsive at early passages and lose this 

over an extended period of time
145-147

.  
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1.11 Zinc (Zn) 

Zn is the second most abundant essential mineral that is found in all cells of the body. A 

constant dietary intake of Zn is essential. A total of 2-3g of Zn is distributed in all 

organs, tissues, fluids and secretions in the human body
148

(Figure 1.9) Zn is important 

for the function of many hundreds of enzymes, metalloproteins and transcription 

factors
149,150

. It plays an important role in metabolic processes including carbohydrate, 

lipid, protein and nucleic acid synthesis and degradation. Zn ions are hydrophilic and do 

not cross cell membranes by passive diffusion; uptake by cells is mediated by special 

membrane transporter proteins
151

.  

 

1.11.1 Zn is important in public health 

The essential requirement of Zn for higher plants and animals has been known for more 

than 70 years. Zn deficiency, in humans, was discovered about 50 years ago, when it 

was recognized that young men in rural villages of Iran and Egypt were stunted in 

growth and had immature sexual development
152

. They also had hepatosplenomegaly 

and anaemia which was attributed to iron deficiency. However the cause of growth 

stunting and delayed sexual maturation was found to be due to insufficient intake of Zn 

and could be reversed by Zn supplements. Since then Zn deficiency has been reported 

to affect children of many countries. Other groups at particular risk are pregnant 

women, the elderly and the chronically sick
153

. 

 

1.11.2  Zn toxicity and intake from the diet 

Zn in high concentrations is toxic to cells. Zn in the body is regulated through intestinal 

uptake, faecal excretion, and renal reabsorption via Zn transporters present in the 

kidney. The dietary intake of Zn is estimated at approximately 10-15mg/day
154

. Zn is 

absorbed across the small intestine by the action of a combination of Zn transporter 

proteins at the luminal surface of the duodenum and jejunum, as well as other Zn 

transporters at the serosal surface that export the newly absorbed Zn into the portal 

blood system
155

. Zn is then carried by albumin to the liver and eventually other organs 

where it is incorporated into metalloenzymes
156

. The main cause of human Zn 

deficiency is consumption of diets that are low in readily absorbable (bioavailable) Zn. 
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Red meat is an excellent dietary source of bioavailable Zn since about 25% of Zn in red 

meat is retained by individuals with normal Zn status. Other sources of Zn are seafood, 

dairy foods, cereals, and nuts
157

. Phytates (e.g in unleavened bread and rice) and dietary 

fibre chelate Zn and inhibit its absorption
158

. Diets which are low in animal protein and 

rich in phytate contribute to the high incidence of Zn deficiency in many developing 

countries
159

. Secondary causes of Zn deficiency are illnesses that impair food intake or 

intestinal absorption as well as conditions that lead to excessive losses of Zn from the 

body (e.g. in the urine in many patients with type 2 diabetes. A number of diseases are 

associated with Zn deficiency including  diabetes
160

. 
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Figure 1.9 Zn homeostasis in the body 

 

The human body contains 2-3 g of Zn which is obtained from the diet and absorbed 

through the small intestine (3-4 mg/day). Some of the Zn enters the plasma and is 

distributed non-uniformly throughout all organs, secretions, fluids and tissues. The 

excess Zn is excreted out through urine (via the kidneys). Some Zn is lost via the 

pancreatic secretion into the small intestine. Figure kindly provided by Dr Chiara 

Murgia (unpublished). 

 

 

3-4 mg/day 

Total Zinc = 2-3 g 
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1.12 Two distinct pools of Zn 

Zn is incorporated into all types of cells and once internalised is taken up by 

intracellular organelles
161

. At the cellular level Zn is regulated by membrane Zn 

transporters and by the cytosolic metal-binding protein metallothionein
162,163

. In the 

body, Zn exists in two main states: approximately 90% of Zn is in a tightly bound form 

(fixed Zn) in metalloenzymes and Zn finger proteins involved in housekeeping 

functions, in cellular metabolism and gene expression and relatively unaffected in Zn 

deficiency
164

 while a more loosely bound form (labile or exchangeable Zn) participates 

in intracellular Zn fluxes, secretion, cytoprotection and signal transduction and is 

readily depleted during Zn deficiency. Some organs and tissues such as the 

hippocampus
165

, testis
166

, prostate
167

, secretory glands
168

, pancreatic islet cells
169

 and 

mast cells
170

 contain very high levels of intracellular labile Zn. In mammalian cells, it is 

estimated that free (ionic) Zn is in the pM range but labile Zn can reach mM 

concentrations when sequestered in organelles such as the secretory granules
171,172

. 

 

1.12.1 Measurement of tightly bound Zn pools  

The tightly bound Zn is often measured by atomic absorption spectrometry (AAS) and 

related techniques such as ICP-MS. In these methods, there is digestion and destruction 

of the tissue which involves wet ashing with nitric acid and hydrochloric acid and 

subsequent conversion into a dry powder. AAS detects absorption of certain 

wavelengths of light that are specific to each element and correspond to the energies 

needed to promote electrons from one energy level to another, higher, energy level
173

. 

 

1.12.2 Labile Zn and ZINPYR-1 

A major advance in Zn biology was the identification of novel fluorophores to visualize 

and measure tissue and cell Zn without using techniques that destroy the tissue. These 

fluorophores also preferentially detect the labile Zn pools since much of the fixed Zn 

buried within protein structures is not available for binding
174

. One of the first real-time 

Zn flurophores developed was Zinquin
175,176

, a UV excitable probe. Subsequently a 

number of other Zn flurophores were developed with various improvements, including 

excitation with FITC-like wavelengths that are less prone to UV-induced photo 

bleaching and less toxic. One such fluorophore that is now used widely is ZINPYR-1, 
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in which the Zn binding ligand is a di-2-picolylamine moiety
177

 (Figure 1.10). 

ZINPYR-1 has an excitation maximum at 515nm in the absence of Zn which shifts to 

507nm when ZINPYR-1 is complexed with Zn and, at the same time, the quantum yield 

increases more than two fold. ZINPYR-1 is relatively specific for Zn although, like 

some other Zn fluorophores, it also reacts with cadmium and manganese ions
178

. 



 

 

39 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10 ZINPYR-1 Structure 

 

Zn free ZINPYR-1 (1) binds Zn in two stages to form the 1:1 complex (2) and 2:1 

complex (3), with loss of protons. Zn ions bind to the two di-2-picolylamine groups to 

form the fluorescent compound. Figure adapted from Kowalczyk et al
179

.  

1 2 3 
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1.13  The many roles of Zn in the body:  

 

Zn plays an important role in synthesis of insulin and other pancreatic islet hormones, 

as is described in a later section. Some of its other roles in the body are summarized 

here. 

 

1.13.1 Zn and intestine function 

Zn is known to play an important role in the physiological function of the 

gastrointestinal tract
155

 such as maintaining epithelial structural integrity. Zn deficiency 

is often accompanied by diarrhoea and gut lesions as in Crohn’s disease and the 

hereditary Zn deficiency disease known as acrodermatitis enterophaica
180

. Zn helps to 

maintain intestinal tight junctions and, in support of this, oral Zn supplements reduced 

(by 50%) gut leakiness in experimental colitis
181,182

. 

 

1.13.2 Zn as a neurotransmitter and survival factor in the brain 

Another important role of Zn is in neurotransmission
183

. Stimulation of the mossy fibre 

pathway in the hippocampus results in the release and of Zn into the synaptic cleft 

where it is taken up by neighbouring post-synaptic cells through gated ion channels and 

plays an important role in modulation of synaptic signalling
184

. In neurons, exocytotic 

stimuli induce Zn release into the surrounding milieu Zn may also help to maintain 

neuronal viability by preventing apoptosis
185

. This anti-apoptotic property of labile Zn 

ions has been seen in many other cells and tissues of the body
186

. 

 

1.13.3 Zn and lung infection and inflammation 

Another property of Zn is its anti-oxidant and anti-inflammatory action. Zn is a 

cytoprotectant in the respiratory tract tissue against toxins and inflammatory 

mediators
187,188

. Zn supplementation has been shown to decrease the severity and 

incidence of respiratory infections in young children from developing countries
189

. It 

has been reported that there was a 45% decrease in the incidence and prevalence of 

acute lower respiratory infection in children of 6 to 35 months of age receiving 10mg of 

supplemental Zn daily
189

. Numerous studies have suggested that significant decreases in 
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the intake of dietary antioxidants may be an important contributing factor to the 

increasing incidence of asthma
190-192

. 

 

1.13.4 Zn and skin 

Zn is rich in cells and extracellular matrix of the epidermis, where it is involved in 

cytoprotection, epidermal mitosis and wound healing
193

. Zn deficiency often leads to 

pathological skin changes such as in acrodermatitis enteropathica
194

. 

 

1.13.5  Zn and mammary gland 

Zinc is essential for the newborn infant and is provided in breast milk; the mammary 

gland secretes 0.5-1mg of Zn/ day
195

. Early neonatal death associated with low milk Zn 

levels occurs in lethal milk (lm) mutation in mice
196

. Dysregulation of this process in 

infants causes growth retardation, impaired immune function and increased 

susceptibility to infection
197

. 

 

1.13.6  Zn and bone: 

Zn is required for the growth, development and maintenance of healthy bones. A 

reduction in Zn in the long bones (e.g. femur) contributes to growth retardation in Zn 

deficient infants while Zn supplementation in children can restore normal growth and 

maturation
198-201

. 

 

1.13.7 Zn, macrophages and immunity 

Zn homeostasis is crucial for the normal immune response and, especially, the 

development of cell-mediated immunity. Zn deficiency primarily affects the T cells, 

due to atrophy of the thymus and apoptosis of T cells
202

. resulting in a decreased 

number of T helper cells, a reduction of the absolute number of splenocytes, decreased 

response to T-cell- dependent and T-cell-independent antigens, production of IgG and 

generation of cytotoxic killer cells to allogenic tumor cells
203,204

. Zn deficiency also 

inhibits the proliferation and/or function of B cells, macrophages, neutrophils, dendritic 

cells and natural killer cells
205

. Amongst the actions of Zn ions on the immune system 
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are effects on thymocyte, dendritic cell and monocytoid differentiation, T helper cell 

function and phagocytosis
206

. Initial studies on phagocytosis described inhibitory 

effects of high micromolar (pharmacological) concentrations of Zn ions on 

monocyte/macrophage functions, including phagocytosis of yeast particles
207

. Inhibition 

by Zn was shown to be dependent also on Mg and to be reversible following washing 

away the Zn.  Later studies showed impairment of phagocytosis in Zn deficient mice
208

. 

In the latter study, the effects of suboptimal levels of Zn on the ability of murine 

macrophages to phagocytose Trypanosoma cruzi were studied. The percentage of 

mouse peritoneal macrophages with associated parasites, the number of parasites per 

100 macrophages and the intracellular killing of parasites were significantly lower for 

macrophages from moderately and severely deficient mice compared to control fed 

mice; pretreatment of the macrophages from Zn-deficient mice with Zn for 30 min 

completely restored both their capacity to take up and kill the parasites. The effect was 

specific to Zn and not other metals
209

. Another study showed that Zn stimulated  

phagocytic capacity  of  canine monocytes by  increasing TNF-α production
210

.  

 

A series of studies from the laboratory of Joshi and colleagues have suggested links 

between lung injury, impaired phagocytosis and Zn deficiency. In rats, stresses to the 

lung caused by alcohol
211

 or virus  resulted in significant decreases in alveolar 

macrophage (AM) GM-CSF receptor expression and phagocytosis of bacteria. These 

were accompanied by a significant decline in lung Zn concentrations. The authors 

proposed that the decline in Zn caused the defects in phagocytosis since the membrane-

permeable Zn chelator  Zn chelator, N,N,N',N'-tetrakis-(2-pyridyl-methyl) 

ethylenediamine (TPEN) impaired AM phagocytosis of bacteria in vitro while Zn 

supplements prevented both the decline in lung Zn and the impairment of phagocytosis 

in vivo and in vitro. Alcohol-fed rats had a 5-fold decrease in capacity to clear 

inoculated Klebsiella pneumonia from their lungs and this impairment of bacterial 

clearance, as well as increased oxidative stress in the lung, could be prevented by 

dietary Zn supplementation. The conclusion was that Zn is required to maintain AM 

bacterial phagocytosis, and that pulmonary Zn deficiency could be one of the 

mechanisms by which chronic HIV-1 infection and alcohol abuse impair immune 

function and predispose to pneumonia and other lung infections
211

.  
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1.13.8 Zn in the liver 

Although the body does not store Zn, like it does iron, the liver can act as a reservoir for 

Zn. In the acute phase response, as occurs in infection, trauma and inflammation, there 

is a transient shift of blood (plasma) Zn to the liver, mediated by cytokines (especially 

IL-6), corticosteroid hormones, subsequent up-regulation of Zn transporter protein 

ZIP14 in the membranes of hepatocytes and up-regulation of cytosolic metallothioneins 

(see Section 1.15.8). Zn is temporarily held in the hepatocytes as a complex with 

metallothionein
156

. The function of this shift of Zn to liver is still not properly 

understood but it may include cytoprotection of hepatocytes and removal of Zn from 

invading bacteria, thereby suppressing their growth. As in mammals and other 

eukaryotes, bacterial DNA polymerase and other nucleic acid-synthesizing enzymes are 

highly dependent on Zn
212

. 

 

1.14  Zn function in pancreatic islets and during diabetes 

1.14.1 Zn in the pancreatic islets 

Beta cells contain high concentrations of Zn and this metal is essential for insulin 

production; less is known about the other pancreatic islet cellular constituents. In the 

beta cell, labile Zn is critical for insulin maturation, synthesis and secretion. Labile Zn 

is concentrated in the insulin-containing granules, reaching mM concentrations
213

. 

 

1.14.2 Zn and insulin synthesis and storage 

Zn acts in two stages in the insulin pathway of beta cells.  

In the first Zn-dependent step, trimers of proinsulin monomers become held together by 

a Zn ion coordinated to the imidazaole groups of histidines in the B chain (B5 and two 

His B10 side chains at each Zn binding site. Two trimers associate to form the 

proinsulin hexamer.  Therefore, each hexamer contains two Zn ions
214,215

.  It is thought 

that the Zn-mediated formation of the proinsulin hexamer protects some portions of the 

polypeptide chain from proteolytic cleavage by burial within the subunit interfaces of a 

soluble hexamer, while leaving the C-peptide segment of proinsulin exposed on the 

hexamer surface to the action of the trypsin- and carboxypeptidase-like processing 

enzymes.  
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Secondly, within the mature secretory granules of the beta cell, crystallization of insulin 

is triggered by a large excess of Zn ions. It is thought that each crystal contains at least 

12 Zn ions per hexamer. This crystallization is critical for storage of insulin in the beta 

cell and the additional Zn ions are provided by a pool of labile Zn ions in the granule, 

the uptake of which is under the control of granule membrane Zn transporter ZnT8 

(described in a subsequent section of the thesis). It is estimated that granules contain > 

3mM labile Zn ions, which is amongst the highest concentration of Zn ions in the body. 

Dysregulation of the zinc transporter ZnT8 results in a loss of granule Zn and 

impairment of insulin storage and release (see later)
216

.  

 

1.14.3 Zn and other islet cells 

During glucose stimulation, Zn and insulin are co-secreted into the extracellular space 

where, the insulin structure (hexamers) breaks up into monomers of insulin and Zn ions 

are released. Whether the released Zn ions are reabsorbed by beta cells is not clear but 

they have been shown to exert an inhibitory action on glucagon secretion by 

neighbouring alpha cells
217

. Alpha cells also contain Zn but at lower levels than beta 

cells, and Zn is most likely involved in the maturation, synthesis and secretion of 

glucagon, although this is not yet proven
218

.  

 

1.15  Zn binding proteins and Zn tranporters 

Free or labile Zn is toxic to cells in high concentrations. Therefore, it is tightly 

regulated. Labile intracellular Zn in cells and tissues is regulated by three classes of 

proteins: i) membrane zinc transporter proteins belonging to the SLC39a (ZIP) and 

SLC30a (ZnT) families, ii) certain metal binding proteins, especially metallothioneins, 

which act as Zn buffers
219

 and iii) Zn-permeable membrane channels such as transient 

receptor potential cation channel.  

 

1.15.1 Zn transporter family SLC39a (ZIP) 

The ZIP transporters were first identified in yeast and plants. There are 14 members of 

the ZIP family reported to date (summarized in Table 1). It should be pointed out that 

some members of the family are included based on sequence similarity and actual Zn 
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transporting function has yet to be confirmed. Some ZIP transporters are ubiquitously 

expressed, whereas others are specific to certain tissues.  

 

ZIP transporters are membrane proteins which mostly contain eight transmembrane 

domains with the N and C terminus on the cytoplasmic side of the membrane (Fig 

1.11.). On the cytoplasmic side is a histidine-rich loop which is thought to be a major 

Zn-binding region, since Zn binds to the N in histidine (in addition to the S in 

cysteine)
220

. ZIP transporters act to increase cytosolic Zn, by either transporting Zn 

from the extracellular space or by releasing Zn ions into the cytosol from organelles 

where it is sequestered, such as ER and Golgi. The ZIPs may function either at the 

cell/tissue level in the various organ systems of the body or in the small intestine where 

they regulate absorption of Zn from the diet (e.g. ZIP4, see below). Some ZIP 

transporters (e.g. ZIP8 and ZIP14) not only transport Zn, but can also transport other 

metal ions such as iron and cadmium
221

. Both transcriptional and post translational 

expression of some of these proteins may be regulated by factors such as Zn 

availability, cytokines and hormones, thereby altering cytosolic Zn concentrations. 

Dysregulation of ZIP transporters have been associated with various diseases, including 

cancer
222

. 
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Figure 1.11 ZIP protein structure and phylogeny of Zn transporters 

This figure shows (A) ZIP transporter protein containing eight transmembrane domains 

and the putative Zn-binding Histidine-rich domain (also potential metalloproteinase 

motif) which is usually found between transmembrane domains 3 and 4 on the 

cytoplasmic side. ZIP proteins are involved in transporting Zn from the extracellular 

fluid or organelles such as endoplasmic reticulum and Golgi into the cytoplasm
223

. (B) 

Phylogenetic tree of ZIP transporters, showing four subsets of ZIPs based on 

evolutionary relationships: ZIP9 (I), ZIP 1, 2 and 3 (II), ZIP11(III) and remaining ZIPs 

(IV) also known as LIV
224

. Figure was adapted from Schmitt-Ulms G et al 
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In the following paragraphs, two members of the ZIP family are discussed in more 

detail. These are ZIP4 and ZIP14 because they emerged in my studies to be of special 

interest in islet function and diabetes.  

 

1.15.2 ZIP4 

Mouse ZIP4 is located on chromosome 15 and human ZIP4 is on chromosome 1. Figure 

1.12 A shows sequence similarities and conserved motifs between human and mouse 

ZIP4 protein in a region around a putative metalloprotease cleavage site (PALV) that is 

thought to be cleaved prior to endocytosis resulting in removal of the extracellular 

amino-terminal ectodomain. Figure 1.12 B shows that ZIP4 protein contains 8 

transmembrane domains with N and C terminus located on the extracellular side. ZIP4 

is a major intestinal Zn transporter involved in absorption of Zn. Normally, in the small 

intestine, ZIP4 is expressed in low levels
225,226

. ZIP4 is regulated by transcriptional and 

posttranscriptional mechanisms
227,228

. During Zn deficiency, ZIP4 message and protein 

are upregulated due to increase in the stability of the mRNA and protein
229

. Mutation of 

ZIP4 is responsible for causing Zn deficiency in the human genetic disorder 

acrodermatitis enteropathica. Children with this disease have lesions of the skin, and 

gastrointestinal tract, which can be reversed in Zn supplementation
230

. ZIP4 is also up-

regulated in pancreatic tumours, where it may act to increase Zn required for growth 

and suppression of apoptosis
231

. 
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Figure 1.12 Structure of human and mouse ZIP4 

The figure shows human and mouse ZIP4. (A) Alignment of the amino acid sequences 

of human and mouse ZIP4 in the region of the ectodomain near the predicted start of 

the first transmembrane domain showing the conservation of amino acids encompassing 

the potential metalloproteinase motif (PALV). Conserved amino acids are indicated by 

an asterisk. Figure from Kambe et al
232

. (B) ZIP4 Zn transporter has eight 

transmembrane (TM) domains with its N and C terminus in the extracellular fluid of the 

cell. The Zn binding domain is thought to be in the histidine rich loop between TM3 

and TM4. Mutations of ZIP4 result in the autosomal recessive disease acrodermatitis 

enteropathica, leading to growth retardation, behavioral and neurological disturbances 

and diarrhea (all associated with severe systemic Zn deficiency). The coloured numbers 

A 

B 
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in the sequence of ZIP4 represent known mutations. Figure adapted from Antala et 

al
233

. 
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1.15.3 ZIP14 

 

The mouse ZIP14 gene is located on chromosome 14
234,235

. ZIP14 protein has 8 

transmembrane regions containing a histidine rich region and the N and C termini, both 

of which are located in the extracellular space of the cell. ZIP14 is expressed in the 

plasma membrane of cells as a glycosylated protein where it is involved in the cellular 

uptake of Zn from the extracellular space (Figure 1.13). ZIP14 is strongly expressed in 

the liver, small intestine, pancreas, adipose tissue and kidney
236

. Both human and 

mouse ZIP14 exist as two isoforms of 489 amino acids formed by alternative splicing 

(diagonal shading indicates variable region of the isoforms). The significance of these 

isoforms is unclear but one study has shown a relationship to colorectal cancer
235

. Six 

single-nucleotide polymorphisms have been reported in the coding sequence of human 

Zip14 including two in the histidine-rich loop which might affect Zn binding and 

transport
237

.  

 

ZIP14 works through the G protein coupled receptor (GPCR).  Knockdown of ZIP14 

leads to decrease in cyclic adenosine monophosphate activity (cAMP) and increase in 

phosphodiesterase activity
238

 ZIP14 protein is involved in growth of bones, liver growth 

and adipogenesis
239

. Like nutritionally Zn deficient mice, ZIP14 knockout mice have 

stunted growth
238

.  

 

Two properties of ZIP14, which are particularly relevant to macrophages, involve iron 

transport and inflammation. ZIP14 not only transports Zn but also iron (Fe), cadmium 

and manganese
240

. It may therefore be involved, along with divalent metal-ion 

transporter-1 (DMT-1), in normal iron uptake and homeostasis. It may also be a factor 

in iron overload toxicity in the liver, pancreas and the heart (primary sites for iron 

storage). During iron overload, the liver undergoes fibrosis, cirrhosis and liver cancer 

and in the pancreas it leads to beta cell apoptosis and diabetes
241

. Zip14 is expressed in 

membranes of hepatocytes and mediates uptake of non-transferin bound iron
242

. ZIP14 

was significantly upregulated in the pancreas in iron overloaded rats
243

. and ZIP14 

protein expression is known to be altered in hemochromatosis in type 2 diabetes. Liver 

macrophages (kuffer cells) release iron into the plasma maintaining iron homeostasis in 

the liver
244

.  During inflammation, the release of iron is reduced. It is also known that 
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ZIP14 is expressed highly in the liver and, in animals treated with LPS, turpentine and 

IL-6
245

. ZIP14 is up-regulated in hepatocytes as part of the acute phase response and 

there are subsequent shifts of plasma iron and Zn to hepatocytes creating a state of 

hypoferemia and hypozincaemia
234,240,246-248

.  
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Figure 1.13 Structure of mouse ZIP14 

The figure shows that ZIP14 has eight transmembrane domains, with, facing into the 

extracellular fluid of the cell, the N and C terminus and the histidine rich region. Note 

that this domain is on the cytoplasmic side in some other ZIPs (e.g. ZIP4). Both human 

and mouse ZIP14 exist as two isoforms of 489 amino acids formed by alternative 

splicing (diagonal shading indicates variable region of the isoforms). Figure adapted 

from Liuzzi et al 
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1.15.4 Zn transporter family SLC30a (ZnT) 

 

ZnT Zn transporters have six transmembrane domains with N and C termini at the 

cytoplasmic side of the cell membrane. At least one ZnT transporters (ZnT1) transports 

Zn from cytoplasm across the plasma membrane to the extracellular space of the cell
249

. 

Other ZnTs (ZnT2-8) are expressed on membranes surrounding cytoplasmic organelles 

(e.g. Golgi) and sequester Zn from the cytosol into the organelles
250

. They may also 

transport other metals such as cobalt, cadmium, nickel, copper and mercuric ions
251

. 

Clues to the mechanism by which these transporters transport metal ions has come from 

studies with the Ecoli Zn transporter (ZnT-like) YiiP
252

.  The x ray structure of YiiP 

was reported by Lu et al
253

. It was shown that this transporter is a homodimer, held 

together in a parallel orientation with four Zn ions at the interface of the cytoplasmic 

domains. The overall structure appears Y- shaped
253

. Later, Coudray et al investigated 

the molecular dynamics of YiiP transporter within a lipid bilayer using purified YiiP
252

. 

In the presence of Zn, there was a conformational change which involves the pivoting 

of the six transmembrane helixes from outward facing state to an inward facing state 

(Figure 1.14). This conformational change is thought to mediate membrane transfer of 

Zn. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

54 

 

Table 1.1 Lists the properties of ZIP type transporters 
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Transporter Specificity Localization 
in cells 

Function Transcriptional 
Regulation 

Post-transcriptional  Disease 
Associations 

Presenc
e in 
Pancrea
s 

Refs 

ZIP1 Zn Plasma 
membrane 
and 
intracellular 
vesicles  

Active major 
transport of 
zinc into cells 
eg prostate 
cells 

Cadmium 

induced up-

regulation of 

ZIP1 

Zip1 is ubiquitylated in 

vivo 

 

In many prostate 
cancers SLC39A1 
is silenced causing 
prostate cancer 
cells to be low in 
zinc.  
Neurodegeneration  

Not in 
the 
pancreat
ic islets 

Costello 
LC, 
Franklin RB 
2006 
 
Duffner 
Beattie 
2006 
 
Guo 2012 
 
254 

ZIP2 
 
 
 
 
 
 
 
 
 
 
 
 
 

Zn, Fe Plasma 
membrane 

May be 
important in 
contact 
inhibition of 
normal 
epithelial 
cells 
Zinc uptake 
may be 
mediated by 
a Zn2+-HCO3- 
symport 
mechanism. 

Induced by Zinc 
and inhibited by 
Cu2+, Co2+ and 
Mn2+ ions and 
not inhibited by 
Fe2+. 
 

Unknown Loss of its 
expression may 
play a role in 
tumorigenesis 

 Zhang & 
Knutson 
2012 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Guo%20L%5Bauth%5D
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ZIP3 
 
 
 
 
 
 
 
 
 

Zn and 
other 
metals 

Plasma 
membrane 
and 
lysosomes  

Acts as a 
zinc-influx 
transporter 

Up-regulated by 
Zn deficiency 

No evidence but exists 
as a phosphoprotein 

Neurodegeneration 
Glutamate 
excitoxicity  

Express
ed in the 
pancreat
ic islets 
not yet 
confirme
d 
(pregna
nt mice). 

Duffner 
Beattie 
2006 
Qian ey al 
2011 

ZIP4 Zn Plasma 
membrane 
and 
lysosomes  
 
Apical 
membrane of 
the intestine 

Major dietary 
zinc 
transporter in 
the intestine  

ZIP4 mRNA 
level increase in 
zinc deficient 
mice 
ZIP4 mRNA is  
low in zinc 
replete 
conditions 
 
 

Induced by zinc 
deficiency in Hepa 
cells and rapidly 
degraded in response 
to added zinc. 

Mutated in 
acrodermatitis 
enteropathica 
 
Pancreatic cancer 
and liver cancer 

Express
ed in the 
pancrea
s 

Antala & 
Dempski 
2012 
Weaver BP 
2007 
Geiser  ‎201
2 

ZIP5 
 
 
 
 
 
 
 
 
 

Zn Basolateral 
surface of 
enterocytes 
and plasma 
membrane 

Cellular 
response to 
zinc 
starvation 
and role in 
polarised 
cells by 
carrying out 
serosal to 
mucosal zinc 

 Translation is zinc-
responsive. During zinc 
deficiency, Zip5 mRNA 
remains associated 
with polysomes, while 
the protein is 
internalized and 
degraded 
Capable of being 
glycosylated but 

Basolateral 
membrane of 
pancreatic acinar 
cells 

 Weaver BP 
2007 
Wang et al 
2004 
Duffner 
Beattie 
2004 
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transport function unknown 

ZIP6 Zn Plasma 
membrane 
 
ER  

Neuronal 
differentiation  

 Phosphoprotein 
and glycoprotein 

Neuroblastoma, 
pancreatic cancer, 
prostate cancer and 
breast cancer 

 Marat 2008 

ZIP7 Zn, Mn Vesicles, ER 
and Golgi 

  Protein kinase CK2 
dependant 
phosphorylation of 
ZIP7 leads to release 
of Zn2+ from 
intracellular stores, 
activation of tyrosine 
kinases and 
phosphorylation of AKT 
and ERK 1 and 2. 

Breast cancer  Taylor 2012 

ZIP8 Zn, Cd, Mn Plasma 
membrane 
,mitochondria 
and 
lysosomes 

Multiple 
organogenesi
s and 
haematopoie
sis in utero  
is critical in 
zinc-
mediated 
cytoprotectio
n in lung 
epithelia 

 phosphoprotein Breast cancer, 
inflammation,  
Sepsis, 
Cadmium induced 
testicular necrosis 
and renal proximal 
tubule damage  

 Knoell 2012 
Wang et al 
2007 

ZIP9 Zn Trans-golgi   
 

Glycoprotein    Thomas 
2014 
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ZIP10 Zn Plasma 
membrane  

Zinc uptake 
across rat 
renal brush 
border 
membrane 

 Glycoprotein and 
phosphoprotein 

Breast cancer  P. Kaler , 
R. Prasad  
2007 

ZIP11 Zn 
 

  Evidence at 
transcript level 

unknown   Martin et al 
2013 

ZIP12 Zn    Glycoprotein 
 

Mutation in 
chromosome 10p 
increases 
susceptibility to 
Schizophrenia  

 Dean Brian 
2009 

ZIP13 Zn Golgi and 
intracellular 
vesicles 

  homo-dimerization The Ehlers-Danlos 
syndrome (EDS) is 
a group of genetic 
disorders affecting 
connective tissues. 

 Fukada 
2008 
 
Bin 2011 

ZIP14 Zn, Fe, Cd 
and Mn 

Plasma 
membrane 

Possible 
regulation of 
ZnT8 and 
ZIP10 shown 
by ZIP14 
knockout 
study 

IL-6, TNF-α, 
LPS 

Glycosylation 
 
pH dependant iron 
transport 
 

Colorectal cancer, 
Asthma and 
inflammation 

 Zhang & 
Knutson 
2012 
Liuzzi 2005 
 
Tolunay 
Beker 
Aydemir 
2012 
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Table 1.2: Lists the properties of ZnT type transporters 
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Transporter Specificity Localization in cells Function Transcriptional 
Regulation 

Post-
translatio
nal 

Disease 
Association
s 

Presence 
in 
Pancreas 

Refs 

ZnT1 Cd and Zn Plasma membrane Zinc efflux and 
intestinal serosal zinc 
transport to portal 
blood supply 

mRNA 
upregulated by 
zinc 
supplements  
and 
glucocorticoids  

Glycosylat
ion  

Embryonic 
lethal 

Expressed 
in the 
pancreas 
and 
pancreatic 
islet 

Robert J Cousins 1998 
 

ZnT2 Zn Endosomal 
lysosomal/secretory 
vesicle, mitochondria 
and plasma 
membrane 

ZnT2 plays a major 
role in Zn secretion 
from the mammary 
gland into milk 

Stat5 and 
glucocorticoid 
receptor and 
MTF-1 and Zinc 
upregulates 
ZnT2 

Glycosylat
ion 

Lactating 
women with 
a mutation in 
the gene 
secrete 

∼75% less 
Zn into their 
milk 

Expressed 
in the 
pancreas 

Guo et al 2010 
 
Seo et al 2010 
 
Shannon L Kelleher et 
al 
2003 
 

ZnT3 Zn Synaptic vesicles Accumulation of zinc 
in synaptic vesicles 
and role in olfactory 
response 

Regulated by 
glucose and zinc 
in beta cell line 

Phosphor
ylation 

Seizures, 
learning 
deficit, 
memory loss  
Alzheimer’s 
Dementia 

Low 
expression 
in pancreas 

Smidt 2009 
Zheng W 2010 

ZnT4 
 

Zn Secretory vesicles, 
plasma membrane 
and cytoplasm 
 

Transports zinc to 
apical region of 
airways  
Secretion of zinc into 
breast milk and gut 
differentiation 

Regulated by 
zinc 
supplements 

Unknown  Lethal milk 
and Asthma 

 Chaira Murgia 2011 
Huang 1997 
 

         

http://jn.nutrition.org/search?author1=Shannon+L+Kelleher&sortspec=date&submit=Submit
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ZnT5 Zn Secretory vesicles, 
Golgi and plasma 
membrane 

Transports zinc into 
Golgi and immature 
insulin vesicles 
Incorporation of zinc 
into alkaline 
phosphatase  

Upregulated by 
Zn depletion  

Phosphor
ylation 
 

Bone 
abnormalities 
and heart 
failure 

Expressed 
in beta cells 

Fukunaka A 2011 
 
Sheline et al 2012 
 
Devergnas et al 2004 
 

ZnT6 Zn Secretory vesicles 
and trans golgi  

Imports zinc into the 
trans golgi network  
incorporates zinc into 
alkaline phosphatase 

 Phosphor
ylation 
Glycosylat
ion 

Alzheimer’s 
disease 
 

Expressed 
in the 
pancreas 

 
Beyer N 2012 
 
Huang 
2002 
 
 

ZnT7 Zn Secretory vesicles 
and Golgi 

Imports zinc into the 
trans golgi and also 
incorporates zinc into 
alkaline phosphatase  

Upregulated by 
Zn depletion 

Phosphor
ylation 
Glycosylat
ion 

Prostate 
cancer, diet 
induced 
diabetes 

Expressed 
in the 
pancreas 

Huang et al 2010 
 
Suzuki 2005 
 
Catherine P. Kirschke 
2003 

 

Devergnas et al 2004 

 

 

 
ZnT8 
 
 
 
 
 

 
Zn 

 
Secretory granule 

 
Incorporates zinc into 
mature granules of 
insulin  

  
Methylatio
n and 
phosphor
ylation  

 
Type 1 
(autoantigens
)and type 2 
(SNP) 
Diabetes 
 

 
Expressed 
in the 
pancreas 

 
Lemaire 
2009 
 
Chiara Murgia et al 
2009 
 

http://www.jbc.org/search?author1=Liping+Huang&sortspec=date&submit=Submit
http://www.jbc.org/search?author1=Catherine+P.+Kirschke&sortspec=date&submit=Submit


 

 

62 

 

 
 

Wijesekara -2010 

ZnT9 
 

 
Zn 
 

Nucleus and 
cytoplasm 

Plays a role in the 
p160 coactivator 
signalling pathway 
and in the 
transcriptional 
activation of Wnt 
responsive genes  

 Unknown   
Not known 
 

  
 
Sim 1999 

ZnT10 Zn Unknown  Zinc efflux 
Foetal development  

 Unknown  Not known 
 

 Cousins 2009 



 

 

63 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.14 ZnT protein structure, phylogeny and the YiiP transporter mechanism 

The figure shows (A) SLC30A (ZnT) transporters containing six transmembrane 

domains. ZnT transporters are involved in transporting Zn from the cytoplasm either 

into organelles or outside the cell. They have their N and C terminus and a histidine rich 

loop domain in the cytoplasm of the cell. Figure adapted from Krane et al
223

. (B) 

Phylogenic tree of ZnT family members which shows close relationships between the 

islet relevant ZnT8 transporter and ZnT2, 3 and 4. Figure adapted from Huang et al
255

 

as well as the bacterial Zn transporter YiiP. Figure adapted from Lu et al
256

. (C) YiiP 

transporter is the only Zn transporter member of which the mechanism is now partially 

elucidated of how Zn ions are transported and may serve as a model of Zn transport by 

the mammalian ZnT transporters. In the presence of Zn, there is a conformational 

change which involves the pivoting of the six transmembrane helixes such that the Zn 

transport sites are expressed on the periplasmic side of the membrane (between 

bacterial cell wall and plasma membrane) with an outward facing state when saturated 

with Zn, enabling the removal of Zn from the cytoplasm. Figure adapted from website 

https://www.bnl.gov/newsroom/news.php?a=11005

 

A B 

C 

https://www.bnl.gov/newsroom/news.php?a=11005
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1.15.5 ZnT7 

 

The ZnT7 gene is located on chromosome 1 in humans and chromosome 3 in mice. It 

encodes a 42kDa membrane protein that is abundant in the mouse nervous system and 

the small interstine
257,258

. It is also expressed in many other tissues and localizes to the 

Golgi apparatus where it likely mediates uptake of cytoplasmic Zn into the Golgi 

apparatus for incorporation of Zn into newly synthesised Zn metalloproteins. ZnT7 KO 

mice had systemic Zn deficiency and associated symptoms such as growth retardation 

that could not be corrected by Zn supplements
258

. ZnT7 KO mice also showed 

decreased adiposity associated with low circulating leptin levels
258

. They were also 

more susceptible to high fat diet induced postprandial hyperglycemia, glucose 

intolerance and insulin resistance. Huang and colleagues reported that ZnT7 protein is 

expressed predominantly in pancreatic islet beta cells of mice; overexpression of ZnT7 

in beta cells increased the total insulin content (mRNA and protein) as well as a 2-fold 

increase in basal insulin secretion confirming an important role for Zn in insulin 

synthesis and secretion. As the insulin promoter contains a metal responsive element, it 

was suggested that ZnT7 and Zn may be acting via this site
259

.  

 

1.15.6 ZnT8 

 

The Zn transporter ZnT8 is involved in the pathogenesis of type 1 and 2 diabetes
260-266

. 

ZnT8 is located in the membrane of the insulin secretory vesicles. It is the most 

abundantly expressed ZnT (gene or protein) in the pancreatic islets. Chimienti and 

colleagues were the first to report that overexpression of ZnT8 in beta cells increased 

insulin content and also increased insulin secretion in response to glucose
267

. When 

ZnT8 was knocked down, this capacity was reduced. After investigating the role of 

ZnT8 in cell lines, studies investigated the role of ZnT8 by global knockout in mice. 

ZnT8 knockout mice had fewer dense core vesicles in insulin producing beta cells and 

impaired glucose homeostasis
268

. Knockdown of ZnT8 in beta cells may decrease the 

availability of Zn into the insulin vesicles to form insulin hexamers and crystals. 

Knockdown of ZnT8 in alpha cells, did not affect the insulin content or glucose 

metabolism
268
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ZnT8 is also a major target of humoral autoimmunity in Type 1 diabetes
263,269-271

. 

Achenbach and colleagues
263

 were first to report humoral autoimmune responses 

against ZnT8 in a large cohort of children with a first-degree family history of Type 1 

diabetes. They also reported that the COOH terminal in the ZnT8A was an epitope for 

Type 1 diabetes rather than the NH2-terminal of this protein
270

. ZnT8A-COOH-positive 

children who were homozygous for the ZnT8A8 SNP rs13266634 progressed faster to 

diabetes than those who were heterozygous
263

. Another study investigated two major 

isoforms of ZnT8, ZnT8-Arginine (ZnT8R) and ZnT8-Tryptophan (ZnT8W) on Type 1 

diabetes patient cohorts with different age distributions at onset. Most of the Type 1 

diabetic patients tested positive for ZnT8Ab to both isoforms; however, ZnT8 

autoantibiody titres were significantly higher in the younger age group
272

. 

 

In Type 2 diabetes, genetic polymorphisms for ZnT8 influence the level of expression 

and function of the protein
273,274

. Population studies revealed a strong association with 

type 2 diabetes of a nonsynonymous SNP RS13266634
264

,arg325Trp (C>T) variant in 

ZnTA8
275-277

. The C allele variant was suggested to be the risk allele for type 2 

diabetes
278-282

 . Other studies
267

 also reported that variations in ZnTA8 may affect Zn 

accumulation in insulin granules and hence influence insulin stability and insulin 

trafficking. The R325W mutation in ZnTA8 is associated with Type 2 diabetes as well 

as decreased first phase insulin secretion in non-diabetic subjects bearing at least one 

copy of the risk allele
283,284

.  

 

The handling of immunosuppressive drugs necessary for islet transplantation is also 

influenced by ZnT8 polymorphisms. The calcineurin inhibitor cyclosporine (CsA) did 

not suppress glucose-stimulated insulin secretion in islets when ZnT8 W325 variant 

was expressed in insulinoma cells, whereas cells expressing ZnT8 R325 were 

suppressed by these drugs. This indicates that the structure of the ZnT8 variant W325 is 

important for the protection against post transplant diabetes
261

. Kang and colleagues
285

 

reported that a polymorphism in ZnTA8 confers resistance against postransplantation 

diabetes mellitus in renal transplant recipients. In addition Kim and colleagues
261

 

reported that the ZnT8 R325 expressed in the insulinoma1E cells variant showed, 

reduced insulin content and secretion when treated with cyclosporine A (CsA). When 
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ZnT8 variant W325 expression was treated with CsA, the insulin content and secretion 

were not affected. This indicates that by altering ZnT8 structure such as in the W325 

variant, there is protection of cells from immunosuppressive drug toxicity. Studies in 

islet transplantation have not yet been performed to examine the effect of these 

polymorphisms on islet function post transplant and would require extensive multi-

centre collaborative effort. 

 

1.15.7 ZnT7 versus ZnT8 

 

The differences in the cellular localization between ZnT7 and ZnT8 suggest that the 

two Zn transporters may play different roles in the regulation of insulin metabolism in 

the beta cell. Some evidence to support this concept has come from two separate 

overexpression studies in two different cell lines. Chimienti et al overexpressed ZnT8 in 

INS-1E cells
267

, while Huang et al overexpressed ZnT7 in RIN5Mf beta cells
259

.ZnT7 

overexpression in beta cells did not increase total cell zinc (as measured by atomic 

absorption spectrometry) whereas overexpression of ZnT8 increased total cell Zn in 

both Zn supplemented and non supplemented conditions. In line with the above, ZnT7 

overexpression in beta cells significantly increased total cellular insulin content and the 

basal insulin secretion while overexpression of ZnT8 in beta cells showed no effects on 

cellular insulin content and the basal insulin secretion. Furthermore, ZnT7 

overexpression did not augment glucose induced insulin secretion whereas ZnT8 

overexpression enhanced glucose induced insulin secretion. The authors proposed that 

ZnT7 is involved in regulation of insulin biosynthesis while ZnT8 plays a role in 

regulation of insulin maturation/storage in the beta cell. However, this needs to be 

confirmed in a single cell line because there may be differences between the two beta 

cell lines including such things as glucose responsiveness. The relative role of ZnT7 

and ZnT8 in insulin synthesis and storage is discussed further in chapter 7. 
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Figure 1.15 Structure of the secretory granule membrane Zn transporter ZnT8 

ZnT8 has six transmembrane domains and a putative Zn binding domain containing a 

histidine rich loop between domains 4 and 5 in the cytoplasm of the cell. The figure 

also shows the non-synonomous single nucleotide polymorphism (SNP) at amino acid 

325 which changes arginine to tryptophan. This is associated with increased risk of type 

1 and 2 diabetes. Figure adapted from website  

http://www.betacell.org/content/articleview/article_id/234/page/2/glossary/0/. 

 

 

 

http://www.betacell.org/content/articleview/article_id/234/page/2/glossary/0/
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1.15.8 Metallothioneins 

Metallothioneins are cysteine rich proteins of low molecular weight 6 to 10 kDa in size, 

which play an important role in Zn homeostasis
286

. Metallothionein proteins were first 

discovered as cadmium- binding proteins derived from horse kidney
287

. In mammals, 4 

subtypes are found (MT1-4); MT1-2 isoforms are ubiquitously expressed in many cell 

types, MT-3 is expressed highly in the brain and in the male reproductive organs and 

MT-4 is expressed in the stratified tissues
288

. MT1 and 2 are known to be inducible by 

glucocorticoids, cytokines, reactive oxygen species and metal ions such as cadmium 

and Zn whereas MT3 and MT4 are not induced by these compounds
289

. 

Metallothioneins are soluble cytosolic proteins that both transport Zn intracellularly, 

including from cytoplasm to nucleus as well as buffering cytosolic Zn, as free Zn is 

toxic to cells. Transportation of Zn into the nucleus is known to be important in 

controlling transcription of many genes and also cell differentiation. Zn-metallothionein 

complex is also an antioxidant, which scavenges reactive oxygen species such as nitric 

oxide, superoxide and hydroxyl radicals
286

. 

 

1.15.9 Metallothionein in islets 

Immunocytochemical staining shows that the expression of metallothionein 

corresponds to the levels of labile Zn (anti-metallothionein antibody) in the pancreatic 

islets of humans
290

. Metallothionein is involved in the zinc homeostasis and metabolism 

in pancreatic islets. Metallothionein may also modulate pancreatic hormone secretion 

but this is not proven. Metallothionein subtypes MT1 and MT2 are abundant in the 

pancreatic islets
291

. In rodent pancreatic beta cell line (MIN6), MT2 expression is 

higher than MT1 expression
292

. There was significant reduction of both MT1 and MT2 

when beta cells were treated with high glucose. Transgenic mice (overexpression of 

metallothionein) had significantly reduced hyperglycaemia and also decreased islet cell 

death in response to treatment with STZ compared to control mice treated with STZ
293

. 

Thus, metallothionein may play a protective role in islet cell function, protecting them 

from beta cell death as well as an important role in storing Zn. 
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1.15.10 TRPM3 and other Zn channels 

Transient receptor potential channels (TRPM) are cation influx channels, involved in 

vital roles in the body including metal homeostasis and tumorigenesis
294

. TPRM3 has 

six transmembrane domains including a pore domain between the fifth and six 

transmembrane segments with both amino and carboxy termini located at the cytosolic 

side. It has been proposed that, in depolarizing conditions, TPRM3 is one of the major 

channels transporting both calcium and Zn into the beta cells. Insulin secretion occurs 

during depolarisation of beta cells when the blood glucose levels are elevated in the 

plasma. Depolarisation occurs in the nerve ending in the beta cells where TPRM3 

channels are activated leading to the activation of voltage gated calcium channels 

leading to further influx of both calcium and Zn through these channels
295,296

.  

 

PDLIM7 is a scaffolding protein containing PDZ and LIM domains. Hogstrand et al
297

 

(unpublished), found that ZnT8 interacts with PDLIM7. If confirmed, this would be an 

exciting finding, linking a membrane Zn transporter with a protein involved in in 

cellular migration, signal transduction, differentiation, heart development and 

oncogenesis. It would also be interesting from the point of view of how Zn is 

incorporated into insulin within the granules as well as for diabetes, if mutations or 

SNPs occur within the PDLIM7 gene. 

 

1.16 Transcriptional and post translational regulation of Zn 

transporters in the body and the pancreas 

Although incompletely understood, regulation of Zn transporters is complex and acts 

through various mechanisms including transcriptional and post-transcriptional. The 

posttranscriptional can include translational stability, phosphorylation, ubiquitination 

and trafficking between the plasma membrane and intracellular organelles such as 

mitochondria and Golgi apparatus. The following paragraph describes some of these 

mechanisms for each of the transporters. There may be species differences of some of 

these regulations and functions of the transporters which need further investigations. 
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1.16.1 ZnT1 and ZnT2 

A major mechanism for the regulation of ZnT1 and ZnT2 involves transcriptional 

control via metal transcription factor 1 (MTF-1). Zn binds to MTF1 thereby activating 

the metal response elements (MREs) 5’-TGCRCNC-‘3, these proteins increase or 

decrease the production of proteins according to Zn availability, regulating intracellular 

Zn
298-300

. Another mechanism for the control of ZnT1 and ZnT2 is via Zn dependent 

trafficking between plasma membrane and ER. ZnT1 is mainly found in the plasma 

membrane and involved in efflux of excess Zn out of the cell but trafficks to the ER 

depending on cellular Zn levels M
301

. ZnT2 behaves in the opposite manner since it is 

mainly found on the intracellular vesicles and accumulates high concentrations of Zn in 

the endosomal compartment. It is also involved in the uptake of Zn in the 

mitochondria
302

. Murgia et al have shown Zn and ZnT4 to move from the trans-Golgi 

network and cytoplasmic vesicles to the plasma membrane depending on concentrations 

of Zn in rat kidney cells
303

. Huang et al have shown similar movements of ZnT6
304

. 

 

1.16.2 ZnT5 and ZnT7  

ZnT5 and ZnT7 are expressed in the Golgi and immature vesicles and mediate the 

uptake of Zn into these compartments. One function of ZnT5 is to regulate the 

translocation of protein kinase C to the plasma membrane as part of the mechanism by 

which NF-Κb leads to cytokine production in mast cells. The mRNA expression of 

ZnT5 and ZnT7 was shown to be induced by Zn deficiency in Hela cells to maintain 

adequate levels of Zn in the Golgi in vesicles
306

. 

 

1.16.3 ZIP1 and ZIP3 

ZIP1 localises to vesicles or plasma membrane under the influence of Zn 

concentration
307

. In human prostate cancer cells, ZIP1 was regulated by testosterone 

and prolactin to increase intracellular Zn for growth
308

. In mouse kidney cells, under Zn 

deficient conditions ZIP1 and ZIP3 were localised to the plasma membrane, whereas 

when Zn levels were normal they were found in intracellular organelles and regulated 

post-translationally
309

. 
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1.16.4 ZIP4 

ZIP4 is controlled at both transcriptional and post-translational levels. Firstly, Zn 

deficiency increased transcription of mouse ZIP4 mRNA via transcriptional stimulation 

of MTF-1 and MRE
310-312

. Secondly, under the conditions of Zn excess, there was 

decreased stability of ZIP4 mRNA and ZIP4 protein. The latter was subject to 

ubiquitination and degradation by proteasome and lysosomes
311,313

. In addition, mouse 

ZIP4 has been shown to traffic between cytoplasmic vesicles in the perinuclear region 

and plasma membrane according to intracellular availability.  Thus Zn depletion by 

TPEN in HEK293 cells resulted in movement of ZIP4 to the plasma membrane in order 

to bring more Zn into the cells
314

. 

 

1.16.5 ZIP5 

ZIP5 is interesting because it is regulated at the translational level. In Zn deficiency, 

ZIP5 mRNA remains bound to polysomes and not translated; this has been known as a 

translational stall mechanism
311

. In addition to the translational regulation, the 

trafficking of ZIP5 to the basolateral membranes is also regulated by the levels of Zn. 

 

1.16.6 ZIP6 

ZIP6 is involved in the STAT3 signalling pathway. STAT3 activates ZIP6 to increase 

cytosolic Zn leading to translocation of Zn finger transcription factor Snail to the 

nucleus. The authors hypothesised that via Zn transporters intracellular Zn affects the 

activation status of key intracellular signalling molecules, such as Snail
315

. ZIP6 is 

regulated at the transcriptional level in response to oestrogen levels
316

. 

 

1.16.7 ZIP8 and ZIP14 

ZIP8 and ZIP14 are related both phylogenetically (figure 1.11) and by their 

involvement with inflammation. ZIP8 is upregulated by TNF-α in lung epithelial cells 

while ZIP14 is upregulated by IL-6, TNF-α and LPS in hepatocytes and 

macrophages
221,245,317,318

. In response to hormones released from pituitary gland and 

liver, ZIP14 increases intracellular Zn which inhibits phosphodiesterase and thereby 

facilitates G protein-coupled receptor (GPCR) signalling in growth and endocrine 

function. 
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1.16.8 ZIP13 

ZIP13 has been recently shown to be important in the nuclear translocation of Smads in 

signalling via the (BMP/TGF-β) pathway, although little is known about how ZIP13 is 

regulated (Figure 1.16). 
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Figure 1.16 Zn transporter regulation and their role in intracellular signalling 

The figure shows roles of various Zn transporters in intracellular signalling (A) ZIP6 is 

transcriptionally induced by STAT3 and is activated by N-terminal cleavage resulting 

in plasma membrane translocation and Zn influx that, in turn, leads to Snail movement 

to the nucleus and transcriptional repression of E-cadherin causing cell rounding and 

detachment
319

 (B) ZIP13 results in Zn influx which interacts with the bone 

morphogenic protein (BMP) and transforming  growth factor beta pathways that cause 

nuclear translocation of Smads and gene expression that mediates connective tissue, 

bone and tooth development
320

 (C) ZIP14 mediates Zn influx and inhibition of 

phosphodiesterase (PDE) and G coupled protein receptor (GPCR) involved in systemic 

growth and endocrine regulation
238

 (D) ZnT5 acts on the Fc epsilon receptor controlled 

protein kinase C (PKC) pathway that modulates NF kappa beta nuclear translocation, 

gene expression and downstream cytokine production in mast cells
321

 and (E) ZIP 

inhibition and ZnT stimulation induced by lipopolysaccharide (via toll-like receptor 

TLR4) involved in dendritic cell maturation
305,322

. 

D E C A B 
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1.17  Thesis hypotheses and specific aims: 

The major goal of this thesis was to investigate the role of Zn and Zn transporters in the 

pathogenesis of normal and type 2 diabetic pancreatic islets, using the db/db mouse 

model. There is limited information available on the physiological role of Zn and Zn 

transporters in these mice.  

 

The following hypotheses are proposed.  

1) There is an early loss of Zn in the development of type 2 diabetes which contributes 

to the transition to established diabetes;  

2) The loss of Zn causes a block in insulin maturation resulting in impaired glucose 

responsiveness, hyperglycemia and decline in beta cell function;  

3) This loss of Zn is due to alterations in Zn transporter proteins and metallothionein at 

the gene and protein level. Specifically changes in the organelle Zn transporters ZnT7 

and ZnT8 result in the block in insulin maturation, while dysregulation of the 

inflammation related plasma membrane Zn transporter protein ZIP14 contributes to 

inflammation that results in further beta cell dysfunction. 

 

The overall Aim of the study was to determine whether there are changes in pancreatic 

Zn and Zn transporters in a mouse model of type 2 diabetes at early, medium and late 

stages of diabetes:  

Aim 1: To examine the development of diabetes in these mice from 4 to 18 wk of age 

and to confirm the diabetic status of the db/db mice by a number of parameters 

including hyperinsulinemia, hyperglycemia and impaired glucose tolerance 

Aim 2: To determine whether there are changes in the total and labile Zn pools and 

metallothionein content of the pancreatic islets.  

Aim 3: To determine whether the Zn transporters are altered at the gene level.  

Aim 4: To determine whether the Zn transporters are altered at the protein level 

(expression, islet cell specificity and subcellular distribution).  
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2.1 Animals 

2.1.1  db/db mice: 

Male mutant inbred mice homozygous for the diabetes spontaneous mutation (Lepr
db

) 

and known as B6.BKS(D)-Leprdb/J strain (originally derived from Jackson Labs), were 

purchased from Animal Resource Centre Perth (ARC). The background strain was 

C57BL/6J as routinely recommended as controls for the B6.BKS(D)-Leprdb/J strain. 

Mice were purchased at three ages: 4-5 weeks (designated in this thesis as 4 wk, early 

diabetes), 10-11 weeks (designated 10 wk, established diabetes) and 14-15 or 17-18 

weeks (designated 14wk or 18wk, respectively, chronic diabetes).   

 

Blood glucose measurements were provided for each mouse by ARC Perth and were 

later confirmed in this study. Upon arrival they were housed in separate plastic cages 

according to their age. Before culling, the 4 wk mice were allowed to settle for 3 days 

to overcome any stress from air freight. The 14 and 18 wk animals were purchased at 

the age of 8 weeks and were housed till they reached the ages of 14 and 18 weeks. 

During this period, the mice were maintained in the (pathogen free) animal house at 

22
o
C and subject to a 14h light / 10 h dark cycle and had access to food and water ad 

libitum.  

 

The Animal Care and Ethics Committees of the Institute of Medical and Veterinary 

Science (IMVS) (project no 141a10) and the University of Adelaide (project code M-

2010-166A) approved all animal related protocols. All animal procedures conformed to 

the guidelines of the National Health and Medical Research Council of Australia.  

 

2.1.2 Harvest of db/db mice organs: 

 

Control and db/db mice were weighed and then anaesthetized (isoflurane) and blood 

was collected from the heart using a 30 gauge needle. Up to 0.7ml of blood was drawn 

and injected into a 0.8ml LH Lithium Heparin tube (Mini spin, Greiner Bio-One, 

Arlington Heights, United States) which was immediately centrifuged at 8000 x g for 
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10 minutes to obtain the plasma and stored in -80 degree Celsius. Animals were then 

euthanized by CO2 aspiration and cervical dislocation.  

 

2.1.3 Glucose testing and intraperitioneal glucose tolerance test  

 

Blood glucose was determined by tail vein bleeding and a drop of blood was placed in a 

glucose electrode and analysed using a glucometer (Optium Xceed, Victoria, Australia). 

Urine was collected from mice in metabolic cages and urine glucose was measured 

using urine glucose strips (Clinisticks, UK). Glycosuria was indicated by a colour 

change from yellow to dark green (at concentrations of glucose greater that 55mmol/L). 

 

For glucose tolerance tests, animals were fasted overnight and then a dose of glucose (2 

g/kg body weight) was administered via an intraperitoneal injection at. Blood samples 

were collected from a small cut at the tip of the tail at 0, 15, 30, 60, 90 and 120, 240 and 

360 min after the glucose load. 

 

2.2  Molecular techniques: 

2.2.1 Laser capture microdissection: 

For microdissection, pancreas tissues were rapidly excised, embedded in Optimal 

cutting temperature medium (OCT) and frozen slowly with isopentane and then in 

liquid nitrogen before being stored at -80
o
C until use. Whilst still frozen, tissues 

embedded in OCT were cut into 4 serial sections with a thickness of 15m and sections 

were mounted onto poly-L-lysine (POL)-coated membrane slides and immediately 

fixed in 100% Ethanol (EtOH) for 10 mins at room temperature. The slides were treated 

with 100% EtOH for 30 sec and were immediately dehydrated and stained with 

sequential additions of 95% EtOH, 75% EtOH, 70% EtOH, 4% cresyl violet in 70% 

EtOH, 70% EtOH, 95% EtOH, 100% rinsed twice for 30 seconds each. The membrane 

slides were then stored at -80
o
C in air tight tubes containing silica gel. The slide was 

loaded onto the stage of the Leica AS LMD (North Ryde, Australia) system. The islets 

from the pancreas tissue were microdissected onto a cap (0.2ml microfuge tube) 

containing 20µL RLT buffer and were stored at -80
o
C ready for RNA extraction. Islets 

were extracted using RNA aqueous micro kit (Ambion, Mulgrave Victoria, Australia).  
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2.2.2 RNA extraction: 

All tissues were rapidly excised, embedded in OCT and frozen slowly with isopentane 

and then in liquid nitrogen before storage at -80
o
C until use. The frozen tissue was 

placed in the cryostat and 15 shavings (10uM) of pancreas of each sample were 

collected in 800l Trizol and then continuously pipetted until the tissue was fully 

homogenised. Tubes were then vortexed and stored at -80C until assayed. The samples 

were then thawed and centrifuged at 12,000g for 10 mins at 4
o
C. 100l of chloroform 

was added to the sample and vortexed. The sample was then incubated for 2 mins at 

room temperature. The samples were centrifuged at 12,000g for 15 min at 4
o
C. The 

upper aqueous phase layer containing the RNA was transferred to a tube containing an 

equal volume of 70% ethanol. If the sample volume exceeded 200μL, then successive 

aliquots were centrifuged in the same RNeasy spin column and the flow through was 

discarded with each centrifugation. The sample was then centrifuged for 15s at 8000 g 

and the flow through was discarded. If the volume exceeded 700 μl, successive aliquots 

of the sample were centrifuged in the same RNeasy spin column and the flow-through 

was discarded after each centrifugation. 350 μl of Buffer RW1 was then added to the 

RNeasy spin column and centrifuged for 15 s at 8000 g. 80 μl of Dnase 1 mixture (70 μl 

of RDD buffer and 10 μl of Dnase 1), RNase free DNase set, (Qiagen, Cadstone, 

Victoria, Australia) was added to the membrane of the spin column for 10 min at room 

temperature. 350 μl of Buffer RW1 was then added to the RNeasy spin column and 

centrifuged for 15 s at 8000 x g to wash the spin column membrane. 500 μl of Buffer 

RPE was added to the RNeasy spin column and centrifuged for 15 s at 8000 x g to wash 

the spin column membrane. 500 μl of Buffer RPE was then added to the RNeasy spin 

column and centrifuged for 2 min at 8000 x g to wash the spin column membrane. The 

RNeasy spin column was placed in a new 1.5 ml collection tube and 30μl of RNase-free 

water was added directly to the spin column membrane and centrifuged for 1 min at 

8000 x g to elute the RNA. This step was repeated to obtain a higher yield of RNA 

(RNA easy mini kit protocol, Qiagen, Chadstone Centre, Victoria, Australia). 
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2.2.3 RNA quantification 

RNA was quantified using Experion RNA StdSens kit (Biorad, Galdesville, New South 

Wales, Australia). The experion chip loader was washed with 800L of experion 

cleaner for 2 min and washed with 800L of Diethylpyrocarbonate (DEPC) treated 

water twice. 1L of RNA and RNA ladder (Biorad, Galdesville, New South Wales, 

Australia) were denatured for 2 min at 55
o
C and then kept on ice for 5 min. The 

experion chip was primed using 9L of gel stain (1L of experion stain and 65L of 

filtered gel). Then another 9L of gel stain was added to the chip. 1L of the denatured 

RNA and 5L of loading buffer were added to the chip. The experion chip was then 

added to the experion machine (Automated Electrophoresis System, Biorad, 100–240 V 

) and the RNA quality and quantity were analysed. RNA above 5 (yellow) and able to 

show the 18S and 28S band, was considered to be of good RNA quality for quantitative 

real time PCR analysis. 

 

2.2.4 Reverse transcription PCR of RNA samples: 

 

Reverse transcription PCR was used to generate cDNA from RNA extractions using an 

Omniscript reverse transcription kit (Qiagen, Chadstone centre, Victoria, Australia) 

According to suppliers protocol, Oligo-DT’s, 10X buffer RT, dNTP mix and RNase 

free water were thawed on ice. 2g of RNA was transferred to a tube with master mix 

(2L of 10x buffer RT, 2L of dNTP (5mM), 2L of OligodT primer (Cat no 79105), 

and 1L Omniscript Reverse Transcriptase and RNase free water was added to make 

the reaction volume up to 20L (refer to Table 2.1). Each of the components was mixed 

briefly by vortexing and centrifuging for 5 seconds. Tubes were then incubated at 37
o
C 

in a heating block for 1hr to allow the reverse transcription of RNA and the generation 

of cDNA.  
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Table 2.1 Reaction mix for the RT PCR 

 

Component Volume/reaction Final concentration 

10x buffer RT 2L 1x 

dNTP Mix (5mM each 

dNTP) 

2L 0.5mM each dNTP 

 

Oligo-dT primer 

(10M) 

2L 1M 

Omniscript Reverse 

Transcriptase 

1L 10 units (per 20L reaction) 

RNase free water Variable 4 units (per 20L reaction) 

Template RNA Variable Up to 2g (per 20L reaction) 

Total volume 20L 0 
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2.2.5 Preamplification of cDNA targets: 

 

The preamplification step of the samples was performed using the taqman PreAMP 

master mix protocol (part number 4384557, Applied Biosystems, Mulgrave, Victoria, 

Australia.). 31 taqman assays were embedded in a 386 well plate with 8 ports where the 

samples are loaded. The pooled taqman assays were then diluted using 500μL of 1x TE 

buffer to make up final volume to 1ml. Subsequently, 12.5μL pool assay mix (0.2X) 

with 12.5μL neat cDNA sample and 25μL of the Taqman Preamp Master mix (2X) 

were mixed to make the final volume of 50μL (refer to Table 2.2). The reactions were 

incubated in an Applied Biosystems 7300 thermocycler for 10 mins at 95
o
C followed 

by 10 cycles of 95
o
C for 15 seconds and 60

o
C for 4 mins and then it was held at 4

o
C 

(refer to table 2.3) and stored at -20ºC. 

 

Table 2.2 Preamplication reaction mix 

 

 

 

 

 

Component 

Volume (μL/Reaction) Final Concentration 

 

 

TaqmanPreAmp Master 

mix (2X) 

25.0μL 1X 

 

Pooled assay mix (0.2) 

12.5μL 0.05 x (each assay) 

 

1-250ng cDNA sample 

+nuclease free water 

12.5μL 0.02-5.0 ng/μL 

 

Total 

50μL - 
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 Table 2.3 Preamplification PCR 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Enzyme 

Activation 

Preamplification PCR 

HOLD Cycle (10 cycles) 

Denature 

 

Anneal/ Extend 

 

 

Temperature 

 

95
o
C 95

o
C 60

o
C 

 

Time 

 

10 min 15 secs 4 mins 
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2.2.6 Low density microfluidic cards 

 

2.2.6.1 Preparing the samples for the PCR: 

 

The cDNA samples were removed from the -20
o
C freezer and placed on ice and 

allowed to thaw. The samples were briefly vortexed and centrifuged. 50μL of the 

preamplified sample, 30μL of the 1x TE buffer (Ambion, Mulgrave, Victoria, 

Australia) and 80μL of the Taqman gene expression master mix (2X) were prepared. 

The Taqman low density array cards were stored at 4
o
C. Before using them, they were 

allowed to thaw for 15 min. 160μL of the samples were loaded into the reservoir ports 

of the low density Taqman array cards (Applied Biosystems, Mulgrave, Victoria, 

Australia). 

 

2.2.6.2 Centrifuging the Taqman array cards: 

 

After the reservoirs were loaded with the cDNA samples, the array cards were then 

centrifuged to distribute the cDNA samples to the reaction wells. The taqman cards 

were placed in the Sorvall/Heraeus buckets in the centrifuge and balanced using blank 

arrays. The taqman array cards were then centrifuged twice for 1 min to ensure 

complete distribution of the sample. The Taqman card was removed from the centrifuge 

bucket and was examined to determine whether the filling of the cards was complete 

and was checked further to ensure the samples in the reservoirs remained uniform and 

consistent. The taqman array card was placed on to the sealer and was lined up to the 

rear to the pin groves and foil side up of the sealer (as per manufacturer’s instructions). 

After sealing, the fill reservoirs were then trimmed and were run on the 7900 HT 

instrument (Applied Biosystems, Mulgrave, Victoria, Australia). The low density array 

custom made taqman array cards were shipped with the information of Taqman gene 

expression assays on a CD. The sample TLDA setup file was imported into the 

software. The Taqman array cards were run on the machine.  
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2.2.7 Mercodia Mouse Insulin ELISA: 

The kit was taken out from 4
o
C and allowed to come to room temperature. 25 μL of 

Calibrators 0,1,2,3,4 and 5 and serum samples from both wildtype and db/db mice were 

added to the wells of the monoclonal insulin antibody coated 96 well plates. 100μL of 

enzyme conjugate 1x was added to each of the wells. The plate was placed in the plate 

shaker (700-900 rpm), for one hr at room temperature. The plate was then washed with 

1x buffer solution and emptied and this step was repeated 5 times. 200μL of substrate 

TMB was added to each well and was incubated for 15 min at room temperature. 

Finally 50μL of stop solution was added to each well and plate was placed on a plate 

shaker for 5 min to ensure mixing. The insulin Elisa plate was read using a microplate 

reader (Biorad, Galdesville, New South Wales, Australia), at 450nm optical density and 

the insulin concentration was calculated. 

 

2.2.8  Bioplex 3-plex cytokine assay: 

Serum cytokines were measured by Bioplex as per the manufacturer’s instructions 

(BioRad, Gladesville, New South Wales, Australia). Samples were analysed in 

duplicate using a Bioplex Pro mouse Cytokine 3 plex magnetic bead array. All wash 

steps were performed using the Bioplex II Wash Station. Plate data was collected using 

a Bioplex 200 suspension array system and analysed using the Bioplex Manager 5 

Software (BioRad, Galdesville, New South Wales, Australia).  

 

2.2.9 Western Blot: 

2.2.9.1  Protein quantification: 

Protein was quantified using a Pierce BSA protein quantitation (Thermoscientific, 

Rockford, Illinois USA). The 60µL of standard was diluted 1:10 to give a concentration 

of 200µg/ml. Dilutions from the substock tube was diluted to 1,2,3,4 and 5 µg. Blank (0 

µg), samples and standards were added to the 96 well plate as triplicates. 50 parts of 

reagent A and 1 part of reagent B were mixed and 200µL of this mixture was added to 

the 96 well plate. The plate was covered with foil and incubated for 30 min in a 37
o
C 

incubator. The plate was cooled down to room temperature for 20 min and the optical 

density was read at 570nm on ELISA reader (Biorad, Gladesville, New South Wales, 



 

 

85 

 

Australia). The data was imported to the excel sheet and the concentration was 

calculated using the standard curve. 

 

2.2.9.2  Preparation of samples for western blot: 

Samples were thawed and then were prepared for loading by boiling for 5 min at 100
o
C. 

Samples were placed on ice until loaded on the gel. More details are provided in 

chapter 7. 

 

2.3 Cell Culture: 

2.3.1 Preservation and storage of cell lines: 

 

We obtained MIN6 cells from Dr. Ross Laybutt (Garvan Institute of Medical Research 

who obtained them from Dr Miyazaki)
147

 and cells were maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) containing 25 mM glucose, supplemented with 

10% fetal calf serum, 2 mM L-glutamine, 25 mM Hepes, and 285 µM 2-

mercaptoethanol (Life technologies, Mulgrave, Victoria, Australia). MIN6 cells 

presented in this study were at passages 30–40 (low passage, LP). Min6 cells were 

detached from the flask using trypsin (Life technologies, Mulgrave, Victoria, Australia) 

and the number of cells was counted in a hemocytometer. The remaining culture was 

centrifuged for 5 min. The aliquots of the cells were transferred into labelled cryovials 

(Thermoscientific, Rockford, Illinois USA). The cryovials were placed inside a Mr 

Frosty (Thermoscientific, Rockford, Illinois USA) filled with isopropyl alcohol and 

placed at -80
o
C overnight. Following this, frozen cells were transferred to the vapour 

phase of a liquid nitrogen storage vessel. 

 

2.3.2  Recovery of frozen cell lines: 

Frozen MIN6 cells were thawed rapidly by first removing them from liquid nitrogen or 

-80
o
C storage. The cells were transferred immediately to a 37

o
C water bath (Ratek, 

Boronia, Victoria, Australia) until the contents were completely thawed. The cells were 

then transferred to a 25ml polypropylene tube (Sarstedt, Newton, USA) containing 9 ml 

of growth medium. The cells were centrifuged for 5 min at 400g. The supernatant was 

aspirated and the cell pellet was resuspended in 5ml growth medium and was added to a 
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25 cm
2 

flask. The cells were cultured in a 37
o
C humidified incubator (Hirschmann, 

Louisville, Kentucky, USA) with 5% CO2 overnight or until the cells became adherent 

to the tissue culture plastic. After 3 days, the cells were then washed with 8 ml of warm 

1xPBS (Thermoscientific, Rockford, Illinois USA) to remove any non-adherent cells 

and cell debris. Following this, fresh growth medium was added to the cells. The flask 

was then incubated at 37
o
C in 5% CO2 until the cells reached 80% confluence. 

 

2.3.3 Cell quantification: 

 

MIN6 cells were detached from their flasks using 1 ml of trypsin. The cells were 

resuspended in 4 ml of growth medium. 10μL of this medium with cells was removed 

and added to 90μL of trypan blue (1 in 10 dilution) and mixed gently by pipetting. 10μl 

of the cell suspension was added to both sides of a clean haemocytometer containing a 

coverslip. The cell suspension was viewed under a light microscope using x100 

magnification. The total number of cells was determined by counting four corner 

squares of the haemocytometer. The cell concentration per ml and the total number of 

viable cells were determined. 

 

2.3.4 Glucose-stimulated insulin secretion in vitro. 

 

1 x 10
6
 MIN6 cells were cultured in 6 well plates with DMEM medium (25mM 

glucose) for 3 days.  The cells were then transferred into a low glucose medium (3mM) 

for 1 hr to get them out of high glucose and this was repeated three times. The cells 

were then stimulated with 3, 16 or 25 mM glucose for 1 hr. The supernatants were 

collected and assayed for insulin using an ELISA kit (Crystal Chem, Downers Grove, 

IL, United States).  The optical density was read at 450 and 650 nm and the values were 

obtained for each of the samples and were read using a microplate reader (Biorad, 

Galdesville, New South Wales, Australia). 
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2.4  Zn related measurements 

2.4.1  Tissue collection and processing for Zn analysis for plasma, 

liver and pancreas: 

 

Liver and pancreas were removed from groups of db/db or wildtype mice (6-8 mice) at 

ages 4, 10 and 14  weeks. Livers were added to 4 volumes (optimised method in the 

lab) of 10mM TRIS-HCL buffer (10mM, pH 8.2) while pancreas was added to nine 

volumes. The liver and pancreas were homogenised using a Potter-Elvehjem 

homogeniser ensuring that the organs were completely squeezed past the pestle five 

times. The homogenates were transferred to 1.5ml eppendorf tubes. Borex tubes 

(75x12mm in size) were numbered and weighed as (W1). 500L of the organ 

homogenates were transferred into the tubes and reweighed (W2). The borex tubes with 

the samples were then placed in a heating block (Ratek, Boronia, Victoria, Australia) at 

80
o
C overnight. The tubes were cooled and weighed the next day as (W3). 1ml of 

Aristar 69% nitric acid (Merck, New Jersey, USA) was added to each tube and tubes 

were placed in the heating block at 50
o
C for 15 minutes until the samples were 

dissolved. Tubes were then vortexed and heated to 100
o
C to allow nitrogen dioxide to 

boil off and the solution to go clear yellow; then the temperature was raised to 150
o
C to 

evaporate the samples to dryness. 1.5 ml of hydrochloric acid was added and the tubes 

were vortexed and placed at 50
o
C in the heating block.  

 

Appropriate number of 10ml tubes for samples, calibrators and quality control 

(Seronorm) were labelled and 150µL of sample, calibrator and quality control were 

diluted with 1ml of working diluent using a Hamilton diluter. The flame atomic 

spectrometer was set up for Zn analysis and samples and standards were read. 

 

2.4.2 Tissue collection and processing for metallothionein (MT) assay 

by cadmium haemoglobin affinity assay (for liver and pancreas): 

The livers were diluted at (1:5) and pancreas (1:10) with TRIS HCL Buffer. The tissue 

was homogenised using the Potter-Elvehjem Homogeniser and was squeezed past the 

pestle five time and was always kept cold. The homogenised tissue was transferred into 

a 1.5ml eppendorf tubes and was labelled. The samples were heat treated for 2 min and 
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then cooled in ice cool water for 2 min. The samples were centrifuged for 2 min at 

14,000 g and the supernatant was transferred into a new 1.5ml eppendorf tube. 

 

Aliquots of homogenised liver and pancreas were transferred into 1.5ml eppendorf 

tubes and heat treated by placing into boiling water before cooling in ice water. The 

samples were centrifuged for 3 min at 14,000 g. Supernatant was transferred into a new 

tube and stored at -80
o
C until metallothionein (MT) analysis. The supernatant and 

quality control were thawed and centrifuged for 1 min at 13,000 g. 40l of supernatant 

and quality control were diluted and vortexed with 960l TRIS buffer (pH 7.4). 200l 

of the samples were transferred to a new eppendorf tube containing 200l of 

radioactively labelled cadmium (0.5 MBq, New England Nuclear, Sydney). The 

samples were incubated for 15 min. 100l of haemoglobin was added to the samples 

was added to remove any unbound cadmium and the samples were heat treated for 2 

min and then placed on ice cold water before centrifugation (13,000 g). This process 

was repeated twice. 400l of the clear supernatant from the samples was transferred 

into Borex tubes for MT analysis. The MT concentration in the supernatant was 

determined using a gamma counter (Parkard Auto Gamma 5650). 

 

2.4.3  Zinpyr-1 staining for labile islet Zn: 

Zinpyr-1 (Mellitech, Grenoble France) was diluted in PBS to a final concentration of 

1µM and added to 5 micron tissue cryosections for 20 min at 37
o
C. Slides were then 

washed with PBS and a drop of DAKO fluorescence mounting medium (Cat no 

S302380-2, DAKO, North Sydney, New South Whales, Australia) was added. Slides 

were mounted with a coverslip and viewed by fluorescence microscopy within an hour. 

Images were captured on a Zeiss Apoptome microscope. ZINPYR-1 staining 

quantification was done by using FIGI image J software. Firstly the length of the scale 

bar was calculated to get the distance in pixels. The scale was set by adding the 

calculated length from the scale bar, known distance such as 100µM, pixel ratio set to 1 

and the unit of length set to microns. The colour image was then split to 3 grey channels 

(red, green and blue). This was done by clicking image, colour and then split channels. 

The green channel (GFP) was then chosen to be analysed. The image was set to a 

threshold, leaving the background as red. Islets were circled and were added to a region 
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of interest manager window (ROI), where it was set a number to be analysed. Then the 

area of interest was added to the ROI window and the area and mean grey values were 

recorded. 

 

2.4.4  Immunofluorescence staining for ZnT7, ZnT8, ZIP4, ZIP5, 

ZIP14 and glucagon 

 

Tissues from WT (C57BL6J) and db/db mice at 4, 10 and 18 weeks of age were 

embedded in OCT medium and frozen. Sections, 5µm, were cut using a cryotome then 

fixed in cold acetone for 10 min. The sections were blocked in a humidified chamber 

for 60 min with serum from the secondary antibody host animal. Sections were 

incubated with rabbit polyclonal Anti-Slc30a7 (1:150; Cat no. HPA018034; Sigma 

Aldrich, USA), Rabbit polyclonal Anti Rat ZnT8 (1:100; Cat no. RZ8; Mellitech, 

Grenoble Cedex, France) rabbit polyclonal rabbit polyclonal Anti-ZIP4 (1:100; Cat no. 

PA5-210669; Thermoscientific, Rockford, Illinois USA) or rabbit polycolonal Anti-

ZIP5 (1:150; Cat no. PA5-21070; Thermoscientific, Rockford, Illinois USA) and rabbit 

polycolonaL Anti-ZIP14 (1:150; Cat no. PA5-21077; Thermoscientific, Rockford, 

Illinois USA) and mouse monoclonal Anti-glucagon (K79Bb10) (1:50; Cat no. 

ab10988; Abcam, Melbourne, Victoria, Australia) overnight at 4°C. Excess primary 

antibody was removed by washing the slides with 1x PBS and incubated for 60 min 

with goat anti-rabbit Alexa488IgG(1:400; Cat no. 54533A Invitrogen, Mulgrave, 

Victoria, Australia) conjugate and rabbit anti-mouse Alexa594 conjugate IgG1 

(1:400;Cat no. 940829; Invitrogen, Mulgrave, Victoria, Australia). Sections were 

washed with PBS, nuclei were counter stained with DAPI (4’, 6-diamidino-2-

phenylindole; 1:1000) and mounted with fluorescent mounting medium (DAKO; Cat 

no. E7023-500ML). The images were captured in Axio vision fluorescence microscope. 

 

The images were captured in Axio vision fluorescence microscope. The images were 

converted to JPEGS. ZIP4 and ZIP14 staining quantification was done by using FIGI 

image J software. Firstly the length of the scale bar was calculated to get the distance in 

pixels. The scale was set by adding the calculated length from the scale bar, known 

distance such as 100µM, pixel ratio set to 1 and the unit of length set to microns. The 

colour image was then split to 3 grey channels (red, green and blue). This was done by 
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clicking image, colour and then split channels. The green channel (GFP) was then 

chosen to be analysed. The image was set to a threshold, leaving the background as red. 

Islets were circled and were added to a region of interest manager window (ROI), 

where it was set a number to be analysed. Then measure was selected in the ROI 

window and the area, integrated density values were inserted into the excel sheet and 

analysed. 

 

2.4.5 Immunoperoxidase assay: 

Tissue sections (4 µm) were cut, mounted on Superfrost Plus coated slides, labelled and 

then placed on a fully automated immunohistochemistry (IHC) staining Ventana 

Benchmark XT (Roche Diagnostics, Roche Diagnostics, Castle Hill New South Wales 

Australia) instrument. The section was then washed in reaction buffer followed by 

addition of Cell Conditioning 1 (CC1) solution Roche Diagnostics, Castle Hill New 

South Wales Australia) for 30 min. CC1 was removed, washed, and the primary 

polyclonal Rabbit Anti-Glucagon at dilution 1/800 (Dako, Carpinteria, California, 

USA) added for 28 min whilst the slide was heated to 37°C.  Visualisation was of the 

staining was using ultraView DAB detection kit (Roche Diagnostics, Castle Hill New 

South Wales Australia) in accordance with the manufacturer’s standard procedures 

followed by counterstaining with haematoxylin 11(Roche Diagnostics). The same 

procedure was used for Polyclonal Guinea Pig Anti-Swine Insulin (Dako, Carpinteria, 

CA) at 1/100 and ZIP4 (Thermo Scientific Rockford, USA) at 1/400, ZIP 14 (Thermo 

Scientific Rockford, USA) at 1/1600 CD68 1/1500 (Dako, M0814 Clone KP1) and 

Polyclonal Rabbit Anti-human Somatostatin (Dako Carpinteria, California, USA) at 

1/1600. Immunohistochemistry images were captured using a Nikon Eclipse 90i 

microscope (Nikon, Tokyo, Japan). 

 

2.4.6  Iron staining: 

Frozen section of normal human liver and chronic diabetic 18 weeks (db/db) mice and 

control (human liver) was washed with distilled water. Equal parts of ferrocyanide and 

hydrochloric acid was added to the slides and incubated for 10 min. The slides were 

then washed with distilled water for 5 min. A counterstain with filtered neutral red stain 
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was used to stain the nuclei and was incubated for 5 min. The slides were air dried, and 

dehydrated with absolute ethanol and then mounted with coverslip. 

 

 

2.5 Statistical analysis: 

 

Analysis was performed by an ANOVA approach, using likelihood ratio tests, as the 

datasets were not completely balanced. A two-factor interaction model (Group*Time) 

was estimated for each response. All data was log-transformed prior to analysis because 

of non-constant variance. The fitted “means” were estimated by back-transforming the 

fitted log-means, and therefore represent medians. Gaussian generalised linear models 

(GLMs) were used for datasets where there was a single observation for each mouse, 

and Gaussian generalised linear mixed models (GLMMs) were used for datasets where 

there were repeated observations on each individual (i.e. random effect = animal). 

Statistical analysis was performed using R software V 3.0.1
323

.GLM models were 

estimated using base functions in R. GLMM (random effect models) were estimated 

using the lme4 library V1.0-5 
324

.Type II Likelihood ratio ANOVA tables were 

generated by the Anova function in the car library V2.0-19
325

.Planned comparisons, 

corrected for multiple comparisons, were performed between db/db and wildtype mice 

at each time point using the multcomp library V1.3-1
326
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CHAPTER 3  Sub classification of 

diabetic status of db/db mice 
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3.1 Introduction 

 

Pancreatic islets are multicellular organs, which are composed of many cell types such 

as glucagon producing (alpha) cells, insulin producing (beta) cells, somatostatin 

producing (delta) cells and polypeptide producing PP cells. It is known that islet cell 

architecture differs between species, and that this regulates the blood glucose levels 

according to body size
327-329

.  

 

In contrast to human, primate and pig islets, mouse islets contain a mantle and an inner 

core of cells. The mantle is mainly composed of alpha, delta and PP cells and the inner 

core of the islets is composed of the beta cells. In humans, the alpha, delta and the PP 

cells are not located in the periphery of the islets, but are dispersed throughout the 

islets. It has been proposed that the structural architecture of the pancreatic islets in 

humans enables beta cells to respond to lower concentrations (e.g. 1mM) of glucose in 

the blood, because the beta cells are in close proximity to the afferent artery; by 

contrast, in the mouse, the afferent artery first has to pass through the layer of non-beta 

cells in the mantle
327,329

. The structural architecture and the cell to cell contact between 

the cells in the mantle are important for the regulation and secretion of insulin. It is also 

known that as the size of the islet increases, vascularisation increases to enable proper 

nutrient supply and regulation of function in non-beta cell types.  

 

In diabetic rodent models, it is known that the islet volume is increased (hypertrophy) 

and the number of beta cells is increased (hyperplasia) in early diabetes, in order to 

compensate for the hyperglycaemia. The islet size and the number of the beta cells 

decrease in the late stage of diabetes
330,331

. Increase in the islet size leads to 

disorganisation of the islet cells in the diabetic rodent models especially the db/db mice. 

Alpha and delta cell number was shown to increase in the pancreatic islets of these 

mice
112

. This disorganisation, in turn, leads to a lack of cell to cell communication in 

the mantle of the islet and loss of a negative feedback loop, resulting in enhanced 

secretion of islet hormones
332

. Similarly, in human type 2 diabetic patients increased 

alpha cell mass was observed in pancreatic islets, however there was no change in delta 
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cell number
100

. In the db/db mouse pancreatic islets there is an increase in macrophage 

infiltration in the pancreatic islet in early diabetes and this was also noted in human 

diabetic pancreatic islets stained for the macrophage marker CD68
44,333,334

. All of these 

factors have been shown to contribute to the loss of beta cell mass and function in 

diabetes in both humans and rodents.  

 

The reason why the db/db mice was chosen as a model of type 2 diabetes for the studies 

in this thesis is that it best reflects the natural history of type 2 diabetes in humans (e.g. 

similar phenotype of beta cell expansion in the development and progression of the 

diabetes). The spontaneously diabetic db/db mice beccone obese early in diabetes. They 

later develop severe diabetes leading to many secondary complications such as 

nephrophathy, neurophathy and cardiovascular complications and also weight loss (like 

some human subjects with diabetes)
335

.There is a genetic component to the risk of 

diabetes. It has been established that mice with a C57BL6J background are more 

susceptible to diabetes than other strains of mice. For example, there was a 50% 

increase in fasting plasma glucose and increase in insulin after C57BL6J mice were fed 

a high fat and carbohydrate diet
336

, while C57BL6J mice were the least tolerant to 

glucose of six other strains of mice tested
337

. Another factor that is involved in 

increased risk of diabetes is gender which is thought to be related to testosterone 

levels
338

. Male db/db mice have more severe diabetes compared to female mice. Male 

db/db mice develop hyperglycemia as early as 4-5 wk with the blood glucose ~16 

mmol/L compared to female mice. Female mice were shown to have a lower incidence 

(~12%) of diabetes compared to males (50%).  

 

This study has a particular emphasis on early diabetes, diabetes and chronic diabetes 

which has not been systematically examined for changes in Zn and Zn transporters 

before in the db/db mice. The most practical and economical approach for the db/db 

mouse experiments in my thesis was to purchase the db/db mice and age-matched 

controls from the Animal Resources Centre (ARC) in Western Australia. Male db/db 

mice were from a colony derived from B6.Cg-m +/+ Lepr
db 

also known as B6.BKS(D)-

Leprdb/J (originally derived from Jackson Labs).  The control mice used was the 
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C57BL/6J strain
339

. Mice were purchased at three ages: - 4-5 wk (designated in this 

thesis as 4 wk, early diabetes), 10-11 wk (designated 10 wk, established diabetes) and 

14-15 or 17-18 wk (designated 14wk or 18wk, respectively, chronic diabetes).   

The aim of the experiments described in this chapter was to examine the development 

of diabetes in these mice from 4 to 18 wk of age and to confirm the diabetic status of 

the db/db mice by a number of parameters including hyperinsulinemia, hyperglycemia 

and impaired glucose tolerance.  

It was hypothesised that: 

 The db/db mice will show early changes (4 wk) characteristic of diabetes such 

as hyperglycemia, hyperinsulinemia, glycosuria and obesity unlike the age 

matched wildtype mice 

 The db/db mice will show early changes in islet morphology and hormones 

unlike the age matched wildtype mice  
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3.2 Methods 

Detailed methods are described in chapter 2 

 

3.2.1 Tissue collection   

Pancreata from 4, 10 and 18 week db/db mice and age matched wildtype mice were 

removed and were embedded in OCT medium and frozen using isopentane and liquid 

nitrogen. They were then stored at -80
o
C. 

 

3.2.2 Glucose testing and intraperitioneal glucose tolerance test  

Blood glucose was determined by tail vein bleeding and a drop of blood was placed in a 

glucose electrode and analysed using a glucometer (Optium, Abbott Diabetes Care, 

Victoria, Australia). For glucose tolerance tests, animals were fasted overnight and then 

a dose of glucose (2 g/kg body weight) was administered via an intraperitoneal injection 

at. Blood samples were collected from a small cut at the tip of the tail at 0, 15, 30, 60, 

90 and 120, 240 and 360 min after the glucose load. 

 

3.2.3 Histology and microscopy 

The samples were serially sectioned into slices 5 μm thickness. Slides were 

deparaffinized, hydrated, treated with Haemotoxylin and Eosin, and covered with glass 

coverslips. Images were captured using Nikon Eclipse 90i microscope (Nikon, Tokyo, 

Japan). 

 

3.2.4 Islet size  

Islet size was measured in cryosections by capturing representative images using a 

Zeiss Apoptome microscope (Carl Zeiss GmbH, Goettingen, Germany). The islet 

perimeter was circled and measured using ImageJ software (FIJI). Islets from 4, 10 and 

18 wk db/db mice and age-matched controls were used. The area was represented as 

pixel squared. 
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3.2.5 Plasma insulin 

Plasma insulin was measured by ELISA (Mercodia Insulin ELISA kit). The optical 

density was measured at 450nm in a microplate reader (Biorad, Gladesville, New South 

Wales, Australia). 

 

3.2.6 Statistics 

Diabetes-related parameters were measured and the data log-normalized. Medians, fold-

changes (relative to age-matched controls), confidence intervals and p values were 

determined using the R software. For most of the parameters, data are tabulated in 

Table 3.1. 
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3.3 Results 

3.3.1  Confirmation of obesity in db/db mice 

Body weight (g) was measured as an index of obesity in mice and is depicted in figure 

3.1 and Table 3.1 for db/db and WT mice. Body weight of db/db mice was significantly 

increased compared to that of WT mice at 4 wk (1.3 fold, p<0.005), 10 wk (1.8 fold, 

p<0.005), 14 wk (2.0 fold, p<0.05) and 18 wk (1.6 fold, p<0.005). In the db/db mice, 

obesity was evident at 4 wk, peaked at 10 wk and was maintained thereafter.  

 

3.3.2 Confirmation of hyperglycaemia in db/db mice 

Blood glucose (mmol/L) was measured as an index of hyperglycemia in mice and is 

depicted in figure 3.2 and Table 3.1 for db/db and WT mice. Blood glucose of db/db 

mice was significantly increased at 4 wk (1.7 fold, p<0.005), 10 wk (3.0 fold, p<0.005), 

14 wk (2.9 fold, p<0.005) and 18 wk (5.0 fold, p<0.005) compared with age matched 

WT mice. In the db/db mice, hyperglycemia was evident at 4 wk, and progressively 

increased till 18 wk. In WT mice, there was no significant age effect on blood glucose 

levels. 

 

3.3.3  Confirmation of diabetic status of db/db mice by measuring 

urine glucose 

To confirm glycosuria, spot urine sample glucose levels were measured using dip 

sticks. Glycosuria was indicated by a colour change from yellow to dark green (at 

concentrations of glucose greater that 55mmol/L). None of the WT mice at 4, 10 and 14 

wk had a dipstick colour change whereas all of the db/db mice (at each age tested) had a 

dipstick colour change to dark green. There was insufficient urine from the mice to do a 

more precise analysis (Table 3.1). 

 

3.3.4  Confirmation of diabetic status using interperitioneal glucose 

tolerance test in db/db mice 

To measure the glucose tolerance and clearance, mice were fasted overnight. Blood was 

collected for a basal glucose level and then mice were given an intraperitoneal glucose 
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injection (2mg/kg body weight). Blood was collected at various time-points over the 

next few hrs.  

 

The db/db mice, at each age, had significantly higher basal fasting blood glucose 

concentrations when compared to age matched controls (Fig 3.4). Panel A, B and C 

show the data for 4, 10 and 18 wk, respectively. The upper graph in each panel shows 

the smooth scatter plot. Each dot is the means of the group of mice. The shaded area is 

the upper and lower confidence intervals. The lower graph in each panel shows the area 

under the curve as a box plot for each individual mouse. There were significant 

differences in the area under the curve at 4, 10 and 18 wk for db/db compared to the age 

matched control. Clearance of glucose was rapid in 4 wk db/db mice, less so in 10 wk 

db/db mice and very slow in 18 wk db/db mice. This confirms the diabetic status of the 

mice. 

 

3.3.5 Confirmation of hyperinsulinemia in db/db mice  

Plasma insulin levels (µg/L) were measured as an index of hyper-insulinemia in mice 

and are depicted in figure 3.5 and Table 3.1 for db/db and age matched controls. The 

peak hyper-insulinemia occurred at 4 wk (9.5 fold increase, p<0.005). The increases 

were less but still highly significant (p<0.005) at 10 wk (5.2 fold) and at 18 wk (3.6 

fold, p<0.005). There was no significant age effect on plasma insulin levels in the WT 

mice. 

 

3.3.6 Confirmation of hypertrophy in db/db mice 

Islet area as an index of islet size in mice was measured using image J software. 

Between 18 and 67 islets were measured from 4 mice in each group. Typical images are 

shown in figure 3.6 and the quantitative data in figure 3.7 and Table 3.1. Peak increase 

in islet area in db/db mice occurred at 4 wk (4.9 fold, p<0.005, figure 3.6 the left upper 

and lower panels). Islet hypertrophy was maintained at 10 wk (4.5 fold, p<0.005, figure 

3.6 middle panels) and at 18 wk (3.5 fold, p<0.005, Figure 3.6 right panels). There was 

no significant age effect on islet size in the WT mice. 
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3.3.7 Islet hormone distribution in typical islets in 4 week old db/db 

mice 

Figure 3.8 shows immunoperoxidase staining of serial pancreatic sections for insulin 

and glucagon, in WT mice at 4 wk (upper panels) and db/db mice (bottom panels) at 4 

wk.  In the WT mice, insulin staining in islets was dense and closely packed throughout 

the interior of the islet where beta cells are present. In the db/db mice (bottom panel) 

the insulin staining was patchy, more loosely packed and showing evidence of beta cell 

degranulation.  

 

Glucagon in the WT mice was largely present in the periphery (or mantle) of the islet 

(Figure 3.8 upper panels) where the alpha cells are known to predominate. In the db/db 

mice however, the glucagon staining was more disorganized existing in the periphery 

and the inner core of the islets, even in early diabetes (Figure 3.8 lower panels). 

Somatostatin in the WT mice was present in the periphery of the islet (Figure 3.9 upper 

panels) where the delta cells are known to predominate. In the db/db mice however, the 

somatostatin staining was more disorganized and increased in expression in the inner 

core of the islets, even in early diabetes (Figure 3.9 lower panels). 

 

3.3.8 Plasma cytokine levels in the db/db mice 

Proinflammatory cytokines IL-6, TNF-α and IL1-β were measured in the plasma of 

db/db mice and age matched controls at 4, 10 and 18 wk, as a measure of systemic 

inflammation. There were no detectable levels of any of the cytokines in either the 

db/db or age matched controls, suggesting no systemic inflammation. 
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Figure 3.1 Confirmation of obesity in db/db mice 

Figure shows that the db/db mice at 4 wk are significantly heavier compared to age 

matched controls but their peak body weight occurred at 10 wk of age. The X axis 

represents the wk (age of mice) and the Y axis represents the body weight (g). Wild 

type mice are shown as the blue lines and the db/db mice are shown as the red lines. 

The data is shown as medians and the range as confidence intervals. * (p<0.05), ** 

(p<0.005) and *** (p<0.0005). Statistical analysis was performed by type 2 ANOVA. 

6-8 mice were used at each time point, and each point was a single body weight 

measurement. 
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Figure 3.2 Confirmation of hyperglycaemia in db/db mice 

Figure shows that as the db/db mice age the hyperglycaemia worsens. The X axis 

represents the wk (age of mice) and the Y axis represents the blood glucose levels 

(mmol/L). Wild type mice are shown as the blue lines and the db/db mice are shown as 

the red lines. The data is shown as medians and the range as confidence intervals. * 

(p<0.05), ** (p<0.005) and *** (p<0.0005). Statistical analysis was performed by type 

2 ANOVA. 6-8 mice were used at each time point, and each point was a single glucose 

measurement.  
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Table 3.1 Confirmation of diabetic status of db/db mice by measuring urine 

glucose 

Glucose urine strips were used to measure urine glucose in random urine samples in 

mice. The individual mice are in the left hand column. Wild type is (WT1-8), db/db 

(Pre1-8) is the 4 week diabetic mice. (D1-6) are the 10 week diabetic and (CD1-6) are 

the chronic diabetic. The yellow colour indicates the urine glucose level below 

55mmol/L. and the dark green indicates greater than 55mmol/L. 
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Figure 3.3 Confirmation of diabetic status using intraperitioneal glucose tolerance 

test in db/db mice 

In the following figures panel A, B and C shows that the db/db mice were significantly 

but mildly glucose intolerant as early as 4 wk of age and their condition worsened at 10 

and 18 wk of age. Panel A, B and C show the data for 4, 10 and 18 wk, respectively. 

The upper graph in each panel shows the smooth scatter plot. Each dot is the mean of 

the group of mice. The shaded area is the upper and lower confidence intervals. The 

lower graph in each panel shows the area under the curve as a box plot for each 

individual mouse. The dot represents individual mice. The horizontal line in the box 

plot represents the median for the group of mice. The box height represents the 

interquartile range. The vertical line represents the non-outlier range. Statistical analysis 

was performed by Wilcoxen rank test and each point was a single mouse with single 

glucose measurement in the glucometer. 
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Figure 3.4 Confirmation of hyperinsulinemia in db/db mice 

The db/db mice have hyperinsulinemia as early as 4 wk of age and their plasma insulin 

levels declines at 10 and 18 wk of age, although compared to controls they are still 

hyperinsulinemic. The X axis represents the wk (age of mice) and the Y axis represents 

the plasma insulin levels (µmol/L). Wild type mice are shown as the blue lines and the 

db/db mice are shown as the red lines. The data is shown as medians and the range as 

confidence intervals. * (p<0.05), ** (p<0.005) and *** (p<0.0005). Statistical analysis 

was performed by type 2 ANOVA. 6-8 mice were used at each time point, and each 

point was a triplicate measurement based on an Elisa assay.  
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Figure 3.5 Morphology of typical islets in db/db mice 

Typical islets surrounded by acinar tissue in H & E stained paraffin embedded sections 

of wild type mice (upper panel) and db/db mice (bottom panel) at 4 (left) , 10 (centre) 

and 18 (right) wk of age. The size of the islets in the db/db mice was larger than that of 

islets in the wild type. The diabetic islets also showed frequent dilated sinusoids seen as 

the gaps within the islets. There was no apparent inflammation around the diabetic 

islets. 
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4 wk 

10 wk 

18 wk 
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Figure 3.6 Confirmation of hypertrophy in db/db mice 

The db/db mice have islet hypertrophy as early as 4 wk of age and this is maintained at 

10 and 18 wk of age compared to controls. The X axis represents the wk (age of mice) 

and the Y axis represents the mean area of islet (arbitrary units). Wild type mice are 

shown as the blue lines and the db/db mice are shown as the red lines. At each time 

point, between 18 and 67 islets were measured by Image J (FIGI) from 4 mice.The data 

is shown as medians and the range as confidence intervals. * (p<0.05), ** (p<0.005) 

and *** (p<0.0005). Statistical analysis was performed by type 2 ANOVA. 
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Figure 3.7 Islet hormone distribution in typical islets in 4 week old db/db mice 

Typical islets stained for islet hormones in immunoperoxidase-labelled paraffin 

embedded sections of 4 week old WT mice (upper panel) and db/db mice (bottom 

panel). The hormones assayed were insulin (left), glucagon (centre) and somatostatin 

(right) for beta cells, alpha cells and delta cells, respectively. Insulin staining in the WT 

mice had dense immunoreactivity in the inner core of the islet, whereas in the db/db 

mice the immunoreactivity was less and in a more degranulated form. The glucagon 

staining was in the mantle of the islet of the WT mice, whereas in the db/db mice it was 

both in the mantle and the inner core of the islet. Somatostatin staining was mainly in 

the mantle of the islet in the WT mice, whereas in the db/db the staining was 

disorganised and distributed throughout the islet. 
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Table 3.2 Diabetes-related measurements in db/db model 

Parameter Wk WT db/d

b 

Units Fold-

Change 

Lower CI Upper CI n P value 

Body Weight 4 16.2 21.2 g 1.3 1.2 1.5 7-8 < 0.005 

 10 23.3 42.8 g 1.8 1.6 2.1 6-8 < 0.005 

 14 22.4 45.0 g 2.0 1.8 2.3 6-8 < 0.005 

 18 28.4 45.0 g 
 

g 1.6 1.4 1.8 6 < 0.005 

Blood 

Glucose
a
 

4 8.9 15.2 mmol/L 1.7 1.3 2.3 6 < 0.005 

 10 8.4 25.3 mmol/L 3.0 2.3 4.0 7 < 0.005 

 14 6.8 20.2 mmol/L 2.9 2.2 4.0 6 < 0.005 

 18 5.8 28.0 mmol/L 5.0 3.8 6.8 6-8 < 0.005 

Plasma 

Insulin 

4 0.66 6.2 µg/L 9.5 4.3 21.2 6-10 < 0.005 

 10 0.69 4.0 µg/L 5.2 1.7 16.2 3-5 < 0.005 

 18 0.8 4.0 µg/L 3.6 1.5 8.8 6 < 0.005 

Islet Area 4 9917 3791 Square 4.9 2.5 9.6 4 < 0.005 
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a Random blood glucose level (non-fasting) 

b Not detected 

c Not applicable 

0 microns 

 10 10631 5458

6 

Square 

microns 

4.5 1.9 10.5 4 < 0.005 

 18 10664 4377

6 

Square 

microns 

3.5 1.7 7.0 4 < 0.005 

Plasma 

Cytokines 

4 nd
b nd NA

c NA NA NA NA NA 

 10 nd nd NA NA NA NA NA NA 

 18 nd nd NA NA NA NA NA NA 

          

          



 

114 

 

3.4 Discussion: 

In this chapter we performed a through in vivo characterisation of db/db and wildtype 

mice at 4, 10, 14 and 18 wk of age. The primary observations made were that these 

mice midly hyperglycemic and glucose intolerant as early as 4 wks of age and their 

severity increases as age increases. The peak obesity occurs at 10 wks of age and they 

progressively become heavier. They have significantly larger islets at 4, 10 and 18 wks. 

Further, they had significantly high plasma insulin  in the db/db mice. In addition, alpha 

and delta cells were increased and was expressed in the interior of the pancreatic islet. 

The control mice islets had high immunoreactivity for insulin which was densely 

packed within the beta cells. In contrast, the db/db mice islets showed evidence of 

degranulation in the large proportion of beta cells. 

 

This animal model futher confirms the results from the db/db and other animal models 

of diabetes, showing hyperglycemia, obesity,  islet hypertrophy and disorganised islet 

architecture
328,332,340

. In relation to the blood glucose in the db/db mice at 4, 10 and 18 

wk of age, there was a significant increase in the blood glucose levels from 4 to 10 wk 

of age and was elevated at 18 wk of age. Similar trend in the body weight of the db/db 

mice was seen at these ages.  

 

Islet hypertrophy (increased beta cell mass) has been observed in diabetes, obesity
341,342

 

and pregnancy
343

 and has been reported in many studies. Changes in islet size and 

number occur during animal development, growth, aging, pregnancy and type 2 

diabetes
344

. There are two major pathways that the islet growth and number increases; 

firstly the expansion of pre-existing endocrine cells, growth of new islets and finally 

differentiation of the pancreatic ductal epithelium and each of these factors are 

regulated in response to demand for example body weight and disease severity. The 

islet cell number is also regulated by changes in replication, apoptosis, atrophy, 

hypotrophy and neogenesis
345

. Garris et al reported that the ob/ob and db/db in the KsJ 

background mice have islet hypotrophy, beta cell degranulation and lipid deposition in 

both islets and acinar tissue. It was also noted that these events occur at an early age 

leading to islet atrophy and eventually leading to islet cell degeneration and is 

dependent on the severity of the disease in these mice
346,347

. In experiments described in 
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this chapter, it was seen that the islet cell size increased from 4 to 10 wk and then 

decreased at 18 wk in the db/db mice. This could be due to the increase number of beta 

cells at 4 weeks leading to a increase in islet size to increased demand (moderate high 

blood glucose) and in 18 weeks of age the islet cell size decreased indicating increased 

beta cell apoptosis. In support of these studies, Louise et al
348

 reported that in young 

db/db mice, there was increased beta cell proliferation resulting in increased beta cell 

mass which was due to increased insulin demand (hyperglycemia).  It was also seen that 

there was a subsequent decrease in beta cell mass in older animals 10 to 24 weeks 

which was characterized by decreased proliferation of beta cells and increase in 

apoptosis. 

 

During islet cell expansion, not only beta cells undergo alteration during the disease 

progression, alpha and delta cells have also shown to be altered
332

. In this study there 

was more immunoreactivity for glucagon in the db/db mice indicative of the increased 

number of alpha cells. The distribution of the alpha cells in the db/db mice was more 

disorganized, including both mantle and the inner core of the islets whereas in the 

control mice the alpha cells were restricted to the periphery of the islet. Three 

mechanisms have been proposed for the disorganised islet architecture. Firstly, mantle 

alpha and delta cells undergo proliferation and spread to the interior
327,329,330,332

. 

Secondly, some beta cells may undergo reprogramming into alpha and delta cells
328

. 

Finally, there is beta cell loss due to apoptosis
349

. It was noted that there was decreased 

staining of the insulin producing beta cells indicating degranulation of insulin. These 

studies with glucagon and somatostatin in the db/db mice are in agreement with 

previous reports showing disorganisation of both the alpha and delta cells early in 

diabetes, with an increase in expression within the inner core of the pancreatic 

islet
110,112

. Somatostatin is an important regulator of islet function through its paracrine 

effects on various cell types
22,350

. The cell to cell interactions are critical for 

maintaining these paracrine effects and the disorganisation of the islets leads to 

disruption in the signalling and abrupt secretion of insulin and glucagon
112

. This chapter 

further confirms that the plasma insulin at the earlier age is significantly high at 4 wk of 

age in the db/db mice and decreases as the age increases and therefor indicate that they 

are insulin resistant at early age and the decline in insulin at 18 weeks correlates with 
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the decreased beta cell mass. Zn is an essential trace element which is involved in the 

formation of mature insulin (Zn-insulin crystals) and it is also known that it is rich in 

secretory granules of islet cells and released during secretion of insulin and possibly 

other islet hormones. In the next chapter the regulation of total and labile Zn, Zn 

binding protein metallothionein will be investigated in the early, moderate and late 

diabetic db/db mice group. 
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CHAPTER 4  Measurement of zinc and 

zinc-binding protein metallothionein 

in db/db mice liver, pancreas and 

pancreatic islets  
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4.1 Introduction 

Zn is obtained from the diet and is absorbed in the small intestine and carried by the 

protein albumin through the circulation to liver, pancreas and other organs
351,352

. 

Insufficient Zn in the tissues, via decreased absorption of Zn or increased losses of Zn 

from the body, results in Zn deficiency.  Growth, wound healing, immune function, 

cognition and many other functions in the body are impaired in Zn deficiency, which in 

severe conditions can be fatal
353,354

 .  

Recent developments in our understanding of type 2 diabetes have been heightened by 

the relevance of dysfunction in  Zn signalling in this disease. Patients with poorly 

controlled diabetes mellitus have been reported to have decrease in Zn in the 

plasma/serum (hypozincaemia), decrease in Zn in the circulating leukocytes and 

enhanced loss of Zn through the urine  (hyperzincuria)
355-359

. Whether abnormalities in 

Zn homeostasis are a consequence of the diabetic state or contribute to the pathogenesis 

is not known. In support of the latter, Zn deficiency is known to impair glucose-induced 

insulin secretion while Zn chelators induce beta cell death and diabetes in some 

species
360

. Zn supplementation has been shown to reduce the severity of the disease in 

some patients
355

 while, in animal studies, both streptozotocin induced diabetic rats
361

 

and db/db mice
362

 had lowering of blood glucose levels to normal levels following Zn 

administration (intra-peritoneal or oral Zn).  

It has long been known that beta cells are very rich in Zn, that this metal plays an 

important role in the storage and release of insulin and that it is released along with 

insulin in response to glucose stimulation
266

. While Zn is required for multiple 

metalloenzymes within the acinar tissue, there are even higher amounts of Zn in the 

islets of the pancreas
363

. There are two forms of Zn in the pancreatic islets:- labile Zn 

and tightly-bound Zn. The latter is required for the function of many metalloenzymes 

and transcription factors and maintains the integrity of cell membranes. Zn 

metallothionein complex, present in the cytosol of the pancreatic islet cells, is involved 

in the scavenging hydroxyl radicals in vitro. Labile islet Zn is found in the insulin-

containing secretory granules and involved in the synthesis, maturation and storage of 

insulin
250,363

.  
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Very little is known about what happens to the intracellular levels of Zn in the pancreas 

or the pancreatic islets during the development of diabetes. Studies aimed at measuring 

changes in islet cell Zn in diabetes have been hampered due to the lack of sensitive 

techniques to visualise and measure the relevant pools of intracellular Zn. Atomic 

absorption spectrometry is routinely used to measure total cell or tissue Zn that is 

tightly bound by metalloenzymes and non-exchangeable Zn
150,364

. A colorimetric stain 

for Zn, dithizone, forms a red precipitate with Zn and this has been used to stain islet 

Zn
265,365

. However, dithizone is relatively insensitive and not suitable for quantification. 

Zalewski et al used a UV excitable intracellular Zn specific flurophore zinquin to 

fluorescently label free or loosely bound (labile) Zn in cells
186

. Ester groups are present 

as in the calcium flurophores so that following cleavage by intracellular esterases the 

probe will carry a negative charge and be trapped within the cell. Zinquin reveals the 

very high content of labile Zn in pancreatic islets and in particular in the insulin 

containing secretory granules
366

. This pool of Zn was substantially decreased in 

response to glucose in vitro
367

. A related compound 6-Methoxy-(8-p-

toluenesulfonamido) quinoline (TS-Q) has also been used effectively to label Zn in 

islets
368

 . These two fluorophores rely on UV excitation which is not ideal because of 

rapid bleaching of the fluorophore and potential artifacts due to autofluorescence of 

tissue. A range of other Zn fluorophores have now been developed, including 4′,5′-

Bis[bis(2-pyridylmethyl)aminomethyl]-2′,7′-dichlorofluorescein (ZINPYR-1) which 

gives a more stable tissue fluorescence in the FITC wavelength range
369

.  

The aim this chapter is to report experiments which were designed to measure total and 

labile (granular and bound to metallothionein) in the liver and pancreas (pancreatic 

islets) of db/db mice in early and late diabetes. In these studies 3 methods were used i) 

atomic absorption spectrometry to measure the Zn in liver, pancreas and plasma, ii) 

cadmium haemoglobin affinity assay to measure the cytosolic Zn-metallothionein 

complex in the liver and pancreas and iii) ZINPYR-1 and image analysis to measure the 

labile Zn in the pancreatic islets at various stages during the development of type 2 

diabetes in db/db male mice.   

It was hypothesised that: 

 The Zn in the db/db mice organs will be significantly lower as early as 4 weeks 

of age than the age matched controls 
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 The Zn in the pancreatic islets and not the acinar will be significantly decreased 

compared to age mathed controls. 
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4.2 Methods: 

4.2.1 Tissue collection and processing for Zn analysis for plasma, liver 

and pancreas: 

Liver and pancreas were removed from groups of db/db or wildtype mice (6-8 mice) at 

ages 4, 10 and 14  weeks. Livers were added to 4 volumes (optimised method in the 

lab) of 10mM TRIS-HCL buffer (10mM, pH 8.2) while pancreas was added to nine 

volumes. The liver and pancreas were homogenised using a Potter-Elvehjem 

homogeniser ensuring that the organs were completely squeezed past the pestle five 

times. The homogenates were transferred to 1.5ml eppendorf tubes. Borex tubes 

(75x12mm in size) were numbered and weighed as (W1). 500L of the organ 

homogenates were transferred into the tubes and reweighed (W2). The borex tubes with 

the samples were then placed in a heating block (Ratek, Boronia, Victoria, Australia) at 

80
o
C overnight. The tubes were cooled and weighed the next day as (W3). 1ml of 

Aristar 69% nitric acid (Merck, Darmstadt, Germany) was added to each tube and tubes 

were placed in the heating block at 50
o
C for 15 minutes until the samples were 

dissolved. Tubes were then vortexed and heated to 100
o
C to allow nitrogen dioxide to 

boil off and the solution to go clear yellow; then the temperature was raised to 150
o
C to 

evaporate the samples to dryness. 1.5 ml of 1M hydrochloric acid (Merck, Darmstadt, 

Germany) was added and the tubes were vortexed and placed at 50
o
C in the heating 

block. Appropriate number of 10ml tubes for samples, calibrators and quality control 

(Seronorm) (SERO, Stasjonsveien, Billingstad, Norway) were labelled and 150µL of 

sample, calibrator and quality control were diluted with 1ml of working diluent using a 

Hamilton diluter. Total Zn was measured by absorption at 214 nm in a PE 3030 Flame 

Atomic Absorption Spectrometer with a graphite furnace HGA 400 (Perkin Elmer). 
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4.2.2 Tissue collection and processing for metallothionein (MT) assay 

by cadmium haemoglobin affinity assay (for liver and pancreas): 

The livers were diluted (1:5) and pancreas (1:10) with TRIS HCL Buffer. The tissue 

was homogenised using the Potter-Elvehjem Homogeniser and was squeezed past the 

pestle five time and was always kept cold. The homogenised tissue was transferred into 

a 1.5ml eppendorf tubes and was labelled. The samples were heat treated for 2 min and 

then cooled in ice cool water for 2 min. The samples were centrifuged for 2 min at 

14,000 g and the supernatant was transferred into a new 1.5ml eppendorf tube. 

 

Aliquots of homogenised liver and pancreas were transferred into 1.5ml eppendorf 

tubes and heat treated by placing into boiling water from 2 mins before cooling in ice 

water. The samples were centrifuged for 3 min at 14,000 g. Supernatant was transferred 

into a new tube and stored at -80
o
C until metallothionein (MT) analysis. The 

supernatant and quality control were thawed and centrifuged for 1 min at 13,000 g. 40l 

of supernatant and quality control (sample of known concentration) were diluted and 

vortexed with 960l TRIS buffer (pH 7.4). 200l of the samples were transferred to a 

new eppendorf tube containing 200l of radioactively labelled cadmium (0.5 MBq, 

New England Nuclear, Sydney). The samples were incubated for 15 min. 100l of 

haemoglobin was added to the samples to remove any unbound cadmium and the 

samples were heat treated for 2 min and then placed on ice cold water before 

centrifugation (13,000 g). This process was repeated twice. 400l of the clear 

supernatant from the samples was transferred into Borex tubes for MT analysis. The 

MT concentration in the supernatant was determined using a gamma counter (Parkard 

Auto Gamma 5650) (Waltham, Massachusetts, USA). 

 

4.2.3 Zinpyr-1 staining for labile islet Zn: 

ZINPYR-1(Mellitech, Grenoble Cedex, France)  powder was solubilised with DMSO to 

make stock solution (5mM). ZINPYR-1 was diluted in PBS to a final concentration of 

1µM and added to 5 micron tissue cryosections for 20 min at 37
o
C. Slides were then 

washed with PBS and a drop of DAKO fluorescence mounting medium (DAKO; 

Carpinteria, California, USA) was added. Slides were mounted with a coverslip and 

viewed by fluorescence microscopy within an hour. Images were captured on a Zeiss 

Apoptome microscope (Carl Zeiss GmbH, Goettingen, Germany). The images were 
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converted to JPEGS. Quantification of immunofluorescence was done by using FIGI 

image J software (NIH, Bethesda, Maryland, USA). 

 

4.2.4 Statistics  

Zn-related parameters were measured and the data log-normalized. Medians, fold-

changes (relative to age-matched controls), confidence intervals and p values were 

determined using the R software. For most of the parameters, data are tabulated in 

Table 4.1. 

 

4.3 Results  

4.3.1 Systemic levels of Zn: 

4.3.1.1 Zn levels in the liver 

As the liver is one of the main reservoirs of Zn in the body, liver Zn was assessed in 

both control and db/db mice at 4, 10 and 14 wk. The liver Zn concentrations were 

calculated on dry weight basis and equal amount of homogenised tissue was added to 

each borex tube to adjust for the size of the livers. Data are shown in Figure form in Fig 

4.1 and in Table 4.1 

 

Liver Zn of db/db mice was not significantly increased at 4 wk (0.9 fold of control, 

p>0.05) or 10 wk (1.0 fold, p>0.05). However, at 14 wk there was a significant decrease 

in liver Zn (0.54 fold, p<0.005). 

 

4.3.1.2 Metallothionein levels in the whole liver  

Metallothionein levels in the liver were measured as metallothionein is an important Zn 

binding protein which is involved in liver Zn homeostasis. Data are shown in Figure 

form in Fig 4.2 and in Table 4.1. There was no significant difference in metallothionein 

between db/db and age matched control mice at 4, 10 or 14 wk. 

 

4.3.1.3 Zn levels in the plasma: 

Zn in the plasma was assessed as another measure of systemic changes in Zn in the 

body during the diabetes. Zn in the plasma was measured by atomic absorption 
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spectrometry and expressed as µmol/L. Data are shown in Figure form in Fig 4.3 and in 

Table 4.1 

 

Overall, ANOVA showed that db/db mice plasma had significantly higher Zn 

concentration compared to controls. However there was no significance in the mean 

differences in db/db mice at each individual age (4,10 and 14 wk) compared to age 

matched controls.  

 

4.3.1.4 Zn levels in pancreas 

Total Zn in the pancreas was assessed to see whether pancreatic Zn levels decrease in 

the db/db mice model as previously reported
362,370

. Pancreas weight in db/db mice was 

calculated on the dry weight basis and equal amount of tissue homogenate was added to 

the reaction tube and expressed as nmol/g dry weight. Data are shown in Figure form in 

Fig 4.4 and in Table 4.1 

 

ANOVA analysis of pancreatic Zn content showed differences due to both  age and 

disease. With regards to disease, there were significant decreases in pancreas Zn at both 

4wk (0.44 fold of control, p<0.005) and at 10 wk (0.66 fold, p<0.005). However, at 14 

wk there was no significant decrease (0.78 fold, p>0.05). Most of the decrease in Zn in 

the db/db mice occurred by 4 wk. There was also an age-effect. In the WT mice, there 

was a substantial drop in pancreatic Zn between 4 and 10 wk of age.  

 

4.3.1.5 Metallothionein levels in the whole pancreas 

Metallothionein is also involved in Zn homeostasis in the pancreas and therefore was 

measured in the whole pancreas of db/db and age matched controls at 4, 10 and 14 wk. 

Data are shown in Figure form in Fig 4.5 and in Table 4.1. There was no significant 

difference in metallothionein levels between the db/db and age matched controls at any 

of the age groups. 
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4.3.2 Labile Zn in the pancreatic islets 

In section 4.2.2, a significant decrease in total pancreatic Zn was observed. However, as 

the pancreas is composed of both endocrine and exocrine tissue, this result provides no 

information on whether the loss was in endocrine or exocrine compartments. To address 

this, I used a Zn binding fluorophore ZINPYR-1 to investigate the distribution of labile 

Zn in the pancreatic islets and the effect of diabetes on these Zn pools. The pancreas 

was removed from mice at 4 and 18 wk. 5M frozen pancreas sections were cut and 

attached to poly-lysine subbed slides. These were incubated with 1µM of ZINPYR-1 

for 30 mins in a 37
o
C incubator. Slides were then washed, mounted and fluorescence 

images captured (see methods).  

 

Figure 4.6 shows typical images of the distribution of labile Zn in islets from control 

and db/db mice at 4 and 18 wk. In control mice, ZINPYR-1 stained both acinar tissue 

and islets. However, islets stained much more intensely than acini. There was a 

heterogenous, granular-like labile Zn distribution in the control islets. In db/db mouse 

islets, the loss of the fluorescence was almost uniform throughout each islet although 

occasional cells remained brightly fluorescent (arrows in Fig 4.6). The loss of Zn in the 

db/db mice pancreas was in the islets rather than in the acinar tissue. Data are shown in 

Figure form in Fig 4.7 and in Table 4.1 

 

As for total pancreatic Zn determined by AAS (section 4.2.2), there were both age and 

disease effects on ZINPYR-1 measured labile islet Zn. At 4 wk, in db/db mice, there 

was a significant decrease in pancreatic islet Zn (0.66 fold of control p<0.05). However, 

at 18 wk, there was no significant difference in the Zn levels between db/db and 

controls. The reason for the latter was that there was a substantial loss of islet Zn 

staining in the control mice between 4 and 18 wk of age. The loss of Zn at 4 weeks in 

the db/db mice indicates that Zn is important at the young age. 
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Table 4.1 Zinc-related measurements in db/db model 

Zinc-related measurements in db/db model 

Parameter W

k 

WT Db/d

b 

Units Fold-

Change 

Lower CI Upper 

CI 

n P value 

Liver Zn 4 1904 1701 nmol/g 0.9 0.69 1.15 6-8 nsb 

 10 1193 1193 nmol/g 1.0 0.78 1.29 6-8 ns 

 14 1683 909 nmol/g 0.54 0.42 0.70 6-8 < 0.005 

          

Liver MT 4 7 7.3 nmol/g 1.0 0.5 2.0  ns 

 10 5.2 4.7 nmol/g 0.90 0.4 1.9  ns 

 14 7.1 5.7 nmol/g 0.80 0.4 1.8  ns 

          

Plasma Zn 4 9.8 12.7 µmol/L 1.3 0.9 1.9  ns 

 10 8.7 11.3 µmol/L 1.3 0.8 2.9  ns 

 14 9.7 12.2 µmol/L 1.3 0.8 2.1  ns 

          

Pancreatic Zn 4 2295 1019 nmol/g 0.44 0.34 0.59 6-8 < 0.005 

 10 1435 945 nmol/g 0.66 0.50 0.86 6-8 < 0.005 

 14 1582 1227 nmol/g 0.78 0.59 1.02 6-8 ns 
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Pancreatic MT 4 33 35 nmol/g 1.1 0.5 2.3  ns 

 10 28 24 nmol/g 0.8 0.4 1.7  ns 

 14 34 23 nmol/g 0.7 0.3 1.4  ns 

          

Islet Zn 4 110 73 afua 0.66 0.43 1.01 6-8 < 0.05 

 18 75 66 afu 0.87 0.58 1.29 6-8 ns 

          

a Arbitrary fluorescence units 

b Not significant 
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Figure 4.1 Effect of age and diabetes on liver Zn in db/db mice 

Figure shows that the db/db mice did not have any significant differences in liver Zn at 

4 and 10 weeks compared to age matched wild type mice. However a significant 

reduction was seen at 14 week of age. The X axis represents the weeks (age of mice) 

and the Y axis represents the liver Zn (nmol/g dry weight). Wild type mice are shown 

as the blue lines and the db/db mice are shown as the red lines. The data is shown as 

medians and the range as confidence intervals.  * (p<0.05), ** (p<0.005) and *** 

(p<0.0005). Statistical analysis was performed by Type 2 ANOVA. 6-8 mice were used 

at each time point, and each point was a single Zn measurement. 
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Figure 4.2 Effect of age and diabetes on liver metallothionein in db/db mice 

Figure shows that the db/db mice did not have any changes in their liver 

metallothionein levels at any of the age groups compared to age matched wild type 

mice. The X axis indicates the age of mice (weeks) and the Y axis represents the liver 

metallothionein (nmol/g dry weight). Wild type mice are shown as the blue lines and 

the db/db mice are shown as the red lines. The data is expressed as medians and the 

range as confidence intervals.  * (p<0.05), ** (p<0.005) and *** (p<0.0005). Statistical 

analysis was performed by type 2 ANOVA. 6-8 mice were used at each time point, and 

each point was a single a single Zn measurement. 
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Figure 4.3  Effect of age and diabetes on plasma Zn in db/db mice 

Figure shows that the db/db mice did not have any significant changes in plasma Zn 

compared to age matched wild type mice. The X axis represents the age of mice 

(weeks) and the Y axis represents the plasma Zn (nmol/g dry weight). Wild type mice 

are shown as the blue lines and the db/db mice are shown as the red lines. The data is 

expressed as medians and the range as confidence intervals.  * (p<0.05), ** (p<0.005) 

and *** (p<0.0005). Statistical analysis was performed by type 2 ANOVA. 6-8 mice 

were used at each time point, and each point was a single Zn measurement.
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Figure 4.4 Effect of age and diabetes on pancreatic Zn in db/db mice 

Figure shows that the db/db mice had a significant reduction in pancreatic Zn as early 

as 4 weeks of age. Pancreatic Zn was also reduced at 10 weeks compared to age 

matched wild type mice. The X axis represents the age of mice (weeks) and the Y axis 

represents the pancreas Zn (nmol/g dry weight). Wild type mice are shown as the blue 

lines and the db/db mice are shown as the red lines. The data is expressed as medians 

and the range as confidence intervals.  * (p<0.05), ** (p<0.005) and *** (p<0.0005). 

Statistical analysis was performed by type 2 ANOVA. 6-8 mice were used at each time 

point, and each point was a single Zn measurement.. 



 

132 

 

 

 

 

 

 

 

 

Figure 4.5 Effect of age and diabetes on pancreas metallothionein in db/db mice 

Figure shows that the db/db mice did not have any changes in their pancreas 

metallothionein levels at any age compared to age matched wild type mice. The X axis 

represents the age of mice (weeks) and the Y axis represents the pancreas 

metallothionein (nmol/g dry weight). Wild type mice are shown as the blue lines and 

the db/db mice are shown as the red lines. The data is shown as medians and the range 

as confidence intervals.  * (p<0.05), ** (p<0.005) and *** (p<0.0005). Statistical 

analysis was performed by type 2 ANOVA. 6-8 mice were used at each time point, and 

each point was a single a single Zn measurement. 
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Figure 4.6 Effect of age and diabetes on pancreatic islet labile Zn in db/db mice 

Figure shows that the db/db mice had a significant reduction in pancreatic islet labile Zn 

as early as 4 weeks of age compared to age matched wild type mice. The X axis 

represents the weeks (age of mice) and the Y axis represents the pancreas islet labile Zn 

in (arbitrary units). Wild type mice are shown as the blue lines and the db/db mice are 

shown as the red lines. The data is shown as medians and the range as confidence 

intervals.  * (p<0.05), ** (p<0.005) and *** (p<0.0005). Statistical analysis was 

performed by type 2 ANOVA. 6-8 mice were used at each time point, and each point 

was a single Zn measurement. 
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Figure 4.7 Islet Zn distribution in typical islets of 4 and 18 week old db/db mice 

Figure shows typical islets stained with ZINPYR-1 for islet Zn in frozen sections of 4 and 18 week old wild type mice (upper panel) and db/db 

mice (bottom panel). The Zn staining was greater in the wild type mice at 4 and 18 weeks. In the db/db mice pancreatic islets had a reduction of 

Zn, mostly in the insulin producing beta cells. At 18 weeks, in db/db mice pancreatic islets, there was preservation of Zn in the non-beta cells, 

likely alpha and delta cells.. 

WT 

db/db 

18 weeks 4 weeks 



 

135 

 

4.4 Discussion  

Previous studies have not established whether the Zn loss in the pancreas during diabetes is a 

late event and therefore a consequence of diabetes or an early event that may be influencing 

the development of type 2 diabetes. Therefore, as described in chapter 4 of this thesis, both 

total Zn (measured by AAS) and labile Zn (visualized and measured by Zn fluorophore 

ZINPYR-1) were studied in db/db mice versus controls at three ages: 4 wk (early diabetes), 

10 wk (diabetes) and 18 wk (chronic diabetes). 

 

No systemic changes in Zn levels in the db/db mice. 

Liver was included in this study as it is a reservoir for Zn and an indicator for systemic Zn 

levels in the body. At 4 and 10 wk in the db/db mice , there was no significant change in the 

liver Zn. However, there was significant reduction of Zn in the 14 wk db/db mice compared 

to controls. The db/db mice at 4, 10 and 14 wk showed a trend to decrease in Zn content. As 

it it has been reported that they have high fat content in their livers
371,372

, this may be due to 

artifact related to fat content and this will be claified in future studies, there was no 

significant change in the liver Zn in the control mice with age. 

 

Plasma zinc is another indicator of systemic Zn levels. At 4, 10 and 14 wk db/db mice, there 

were no significant changes in the plasma Zn levels compared to age matched wildtype 

(although the db/db mice group had significantly higher Zn than wildtype) suggesting that the 

systemic Zn levels are not altered. Therefore they are not Zn deficent at the whole body level, 

although they may be local changes in the Zn levels within the pancreas. There was no 

significant change in the control mice plasma Zn levels. 

 

An important question is whether the loss of Zn in the diabetics islets is a consequence of a 

systemic zinc deficiency . If so, low dietary intake of Zn might be a factor in diabetes and 

zinc supplements could therefore prove useful as an aid to therapy. It is relevant here that 

zinc supplements have been shown by others to be beneficial in attenuating hyperglycemia in 

db/db mice 
362

. Excessive loss of zinc from the body (e.g. via urine) could also be important. 

Mechanisms are in place in the body to move zinc from plasma to liver during the acute 

phase response in stress, trauma, infection and inflammation
373

. This has been shown, for 

example,  to have adverse consequences for the foetus in maternal zinc deficiency 
374

. 
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Therefore, it was important to determine whether changes in systemic levels of zinc occur in 

db/db mice, especially during early diabetes when zinc loss in the pancreas and islets is 

already apparent. Three measures of systemic zinc used in this thesis were liver zinc, plasma 

zinc and liver metallothionein. It is not clear to what extent loss of pancreas and islet Zn in 

diabetes is due to local effects on Zn or due to systemic Zn changes. Both pancreas and liver 

have been considered to be reservoirs of Zn in the body. Plasma Zn is the major transport 

pool of Zn in the body. Plasma Zn and liver Zn were therefore measured in the db/db mice as 

indicators of systemic Zn levels. Neither changed significantly from early diabetes to chronic 

diabetes. Therefore, islet Zn loss is not accompanied by whole body changes in Zn.  

 

Loss of Zn in the pancreas of db/db mice occurred early in diabetes and was maintained 

into late diabetes, compared to age matched controls 

 

The next question to be addressed was to investigate the Zn levels in the whole pancreas by 

flame atomic absorption spectrometry. The major decrease in Zn is during early diabetes (4 

wk) and at 10 and 14 wk the difference was still significant but less pronounced as there was 

a decrease in 10 and 14 wk Zn levels in the control mice. There is substantial evidence that 

tissue Zn is reduced during aging in multiple organ systems. This may explain why the 

difference in pancreatic Zn levels are less pronounced between control and diabetic mice at 

later ages. 

 

Novel studies with ZINPYR-1 indicated that in the diabetic mice there was loss of labile 

zinc in the islet beta cells but not in the alpha cells  

In 1984, Figlewicz et al 
367

 determined that there were three distinct pools using uptake of 

radioactive Zn 65 distribution. In rat pancreatic islets treated for 24 hour with high or low 

glucose there was reduction of islet zinc and insulin. They concluded that zinc in islets exists 

in secretory granules, extra granular pools and a poorly-defined metabolic labile islet 

compartment. A more recent study (Nicolson et al 2009)
265

 showed there were two pools of 

beta cell Zn as Zn flurophore Zinquin labelled the secretory granules while another Zn 

fluorophore FluoZin-3 labelled cytosolic Zn.  Zinquin has some disadvantages including its 

requirement for UV excitation and rapid quenching of fluorescence. Other fluorophores for 

Zn have since been developed. One of the best of these is ZINPYR-1 and this was chosen for 
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the experiments in this thesis. Like other Zn fluorophores there is preferential detection of 

labile Zn pools (since ZINPYR-1 is not able to compete for Zn in the tightly bound 

metalloprotein pools). To the best of my knowledge this is the first description of ZINPYR-1 

in pancreatic islets. 

 

Labile Zn detected using ZINPYR-1 in the islets of the control mice had a granular-like 

pattern which likely corresponds to the beta cell insulin-containing secretory vesicles. The 

staining was heterogeneous. Some islets were stained more brightly than others; this may 

indicate different levels of Zn in the granules due to the islets being in different phases of 

secretion. For example, an islet which has recently secreted insulin would be expected to 

have less Zn than one in resting phase.  

 

Limited studies report the role and function of Zn in alpha cells and how this could influence 

the role and function of insulin. In 2001, Kristiansen et al reported zinc in the periphery of 

granules in alpha cells using electron microscopy following staining of Zn by 

autometallography (a process which allows ultrastructural monitoring of Zn in cells)
375

. 

Consistent with this, the peripheral alpha cells (identified by glucagon staining) also 

fluoresced strongly with ZINPYR-1, indicating they are also rich in labile Zn. Since large 

amounts of Zn are generally found in a variety of endocrine cell granules, this may indicate 

that Zn is contained within the glucagon-containing granules of the alpha cells. It is known 

that glucagon is unaltered in the pancreatic islets of db/db mice (
110,112,376

 confirmed by many 

studies and also confirmed by the present study in chapter 3).  

 

The islets in the early diabetic mice had substantial loss of ZINPYR-1 detectable Zn in the 

beta cells; however, the alpha cells retained their Zn. This observation could be correlated 

with the retention of glucagon staining in the early diabeteic islets. Not all beta cells of the 

islet showed a decrease in Zn. There were areas in which beta cells appeared to lose Zn first. 

This is consistent with the alpha cells progressively replacing the beta cells during the 

development of the type 2 diabetes. In the chronic diabetic mice, it could be seen that the Zn 

was still retained in the alpha cells and there was almost complete loss of Zn in the beta cells. 

An interesting question is whether ZINPYR-1 detects Zn complexed within the stored 

insulin-Zn crystals or whether it only fluoresces with granule Zn that has not yet incorporated 
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into the crystals. Isolating the db/db mice pancreatic islets and dissociating them into alpha, 

beta and delta cells and stain them individually could give us more clues on which cells still 

contain Zn in them. 

 

These studies suggest that ZINPYR-1 will be a useful Zn fluorophore for islet cell Zn 

measurements. Zinquin appeared to confirm the loss of zinc in early diabetes, although the 

quality of staining precluded a rigorous quantitative study.  

Zn is involved in making the proinsulin more soluble in solution and is involved in 

hexamerisation of proinsulin
377

. In low zinc concentrations it was reported that the mature 

insulin precipitates; however, proinsulin remains stable in the rough endoplasmic reticulum 

and transport to the Golgi apparatus where the process of conversion of the pro-insulin to the 

mature insulin occurs. In the 4 wk db/db mice (early diabetes), insulin was reduced compared 

to wildtype mice. Therefore the loss of Zn could be a factor in the precipitation and 

exhaustion of mature insulin in beta cells in early diabetes.  

 

There was no change in protein levels of pancreas and liver metallothionein during the 

development of diabetes in the db/db mice 

 

Metallothionein is a small, cysteine-rich cytosolic protein capable of binding large amounts 

of certain metal ions, including Zn. It is strongly up-regulated by these metal ions through a 

metal response element in the gene. Metallothionein has been proposed to play a role in 

preventing metal toxicity by buffering cytosolic metal ions so that free metal ions do not 

reach toxic concentrations.  In addition to actions of metallothionein on Zn homeostasis 

within islets, liver metallothionein is also interesting since it is responsible for large shifts of 

Zn from plasma to liver during acute stress, trauma and other conditions. It was therefore of 

interest to study both pancreas and liver metallothioneins in the db/db mice. 

 

There was no difference in pancreatic metallothionein levels between db/db and control mice. 

Therefore, changes in Zn levels during the diabetes are unlikely to be a consequence of 

changes in metallothionein levels in the beta cell cytosol; metallothionein may therefore not 

be a major player in the altered zinc homeostasis in db/db mice. The liver metallothionein did 

not change in the db/db mice at 4, 10 and 18 wk. This was consistent with the  lack of 
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systemic changes in the Zn pools. If there was an increase in liver metallothionein, plasma Zn 

would be expected to fall.  

 

These observations suggest that zinpyr-1 is an effective Zn flurophore that can detect Zn in 

vesicles and showed that Zn was reduced in the db/db mice pancreatic islets compared to 

WT. Zinc transporters are involved in regulating Zn influx an efflux in the cell and exhibit 

tissue specific expression in various according to requirement. However during zinc 

deficiency and excess, hormones and cytokines these Zn transporters regulated differentially 

transcriptionally and post-transcriptionally
311,312,378-381

 . 

 

In the next chapter , the changes in the Zn transporters, Zn binding protein metallothionein, 

TRPM3 and PDLIM7 in the pancreas of 4 and 10 weeks db/db and age matched wildtype 

mice, will be discussed. 
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CHAPTER 5 mRNA regulation of Zn 

transporters in whole pancreas in 

db/db mice and age matched wildtype 

(C57BL6J) 
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5.1 Introduction 

 

In the previous chapter it was shown that Zn was reduced in early diabetes in db/db 

mice in the pancreatic islets (Figure 4.7), specifically in the beta cells. It was also 

shown that the Zn binding protein metallothionein was not altered in the liver and 

pancreas of these mice (Figure 4.4 and 4.5). There is a need to elucidate which Zn 

transporter genes are expressed in normal pancreatic islets. A recent study
169

 has 

quantified relative expression of ZIP and ZnT genes in isolated islets from normal mice 

and it showed a wide range of levels of expression. Of the ZIP transporters, ZIP1 and 

ZIP7 were very highly expressed, ZIP2, 3, 8, 9, 11, 13 and 14 were moderately 

expressed and ZIP4, 5,6,10 and 12 were lowly expressed
169

. In the ZnT transporters, 

ZnT5, 7 and 8 were highly expressed, ZnT1, 4,6 and 9 were moderately expressed and 

ZnT2, 3 and 10 were lowly expressed in islets isolated from normal mice
169

. The effect 

of diabetes on the expression profile of ZIP and ZnT genes in islets now needs to be 

determined. . A concurrent study done by Liu et al
382

, investigated the critical Zn 

transporter ZnT8 which is involved in bringing Zn into the vesicles containing insulin 

and they found that the ZnT8 gene was downregulated in the pancreas and adipocyte 

tissue in db/db mice compared to the heterzygote controls. However, no studies are 

evident investigating the expression of Zn transporter genes in the db/db mice at 

different age groups or at different stages of disease.  

 

In experiments described in this chapter, we aim to determine whether Zn transporters 

are altered at the gene level in diabetes. The null hypothesis is that Zn transporter gene 

expression is not altered in early diabetes. Whole pancreata from the db/db mice and 

age matched controls in 4 and 10 weeks were used to investigate the gene expression of 

Zn transporters in diabetes. I attempted to do laser capture microdissection of the 

pancreatic islets of the mice, however the quality and quantity of the RNA obtained was 

not sufficient to carry out these studies. It would have been best done on purified islets. 

However, the preliminary attempts of getting good quality and quantity RNA from laser 

captured isolated islets was not achieved (see Figure 5.1). Therefore, the next best 

approach was to use the frozen pancreatic shavings. The genes that were investigated 

were ZnT1-10, ZIP1-14, TRPM3 and PDLIM7, Zn binding proteins metallothionein 1 

and 2, insulin and glucagon, and house keeping genes HPRT1 and 18S. The reasons for 
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choosing the panel of genes are as follows. The aim was to investigate all of the known 

ZnT and ZIP transporter genes. In addition, there is evidence that Zn ion channels such 

as TRPM3 and PDLIM7 are capable of transporting Zn into islet cells
383,384

 and 

metallothioneins may also mediate Zn uptake. There have not been many studies 

looking at expression of insulin and glucagon genes in the db/db mouse model. 

Preliminary studies showed that HPRT1 and 18S had the most stable expression 

amongst samples with varying quality and disease state.  

 

The number of samples and genes amongst different age groups and disease 

necessitated using a high thoughput system such as the recently introduced low density 

microfluidic Taqman fluidic cards. The major advantages of this assay are that it 

minimizes pipetting errors, sample volumes, sample variability (tight replicate values), 

reduces time and reagents used and multiple controls can be incorporated into the cards 

so for example they can be double normalized. Custom made plates embedded with the 

primers for these genes were purchased, samples were loaded in the plates and 

centrifuged and analysed in a 7900HT ABI system University of Adelaide
385-387

. The 

CT values were obtained and were expressed as fold differences. 

 

In this chapter, relative expressions of ZIPs and ZnTs in the whole pancreata of the 

wildtype and db/db mice at two age groups 4 and 10 weeks are reported. 
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5.2 Methods 

5.2.1 Laser Capture Microdissection 

100 islets from each mouse were captured by laser capture microdissection. The RNA 

was extracted using the RNAqueous Kit and the RNA quality and quantity were 

determined using experion (Biorad). Details in chapter 2. 

 

5.2.2  RNA extraction from whole pancreas shavings from wildtype 

and db/db mice 

10 micron sections were cut in the cryostat, stored in trizol and were extracted using 

RNA easy mini kit. RNA was reverse transcribed using Omniscript reverse 

transcription kit. The cDNA was preamplified using a preamplfication master mix and 

pool of primers (Zn transporters, metal binding proteins and islet hormones) and was 

run on a PCR. The preamplified sample was then loaded into the low density 

microfluidic card.  

 

5.2.3 Low density microfluidic cards 

Custom made cards for Zn transporters Zn binding proteins and islet hormones insulin 

and glucagon were designed. Primers for ZnT 1-10, ZIP1-14, Metallothionein 1 and 2, 

TRPM3 and PDLIM7 were selected to be on the cards. The primers were in triplicates 

and two house keeping genes HPRT1 and 18S were included. Up to 4 samples were 

added to each plate where 2 wildtype and db/db mice were run on the plate. In total 6 

mice per group were analysed. The cards run on an Applied Biosystems 7900 HT 

instrument.
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5.3 Results: 

5.3.1 Laser capture microdissection of control mouse islets: 

Frozen sections of mouse pancreas were embedded onto Polyester membrane slides and 

the islets and acinar tissue were micro-dissected and captured in the tube caps filled 

with lysis buffer. Figure 5.1 (Left ) shows before (upper panel) and after (lower panel) 

micro-dissection of a captured islet. Right panel shows the quality and quantity of the 

total RNA recovered. The RNA quality was poor in both mouse acinar and islet tissue 

as seen by the lack of two distinct bands for 18S and 28S in the experion chip. Instead 

there were multiple bands and also showed a red colour which indicates degraded RNA 

and this is tabulated in the lower table. Due to the lack of good quality and quantity of 

RNA obtained from laser captured islets, it was then necessary to use whole pancreas 

scrapings. Ideally for the messenger RNA studies isolated islets would be used. 

However, because of the design of the experiment the whole pancreas had to be used in 

several different assays and it would not have been possible to use the pancreas for 

isolated islets. 

 

5.3.2 RNA extraction of control and db/db mouse pancreas scrapings. 

The processing of the mouse pancreas is critical to obtain good quality RNA. If the 

sample in experion showed degradation and gave a red signal it was discarded from the 

experiments (Figure 5.2). It also contains the RNA of liver, intestine and kidney 

samples of mice and it shows that the technique is good but pancreas RNA is difficult to 

obtain. The average quality of the pancreas samples was yellow and suboptimal. 

Because of this  and low expression levels of certain genes I included a preamplification 

step by using the cDNA and the pool of primers of the genes that are going to be 

investigated, TaqMan
® 

PreAmp Master Mix and RNAase free water. Figure 5.3 shows 

the difference between unamplified cDNA and amplified cDNA. Most of the samples in 

the unamplified were giving CT values greater than 28 cycles, whereas nearly all of the 

amplified cDNA gave CT values less than 28 cycles. 
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5.3.3 Low density microfluidic taqman card assay of gene expression 

in control and diabetic mice. 

Preamplified cDNA , taqman master mix and RNAase free water were loaded into the 

ports of the taqman cards with the embedded primers in them. The card contained 32 

genes including two housekeeping genes which were 18S and HPRT1. 18S was an 

endogenous control and HPRT1 was chosen of several house keeping genes that also 

included  beta actin, GAPDH, B2M and Cyclophilin, because it was the most stable 

across samples (figure 5.4). The cards were then spun down in the centrifuge and were 

analyzed using the RT-PCR machine. The results are shown in Table 5.1 comparing 4 

and 10 week control and diabetic mice for 32 genes in triplicates. Only two significant 

changes were observed (highlighted in red) and both of these changes involved lowly 

expressed genes ZnT3 and ZIP12 and were not significant across all the age groups. In 

addition, there was greater than expected variability between triplicates in the lowly 

expressing genes which may be the reason why significance was hard to find.  
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Figure 5.1 Laser capture microdissection of mouse islets and RNA quantification 

Figure 5.1 (A) shows before (upper panel) and after (lower panel) micro-dissection of a 

captured islet. (B) shows the quality and quantity of the total RNA recovered.(C) The 

RNA quality was poor in both mouse acinar and islet tissue as seen by the lack of two 

distinct bands for 18S and 28S in the experion chip assay. 100 islets were collected.
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Figure 5.2 RNA extraction of control and db/db mouse pancreas scrapings 

 

Lane 1) RNA ladder; Lane 2 to 8) pancreas samples 9) intestine; 10 and 11) liver; 12 

and 13) kidney samples. The samples in lane 2 and 3 showed degradation and gave a 

red signal; this was discarded from the experiments. It also contains the RNA of liver, 

intestine and kidney samples of mice and it shows that the technique is good (lane 9-13) 

giving a green signal. Good quality RNA was difficult to obtain for the pancreas 

(yellow signal). 
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Figure 5.3 Housekeeping gene stability in varying sample quality 

Figure shows line graph of the expression levels of 6 control genes HPRT1 (blue), B2M 

(red), Cyclophilin PP1A(green), 18S(pink) ,beta actin ACTB (black) and GAPDH(grey) 

determined in 5 pancreatic tissue scrapings from both control and db/db mice with 

varying RNA quality. HPRT1 was chosen as a control gene as it was the most stable 

among samples. X axes represent the samples and Y axes represents the average CT 

obtained from each of the house keeping genes. 
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Figure 5.4 Islet hormone mRNA expression in db/db mice at 4 and 10 weeks of 

age. 

RNA was isolated from control and db/db mice at 4 and 10 weeks of age. The cDNA 

was preamplified with insulin and glucagon genes (Taqman probes) and were loaded 

into a Taqman low density microfluidic cards containing these taqman genes, HPRT1 

and 18S rRNA used as endogenous controls. n=6 mice were included in both the 

control and disease group. The blue in the figure represents db/db mice at 4 weeks, the 

pink bar graphs represents the db/db mice at 10 weeks and the grey bars represent the 

average over time in the genes in db/db mice. Data is presented as mean fold change 

(±95 Cl) compared to control (non-diabetic). *p<0.05, **p<0.01, ***p<0.001, NS, 

p>0.05. 
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Figure 5.5  Zn transporters ZnT1-10 mRNA expression in db/db mice at 4 and 10 

weeks of age and db/db mice. 

RNA was isolated from control and db/db mice at 4 and 10 weeks of age. The cDNA 

was preamplified with Zn transporter genes ZnT 1-10 (Taqman probes) and were 

loaded into a Taqman low density microfluidic cards containing these Taqman genes, 

HPRT1 and 18S rRNA used as endogenous controls. n=6 mice were included in both 

the control and disease group. The blue in the figure represents db/db mice at 4 weeks, 

the pink bar graphs represents the db/db mice at 10 weeks and the grey bars represent 

the average over time in the genes in db/db mice. Data is presented as mean fold change 

(±95 Cl) compared to control (non-diabetic). *p<0.05, **p<0.01, ***p<0.001, NS, 

p>0.05. 
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Figure 5.6  Zn transporters ZIP 1-14 mRNA expression in db/db mice at 4 and 10 

weeks of age and db/db mice. 

RNA was isolated from control and db/db mice at 4 and 10 weeks of age. The cDNA 

was preamplified with Zn transporter genes ZIP 1-14 (Taqman probes) and were loaded 

into a Taqman low density microfluidic cards containing these Taqman genes, HPRT1 

and 18S rRNA used as endogenous controls. n=6 mice were included in both the 

control and disease group. The blue in the figure represents db/db mice at 4 weeks, the 

pink bar graphs represents the db/db mice at 10 weeks and the grey bars represent the 

average over time in the genes in db/db mice. Data is presented as mean fold change 

(±95 Cl) compared to control (non-diabetic). *p<0.05, **p<0.01, ***p<0.001, NS, 

p>0.05. 
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Figure 5.7 Zn binding proteins mRNA expression in db/db mice at 4 and 10 weeks 

of age and db/db mice. 

RNA was isolated from control and db/db mice at 4 and 10 weeks of age. The cDNA 

was preamplified with Zn transporter genes MT1, MT2, PDLIM7 and TRPM3 (Taqman 

probes) and were loaded into a Taqman low density microfluidic cards containg these 

taqman genes, HPRT1 and 18S rRNA used as endogenous controls. n=6 mice were 

included in both the control and disease group. The blue in the figure represents db/db 

mice at 4 weeks, the pink bar graphs represents the db/db mice at 10 weeks and the grey 

bars represent the average over time in the genes in db/db mice. Data is presented as 

mean fold change (±95 Cl) compared to control (non-diabetic). *p<0.05, **p<0.01, 

***p<0.001, NS, p>0.05. 



 

156 

 

5.4 Discussion 

In order to investigate the gene regulation of Zn transporters, metal binding proteins and 

islet hormones, qPCR was used. The RNA from the whole pancreas of db/db mice at 4 

and 10 weeks and age matched controls was obtained. The RNA was reverse 

transcribed to cDNA. The cDNA was then preamplified as described in chapter 2. 

There are limtations in obtaining optimal high quality and quantity RNA from pancreas 

tissues as they contain high proteases and nuclease which can degrade components 

including the RNA. The preamplification step is referred to as a nested PCR, as the 

cDNA is preamplified with the genes of interest (primers). The PCR product uses the 

same genes (primers) in the second round of RT-PCR. This is done in order to avoid 

further amplification of primer dimer artifacts or non specific products obtained from 

the primary PCR. Another advantage of using nested PCR is that the primers are 

internal in the PCR product and they have shorter amplicons and  in the genes that are 

very lowely expressed the changes in the relative expression can be seen 2 cycles earlier 

and be amplified in the PCR. The second round of the PCR was done using low density 

microfluidic Taqman cards, containing endogenous control 18S and the control gene 

HPRT1 previously shown in the preliminary studies to be the best house keeping gene 

based on the most stable signal within both the control and disease samples. 

 

Firstly, there was no significant change in the mRNA relative expression of islet 

hormones insulin and glucagon in the db/db mice pancreas in 4 week db/db mice 

compared with 4 week old control mice. The proinsulin mRNA levels in another study 

was reported to be significantly decreased in the db/db mice
388

. In support of this study, 

kaku et al
337

 reported that there was a reduction of proinsulin mRNA in BLKS mice at 

12 weeks of age. However, when they looked at the individual pancreatic insulin value, 

there was considerable variablity in the proinsulin mRNA in the db/db mice
389

. In our 

study insulin 1 gene was increased 1.47 fold in db/db mice at 10 weeks compared to age 

matched controls. However, this was not significant perhaps due to the high 

variability
388

. This indicates that the severity between mice and islets may influence the 

total insulin  quantitation measured by PCR. The MT1 and MT2 mRNA levels did not 

change between controls and the early diabetic (4 week) group, consistant with the lack 

of change in total metallothionein protein in the pancreas. I investigated a Zn ion 

channel TRPM3 because  a previous study using insulinoma cells (INS1),  showed that 
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TRPM3 was a major Zn importer into beta cells. However, in the current study TRPM3 

had very low expression levels in the pancreas in both the control and db/db mice, 

therefore I did not study this further. 

 

In the ZnT family, ZnT3 and ZnT10 were detected only at low levels as confirmed in 

studies previously investigating Zn transporters in the pancreas of control mice
250

. The 

other Zn transporters were all expressed but not different between the db/db and the 

control mice group. Just prior to beginning experiments in this thesis, a paper appeared 

in the literature  reporting that ZnT8 protein expression was strongly down-regulated in 

5 week old db/db mice compared to controls
390

.Tamaki et al
390

 did not determine 

whether downregulation decreased further with the progression of type 2 diabetes nor 

did it look to see whether the down-regulation was at the transcriptional (mRNA) level 

or due to some post-transcriptional event. Here our study found that  the db/db mice in 

the early diabetic mice.did not show a significant downregulation in ZnT8 mRNA. The 

reason for this is not clear, but it could be due to using scrapings of the whole pancreas 

and  also not knowing how many islets are present in these scrapings.  

  

Interestingly, Egefjord et al
391

reported that treatment of mouse islets and beta cells with 

IL-1β significantly downregulated ZnT8 gene expression. Cells overexpressing ZnT8 

were more sensitive to the treatment of IL1β and increased the susceptibility to 

apoptotic death. IL-1β did not significantly alter other Zn transporters including ZIP5 

and 6 and also ZNT, 4, 5 and 6
391

. No siginificant changes in the Zn tranporter genes 

was observed in the early or diabetic groups, especially in the diabetic group which is 

expected to have increase. Isolating the islet from these db/db mice might be an 

alternative method to observe these critical changes in these genes. 

 

In the ZIP family, ZIP2 and ZIP12 were very lowely expressed in our pancreatic 

scrapings. ZIP3 was significantly downregulated in the db/db mice at 4 weeks 

compared to controls. No other genes changed including ZIP14, ZIP5 and ZIP7 were 

two of the highly expressed genes in the pancreas and also did not change. There was 

no significant changes in any of the Zn transporters, Zn binding protein and islet 

hormones at 10 weeks of age in db/db and control mice. The reason for this is not clear. 

A major limitation in this study is that the whole pancreas contains a number of tissues 
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including a variable number of inflammatory cells in the diabetic mice. These studies 

need to be confirmed by using isolated islets and laser capture microdissected islets. 
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CHAPTER 6  Protein expression of 

Islet ZnT Zn transporters ZnT7 and 

ZnT8 in db/db mice and age matched 

wild type (C57BL6J) 
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6.1 Introduction 

 

The previous chapter showed very little change in gene expression of the Zn 

transporters in the db/db mice compared to age matched controls and no change in 

ZnT8 alone. The protein expression of two of the SLC30 family (ZnT) of Zn trasporters 

SLC30A7 and SLC30A8 will be investigated using immunofluorescence staining. ZnT7 

and ZnT8 have been shown to be expressed in the pancreatic islets of wildtype 

mice
216,392

and have role in diabetes and diet induced obesity. 

 

Zn is essential for many physiological processes in the body including function of 

metalloproteases, cell growth and division and secretion
393

. Deficiency in Zn is 

associated with immune suppression, growth retardation, skin and gastrointestinal 

disorders. The pancreatic islets cells are extremely rich in Zn, which is concentrated in 

the secretory granules and important for synthesis and storage of insulin and other 

pancreatic hormones. Insulin is synthesized firstly as a precursor polypeptide 

preproinsulin that is processed in the Golgi and the secretory vesicles to form proinsulin 

and insulin, respectively. Zn is important for both proinsulin and insulin. Firstly, with 

proinsulin Zn promotes the formation of Zn proinsulin hexamers in the Golgi and ER. 

More Zn is then needed in the secretory granules to form Zn insulin crystals which are 

stored until required for secretion.  

 

The incorporation of Zn into proinsulin and insulin is dependent upon the action of 

specific Zn transporters. Three Zn transporters appear to be important for insulin 

synthesis and storage. ZnT5 and ZnT7 are required at the immature stage of insulin 

processing, while ZnT8 is critical for the later stage to form Zn insulin crystals in the 

secretory granules. ZnT5 was not studied in this thesis because of time and budgetary 

constraints. However, it may play a role similar to that of ZnT7. 

 

ZnT7 is predominately expressed in the Golgi apparatus and mediates influx of Zn from 

the cytoplasm to the Golgi apparatus of beta cells
259

, Chinese hamster ovary (CHO) 

cell
257

s and cerebellum
394

 of mice. ZnT7 has also previously known to be expressed in 

the pancreatic islets of wildtype mice
258,259,395

. Huang et al recently reported that ZnT7 

is expressed in pancreatic α-cells of mice and that overexpression of ZnT7 in beta cell 
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line increases insulin gene and protein expression and a high basal secretion of insulin 

in the cell, by increasing insulin promoter activity via Zn sensitive transcription factor 

in RIN5Mf cells
392

. Knock down of ZnT7 in mice made them more susceptible to 

insulin resistance and glucose tolerance
258,259

. It also resulted in low circulating leptin 

concentrations, but paradoxically low body weight was seen in these mice 
395

. The role 

of ZnT7 in the early secretory pathway in the insulin synthesis and secretion and the 

pathogenesis of types 2 diabetes is still not well understood. 

 

Previous studies have shown that ZnT8 is expressed very highly in the pancreatic islets 

especially in the alpha and beta cells. ZnT8 is expressed in the insulin containing 

secretory granules and knock down of ZnT8 specifically in beta cells resulted in loss of 

granular Zn, decreased dense granules (mature insulin) and increase in empty granules 

(proinsulin)
216,268

. In addition the mice were glucose intolerant. This suggests the 

importance Zn and ZnT8 for mature insulin processing. The importance of ZnT8 to type 

1 diabetes arose out of finding of ZnT8 autoantibodies in this disease
396

. For example a 

recent Japanese study showed autoantibodies to ZnT8 in approximately 50% of patients 

with acute-onset type 1 diabetes, depending on the clinical phenotype 
396

. Furthermore, 

a genome-wide association with disease susceptibility loci in type 2 diabetes, revealed a 

significant association of one allele of ZnT8 R325W with susceptibility in humans.  

Finally, knockdown of ZnT8 in mice results in defects in insulin crystallization in the 

beta cells 
216

. Therefore these two Zn transporters ZnT7 and ZnT8 were studied in 

context of the db/db mouse model. 

 

The aim of this study was to investigate two critical transporters ZnT7 and ZnT8 by 

using immunofluorescence staining to protein expression and subcellular distribution at 

different stages of diabetes.  

It was hypothesized that: 

 That ZnT8 will be significantly downregulated as early as 4 weeks of age and 

the protein will progressively decline as age increases, based on previous 

studies. 

 There will be increased ZnT7 expression in the pancreatic islets of db/db mice 

to compensate for the loss of pancreatic islet Zn and ZnT8 and therefore 

impaired insulin processing. 
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6.2 Methods 

Groups of db/db or WT mice (4  mice per group) were purchased from ARC at  age 

groups 4,10 and 18 wk. Immunofluorescence stainings for ZnT8 and ZnT7  proteins 

were performed and staining intensities (mean grey values) quantified by ImageJ 

software. Data were log-normalized. Medians, fold-changes (relative to age-matched 

controls), confidence intervals and p values were determined using the R software. 

Some findings were confirmed by immunoperoxidase staining on formalin-fixed 

tissues. Data are tabulated in Table 6.1. 

 

Tissues from WT (C57BL6J) and db/db mice at 4, 10 and 18 weeks of age were 

embedded in OCT medium and frozen. Sections, 5µm, were cut using a cryotome then 

fixed in cold acetone for 10 min. The sections were blocked in a humidified chamber 

for 60 min with serum from the secondary antibody host animal. Sections were 

incubated with rabbit polyclonal Anti-Slc30a7 (1:150; Cat no. HPA018034; Sigma 

Aldrich, USA), Rabbit polyclonal Anti Rat ZnT8 (1:100; Cat no. RZ8; Mellitech, 

France) and mouse monoclonal Anti-glucagon (K79Bb10) (1:50; Cat no. 

ab10988;Abcam, Sapphire Bioscience, Waterloo, NSW, Australia) overnight at 4°C. 

Excess primary antibody was removed by washing the slides with 1x PBS and 

incubated for 60 min with goat anti-rabbit Alexa488IgG(1:400; Cat no. 54533A 

Invitrogen) conjugate and rabbit anti-mouse Alexa594 conjugate IgG1 (1:400;Cat no. 

940829; Invitrogen). Sections were washed with PBS, nuclei were counter stained with 

DAPI(4’, 6-diamidino-2-phenylindole; 1:1000) and mounted with fluorescent mounting 

medium (DAKO; Carpinteria, CA). Images were captured on a Zeiss Apoptome 

microscope (Carl Zeiss GmbH, Goettingen, Germany). The images were converted to 

JPEGS. Quantification of immunofluorescence was done by using FIGI image J 

software (NIH, Bethesda, MD, USA).  
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6.3 Results: 

6.3.1 ZnT7 

 

Figure 6.1 shows the co-staining of ZnT7 and glucagon in a typical control mouse islet. 

ZnT7 is expressed in the pancreatic islets of the mice with a bead-like distribution 

consistent with localization in the golgi apparatus, as also decribed by Huang et al
395

 in 

mouse pancreatic islets. The ZnT7 gene was also expressed strongly in the pancreatic 

acinar tissue as shown by the circular like structures around the two islets in Figure 6.1 

Frozen serial sections were obtained from the pancreata of the db/db mice at 4,10 and 

18 weeks and age matched controls and stained for ZnT7 and glucagon. Figure 6.2 

shows typical images and Figure 6.3 and Table 6.1 show the quantification of ZnT7 

staining by Image J software. Overall, the db/db mice group had significantly higher 

ZnT7 compared to age matched controls (p<0.0005). Individually however, there was 

only significant increase in ZnT7 staining at 4 wk (1.6 fold of control, p<0.05). 

However, although the values for ZnT7 protein in the db/db mice at 10 and 18 wk of 

age, were 1.3 fold those of age-matched controls, these were not significant.  Age alone 

did not have a significant effect on ZnT7 protein expression in the control mice. 

 

6.3.2 ZnT8  

Figure 6.4 shows the co-staining of ZnT8 and glucagon in a typical control mouse islet. 

ZnT8 was expressed homogenously throughout the islet especially in both the insulin 

producing beta cells and the glucagon producing alpha cells. It was not expressed in the 

acinar tissue. It was also noted that glucagon was stained in the periphery of the 

pancreatic islet consistent with the immunoperoxidase staining shown in (Figure 3.7 in 

chapter 3). Frozen serial sections were obtained from the pancreata of the db/db mice at 

4,10 and 18 wk and age matched controls and stained for ZnT8 and glucagon. Negative 

controls (lacking primary antibody) were always included and were uniformly. Figure 

6.5 shows typical images and figure 6.6 and Table 6.1 show the quantification of ZnT8 

staining by Image J. There was a significant decrease in ZnT8 staining at each of the 

ages. Pancreatic Islet ZnT8 protein staining in the db/db mice was significantly 

decreased at 4 wk (0.52 fold of control, p<0.05), 10 wk (0.2 fold, p<0.005) and 18 wk 

(0.29 fold, p<0.005). Thus, there was a large decrease in ZnT8 protein at 4 wk and 
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further decrease at 10 wk. Age alone did not have a significant effect in the control 

mice, but in the db/db mice there was a progressive loss of ZnT8 with progression of 

the disease. Figure 6.7 shows the stainings for ZnT8 (panel A) and glucagon (panel B) 

in the same islet of an 18 week chronic diabetic mice. Note that most of the ZnT8 is 

now colocalised with the glucagon indicating that ZnT8 is preferentially lost in the beta 

cells but is protected in the alpha cells.  
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Figure 6.1 ZnT7 and glucagon staining of islet from 4 weeks wildtype C57BL6J 

mouse 

Image of typical islet found in 4 week wild type mice that has been stained for 

expression of ZnT7 (indicated in green) and glucagon (in red). ZnT7 is expressed in 

Golgi like structures within the islet beta cells and there is little co-localization with 

glucagon. Scale Bar, 100 μm. 

 

 

Glucagon 

ZnT7 



 

166 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 ZnT7 expression in wildtype and db/db mice 

Figure shows representative images of co-staining of ZnT7 and glucagon. Upper panels show wild type mice, lower panels db/db mice. The 

columns represent 4, 10 and 18 weeks. Figure shows the staining of ZnT7 in the golgi like structures in islet cells in both wild type and db/db 

mice. Scale Bar, 100 μm. 
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Figure 6.3 Effect of age and disease on ZnT7 protein in wildtype and db/db mice 

pancreatic islets 

Figure shows that the db/db mice had significant upregulation of ZnT7 protein as early 

as 4 weeks compared to age matched wildtype mice. Further reduction of ZnT7 protein 

was observed at 10 and 18 weeks of age. The X axis represents the age of mice (weeks) 

and the Y axis represents the ZnT7 protein (arbitrary fluorescence units). Wild type 

mice are shown as the blue lines and the db/db mice are shown as the red lines. At each 

time point, 9 to 39 islets from 4 mice were measured for mean intensity by Just image J 

(FIGI). The data is shown as medians and the range as confidence intervals.  * (p<0.05), 

NS p.>0.05. Statistical analysis was performed by type 2 ANOVA. 3-4 mice were used 

at each time point, and each point was a single ZnT7 protein measurement. 
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Figure 6.4 ZnT8 and glucagon staining of wild type C57BL6J mouse at 4 weeks 

Image of typical islet found in 4 week wild type mice which shows co-staining of ZnT8 

(indicated in green) and glucagon (in red). ZnT8 is expressed in both the beta cell-rich 

islet core and in glucagon producing alpha cells. It may also be expessed in the 

somatostatin producing delta cells but this needs testing.  
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Figure 6.5 Effect of age and diabetes on ZnT8 protein expression in wild type and db/db mice pancreatic islets 

 

Figure shows representative images of co-staining of ZnT8 and glucagon. Upper panels show wild type mice, lower panels db/db mice. The 

columns represent 4, 10 and 18 weeks. Figure shows the endogenous staining of ZnT8 in the beta cell-rich zone and in glucagon producing alpha 

cells in wildtype mice. In the db/db mice (bottom panels) ZnT8 is reduced at 4 weeks of age and further decreased at 10 and 18 weeks.  ZnT8 is 

preserved in the glucagon producing alpha cells. Scale Bar, 100 μm. 
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Figure 6.6 Effect of age and disease on ZnT8 expression in wild type and db/db 

mice pancreatic islets 

Figure shows that the db/db mice had reduced ZnT8 as early as 4 weeks of age 

compared to age matched wild type mice. Further reduction of ZnT8 protein was 

observed at 10 and 18 weeks of age. The X axis represents the age of mice (weeks) and 

the Y axis represents the ZnT8 protein (arbitrary fluorescence units). Wild type mice 

are shown as the blue lines and the db/db mice are shown as the red lines. At each time 

point, between 25-54 islets from 4 mice were measured for mean intensity by Just 

image J (FIGI).The data is shown as medians and the range as confidence intervals.  * 

(p<0.05), ** (p<0.005) and *** (p<0.0005). Statistical analysis was performed by type 

2 ANOVA. 3-4 mice were used at each time point, and each point was a single ZnT8 

measurement. 



 

171 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7 Preservation of ZnT8 in alpha cells 

Figure shows representative co-staining images of a single islet from a chronic diabetic 

mouse  (A)ZnT8, green,(B) Glucagon, red, C) merged image. There is co-localisation 

of ZnT8 and glucagon  (orange).The images show that ZnT8 protein is preserved in the 

mantle of the islet. Scale Bar, 100 μM 

  Glucagon ZnT8  Merge
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6.4 Discussion: 

Previous to these studies, ZnT8 had been shown to be important for maintaining Zn 

levels in beta cell granules and for correct insulin storage and release. Tamaki et al 

found that ZnT8 was first expressed at day 15 of embryogenesis in mice
390

. It had also 

been shown to be an autoantigen in type 1 diabetes while a single nucleotide 

polymorphism to ZnT8 increased the risk of both type 1 and 2 diabetes. In addition, 

Tamaki et al reported that ZnT8 is down-regulated in two animal models of type 2 

diabetes including db/db mice. However they did not present any quantitative data and 

they compared female db/db mice with male C57BL6J controls. Previously, no one had 

shown whether ZnT8 is also altered in alpha cells in diabetes.  

 

Here, the protein levels of ZnT7 protein in the dbdb model was also investigated 

because ZnT7 was found to be highly expressed in wildtype mice islets
259

 and 

overexpression of ZnT7 in insulinoma cells increased insulin synthesis and secretion by 

promoting gene transcription of insulin
259

. Huang et al showed that ZnT7 knockout 

mice were more susceptible to diet induced glucose intolerance and insulin 

resistance
395

. 

 

In the current study, there was a modest but significant increase (p<0.05, 1.6 fold 

increase) in islet ZnT7 protein expression levels as early as 4 weeks. ZnT7 in the 

pancreatic islets had a golgi- and ER-like distribution in the majority of the cells in both 

control and diabetic islets, consistent with a role for ZnT7 in the early stages of insulin 

synthesis. The finding that ZnT7 was not down-regulated in the mouse islets suggest 

that, in contrast to ZnT8, ZnT7 is not a target for impaired insulin production in the 

diabetic db/db mice. However, ZnT7 may play an important role in obesity. Huang et al 

investigated that ZnT7 deficient mice showed reduced body Zn and body fat 

accumulation
258

. They showed that ZnT7 is expressed highly in the adipocyte cells. 

Knocking out ZnT7 may block Zn influx into the adipocytes and alter adipogenesis.  

In this study, ZnT7 showed a tubular like pattern in the acinar tissue, which has also not 

been previously known. But similar distribution was seen in huang et al study, that 

ZnT7 is expressed in a tubular distribution in the myoblast skeletal muscle. The 

function of ZnT7 in the acinar cells is unknown and will be addressed in future studies. 
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The present studies showed that the predominant loss of ZnT8 protein occurred at the 

early diabetes stage and there were further losses at 10 and 18 weeks as the diabetes 

progressed. Therefore the loss of ZnT8 was maintained through all stages of diabetes. 

There was no significant effect of age alone on the ZnT8 protein expression as seen in 

the control mice at all age groups. Simultaneously, another study appeared in the 

literature confirming the loss of ZnT8 at the early diabetes stage in db/db mice
390

. One 

implications of these findings is that down-regulation of ZnT8 is one of the early 

triggering factors in development of type 2 diabetes. A very recent study done by 

Tamaki et al 2013, reported the link between ZnT8 knockout (beta cell specific) and 

hepatic insulin clearance. The implications of this is not clear, especially concerning 

which type of insulin, pro-insulin or mature insulin, is being cleared and warrants 

further study. 

  

Glucagon secretion is not lost in diabetes and alpha cells often replace beta cells during 

the progression of the disease 
332

. Both of these were evident in the islets of the db/db 

mice. ZnT8 is known to be expressed in the alpha cells and the pancreatic polypeptide 

producing PP cells
390

. In this study, ZnT8 protein levels did not appear to change in the 

mantle cells (mostly alpha cells) in the db/db mice at 4,10 and 18 weeks of age, 

although it was not possible to specifically quantify this for the alpha cells as dual 

labeling of glucagon and ZnT8 were not possible with the antibodies available for this 

study. While preliminary, this is the first indication that alpha cell ZnT8 might not be 

altered in type 2 diabetes. If confirmed, it will suggest that whatever leads to loss of 

ZnT8 and Zn in the beta cells does not affect the alpha cells. In Chapter 4, Figure 4.6 

the cells in the periphery of the islet did still contain Zn in them. This indicates that the 

alpha cell Zn may be preserved and protected in diabetes. 

 

In diabetes, there is evidence of disorganization of alpha, delta and PP cells. It is not 

shown how the disorganization of islet hormones produced by these other cell types 

affects regulation of ZnT8 or other Zn transporters during this disease. Nor is it clear 

whether Zn released from islet cells has paracrine effects on neighboring islet cells. 

 

Zn is important for correct protein folding of insulin in the ER and immature granules 

397
. In Zn deficiency, there is misfolding of protein in the ER of yeast

398
. Since i) 



 

174 

 

protein misfolding is associated with ER stress and ii) ER stress occurs early in diabetes 

and leads to eventual loss of beta cells, there may be a link between Zn, insulin 

misfolding, ER stress and beta cell apoptosis. Whether ZnT8 is altered due to ER stress 

or whether the loss of ZnT8 (and Zn) contributes to ER stress is not clear. 

 

One of the reasons why  investigations into ZnT7 and ZnT8 are important in diabetes is 

that their cellular localization and function are unique in the beta cell. ZnT7 

overexpression did not increase total Zn into cells but significantly increased insulin 

levels by gene transcription and translation
259

. However, overexpression of ZnT7 did 

not have profound effects on glucose induced insulin secretion. ZnT8 overexpression 

increased total Zn and did not alter total insulin content. However, ZnT8 overexpression 

did enhance glucose induced insulin secretion
395

.  

 

In summary the experiments in this chapter have shown strong islet staining for ZnT7 

and ZnT8, two Zn transporters important for pro-insulin and insulin maturation and 

storage. One of the Zn transporters, ZnT8, was down regulated in db/db mice diabetes, 

while the other was modestly but significantly increased. Interestingly, ZIP transporters 

have been increasingly being implicated in a variety of different disease states such as 

asthma
399

 and cancer
400

. However, no studies have investigated ZIP transporters in 

diabetes. The next chapter will investigate the location and regulation of ZIP4, ZIP5 

and ZIP14 during the progression of diabetes. 
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Table 6.1 ZnT-related measurements in db/db model 

Parameter Wk WT db/db Units Fold-Change Lower CI Upper 

CI 

n P value 

ZnT7 4 40 64 afu
a 1.6 1.1 2.3 4 < 0.05 

 10 55 71 afu
a 1.3 0.9 1.9 4 ns

b 

 14 52 69 afu
a 1.3 0.9 1.8 4 ns 

          

ZnT8 4 53 28 afu
a 0.52 0.28 0.97 4 < 0.05 

 10 72 14 afu
a 0.20 0.10 0.41 4 < 0.005 

 14 46 14 afu
a 0.29 0.14 0.61 4 < 0.005 

          

a Arbitrary fluorescence units (Mean Gray Value) 

b Not significant 
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CHAPTER 7 Protein expression of ZIP 

Zn transporters ZIP4, ZIP5 and 

ZIP14 in db/db mice and age 

matched wild type (C57BL6J)  
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7.1 Introduction: 

 

In the previous chapter the protein expression of two of the ZnT transporters, ZnT7 and 

ZnT8 was described. The ZnT transporters are usually intracellular and involved in 

putting Zn into compartments of cells such as the Golgi and the secretory granules 

containing insulin. The Zn transporters that bring Zn into islet cells have not yet been 

identified. ZIP Zn transporters are generally thought to be the influx Zn transporters. 

Therefore in these studies the protein expression of three ZIP Zn transporters ZIP4, 

ZIP5 and ZIP14 was examined. ZIP4 was chosen because it is known to be one of the 

major Zn transporters involved in Zn absorption in the small intestine
233,311

. ZIP4 has a 

special link to the gastrointestinal system since ZIP4 is a major intestinal Zn transporter 

expressed on the apical surface of enterocytes
401

 and increased in Zn deficiency
402

.  

 

Knockout of ZIP4 lead to loss of intestinal Zn especially in paneth cells, dysplasia of 

the intestinal crypts associated with increased catabolic metabolism and reduced protein 

synthesis and this leads to disorganisation of the absorptive epithelium
229

. It has been 

shown that ZIP4 is overexpressed in many pancreatic cancers, suggesting that it is 

important for malignant growth of pancreatic tumours
231

, but whether the normal  

pancreatic islets express low levels of ZIP4 expression and whether ZIP4 is required for 

normal islet function has not been well investigated.Mutation in ZIP4 is responsible for 

a severe Zn deficiency in children called Acrodermatitis Enteropathica
229,310

. ZIP4 

protein is upregulated in pancreatic cancer
402

. Another study done by Duffner Beattie et 

al
312

 showed that ZIP4 was expressed in the pancreatic islet of a pregnant CD1 mice. 

This suggested that ZIP4 was one of the important proteins to investigate in the db/db 

mice model. 

 

Another Zn transporter that is thought to be involved in Zn homeostasis by excreting Zn 

from the pancreas is ZIP5. Both ZIP4 and ZIP5 are closely related members of the LIV-

1 subfamily of Zn transporters
311,312

. Recent studies have reported that ZIP5 is 

expressed in the basolateral membranes of intestinal enterocytes, visceral endoderm 

cells and pancreatic acinar cells. It was proposed that ZIP4 and ZIP5 have antagonistic 

functions in Zn homeostasis, ZIP4 mainly being involved in Zn uptake into the body 
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while ZIP5 was mainly involved in removing Zn from the body
312

. ZIP5 was chosen as 

it is known to be expressed abundantly in the acinar tissue of the pancreas, however it is 

not known whether this protein is expressed in islet cells nor whether it is altered in 

diabetes. 

 

ZIP14 is an inflammation associated Zn transporter. Chronic inflammation is part of the 

pathogenesis of both type 1 and 2 diabetes. In type 2 diabetes, inflammation is caused 

by glucotoxicity, reactive oxygen species and proinflammatory cytokines which 

contribute to the decline of beta cell function. In addition, preliminary studies from our 

laboratory
403

 reported that ZIP14 was expressed in the pancreas of human, marmoset 

and pig pancreatic islets. However, it was not clear from the images what cell type in 

the islet the ZIP14 was expressed in. ZIP14 is known to be also involved in 

hypozincemia, and iron homeostasis
243,245

. ZIP14 in the liver was shown to be 

upregulated in acute phase response, which leads to movement of Zn from plasma to 

the liver
234

. In addition, ZIP14 regulation was altered when hepatocytes were treated 

with LPS and IL-6
234

. In the db/db mice, there was significant iron loading in kidneys 

when fed with normal chow diet, but when they were fed iron deficient diet the iron 

decreased in their kidneys
404

. Macrophages play an important role in iron homeostasis 

and are increased in type 2 diabetic islets of humans and mice
45

. ZIP14 not only 

transports Zn but also iron and may also play a role in iron homeostasis although not 

much is known about this. 

 

Therefore in this chapter immunostaining experiments for ZIP4, ZIP5 and ZIP14 in 

db/db mice pancreas are described. 

The hypothesis of this study is that in both wildtype and db/db mice: 

 There is a relationship between ZIP4 and the gut-islet interaction  

 There is an inverse relationship between ZIP4 and ZIP5 staining because of 

their antagonistic actions. 

 There is a relationship between islet inflammation and ZIP14 expression 
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7.2 Method 

7.2.1 Immunofluorescence staining for ZIP4, ZIP5 and ZIP14 

Tissues from WT (C57BL6J) and db/db mice at 4, 10 and 18 wk of age were embedded 

in OCT medium and frozen. Sections, 5µm, were cut using a cryotome then fixed in 

cold acetone for 10 min. The sections were blocked in a humidified chamber for 60 min 

with serum from the secondary antibody host animal. Sections were incubated with 

rabbit polyclonal Anti-ZIP4 (1:100; Cat no. PA5-210669; Thermoscientific, Rockford, 

USA) or rabbit polycolonal Anti-ZIP5 (1:150; Cat no. PA5-21070; Thermoscientific, 

Rockford, USA) and rabbit polycolonal Anti-ZIP14 (1:150; Cat no. PA5-21077; 

Thermoscientific, Rockford USA) and mouse monoclonal Anti-glucagon (K79Bb10) 

(1:50; Cat no. ab10988;Abcam, Sapphire Bioscience, Waterloo, NSW, Australia) 

overnight at 4°C. Excess primary antibody was removed by washing the slides with 1x 

PBS and incubated for 60 min with goat anti-rabbit Alexa488IgG (1:400; Cat no. 

54533A Invitrogen,) conjugate and rabbit anti-mouse Alexa594 conjugate IgG1 

(1:400;Cat no. 940829; Invitrogen). Sections were washed with PBS, nuclei were 

counter stained with DAPI(4’, 6-diamidino-2-phenylindole; 1:1000) and mounted with 

fluorescent mounting medium (DAKO; Carpinteria, CA). Images were captured on a 

Zeiss Apoptome microscope (Carl Zeiss GmbH, Goettingen, Germany). The images 

were converted to JPEGS. Quantification of immunofluorescence was done by using 

FIGI image J software (NIH, Bethesda, MD, USA).  

 

7.2.2 Immunoperoxidase assay: 

Tissue sections (4 µm) were cut, mounted on Superfrost Plus coated slides, labelled and 

then placed on a fully automated immunohistochemistry (IHC) staining Ventana 

Benchmark XT (Roche Diagnostics , Castle Hill, NSW, Australia) instrument. The 

section was then washed in reaction buffer followed by addition of Cell Conditioning 1 

(CC1) solution (Roche Diagnostics, Castle Hill, NSW, Australia) for 30 min. CC1 was 

removed, washed, and the primary polyclonal Rabbit Anti-Glucagon at dilution 1/800 

(Dako, Carpinteria, CA) added for 30 min whilst the slide was heated to 37°C.  Staining 

was performed using ultraView DAB detection kit (Roche Diagnostics, Castle Hill, 

NSW, Australia) in accordance with the manufacturer’s standard procedures followed 
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by counterstaining with haematoxylin 11(Roche Diagnostics, Castle Hill, NSW, 

Australia). The same procedure was used for Polyclonal Guinea Pig Anti-Swine Insulin 

(Dako, Carpinteria, CA) at 1/100 and ZIP4 (Thermo Scientific, Rockford, USA) at 

1/400, ZIP 14 (Thermo Scientific Rockford, USA) at 1/1600, CD68 1/1500 (Dako, 

M0814 Clone KP1, Carpinteria, CA) and Polyclonal Rabbit Anti-human Somatostatin 

(Dako Carpinteria, CA) at 1/1600.Immunohistochemistry images were captured using a 

Nikon Eclipse 90i microscope (Nikon, Tokyo, Japan). 

 

7.2.3  Iron staining: 

Frozen section of normal human liver and chronic diabetic 18 wk (db/db) mice and 

control (human liver) were washed with distilled water. Equal parts of ferrocyanide and 

hydrochloric acid were added to the slides and slides incubated for 10 min. The slides 

were then washed with distilled water for 5 min. A counterstain with filtered neutral red 

stain (nuclei stain) was added for 5 min. The slides were air dried, and dehydrated with 

absolute ethanol and then mounted with coverslip. Positive staining for iron gives a 

purple colour.  

 

7.2.4 Western Blot: 

1.5x10
6
 MIN6 cells were seeded into a 6 well tissue culture plate and grown to 

confluence. The cells were washed and lysed for 15mins at 4
o
C with M-PER buffer 

supplemented with phenylmethylsulfonyl fluoride (PMSF), Protease inhibitor cocktail 

and phosphatase inhibitors (Thermo scientific, Rockford, Illinois USA). Protein amount 

was quantified using a Pierce BCA kit (Thermo Scientific, , Rockford, Illinois USA). 

Protein amount was quantified using the DC™ Protein Assay Kit (Bio-Rad 

Laboratories Pty. Ltd., Gladesville, NSW, Australia). Protein lysates (30 μg/sample) 

were loaded on a sodium dodecyl sulfate/10% polyacrylamide gel and electrophoresed, 

prior to transfer onto PVDF membrane (GE Healthcare UK Ltd., Buckinghamshire, 

UK) or nitrocellulose and blocked with odyssey blocking buffer (OBB; LI-COR 

Biosciences, Millenium Science, Surrey Hills, VIC, Australia). Membranes were 

incubated overnight at 4°C with primary antibodies diluted in OBB (rabbit anti-ZIP 4, 5 

and 14; 1/1000) or goat anti-actin (I-19, 1/5000; Santa Cruz Biotechnology, Inc., Santa 

Cruz, California, USA). After washing with 0.1% PBS/Tween-20, appropriate 



 

181 

 

secondary antibodies diluted in OBB (1/10,000 dilution IRDye® 800CW Donkey Anti-

Goat Secondary or IRDye® 680LT Goat Anti-Rabbit Secondary; LI-COR Biosciences) 

were applied, followed by scanning with the Odyssey® Infrared Scanner and associated 

software (LI-COR Biosciences). 

 

7.3 Results: 

7.3.1 ZIP4 

Frozen serial sections were obtained from the pancreata of the db/db mice at 4,10 and 

18 wk and age matched controls and co-stained for ZIP4 and glucagon. Figure 7.1 

shows the co-staining of ZIP4 and glucagon in control mouse pancreas at 4 wk of age. 

ZIP4 was weakly expressed in the acinar tissue but strongly expressed in clusters in the 

periphery of the islet. There was no co-localization of ZIP4 with the glucagon staining. 

Figure 7.2 shows typical images of stainings at 4, 10 and 18 wk while Figure 7.3 and 

Table 7.1 show the quantification of ZIP4 staining by ImageJ software. Negative 

control was omission of primary antibody. ZIP4 expression in the early diabetic, 

diabetic and chronic diabetic db/db mice was in both the peripheral mantle cells as well 

as the interior part of the pancreatic islet (Figure 7.2).There was no significant change 

in ZIP4 staining at any time point. Integrated density was used instead of mean gray 

value for ZIP4 because the staining was not homogenous across the islet but, instead, 

appeared to label only certain cells. At 4, 10 and 18wk, in db/db mice islets, ZIP4 

protein staining was 1.4, 1.5 and 0.8-fold of age-matched controls, respectively (p value 

not significant, 14 to 36 islets from 4 mice per group were tested).  There was no 

apparent effect of age alone on ZIP4 staining in WT mice.  

ZIP4 staining was quite distinct from insulin staining (beta cells) and glucagon staining 

(alpha cells) in both control mouse and db/db mouse pancreatic sections. However, the 

staining patterns for ZIP4 and somatostatin (delta cells) in various tissue sections were 

very similar, prompting further search for evidence of their colocalization. Ideally, 

colocalization studies are done using multiple stainings on the same tissue section. It 

was not possible to do this for somatostatin and ZIP4 as the primary antibodies were 

both rabbit. Serial sections were therefore used. The use of serial sections for studies of 

co-localization is  problematic for most small cells since the thickness of the tissue 

section (4 μm) is in the order of the diameter of the cell (5-10 μm).  Another issue 
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concerns the binding of the primary antibodies to different parts of the cell, such as 

anti-ZIP14 to the plasma membrane and anti-somatostatin to the cytoplasmic granules 

of the delta cell. Despite these problems, it was possible to find sufficient co-

localization between ZIP4 and somatostatin indicated by the arrows in figure 7.4 for 

control mice and Figure 7.5 for db/db mice at 4 weeks of age. 

 

7.3.2 ZIP5 

Figure 7.6 shows the co-staining of ZIP5 and glucagon in 4, 10 and 18 wk db/db mice 

and age-matched controls. The acinar shows a strong “starry sky” staining throughout 

the pancreas, however, there was little staining within the islets either chronic or 

diabetic. Therefore quantification of islets was not attempted. 

 

7.3.3 ZIP14 

Frozen serial sections were obtained from the pancreata of the db/db mice at 4,10 and 

18 wk and age matched controls and stained for ZIP14 and glucagon. Figure 7.6 shows 

ZIP14 and glucagon co-staining in a pancreas section of a control mouse. Note the 

staining of blood vessels and the relative lack of staining of acinar and islets. However, 

islets of diabetic mice do stain in a particulate manner for ZIP14 as shown below. 

Figure 7.7 shows typical images of stainings at the three age groups while Figure 7.8 

and Table 7.1 show the quantification of ZIP14 staining by ImageJ software. There was 

significant increase in ZIP14 staining at all-time points in the diabetic mice. At 4, 10 

and 18wk, in db/db mice islets, ZIP14 protein staining was 6.1, 3.9 and 3.1-fold of age-

matched controls, respectively (p < 0.005, 19-55 islets from 4 mice per group were 

tested).  There was a small but significant increase in control mice due to age alone 

from 4 to 10 wk.  

To further test whether ZIP14 protein expression increases with islet size, the area of 

each islet was measured and plotted against ZIP14 expression. Figure 7.9 shows that the 

ZIP14 protein expression increased with islet size (r
2
=0.56).  

Since ZIP14 was clearly expressed in large blood vessels, the possibility existed that the 

staining of the islets was due to ZIP14 in intra-islet capillaries. To investigate whether 

ZIP14 is expressed in the capillaries of the islet an endothelium marker CD31 antibody 

was used. Figure 7.10 shows the immunofluorescence staining of the endothelium 
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marker CD31 in chronic diabetic mice pancreatic islets. CD31 did not colocalize with 

ZIP14, indicating that ZIP14 is not expressed in capillaries of the pancreatic islets. 

 

To further investigate the identity of ZIP14 positive cells I used immunoperoxidase 

staining for ZIP14 in formalin fixed pancreatic sections at 4 wk db/db and age matched 

controls. In the db/db mice there was strong expression of ZIP14 in the pancreatic islets 

(confirming the immunofluorescence staining). The cells resembled macrophages. 

Therefore serial sections were stained for CD68, a macrophage marker. Figure 7.13 

shows the colocalisation of ZIP14 and CD68 positive cells in 4-wk db/db mice, 

indicating that there is an increased infiltration of macrophages compared to age 

matched controls and these macrophages expressed ZIP14. While immunofluorescence 

labeling of ZIP14 appear to stain only macrophages, the immunoperoxidase staining in 

formalin fixed tissue stains macrophages strongly and there is also lesser staining in the 

beta cell zone. This is interesting for two reasons. Firstly, this suggests that beta cells do 

contain at least a low level of expression of ZIP14. This was further confirmed by 

western blot analysis for ZIP14 in MIN6 beta cell line (figure 7.14 right panel). 

Secondly, it has previously been proposed that alpha cells express ZIP14 based on 

studies with a human alpha cell line
405

. Finally, Figure 7.15 shows iron (hemosiderin) 

staining in A) positive controlhuman liver and B) 18 wk db/db mice pancreatic tissue. 

This figure shows that in the db/db mice pancreas there was no detectable amount of 

iron compared with the positive control  liver . 
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Table 7.1 ZIP-related measurements in db/db model 

 

Parameter W

k 

WT db/db Units Fold-

Change 

Lower CI Upper 

CI 

n P value 

ZIP4 4 105272 148568 afu
a 1.4 0.5 3.8 4 ns

b 

 10 90962 133452 afu
a 1.5 0.4 5.7 4 ns 

 18 152421 128888 afu
a 0.8 0.3 2.1 4 ns 

          

ZIP14 4 53322 325657 afu
a 6.1 3.0 12.4 4 < 0.005 

 10 191626 749229 afu
a 3.9 1.7 9.2 4 < 0.005 

 18 160637 500719 afu
a 3.1 1.4 6.8 4 < 0.005 

          

a Arbitrary fluorescence units (Integrated Density) 

b Not significant 
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Figure 7.1 ZIP4 protein in the pancreatic islet of a control 4 week mouse 

Image of typical islet found in 4 week wild type mice showing the expression (by 

immunofluorescence) of ZIP4 in the islet mantle.  The figure shows a co-staining of 

ZIP4 (indicated in green) and glucagon (in red). It can be seen that ZIP4 is not 

expressed in the beta cell rich islet core as well as not in the majority (at least) of 

glucagon producing alpha cells. Scale Bar, 100 μm. 
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Figure 7.2 ZIP4 protein in islets of wildtype and db/db mice 

Figure shows representative images of co-staining of ZIP4 and glucagon. Upper panels show wild type mice, lower panels db/db mice. The 

columns represent 4, 10 and 18 weeks. Figure shows the staining of ZIP4 in cells is largely restricted to the non-alpha cells in the mantle of the 

pancreatic islets of wild type mice. In the db/db mice (bottom panel), ZIP4 is scattered throughout the pancreatic islets. Scale Bar, 100 μm
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Figure 7.3 Effect of age and diabetes on ZIP4 protein 

 

Figure shows that the db/db mice did not have significant differences in the protein 

expression of ZIP4 (by immunofluorescence) compared to aged matched wild type 

mice. The X axis represents the age of mice (weeks ) and the Y axis represents the ZIP4 

protein (arbitrary units). Wild type mice are shown as the blue lines and the db/db mice 

are shown as the red lines. At each time point, between 14 to 36 islets from 4 mice were 

measured by integrated density using Just image J (FIGI). The data is shown as medians 

and the range as confidence intervals.  * (p<0.05), ** (p<0.005) and *** (p<0.0005). 

Statistical analysis was performed by type 2 ANOVA. 3-4 mice were used at each time 

point, and each point was a single ZIP4 protein measurement.  
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Figure 7.4  Co-localisation of ZIP4 and somatostatin in a pancreatic islet of a wild 

type mouse 

 

Figure displays representative serial paraffin-embedded sections of immunoperoxidase 

staining of (A) ZIP4 and (B) somatostatin in the islet of a 4 week wild type mouse. The 

figure shows the co-localisation of ZIP4 and somatostatin in the pancreatic islet. It also 

shows that ZIP4 and somatostatin are expressed in the mantle of the pancreatic islet. 

Scale Bar, 100μm. 

 

ZIP4  Somatostatin  



 

189 

 

  

 

 

 

 

 

 

Figure 7.5 Co-localisation of ZIP4 and somatostatin in a pancreatic islet of a db/db  

mouse 

Figure displays representative serial paraffin-embedded sections of immunoperoxidase 

staining of (A) ZIP4 and (B) somatostatin in the islet of a 4 week db/db mouse. The 

figure shows the co-localisation of ZIP4 and somatostatin in the pancreatic islet (see 

sets of arrows) and also shows that ZIP4 and somatostatin are expressed in the inner 

core of the islet. Scale Bar, 100 μm. 
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Figure 7.6 Human ZIP4 and somatostatin protein expression in pancreatic islets 

 

For species comparison, the figure shows ZIP4 (A) and somatostatin protein expression 

in pancreatic islets of a normal human. Note the different morphology of the human 

islet compared to that of the mouse. The somatostatin staining is strong in the inner core 

of the islet, but there is also a background staining across the islet. ZIP4 is expressed in 

a different pattern than in the mouse. However, the significance of this is unclear and 

needs a proper characterisation in normal and diabetic human islets. Scale Bar, 100 μm
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Figure 7.7 ZIP5 protein expression in control and db/db mice acinar and islet 

tissue at 4 weeks of age 

 

Figure shows co-staining of ZIP5 (green),glucagon (red) and DAPI (blue) in pancreatic 

islets of wild type (left panel) and db/db (right panel) mice at 4 weeks of age. The 

figure shows that ZIP5 protein is highly expressed in the acinar tissue and almost no 

expression in the pancreatic islets in both wild type and db/db mice. 
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Figure 7.8 ZIP14 protein in the pancreatic islet and vasculature of a control 4 

week mouse 

Image of pancreatic section of a 4 week wild type miouse co-stained by 

immunofluorescence for ZIP14 (indicated in green) and glucagon (in red). ZIP14 is 

expressed in the blood vessels, acini and periphery of the pancreatic islet of wild type 

mice. Scale Bar, 100 μm 

 

 

 

Glucagon 

ZIP14 

 DAPI 



 

193 

 

. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.9 ZIP14 protein in wild type and db/db mice pancreatic islets 

Figure shows representative images of co-staining of ZIP14 and glucagon. Upper panels show wild type mice, lower panels db/db mice. The 

columns represent 4, 10 and 18 weeks. ZIP14 is expressed in the periphery of the islets and in blood vessels (arrow) of wild type and db/db mice. 

In the db/db mice, the ZIP14 is increased within the pancreatic islets. Scale Bar, 100 μm. 
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Figure 7.10 Effect of age and diabetes on ZIP14 protein in db/db mice pancreatic 

islets 

Figure shows that ZIP14 protein was significantly up-regulated as early as 4 weeks in 

the db/db mice pancreatic islet and the peak up-regulation was seen at 10 and 18 weeks 

of age. The X axis represents the age of mice (weeks) and the Y axis represents the 

ZIP14 protein (arbitrary fluorescence units). Wild type mice are shown as the blue lines 

and the db/db mice are shown as the red lines. At each time point, between 19 and 55 

islets from 4 mice were measured by integrated density using Just image J (FIGI). 

ZIP14 staining on blood vessels was excluded from the analysis. The data is shown as 

medians and the range as confidence intervals.  * (p<0.05), ** (p<0.005) and *** 

(p<0.0005). Statistical analysis was performed by type 2 ANOVA.  
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Figure 7.11 Correlation between ZIP14 protein expression and islet size 

 

Islets from both wild type and db/db mice at 4 weeks of age were measured for ZIP14 

staining and area in pixel. Data were pooled and the figure shows a strong correlation 

between ZIP14 protein staining intensity of the islets and area of islet (R
2
=0.56).
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Figure 7.12 Co-localisation of CD31 and ZIP14 in db/db mice pancreatic islets 

Figure shows a representative image of the co-staining of ZIP14 (green) and endothelial 

marker CD31 (magenta). It shows that ZIP14 does not co-localise with the endothelium 

marker CD31. Scale Bar, 100 μm. 



 

197 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.13 Co-localisation of CD68 (macrophage marker) and ZIP14 by 

immunoperoxidase in db/db mice pancreatic islet 

 

Figure shows representative serial sections of staining of CD68 (left panel) and ZIP14 

(right panel) that are expressed in 4 week db/db mice. The figure shows the co-

localisation  (arrow) of ZIP14 and macrophage marker CD68 in the pancreatic islet and 

also shows expression of ZIP14 in the inner core of the islet and the acinar tissue . 

Although these are serial sections, they are 4 μm apart and therefore there is not perfect 

alignment. Scale Bar, 100 μm 
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Figure 7.14 Expression of ZIP transporters in MIN6 beta cells 

 

The figure shows protein expression (duplicate lanes) in MIN6 beta cell line by western 

blotting for Zip14 (left), ZIP4 (middle) and ZIP5 (right). α-tubulin was used as control 

for protein loading. For ZIP4, the two major bands which are 71kDa and the 35 kDa 

proteolytic fragment are indicated by arrows. For ZIP14, the doublet at 100-150 kDA 

and the monomeric form at 54kDa are indicated. For ZIP5, the single band at 56kDa is 

show
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Figure 7.15 Iron staining of pancreas of db/db mice 

Figure shows absence of staining for hemosiderin (tissue stain for iron) in pancreatic 

islets of chronic diabetic db/db mice. The positive violet blue staining for human liver is 

shown on the left. Counterstain was neutral red.Scale Bar, 100 μm. 

Human Liver db/db mice pancreas 
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7.4 Discussion 

Although the finding that ZnT8 is critical to the Zn insulin story and the loss of Zn in 

diabetes (Chapter 6), it is not the whole picture. ZnT8 is restricted to the secretory 

granules of the beta cells and plays a role in granular levels of Zn. However, it cannot 

by itself move Zn into the beta cell as it is not a plasma membrane Zn transporter. It 

also cannot influence Zn levels in the golgi and ER which might be important for 

proinsulin folding and ER stress, respectively. Therefore, there is a need to identify 

other Zn transporters that influence beta cell Zn homeostasis in islets and which may be 

disturbed in diabetes.  

 

ZIP4 has previously been shown to be a major Zn transporter responsible for Zn 

absorption at the luminal side of the small intestine; mutations in ZIP4 are responsible 

for a severe form of zinc deficiency affecting children (acrodermatitis enteropathica)
310

. 

ZIP4 is also expressed in other tissues
312

 and may also be responsible for Zn uptake by 

these tissues. Whether ZIP4 is involved in pancreas and islet Zn uptake has not been 

well studied. Interestingly, the immunofluorescence studies were consistent with a 

localization of ZIP4 in delta cells of the pancreatic islets. ZIP4 did not co-localise with 

glucagon, nor did it have a comparable distribution to ZnT8 in beta cells. ZIP4 

expression is disorganized in the pancreatic islet of db/db mice in correlation with the 

disorganized somatostain producing delta cells
110,112,332

. A previous study by Duffner 

Beattie et al
312

 reported both the immunoperoxidase and immunofluorescence staining 

of ZIP4 throughout the islet with a pattern similar to beta cells. However, in their study 

ZIP4 was only lowly expressed and found in the beta cell zone. The reason for this 

discrepancy is unclear. In their study, pregnant db/db mice were used. ZIP4 may be an 

important influx transporter that brings Zn into the delta cells. Leiter et al investigated 

delta cells in 8-10 wk db/db mice pancreatic islets and showed by electron microscopy 

that number of delta cells increased in these mice
112

. The findings presented here 

support these results and show for the first time that these cells express an important Zn 

transporter, ZIP4. 

 

Disorganization of alpha and delta cells in type 2 diabetes results in abnormal 

regulation and secretion of both insulin and glucagon
112,350,406

. The organization of the 
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islet cells is very important for the correct functioning of the islet cells. Hauge Evans 

2009
407

 investigated the role of somatostatin, by using somatostatin knockout mice and 

they reported that somatostatin has an inhibitory effect on insulin and glucagon 

synthesis and secretion
407

. In type 2 diabetes, because of the disorganization the delta 

cells are not able to function as efficiently
21

. In support Strowski et al 2008
350

, observed 

that patients with type 2 diabetes have somatostatin levels that are normal, however, the 

rise of somatostatin in response to food ingestion or challenge with exogenous glucose 

was markedly reduced while insulin treatment restored the somatostatin response
350

. 

This indicates that delta cells are important for the function of islet cells and digestion. 

 

ZIP4 may be involved in bringing Zn into the delta cells and possibly involved in 

paracrine regulation of both alpha and the beta cells. Disorganization of delta cells may 

contribute to altered Zn homeostasis and thereby lead to pathophysiological 

consequences described above. This raises the question why Zn transporters in one cell 

type within the islet such as the delta cell might be different from those in other islet 

cells such as the beta cell. It is possible that different Zn transporters are regulated 

differently in different islet cell types. Since the delta cells are also found in the 

intestine and ZIP4 is known to be a major Zn transporter in the intestine, islet delta cells 

may have Zn homeostasis pathway that are more in common with intestinal cells rather 

than with other islet cells. Of interest, I looked at ZIP4 expression in human pancreatic 

islets and found ZIP4  appeared to be lowly expressed in the insulin producing beta 

cells; however this need to be further confirmed. This species difference between 

human and mouse expression of ZIP4 could indicate that they may have functional 

differences. 

 

Pancreatic ZIP5 is known to be important for Zn homeostasis and plays a role in the 

removal of Zn when systemic Zn is high and it is decreased in Zn deficiency
408

. It is 

located in the basolateral part of the acinar cells involved in uptake of Zn
311,409,410

. My 

study also confirmed that ZIP5 is expressed highly in the acinar tissue and very little in 

the islets cells. ZIP5 expression did not change in the early, mid and chronic diabetic 

db/db mice model compared to age matched WT group. 
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One of the most interesting and original findings in this thesis was the strong up-

regulation of ZIP14 in early diabetic, diabetic and chronic diabetic islets. Previously, 

ZIP14 has been shown to be up-regulated in inflammation. Therefore, a study of ZIP14 

in  type 2 diabetes, where inflammation is thought to be important in the pathogenesis, 

was warranted. The ZIP14 protein expression did increase with age alone, but at all 

ages, the diabetic group had an up-regulation of ZIP14 compared to age-matched 

controls. ZIP14 was strikingly up-regulated when the db/db mice were overtly obese 

and hyperglycemic at 10 and 18 wk. Another study
411

 showed that ZIP14 gene 

expression rapidly increased during early stages of adipocyte differentiation and the 

authors suggested that it plays an important role in bringing Zn into the adipocyte in 

early stages of adipogenesis.  

 

In experiments described in this thesis, the db/db mice at 4 wk had significantly higher 

weight compared to the controls so ZIP14 might be upregulated in the db/db mice due 

to obesity. In obese and diabetic rodent models, it has been proposed that lipid 

mediators modulate immune cell function to cause low grade tissue inflammation, 

which in turn leads to adipocyte and metabolic dysfunction
412

. These lipid mediators 

acts through G protein coupled receptors. ZIP14 is known to work through a G protein 

coupled receptor; the lipid mediators could bind to these receptors thereby inducing 

ZIP14 expression and function
238

 in obese db/db mice. 

 

ZIP14 was also observed to be expressed in blood vessels adjacent to the islets, and this 

agrees with reports from the Pitt laboratory
413

 showing ZIP14 in the endothelium of 

pulmonary blood vessels. Therefore, the possibility exists that ZIP14 is upregulated due 

to the altered vascularization of the islets in diabetes, particularly in islet capillaries. In 

a recent report, there was irregularity of the vasculature and decrease in VEGF mRNA 

expression in db/db mice pancreatic islets
27,414

. That the up-regulation of ZIP14 was due 

directly to changes in the vasculature is unlikely. Firstly, the increased immunostaining 

in the diabetic islets was consistent with cells or occasionally clusters of cells that 

resembled macrophages in appearance (Fig 7.13 showing immunoperoxidase staining 

of both CD68 and ZIP14). This was independently confirmed by a trained pathologist at 

The Queen Elizabeth Hospital. Secondly, the ZIP14 immunopositive cells were in the 

proximity of CD31-staining endothelial cells within the islets but did not directly 
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colocalise (Fig 7.12 showing pink and green cells) suggesting that the cells are 

clustered around the blood vessels, a feature consistent with infiltrating macrophages. 

The immunopositive cells had macrophage-like appearance consistent with the 

infiltration of macrophages seen during histological analysis of the islets. This is also 

consistent with recent reports in the literature that ZIP14 is expressed in macrophages in 

other tissues and upregulated by inflammatory stimuli LPS, IL6, TNF-alpha and IL-

1beta
245

. ZIP14 may be a novel macrophage marker in diabetes. There was insufficient 

time to formally confirm that the ZIP14 positive cells are macrophages, but this will 

now be confirmed in our laboratory by co-staining for macrophage markers such as 

CD68.  

 

If it can be confirmed that ZIP14 is labeling macrophages infiltrating the diabetic islets, 

the next step will be to determine the significance of this. In another study, db/db mice, 

when fed with normal diet, accumulated iron in their kidneys and developed kidney 

disease, whereas the db/db mice fed with an iron deficient diet were protected from 

disease. ZIP14 is not only a Zn transporter but also transports iron
236,415

. Such metal 

shifts may assist with islet amyloid plaque (IAPP) formation that is typical of type 2 

diabetes. Consistent with this, Masters et al
416

 showed, in another model of type 2 

diabetes that macrophages colocalised with IAPP and were activated by it to produce 

inflammatory cytokines. In this context, it is possible that ZIP14 is being up-regulated 

on macrophages undergoing activation within the diabetic islets.  

 

As ZIP14 is known also to be an iron transporter as well as a Zn transporter it will be 

interesting to study the relationship between ZIP14 and iron in islets. There was no 

detectable iron in the pancreatic islets in the chronic db/db mice pancreatic islets, but 

this may be due to the stain for hemosiderin not being sensitive enough to detect the 

small amount of iron released from macrophages. In future studies it will be interesting 

to investigate the iron regulatory peptide hepcidin which is known to be present in the 

secretory vesicles of insulin located in pancreatic beta cells where it has been suggested 

to be involved in the cross talk between iron and glucose metabolism
55,56

. 

 

The circulating cytokine profiles of the db/db and control mice were not significantly 

different for proinflammatory cytokines IL1β, TNFα and IL-6. Therefore, as suggested 
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earlier in this discussion, any inflammation in the db/db mice may be local rather than 

systemic (refer to Chapter 3). This was the conclusion also from the histological 

analyses, and confirmed by the hospital pathologist, that there was no overt 

inflammation in the pancreas of the db/db mice at any stage of diabetes but there was 

evidence of increased macrophage infiltration. It will be important now to look at 

staining of the cytokines in the islets themselves. In support of this, a recent study 

reported that IL-6, TNF-alpha and IL-1beta were upregulated in the pancreatic islets of 

these mice
417

. 

 

A recent study reported that ZIP14 knockout mice had upregulation of ZnT8 protein in 

the islets, increase in body weight, hypoglycemia, high insulin level, phosphorylation of 

insulin receptor and increased GLUT2 expression
240

. They also exhibited decreased 

release of circulating cytokines such as IL-6 and there was no change in the 

macrophage expression using CD68 staining. These knockout mice also showed 

impaired growth and glycogenesis and impairment of G coupled protein receptor 

signaling. GPCR signaling has an important role in the pathogenesis of type 2 diabetes 

and other diseases. in the islet as described earlier. Since knockout of ZIP14 in mice led 

to up-regulation of ZnT8
240

 it is feasible that up-regulation of ZIP14 leads to down-

regulation of ZnT8. How this might occur is not clear but may involve effects at the 

level of ZIP14 macrophages interacting with ZnT8 containing beta cells.  

 

Here in this study, immunoperoxidase staining for ZIP14 in formalin fixed tissue shows 

some differences compared to immunofluorescence in frozen sections. Firstly, strong 

macrophage staining for ZIP14 was found in both methods. However, the 

immunoperoxidase staining showed a weaker staining for ZIP14 in the beta cell rich 

region and lack of staining in the mantle cells. The difference between the staining 

patterns may be due to increased sensitivity of the immunoperoxidase staining although 

usually immunofluorescence staining is more sensitive than immunohistochemical 

staining. It may be that formalin-preserved tissue gives a better morphology of the 

pancreatic islet and therefore improved localization of the Zn transporter.  
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These studies have now identified potentially important roles for ZIP4 and ZIP14 in 

two cell types relevant to diabetes, delta cells and infiltrating macrophages, 

respectively. 
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CHAPTER 8: Protein expression of Zn 

transporters in type 2 diabetic human 

compared to normal human 

pancreatic islets 
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8.1 Introduction 

Previous chapters in this thesis showed significant changes in the Zn transporters 

proteins in the pancreatic islets of db/db mice compared to age matched controls. In 

summary, ZnT7 was primarily expressed in the beta cell-rich region of the islet and the 

protein was significantly upregulated in the islets of the db/db mice as early as 4 weeks 

of age. ZnT8 was expressed in both the alpha and the beta cells and, in diabetes, ZnT8 

was reduced in the beta cells and was preserved in the alpha cells. ZIP14 was primarily 

expressed in islet macrophage while ZIP4 protein was expressed in the delta cells of the 

pancreatic islets in both db/db and age matched controls. It is now important to translate 

these murine findings to humans.  

Zinc deficiency, including a reduction in pancreatic Zn, has long been documented in 

human patients with T2D
418

. A recent systematic review and meta analysis of 22 

published studies in T2D concluded that Zn supplements improved glycaemic control 

and lipid parameters
355

. However whether Zn is lost in the islet is yet to be confirmed.  

Much of what we know about Zn transporters in human islets concerns ZnT8. The 

importance of ZnT8 to type 2 human diabetes arose when genome wide studies in 

humans showed an association of the ZnT8 R325W polymorphic allele with increased 

susceptibility to type 2 diabetes
277

. Single nucleotide polymorphism of the ZnT8 gene 

in humans is linked to increased fasting glucose levels and type 2 diabetes
270,419

.  The 

risk variant of ZnT8 had impaired Zn transport activity. A further recent study 

published in Nature Genetics
420

, reported, paradoxically, that loss of function mutations 

in ZnT8 protected against type 2 diabetes in humans. In a large study, approximately 

150,000 individuals were genotyped and 12 truncating variants in the protein ZnT8 

were identified.  The individuals who were carriers of the ZnT8 protein truncations had 

65% reduced type 2 diabetic risk and showed reduced glucose levels. If correct this 

would contradict the previous findings suggesting that ZnT8 is protective against T2D.  

However, the interpretation of this recent study has now been challenged, suggesting 

age, hypoxic stress and other variables may have influence on whether ZnT8 is 

protective or not
421

.  

Variants in the ZnT8 protein may be potential drug targets in the therapy of type 2 

diabetes.  Insulinoma cells (INS-1E) over-expressing the low risk W325 variant, were 
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not susceptible to cyclosporine A suppression of glucose stimulated insulin secretion. 

However, the R325 variant over-expressing cells did show suppression of glucose 

stimulated insulin secretion by cyclosporine and other immunosuppressive drugs 

(tacrolimus and rapamycin)
261

. Therefore drugs may be developed that selectively target 

the high risk form of ZnT8.  

The aim of the experiments described in this chapter was to investigate by 

immunofluorescence staining those Zn transporters that had shown significant changes 

in an animal model of type 2 diabetes (db/db ) mice in normal and type 2 diabetic 

cadaver human frozen pancreatic tissue using.  

It was hypothesised that (in line with the mouse studies) that:  

 ZnT7 protein expression will be increased in in human T2D pancreatic islets 

compared to normals. 

 ZnT8 protein will be dowregulatedin human T2D pancreatic islets compared to 

normals . 

 There will be increased infiltration of macrophages containing ZIP14 in human 

T2D pancreatic islets compared to normal. 

 There will be no change in expression of ZIP4 in human T2D pancreatic islets 

compared to normals  
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8.2 Methods 

Pancreata from type 2 diabetic and normal humans were obtained from the Australian 

Islet Consortium with ethical clearance. The pancreas blocks were embedded in OCT 

medium and frozen in liquid nitrogen. Sections, 5µm, were cut using a cryotome then 

fixed in cold acetone for 10 min. The sections were blocked in a humidified chamber 

for 60 min with serum from the secondary antibody host animal. Sections were 

incubated with rabbit polyclonal Anti-Slc30a7 (1:150; Cat no. HPA018034; Sigma 

Aldrich, USA), Rabbit polyclonal Anti human ZnT8 (1:100; Cat no. PZ8; Mellitech, 

Grenoble Cedex, France),rabbit polyclonal rabbit polyclonal Anti-ZIP4 (1:100; Cat no. 

PA5-210669;Thermoscientific, Rockford, Illinois USA) or rabbit polycolonal Anti-

ZIP5 (1:150; Cat no. PA5-21070; Thermoscientific, Rockford, Illinois USA) or rabbit 

polycolonaL Anti-ZIP14 (1:150; Cat no. PA5-21077;Thermoscientific, Rockford, 

Illinois USA) and mouse monoclonal Anti-glucagon (K79Bb10) (1:50; Cat no. 

ab10988;Abcam, , Melbourne, Victoria, Australia) overnight at 4°C. Excess primary 

antibody was removed by washing the slides with 1x PBS and incubated for 60 min 

with goat anti-rabbit Alexa488 IgG(1:400; Cat no. 54533A Invitrogen, Mulgrave, 

Victoria, Australia) conjugate and rabbit anti-mouse Alexa594 conjugate IgG1 

(1:400;Cat no. 940829; Invitrogen, Mulgrave, Victoria, Australia). Sections were 

washed with PBS and nuclei were counter-stained with DAPI(4’, 6-diamidino-2-

phenylindole; 1:1000).  
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8.3 Results 

Immunofluorescence was performed for ZnT7, ZnT8, ZIP4 and ZIP14 proteins in 

pancreatic sections from normal human and T2D donors. Typical fluorescence images 

are shown in Figs 8.1-8.7  

 

8.3.1 ZnT7 

Figure 8.1 and 8.2 shows the staining of ZnT7 in typical normal human and type 2 

diabetic pancreatic islets, respectively. ZnT7 was expressed in the pancreatic islets of 

the mice with a bead-like distribution consistent with localization in the golgi apparatus, 

as also described by Huang et al
258

 in mouse pancreatic islets. There was a lack of co-

localisation of ZnT7 with glucagon. Occasionally, ZnT7 was also expressed strongly in 

the pancreatic acinar tissue as shown in Figure 8.1 similar to the mouse pancreas in 

Figure 6. There was no obvious differences in the ZnT7 protein distribution in the 

human type 2 diabetics (figure 8.2). 

 

8.3.2 ZnT8 

Figure 8.3 and 8.4 shows the staining of ZnT8 in typical normal human and type 2 

diabetic pancreatic islets, respectively. ZnT8 was expressed homogenously throughout 

the normal human islet especially in both the insulin producing beta cells and the 

glucagon producing alpha cells. Some ZnT8 protein expression was seen in the acinar 

tissue. Note the intense ZnT8 staining in the inner beta cell core of the normal islet 

compared with the diabetic islet. Also note the co-localization of ZnT8 and glucagon 

(orange colour) largely in the periphery of the normal islet but dispersed throughout the 

diabetic islet, suggesting the presence of ZnT8 in alpha cells and preservation of alpha 

cell ZnT8 in T2D.  In the type 2 diabetic pancreatic as seen in figure 8.1 (B), ZnT8 

protein expression was decreased in the pancreatic islet  and was preserved in the alpha 

cells of the pancreatic islets as seen in the db/db mice at all ages figure 6.5. Negative 

controls (lacking primary antibody) were always included and were negative of 

staining. 
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8.3.3 ZIP4 

Figure 8.5 shows the staining of ZIP4 in normal human islets and figure 8.6 shows ZIP4 

staining in  type 2 diabetic pancreatic islets. In normal pancreas, ZIP4 was not 

expressed in the acinar tissue but there was scattered expression in the islets. There was 

some co-localization of ZIP4 with the glucagon staining. ZIP4 staining was also quite 

distinct from insulin staining (beta cells) and glucagon staining (alpha cells) in both 

control and type 2 diabetic human pancreatic sections. Mostly the ZIP4 and glucagon 

cells were not co-localised similar to as seen in mouse islets (Figure 7.2). There was 

insufficient time to investigate the co-localisation of ZIP4 and Somatostatin in human 

islets by immunoperoxidase as was done in mouse islets. 

 

8.3.4 ZIP14 

Figure 8.7 shows the staining of ZIP14 in normal human islets and Figure 8.8 shows 

ZIP14 staining in type 2 diabetic pancreatic islets.  ZIP14 staining in normal human 

islets was particulate but only infrequent and not in every islet. There appear to be 

differences between subjects. ZIP14 was also expressed in the blood vessels around the 

islets as seen in the mouse. ZIP14 in the type 2 diabetic human pancreatic islet was also 

expressed in a particulate manner and appear to be upregulated. 

 

8.3.5 Quantification of Zn transporter immunofluorescences for 

individual human subjects 

Image J software allowed semi-quantitative expression of protein levels (Fig 8.9). ZnT7 

protein data was not quantified because of lack of time. Fig 8.9A shows data for ZnT8 

staining in individual normal versus T2D subjects. The levels of ZnT8 fluorescence 

varied for different normal pancreata (mean fluorescence intensity + SD was 90.5 + 

20.9, n =7 subjects). By contrast, all T2D subjects had low expression of ZnT8 in their 

islets (60.0 + 7.4, n =5 subjects) and the overall mean for the group was significantly 

lower (p<0.05) than that for the normals. Fig 8.9B shows that the levels of ZIP4 

fluorescence varied for different normal pancreata and there was no significant 

difference between the overall means for normals (18.2 + 4.1, n = 7) and T2D subjects 
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(26.8 + 7.0, n = 5). Fig 8.9C shows variable levels of ZIP14 fluorescence between 

subjects (normal and T2D). In particular, one of the seven normal subjects and three of 

the eight diabetic subjects tested had strong islet ZIP14 staining. There was no 

significant difference between the overall means for normals (44.3 + 35.5, n = 7) and 

T2D subjects (62.4 + 42.7, n = 8).  

 

Thus, significant changes occur in ZnT8 in human diabetes and there is variable 

expression of two influx Zn transporters ZIP4 and ZIP14 on different islet cell types.  
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Figure 8.1 ZnT7 protein in islets of normal human patients 

Figure shows representative images of co-staining of ZnT7 (green), glucagon (red) and DAPI (blue). Upper and lower panels show ZnT7 protein 

expression from 5 normal human pancreatic islets. ZnT7 is expressed in Golgi like structures within the islet beta cells and there is little co-

localization with glucagon. Scale Bar, 100 μm 
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Figure 8.2 ZnT7 protein in islets of type 2 diabetic human patients 

Figure shows representative images of co-staining of ZnT7 (green), glucagon (red) and DAPI (blue). Upper and lower panels show ZnT7 protein 

expression from 5 normal human pancreatic islets. ZnT7 is expressed in Golgi like structures within the islet beta cells and there is little co-

localization with glucagon. ZnT7 were not expressed in many islets due to alpha cell invasion in the islets of type 2 diabetic patients. Scale Bar, 

100 μm 
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Figure 8.3 ZnT8 protein in pancreatic islets of normal human patients 

Figure shows representative images of co-staining of ZnT8 and glucagon. Upper panel and lower panel show pancreatic islets from 6 normal 

human patients. Figure shows endogenous staining of ZnT8 , all cells in the pancreatic islets including alpha and beta cells express the protein 

ZnT8. The expression of ZnT8 in delta cells was not confirmed. Scale Bar, 100 μm 
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Figure 8.4 ZnT8 protein in pancreatic islets of diabetic  human patients 

Figure shows representative images of co-staining of ZnT8 and glucagon. Upper panel and lower panel show pancreatic islets from 6 type 2 

diabetic human patients. Figure shows endogenous staining of ZnT8, all cells in the pancreatic islets including alpha and beta cells express the 

protein ZnT8.ZnT8 was preserved in alpha cells and there was variable expression of ZnT8 in beta cells in the patients with type 2 diabetes. 

Scale Bar, 100 μm 
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Figure 8.5 ZIP4 protein in islets of normal human pancreatic islets. 

Figure shows representative images of co-staining of ZIP4 (green), glucagon (red) and DAPI (blue). Upper and lower panels show pancreatic 

islets from 6 normal human patients. Figure shows the staining of ZIP4 in cells is largely restricted to the non-alpha cells in the mantle of the 

pancreatic islets normal humans. ZIP4 is scattered throughout the pancreatic islets. However in occasional islets there are some co-localisation of 

ZIP4 and glucagon. Scale Bar, 100 μm 
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Figure 8.6 ZIP4 protein in islets of type 2 diabetic human pancreatic islets. 

Figure shows representative images of co-staining of ZIP4 (green), glucagon (red) and DAPI (blue). Upper and lower panels shows pancreatic 

islets from 6 type 2 diabetic human patients. Figure shows the staining of ZIP4 in cells is largely restricted to the non-alpha cells in the mantle of 

the pancreatic islets of type 2 diabetic patients. ZIP4 is scattered throughout the pancreatic islets. However in occasional islets there are some co-

localisation of ZIP4 and glucagon. There were variability in expression in the ZIP4 protein in the pancreatic islets of the type 2 diabetic patients. 

Scale Bar, 100 μm 
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Figure 8.7 ZIP14 protein in islets of normal human patients. 

Figure shows representative images of co-staining of ZIP14 (green), glucagon (red) and DAPI (blue). Upper and lower panels shows pancreatic 

islets from 6 normal human patients. Figure shows the staining of ZIP14 in cells is largely restricted to non-alpha, beta and delta cells, but 

macrophage like cells.it also shows that there is low expression of ZIP4 in normal human islets. Scale Bar, 100 μm
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Figure 8.8 ZIP14 protein in islets of type 2 diabetic patients. 

Figure shows representative images of co-staining of ZIP14 (green), glucagon (red) and DAPI (blue). Upper and lower panels shows pancreatic 

islets from 6 normal human patients. Figure shows the staining of ZIP14 in cells is largely restricted to non-alpha, beta and delta cells, but 

macrophage like cells. It also shows the variability in the ZIP14 containing macrophages in the patients with type 2 diabetes. Scale Bar, 100 μm 
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Figure 8.9 Differences in Zn transporter expression between islets of normal and 

T2D human subjects 

Data show immunofluorescence intensities (arbitrary units) of ZnT8 (A), ZIP4 (B) and 

ZIP14 (C) in islets of individual normal (n = 7) and T2D (n = 5-8) subjects. Note the 

variable intensities of ZnT8 in different normal subjects. Dashed line shows means for 

each group. The only significant changes in expression between the normal and 

diabetics was in ZnT8 (A) although three of the 8 cases of T2D had substantially 

increased staining for ZIP14 (C).  Fluorescence was quantified using ImageJ with mean 

gray scale for the more homogeneous staining pattern of ZnT8 and integrated density 

for the more particulate staining patterns of ZIP4 and ZIP14. 214  islets from normal 

and 301 islets from T2D were quantified. * P <0.05   ns = not significant.
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8.4 Discussion  

A bonus of our study was access to human T2D pancreata which are otherwise difficult 

to obtain. We show, for the first time, the expression and islet cell distribution of ZnT8, 

ZIP4, and Zip 14 in the human pancreatic islets, and changes in human T2D. The major 

findings in human T2D were ZnT8 was downregulated on islet beta cells but preserved 

on alpha cells and ZIP4 and ZIP14 were selectively expressed in the islets on 

somatostatin producing delta cells and macrophages, respectively.   

 

One of the unexpected findings in the normal human pancreas was the widely differing 

levels of protein expression of ZnT8 between different subjects. Other studies from our 

group have also confirmed this for gene expression  as shown for mRNA by RT-PCR 

and micro-array. Whether this is a consequence of  ZnT8 polymorphisms or some other 

factor related to prediabetes, obesity or glycaemic control requires further investigation. 

It is estimated that about one in three normal subjects have prediabetes (US statistics) 

and this might account for the lower ZnT8 protein expressions seen in Fig 8.2.  

This study is the first report of alpha cells containing ZnT8 in both diabetic humans and 

mice. Loss of ZnT8 in the beta cell rich zone but retention of ZnT8 on alpha cells in 

diabetes might provide an explanation for the impairment of insulin production and 

retention of glucagon production in T2D. It also suggests that whatever leads to loss of 

ZnT8 (and Zn) in the beta cells does not affect the alpha cells. Rather these cells 

progressively replace beta cells during the development of type 2 diabetes.  

 

There is very little known about ZIP transporters in pancreatic islets and diabetes. 

These are likely to be  relevant because they regulate the influx of Zn into the cytosol of 

the cell and  control cytoplasmic enzymes. Our studies show, for the first time,  a strong 

up-regulation of ZIP14 in early and chronic diabetic islets. This is also consistent with 

recent reports in the literature that ZIP14 is expressed in macrophages in other tissues 

and is upregulated by inflammatory stimuli
236,237,240,245

. ZIP14 may therefore be a novel 

macrophage marker in type 2 diabetes. The relationship of ZIP14 to islet macrophage 

activation state needs to be clarified.  Lipopolysaccaride has been shown to upregulate 

ZIP14 in macrophages and ZIP14 knockout attenuated downstream cytokine signaling. 

This has implications for inflammation in type 2 diabetes
245

. In the db/db mice 



 

 224 

pancreatic islet it is known that the pro-inflammatory M1 subtype increases and there is 

no change in the trophic M2 subtype expression
28

. In view of this it is likely that ZIP14 

is expressed on the proinflammatory macrophages and may be involved in processes 

such as beta cell apoptosis and beta cell de-differentiation. The strong positive 

correlation between islet area and ZIP14 protein expression raises the possibility that  

ZIP14 up-regulation is a factor in the early islet hyperplasia in T2D. Since ZIP14 

knockout in C57BL/6 mice leads to upregulation of ZnT8 protein in the islets as well as 

increase in body weight, phosphorylation of insulin receptor and increased GLUT2 

expression
240

, it is feasible that up-regulation of ZIP14 leads to down-regulation of 

ZnT8. How this might occur is not clear but our findings are consistent with  effects at 

the level of ZIP14 macrophages interacting with ZnT8 containing beta cells.  

 

Our finding that normal pancreatic islet delta cells almost exclusively express ZIP4, a 

major Zn transporter responsible for Zn absorption in the intestine
312

, is consistent with 

the existence of a gut islet somatotrophin axis.  ZIP4 expressed in delta cells of the 

islets could be important for gut islet interaction and homeostasis. While we found no 

significant change in the ZIP4 expression in the diabetic islets, disorganisation of delta 

cells containing ZIP4 could have functional implications in type 2 diabetes involved in 

gut related roles. Since ZIP4 is overexpressed in many pancreatic cancers
402

, the role of  

ZIP4 in islet cell function and islet hyperplasia needs to be investigated. 

 

These findings now point to an important role for changes in  islet Zn metabolism in the 

onset of Type 2 diabetes. We hypothesize that down-regulation of beta cell ZnT8 at the 

gene level results in an early loss of Zn from the pancreatic islet and contributes to the 

development of type 2 diabetes by causing a block in insulin maturation and decline in 

beta cell function. We also propose that the retention of ZnT8 in alpha cells of diabetics 

preserves glucagon production.  Up-regulation of ZIP14 on islet macrophages in 

diabetes may contribute to islet inflammation. In addition, ZIP4 may be a major influx 

transporter for Zn in delta cells.     
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CHAPTER 9 Final discussion 
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9.1 Gap in literature and hypothesis and aims 

It has long been known that Zn is required for the correct storage of insulin in beta cell 

granules of the islets of Langerhans and that total Zn is reduced in human type 2 

diabetic pancreata compared to normal human pancreata
418

. This suggests that a critical 

Zn-dependent pathway in the production and/or secretion of insulin, may be 

compromised in type 2 diabetes. Recently, several studies have identified the secretory 

granule zinc transporter ZnT8 as an important mediator of zinc homeostasis in the islets 

and have shown anomalies in ZnT8 in both type 2 diabetes models
262,390

. When I 

commenced the experiments for this thesis, two major gaps in the Zn islet literature 

existed.  Firstly, although ZnT8 was known to be critical for insulin storage in the beta 

cells, it was not clear whether diabetes-associated changes in ZnT8 were an early event 

or secondary to the disease process. Secondly, since ZnT8 is only involved in uptake of 

Zn into beta cell granules, other, yet to be identified, Zn transporters may control uptake 

and efflux of Zn across the plasma membrane as well as across other organelle 

membranes in the beta cell such as the ER and golgi.  

 

The major aim of this thesis was to investigate the role of labile Zn, total Zn and Zn 

transporters in the pathogenesis of normal and type two diabetic pancreatic islets, using 

the well-characterized type 2 diabetic db/db mice model. To date there is limited 

information available on the physiological role of Zn and Zn transporters in normal and 

diabetic db/db mice. What has been shown previously in this model is that zinc is 

reduced in the pancreas of 8 week old type 2 diabetic db/db mice 
370

, ZnT8 expression 

was down-regulated in the early stage of diabetes 
390

 and dietary zinc supplementation 

reduces hyperglycemia in db/db mice 
362

. During the course of this thesis, a further 

study showed that ZnT8 was also reduced in the adipose tissue of these mice and that 

Exendin-4 up-regulated ZnT-8 gene expression in the pancreas but not adipose tissue of 

the db/db mice 
382

. To date it is not clear whether other Zn transporters and Zn binding 

proteins may also be involved and, if so, whether alteration in Zn transporters in 

diabetes occurs at the transcriptional or the posttranscriptional level and how this may 

influence insulin maturation, synthesis and release. It is also unclear whether any of the 

known risk factors of diabetes (obesity, inflammation, and hyperglycemia) lead to 

altered Zn homeostasis in islets. Knowledge of the interrelationship between Zn and Zn 
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transporters in the pathogenesis of type 2 diabetes will give us greater understanding of 

the mechanisms linking type 2 diabetes with altered Zn homeostasis and impaired 

insulin synthesis and release in beta cells. 

 

9.2 Summary of the major findings: 

 

The murine db/db model of type 2 diabetes and obesity was selected for the studies in 

this thesis.  Diabetic status was confirmed by hyperinsulinemia, hyperglycemia, 

reduced glucose tolerance, islet cell hyperplasia and disorganisation of alpha, beta and 

delta cells as described in Chapter 3. In experiments described in Chapter 4, loss of 

pancreatic Zn with diabetes was confirmed and extended to show that loss occurred  in 

the labile Zn pools in the islet beta cells early in onset of diabetes (4 weeks, early 

diabetes). The most important and original findings of this study (Chapter 5-7) are that 

loss of Zn in the diabetic mice was associated with early changes in three members of 

the membrane Zn transporter families:- ZnT8, which was downregulated at the protein 

(but not mRNA) level in islet beta cells but not alpha cells. ZIP14, staining was 

signficantly increased and coincided with macrophage like cells but mRNA levels did 

not change. There was a significant increase in ZnT7 protein in the db/db mice 

compared to age matched controls. It was also shown for the first time that ZIP4 is 

expressed predominatly in the somatostatin-producing delta cells. These changes in islet 

Zn homeostasis occurred in the absence of depletion of systemic Zn levels (liver Zn), 

athough there was a small but significant increase in plasma Zn. There was also no 

change in the Zn-buffering cytosolic protein metallothionein. However, it should be 

noted that there was considerable heterogeniety  between individual islets in the early 

diabetic mice. None of the other zinc transporters tested were significantly affected in 

diabetes in this model. Finally, there was opportunity to look at changes in these Zn 

transporters in a limited number of pancreatic tissues in human T2D compared to 

normals. Changes in Zn transporter protein expression may be an early event leading to 

the loss of islet beta granule Zn. In addition, ZIP4 may be the major influx transporter 

for Zn in delta cells, ZnT8 is the transporter regulating Zn in insulin secretory granules 

and ZIP14 may be a novel marker of macrophage infiltration in diabetic islets.  
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9.3 Discussion of findings 

 

The db/db mice developed a diabetes with many features of human type 2 diabetes 

mellitus 

 

In my animal model, I found that the hyperinsulinemia and hyperplasia of islets were 

already maximal at 4 weeks while obesity and hyperglycaemia were significant at 4 wk 

but progressively increased over the following 3-4 months. The db/db mice had less 

immunoreactive staining towards insulin and there was evidence of degranulation in the 

large proportion of beta cells. There was more immunoreactivity for glucagon in the 

db/db mice indicative of the increased number of alpha cells. My animal model futher 

confirmed previous results from the db/db and other animal models of diabetes, 

showing disorganised islet architecture. For example, the distribution of the alpha cells 

was in the inner core of the islets of the db/db mice whereas in the control mice the 

alpha cells were in the periphery of the islet. This disorganization may be due to various 

mechanisms including alpha-cell hyperplasia and  beta cell loss due to apoptosis  or 

dedifferentiation of beta cells into alpha cells
101

.Increase in delta cell numbers in the 

db/db mice pancreatic islets could further influence the maturation and secretory 

capacity of pancretic islets
328

. Differences between this model and human type 2 

diabetes are discussed at the end of this chapter. 

 

 

Loss of Zn in the pancreas of db/db mice occurred early in diabetes and was 

maintained into late diabetes, compared to age matched controls 

 

Previous studies have not established whether the Zn loss in the pancreas during 

diabetes is a late event and therefore a consequence of diabetes or an early event that 

may be influencing the development of type 2 diabetes. Therefore, as described in 

chapter 4 of this thesis, both total Zn (measured by AAS) and labile Zn (visualized and 

measured by Zn fluorophore Zinpyr-1) were studied in db/db mice versus controls at 

three ages: 4 weeks (early diabetes), 10 weeks (diabetes) and 18 weeks (chronic 

diabetes). The major decrease in Zn was during early diabetes (4 weeks) and at 10 and 
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18 weeks the difference was less pronounced as there was a decrease in islet Zn in  

normal mice with age. There is substantial evidence that tissue Zn is reduced during 

aging in multiple organ systems.   

 

 

There was loss of labile zinc in the islet beta cells but not in the alpha cells  

In 1984, Figlewicz et al 
367

 determined that there were three distinct pools of 

exchangeable Zn in pancreatic islets:- namely, Zn in secretory granules, extra granular 

pools and a poorly-defined metabolic labile islet compartment. A more recent study 
216

 

showed there were at least two pools of beta cell Zn as Zn flurophore Zinquin labelled 

the secretory granules while another Zn fluorophore FluoZin-3 labelled cytosolic Zn.  

Zinquin has some disadvantages including its requirement for UV excitation and rapid 

quenching of fluorescence. Other fluorophores for Zn have since been developed. One 

of the best of these is ZINPYR-1 and this was chosen for the experiments in this thesis. 

To my knowledge no one has previously tried ZINPYR-1 on db/db mice islets.  

 

Labile Zn detected using ZINPYR-1 in the islets of the control mice had a granular-like 

pattern, which likely corresponds to the beta cell insulin-containing secretory vesicles. 

The staining was heterogeneous. Some islets were stained more brightly than others; 

this may indicate different levels of Zn in the granules due to the islets being in 

different phases of secretion. For example, an islet which has recently secreted insulin 

would be expected to have less Zn than one in resting phase.  

 

Limited studies report the role and function of Zn in alpha cells and how this could 

influence the role and function of insulin. Alpha cells might be involved in secreting Zn 

which could act to inhibit insulin release, thereby elevating the glucose level in the 

blood. In 2001, Kristiansen et al
375 

reported zinc in the periphery of granules in alpha 

cells using electron microscopy following staining of Zn by autometallography 
422

 a 

process which allows ultrastructural monitoring of Zn in cells). Consistent with this, the 

peripheral alpha cells (identified by glucagon staining) also fluoresced strongly with 

ZINPYR-1, indicating they are also rich in labile Zn.  

 



 

 230 

The islets in the early diabetic and diabetic mice had substantial loss of ZINPYR-1 

detectable Zn in the beta cells (p<0.05); however, the non beta cells retained their 

normal levels of Zn. This observation could be correlated with the retention of 

somatostatin and glucagon staining in the early diabetic and diabetic islets. Not all beta 

cells of the islet showed a decrease in Zn. There were areas in which beta cells appeared 

to lose Zn first. This is consistent with the alpha cells progressively replacing the beta 

cells during the development of the type 2 diabetes. In the chronic diabetic mice, it 

could be seen that the Zn was still retained in the non beta cells and there was almost 

complete loss of Zn in the beta cells.  

 

An interesting question is whether ZINPYR-1 detects Zn complexed within the stored 

insulin-Zn crystals or whether it only fluoresces with granule Zn that has not yet 

incorporated into the crystals. These studies suggest that ZINPYR-1 will be a useful Zn 

fluorophore for islet cell Zn measurements.  

 

Zn is involved in making the proinsulin more soluble in solution and is involved in 

hexamerisation of proinsulin
377

. In low zinc concentrations it was reported that the 

mature insulin precipitates; however, proinsulin remains stable in the rough 

endoplasmic reticulum and transport to the Golgi apparatus where the process of 

conversion of the pro-insulin to the mature insulin occurs. In the 4 week db/db mice 

(early diabetes), insulin was reduced compared to wildtype mice. Therefore the loss of 

Zn could be a factor in the precipitation and exhaustion of mature insulin in beta cells in 

early diabetes. In my study due to limited time and resources, it was not possible to 

investigate the pro-insulin to mature insulin ratio in the plasma and the pancreatic islets 

of these mice. 

 

There was no change in early diabetes in liver Zn levels in db/db mice 

 

An important question is whether the loss of Zn in the diabetics islets is a consequence 

of a systemic zinc deficiency. Therefore, it was important to determine whether changes 

in systemic levels of Zn occur in db/db mice, especially during early diabetes when Zn 

loss in the pancreas and islets is already apparent. Three measures of systemic Zn used 

in this thesis were liver Zn, plasma Zn and liver metallothionein. Both pancreas and 
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liver have been considered to be reservoirs of Zn in the body. There was no loss of 

systemic Zn in db/db mice. A small early increase in plasma Zn in the db/db mice 

compared to age matched controlsmay be due to pancreatic Zn being released into the 

circulation during the easrly hyperinsulinemia in these mice  

 

 

There was no difference in pancreatic metallothionein levels between db/db and control 

mice. Therefore, changes in Zn levels during the diabetes are unlikely to be a 

consequence of changes in metallothionein levels in the beta cell cytososol; 

metallothionein may therefore not be a major player in the altered zinc homeostasis in 

db/db mice.  

 

There was no down-regulation of gene expression for ZnT8 in db/db islets 

 

In order to investigate the gene regulation of zinc transporters, metal binding proteins 

and islet hormones, qPCR was used on whole pancreas of db/db mice and age matched 

controls. There are limtations in obtaining optimal high quality and quantity RNA from 

pancreas tissues as they contain high proteases and nuclease which can degrade 

components including the RNA.There was no significant change in the relative 

expression of islet hormones insulin and glucagon in the db/db mice pancreas at 4 

weeks. The proinsulin mRNA levels in another study was reported to be significantly 

decreased in the db/db mice. In support of this study, kaku et al 
337

reported that there 

was a reduction of proinsulin mRNA in BLKS mice at 12 weeks of age. However, 

when they looked at the individual pancreatic insulin values, there was considerable 

variablity in the proinsulin mRNA in the db/db mice
389

. In my study insulin  gene 

expression was increased 1.5 fold in db/db mice at 10 weeks compared to age matched 

controls. However, this was not significant perhaps due to the high variability due to 

both disease severity between mice and islet heterogenity.The MT1 and MT2 mRNA 

levels did not change between controls and the early diabatic group, consistant with the 

lack of change in total metallothionein protein in the pancreas. I investigated a Zn ion 

channel TRPM3 because in a previous study using insulinoma cells (INS1), it was 

reported to be a major Zn importer for beta cells under depolarizing conditions. 
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However, in my study TRPM3 had very low expression levels in the pancreas in both 

the control and db/db mice; therefore I did not study this further. 

 

In the ZnT family, ZnT3 and ZnT10 were detected only at low levels as confirmed in 

previous studies investigating Zn transporters in pancreas in control mice
250

. The other 

Zn transporters were all expressed but not different between the db/db and the control 

mice group. Just prior to beginning experiments in this thesis, a paper appeared in the 

literature  reporting that ZnT8 protein expression was strongly down-regulated in 5 

week old db/db mice compared to controls. This study did not determine whether 

downregulation decreased further with the progression of type 2 diabetes. It also did not 

look to see whether the down-regulation was at the transcriptional (mRNA) level or due 

to some post-transcriptional event. I found that the db/db mice at 4 weeks did not show 

a significant downregulation in ZnT8 mRNA. Limitations in this study include use of 

whole pancreas rather than isolated pancreatic islets. Interestingly, Egefjord et al 

reported that treatment of mouse islets and beta cells with IL-1β significantly 

downregulated ZnT8 gene expression without altering other Zn transporters including 

ZIP5,6 and ZnT, 4, 5 and 6
391

.  

 

  

In my study, ZIP2 and ZIP12 were very lowly expressed. ZIP5 and ZIP7 were two of 

the highly expressed genes in the pancreas and also did not change. There was no 

significant changes in any of the zinc transporters, Zn binding protein and islet 

hormones at 10 weeks of age in db/db and control mice.  

 

 

Islet ZnT7 protein was up-regulated early in db/db mice 

 

The protein levels of ZnT7 protein  was investigated because ZnT7 was found to be 

highly expressed in wildtype mice islets and overexpression of ZnT7 in insulinoma 

cells increased insulin synthesis and secretion by promoting gene transcription of 

insulin
259

. Huang et al showed that ZnT7 knockout mice were more susceptible to diet 

induced glucose intolerance and insulin resistance 
395

. 
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In my studies, there was a modest but significant increase (p<0.05) in islet ZnT7 protein 

expression levels as early as 4 weeks. ZnT7 in the pancreatic islets had a Golgi- and 

ER-like distribution in the majority of the cells in both control and diabetic islets, 

consistent with a role for ZnT7 in the early stages of insulin synthesis. Lack of down-

regulation of ZnT7 in the mouse islets suggests that, in contrast to ZnT8, ZnT7 is not a 

target for impaired insulin production in the diabetic db/db mice. The pattern of ZnT7 

staining in the acinar cells was tubular like and resembled a pattern of staining seen 

previously in skeletal muscle and representing Golgi like staining.  

 

ZnT8 protein was down-regulated early in beta cells of db/db mice 

 

Previous to these studies, ZnT8 had been shown to be important for maintaining Zn 

levels in beta cell granules and for correct insulin storage and release. It had also been 

shown to be an autoantigen in Type 1 diabetes. It was not clear, however, whether 

ZnT8 is also expressed in alpha cells and whether it is affected in diabetes.   

 

These studies showed that the predominant loss of ZnT8 protein occurred at the early 

diabetic stage and there were further losses at 10 and 18 weeks as the diabetes 

progressed. There was no significant effect of age alone on the ZnT8 protein expression 

as seen in the control mice at all age groups. The loss of ZnT8 in early diabetes in db/db 

mice has also been shown by another group 
390

.  

 

Collectively, the results in this thesis suggest that, in db/db mice at least, ZnT8 is not 

altered at the mRNA level, but it is altered at the protein level. Post-translational effects 

may include phosporylation or enhanced degradation. Further study by Western blotting 

in a beta cell line exposed to high glucose concentrations may provide further clues. 

 

ZnT8 protein was maintained in alpha cells of db/db mice : 

 

Two observations on type 2 diabetes are relevant. Glucagon secretion is not lost in 

diabetes and alpha cells often replace beta cells during the progression of the disease. 

Both of these were evident in my thesis studies. It is interesting that, in the db/db 

diabetic mice, ZnT8 was not down-regulated on the alpha cells as shown by double 
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labeling for glucagon. This is, to my knowledge, the first report of alpha cell containing 

ZnT8 in diabetic mice. It suggests that whatever leads to loss of ZnT8 (and Zn) in the 

beta cells does not affect the alpha cells.  

 

In db/db mice ER stress is evident in early diabetes leading to loss of beta cells later in 

the disease pathogenesis. However, whether ZnT8 is altered due to ER stress or the loss 

of ZnT8 (and Zn) leads to ER stress is not evident in the studies. In addition, Zn is 

important for correct protein folding of insulin in the ER and immature granules 
397

. 

 

 

ZIP4 is a marker of delta cells in mice 

ZIP4 has previously been shown to be a major Zn transporter responsible for Zn 

absorption at the luminal side of the small intestine; mutation in ZIP4 is responsible for 

a severe form of zinc deficiency affecting children (acrodermatitis 

enteropathica)
180,410,423

. ZIP4 is expressed in other tissues and may also be responsible 

for Zn uptake by these tissues. Whether ZIP4 is involved in pancreas and islet Zn 

uptake has not been well studied. Duffner Bettie et al suggested that ZIP4 is expressed 

on beta cells of CD1 mouse islets based on immunofluorescence staining. However 

they looked at ZIP4 expression in pregnant mice and not in normal settings or 

diabetes
311,312

. There might be increase in demand in ZIP4 expression levels in 

pregnancy compared to normal settings, which may not give a true picture of the 

normal setting. Their immunoperoxidase staining is a bit contradictory as some of the 

insulin producing cells were not stained for ZIP4, whereas there were some unidentified 

more darkly staining cells. My studies have now identified the major staining cells in 

normal and db/db mice pancreas as being the somatostatin producing delta cells. Firstly, 

there were areas of ZIP4 stained cells in the mantle next to the glucagon staining cells 

and not identical to them. This suggested that the ZIP4 positive cells were not alpha 

cells. Therefore, the stained cells could be one of the non-alpha and non-beta cells in 

the mantle and the core. Co-staining of somatostatin and ZIP4 was performed by 

immunoperoxidase labelling and colocalisation of somatostatin and ZIP4 was found. 

Whether other cells such as the PP cells also express ZIP4 needs to be determined. In 

these studies there was no significant change in the ZIP4 expression in the db/db mice 

pancreatic islets. However, disorganisation of delta cells containing ZIP4 could have 
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functional implications in type 2 diabetes involved in gut related roles. The 

immunoperoxidase staining described in chapter 7 shows apparently a lower level of 

expression of ZIP4 in the beta cell rich area; however the significance of this is not 

clear, it might be due to overstaining. Interestingly this staining was not seen in the 

alpha rich cell zone in the mantle and the immunofluorescence studies appear to only 

show the delta cells to be positive. Therefore, the presence of ZIP4 on isolated beta 

cells needs to be confirmed. In preliminary studies towards the end of my studies for 

this thesis I showed that the beta cell line MIN6 expresses ZIP4 by western blot 

analysis. Since delta cells control insulin and glucagon secretion, disorganisation of 

delta cells containing ZIP4 might lead to a disruption in endocrine function of the islets. 

 

ZIP14 is is a maker of islet macrophages and is up-regulated in db/db mice 

 

One of the most interesting and original findings in this thesis was the strong up-

regulation of ZIP14 in early diabetic, diabetic and chronic diabetic islets. Previously, 

ZIP14 has been shown to be up-regulated in inflammation. Therefore, a study of ZIP14 

in type 2 diabetes, where inflammation is thought to be important in the pathogenesis, 

was warranted.  

 

The ZIP14 protein expression did increase with age alone, but this was due to the 

increase in islet size. There was a strong positive correlation between islet area and 

ZIP14 protein expression and in the control mice there was an increase in islet size with 

age. The diabetic group had an up-regulation of ZIP14 compared to age-matched 

controls. ZIP14 was also observed to be expressed in blood vessels adjacent to the 

islets. Therefore, the possibility existed that ZIP14 is upregulated due to the altered 

vascularization of the islets in diabetes, particularly in islet capillaries. In a recent 

report, there was irregularity of the vasculature and decrease in VEGF mRNA 

expression in db/db mice pancreatic islets 
414

.  

 

However, other evidence argues against the up-regulation of ZIP14 being due directly 

to changes in the vasculature. Firstly, endothelial cells that stained positive for CD31 

within the islets did not colocalise with ZIP14 positive cells. Secondly, the increased 

immunostaining for ZIP14 in the diabetic islets was consistent with cells or 
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occasionally clusters of cells that resembled macrophages in appearance. This was 

confirmed by showing co-staining for ZIP14 and the macrophage marker CD68. This is 

also consistent with recent reports in the literature that ZIP14 is expressed in 

macrophages in other tissues and is upregulated by inflammatory stimuli LPS, IL6, 

TNF-alpha and IL-1beta
234,237,247

. ZIP14 may therefore be a novel macrophage marker 

in type 2 diabetes. There are two types of macrophages M1 which are the pro-

inflammatory macrophages and M2 which is the trophic macrophage that is involved in 

general macrophage functions (see chapter 1.3.5 to 1.3.8). In the db/db mice pancreatic 

islet it is known that M1 subtype increases and there is no change in the M2 subtype 

expression
44

. In view of this it is likely that ZIP14 is expressed on the proinflammatory 

macrophages and may be involved in processes such as beta cell apoptosis and beta cell 

dedifferentiation. 

 

ZIP14 is also known to be an iron transporter and has implications such as the iron 

overload in type 2 diabetes in haematochrosis. Interestingly, In another study, db/db 

mice, when fed with normal chow diet, accumulated iron in their kidneys and 

developed kidney disease, whereas the db/db mice fed with an iron deficient diet were 

protected from disease
404

. ZIP14 might play a role in iron accumulation in islets and 

assisting with the islet amyloid plaque (IAPP) formation that is typical of type 2 

diabetes. Consistent with this, Masters et al showed, in another model of type 2 diabetes 

that macrophages colocalised with IAPP and were activated by it to produce 

inflammatory cytokines
416

. Hepcidin is expressed higly in the insulin granules of the 

pancreatic islets
55

. Therefore, a study of the role of ZIP14 in iron movements within the 

islets is warranted. As a preliminary study I stained for iron in the db/db mouse islets, 

using hemosiderin as a marker for iron in tissue pathology. There was no staining, 

although this might simply be due to the low sensitivity of the assay. Future studies 

should look at hepcidin and ferroportins and other cellular markers of iron 

accumulation.  

 

Lipopolysaccaride has been shown to upregulate ZIP14 in macrophages and ZIP14 

knockout attenuated downstream cytokine signaling. This has implications for 

inflammation in type 2 diabetes
245

. The circulating cytokine profiles of the db/db and 

control mice were not significantly different for proinflammatory cytokines IL1b, TNFa 
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and IL6. Therefore, as suggested earlier in this discussion, any inflammation in the 

db/db mice may be local rather than systemic. This was the conclusion also from the 

histological analyses showing that there was no overt inflammation in the pancreas of 

the db/db mice at any stage of diabetes but there was evidence of increased macrophage 

infiltration. It will be important now to look at staining of the cytokines in the islets 

themselves.  

 

A recent study reported that ZIP14 knockout in C57BL/6 mice had upregulation of 

ZnT8 protein in the islets, increase in body weight, hypoglycemia, high insulin level, 

phosphorylation of insulin receptor and increased GLUT2 expression
240

. They also 

exhibited decreased release of circulating cytokines such as IL-6 and there was no 

change in the macrophage expression using CD68 staining. These knock out mice also 

showed impaired growth and glycogenesis and impairment of GPCR signaling. GPCR 

signaling has an important role in the pathogenesis of type 2 diabetes and other 

diseases. It is also known that GPCR and insulin signaling act in an autocrine and 

paracrine fashion
238

. It is feasible that up-regulation of ZIP14 leads to down-regulation 

of ZnT8 in db/db mice and thereby, leading to loss of beta cell Zn and impaired beta 

cell function. How this might occur is not clear but may involve effects at the level of 

ZIP14 macrophages interacting with ZnT8 containing beta cells. This could be tested in 

an in vitro co-culture model with activated ZIP14 positive macrophages and MIN6 or 

isolated mouse islet cells. 

 

Some findings in mouse model were also seen in human type 2 diabetes 

 

ZnT8 showed variable expression in normal human islets. As for the db/db mice, there 

was significant down-regulation of ZnT8 protein in beta cells in diabetes, but no down-

regulation in alpha cells. ZIP14 was up-regulated in islets of 3 of the diabetic pancreata 

similar to the up-regulation in db/db mice. Also, the pattern of labelling for ZIP14 was 

similar to that seen in mouse islets and may therefore also be due to infiltrating 

macrophages. As in db/db mice, there was no change in excpression of ZIP4 in human 

diabetes. The pattern of labelling for ZIP4 was similar to that seen in mouse islets and 

may therefore also be due to delta cells. In summary, the changes seen in db/db mice 

were largely mimicked in human diabetes with the reservation that there was much 
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more variability of expression in the human islets which may reflect variability in such 

things as age, obesity, prediabetes, duration and severity of diabetes and medications. 

 

A model to explain some findings in this thesis  is described in figure 9.1 for the normal 

mouse and 9.2 for the diabetic mouse.  

 

 

9.4 Medical significance 

There are three major medical significances of this project.  

I have confirmed that Zn and ZnT8 protein are lost in type 2 diabetes and have now 

extended this to show that the changes in Zn occur as an early event in the disease 

pathogenesis and therefore may be part of the mechanism driving the diabetes. The 

importance of this is that if it is an early event it may be able to  restore Zn levels by 

giving Zn supplements early in diabetes. This has been achieved in the db/db mice 

where pancreatic Zn was normalised and hyperglycemia was attenuated by dietary Zn 

supplements 
362

. Following this study Wany et al investigated Zn supplementation in 

streptozotocin (STZ) treated wistar rats. It was found that Zn supplementation improved 

the symptoms of diabetes such as polydipsia and led to a reduction of cholesterol 

levels
370

. 

 

In humans, however, the results have been controversial. For example, Rossel et al 

2003 investigated Zn supplementation for six months in type 2 diabetic patients and 

showed that the circulating Zn levels in these patients increased significantly, they had 

reduced oxidative stress, but did not have any changes in hyperglycemia. Also Foster et 

al 2013 reported that Zn supplementation in women with type 2 diabetes did not have 

significant outcomes on glucose homeostasis and lipidemia 
424

. However, recently 

Jayawandara et al, did a meta analysis on 12 studies of Zn supplementation in type 2 

diabetic patients and concluded that Zn supplementation improved glycaemia control 

and increased HDL levels in the blood 
355

.  

 

My studies are the first to identify ZIP4 in the delta cells; this suggests that ZIP4 is 

involved in controlling Zn levels in these cells and appears to be less important for the 



 

 239 

other islet cells. Since ZIP4 is important for gastrointestinal function, the effects of 

ZIP4 dysregulation on somatostatin production by delta cells needs to be examined, as 

well as the effect of diabetes on ZIP4 expression in human islets and whether this has 

influence on gastrointestinal function. 

 

These studies are the first to identify ZIP14 on macrophage in islet cells in type 2 

diabetes. If ZIP14 was knocked down in the macrophages, this could reduce the islet 

related changes that occur in diabetes such as the loss of ZnT8. However, it is still not 

clear whether ZIP14 has a positive or negative role in islet cell biology. Development of 

antagonists of ZIP14 may be useful to upregulate ZnT8 levels and restore insulin 

sysnthesis.  

 

 

9.5 Limitations in these studies: 

The main studies described in this thesis involved researching novel aspects of zinc 

homeostasis in a mouse model of type 2 diabetes. There were a number of limitations in 

these studies. 

 

Limitations of characterising the db/db mice model: 

The db/db mouse model is a very well-characterised model of type 2 diabetes. The 

findings with the db/db mice such as the ZIP4 present on delta cells and ZIP14 on islet 

macrophages now need to be confirmed in the other type 2 diabetes and obese rodent 

models such as Zucker diabetic rats and ob/ob mice. The mouse model of type 2 

diabetes and obesity is a good model to investigate the mechanisms and pathways of the 

disease. However, there are limitations with these mouse models as good models of 

human disease. For example, the db/db mice model is due to a leptin receptor mutation 

unlike the majority of the human type 2 diabetes. The severity of the disease in these 

mice is greater than what exists in the human. Human type 2 diabetes is a 

heterogeneous disease comprising of various factors such as the environment, diet, 

polymorphisms, family history and lifestyle. Therefore the interpretation of the results 

obtained from db/db mice may not necessarily apply to humans. All of the findings 

need to be confirmed in normal and diabetic human islets.  
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Limitations in gene expression study: 

In this study I used whole pancreas to investigate the relative expression of zinc 

transporters (ZnT1-10, ZIP1-14, Zn binding proteins and islet hormones). It would have 

been preferable to use isolated islets or laser capture microdissected islets rather than 

native pancreatic tissue. I did explore this using laser capture microdissection but the 

quality and quantity of the RNA from the islets were suboptimal. Genes such as ZnT8, 

insulin, and glucagon are islet specific genes and they can be detected accurately in 

whole pancreas. However other Zn transporters for example ZIP14 are expressed in the 

blood vessels, macrophages and also islets and give a mixed signal. Another limitation 

of this study was getting good quality RNA from whole pancreas tissue as it contains 

many proteases and RNAases especially in the acinar tissue where digestive enzymes 

are being secreted. In order to obtain more cDNA from the RNA being used I included 

a preamplification step. An advantage of these studies was the use of multiple genes in 

triplicates embedded on microfluidic card and the normalisation to two house keeping 

genes.  
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Figure 9.1 Schematic diagram of the localization and role of Zn transporters in 

wildtype islets 

The left panel shows a typical mouse islet with a mantle rich in alpha and delta cells 

and a central core rich in beta cells. Only occasional macrophages are present. The Zn 

transporter ZnT7 is expressed in the beta cells and some alpha cells. ZnT8 is expressed 

on both alpha and beta cells. Delta cells strongly expresses the gut related protein ZIP4; 

this has implications for Zn uptake by these cells and also gut-islet interactions. 

Nothing is known about other Zn transporters in the delta cells. ZIP14 is expressed on 

the macrophages but the relationship to the state of macrophage activation needs to be 

determined.  The right panel shows insulin is derived by two proteolysis steps 1) 

conversion of pre-proinsulin to proinsulin in the rough endoplasmic reticulum (RER) 

and 2) cleavage of proinsulin to the alpha and beta insulin chains in the early  secretory 
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vesicles. Zn is important for both Zn-proinsulin hexamerisation in the RER/golgi and 

Zn insulin crystallisation in mature insulin vesicles. Findings in chapter 6 shows that 

ZnT7 staining had golgi like distribution (consistent with findings in other tissues) and 

ZnT7 is therefore likely involved in bringing Zn into the RER/golgi of the beta cell.  

the role of ZnT7 and ZnT8 in the mature insulin formation. ZnT7 is involved in 

bringing Zn into the Golgi where pro-insulin hexamers predominate and processed into 

immature secretory granules. ZnT8 is involved in bringing Zn into the secretory 

granules where maturation can be completed and mature insulin crystals are 

predominant
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Figure 9.2 Schematic diagram of the localization and role of Zn transporters in 

db/db mice islets 

The figure hows a typical diabetic mouse islet with a hypertrophic and disorganised 

islet structure. The alpha and delta cells move to the central core of the islet or are beta 

cells that have been reprogrammed to non beta cells. The consequence of this is that the 

tight regulation of islet hormone secretion is lost. It is not clear what implications it has 

on Zn homeostasis in these islet cell types for two reasons firstly; it is not clear whether 

Zn released from beta cells has a paracrine effect on the neighbouring alpha and delta 

cells and vice versa; Secondly; it is not known whether disorganisation of alpha and 

delta cells interferes with the uptake of Zn and other nutrients from islet capillaries.  

ZnT7 expression is up-regulated in the Golgi of the islet cells to increase insulin 

production to compensate for the hyperglycaemia in type 2 diabetes. ZnT8 expression is 

down-regulated in the beta cells but not in the alpha cells. The increase in ZnT7 and 

decrease in ZnT8 expression leads to a block in the insulin maturation with an increase 

in proinsulin hexamers (immature secretory granules being secreted). This would be 

consistent with accumulation of immature granules containing Zn proinsulin hexamers 

replacing the mature insulin secretory granules in the db/db mice. The immature 

granules preferentially exocytose releasing proinsulin into the circulation
83

. Therefore 

in the db/db mice it is proposed that there is a block in maturation of proinsulin to 

insulin formation, secondary to changes in ZnT7 and ZnT8. The ZnT8 was decreased in 

the beta cells in the early phase of diabetes and further reductions occurred as diabetes 

progressed. This confirms other findings including those of liu et al 2011 and Tamaki 

2009 et al. and in the experiments described in this thesis this is extended to show that 

both Zn and ZnT8 are preserved in the alpha cells in the diabetic mice. Preservation of 

Zn and ZnT8 in the alpha cells may facilitate glucagon secretion and thereby play an 

important role in worsening the hyperglycaemia.  

 

ZIP14 is up-regulated in the islets. This up-regulation is at least partly due to increase in 

macrophage number within the islet. There was no increase in the amount of ZIP14 in 

each macrophage in early diabetes but the immunofluorescence images suggest that 

they may be increase in the amount of ZIP14 in the later stages of diabetes and this 

could be due to increased macrophage activation correlating with more severe 
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hyperglycemia and obesity. In a study done by Cucak et al showed an increase in 

macrophages of the M1 proinflammatory subtype (Cucak 2013), in db/db mice 

pancreatic islets. It is not known whether ZIP14 is associated with macrophage subset, 

but it is known that inflammatory stimuli such as LPS, turpentine, IL-6 increase its 

expression greatly suggesting that the ZIP14 may be a marker of activated 

inflammatory macrophage but this needs to be confirmed. It would be interesting to 

cross ZIP14 knockout mice with db/db to see whether this affects macrophage 

infiltration into the islets as well as the effects on the progression of diabetes. ZIP14 is 

also expressed in blood vessels but the relationship to diabetes is not known. 

 

ZIP4 did not appear to change in diabetes but because delta cells do increase in the 

inner core of the islet, this need to be further investigated. Disorganisation of delta cells 

containing ZIP4 may have a functional consequence in diabetes, as the regulation of the 

insulin and glucagon may be altered. Knockout of ZIP4 could give us functional clues 

on the role of Zn in delta cell function. 
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9.6 Final conclusions and Future directions 

Studies in this thesis have raised some interesting questions that need to be addressed in 

future studies. It would be interesting to look for ZIP4 and ZIP14 polymorphisms in 

diabetes type 1 and 2, as well as autoantibodies in type 1 diabetes, which might further 

give us clues on the mechanisms of the disease .Repeating these studies in human islets 

of control and diabetic patients is important to confirm findings with the mouse model 

of diabetes. Crosses of ZIP14 or ZnT8 knockout mice with db/db mice may shed light 

on whether ZIP14 knockout improves diabetes and whether ZnT8 knockout increases 

the severity of the disease. In future studies the two models db/db vs ob/ob mice (which 

do not have a leptin receptor mutation) could be compared. This would have enabled to 

see what role obesity plays in the altered Zn homeostasis. This would give further clues 

as to whether the leptin gene mutation or leptin receptor gene mutation have similar 

effects on Zn transporter regulation. 

 

This thesis provides new data on the role of Zn and Zn transporters in the pancreatic 

islets which should lead to a better understanding of how Zn is involved in islet 

hormone synthesis and storage and abnormalities in type 2 diabetes. There are two 

potential clinical implications of these studies. The first is in understanding better the 

critical early events in development of type 2 diabetes, how these are influenced by Zn 

status and whether Zn supplements have a role to play in slowing down the transition 

from pre-diabetes to established diabetes. Low dietary intake of Zn might be a factor in 

diabetes and zinc supplements could therefore prove useful as aids to therapy. 

Secondly, whether Zn is an important factor in islet viability may have implications for 

transplantation of islets in type 1 diabetics.  A study of the Zn and Zn transporter status 

in islets that are to be transplanted into patients may lead to improvements in islet 

viability and successful outcomes. 
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Appendix 1: Reagents 
 

Ultrasensitive Insulin Elisa Kit    (Crystal chem, Downers Grove, IL 

USA) 

 

Mouse Cytokine 3 plex (Cat no Y6000000X1)    Biorad  

 

Mouse Insulin Elisa Kit (10-1247-01)     Mercodia 

 

BCA Protein Assay Kit (Product no 233227)    Thermoscientific 

 

0.8ml LH Lithium Heparin sep (ref 450479)     Mini spin 

 

Tissue Tek 2 OCT compound for frozen tissue specimens   Siemens 

 

Mould Cryogenic plastic Disposable 

15x15x5mm (Intermediate cryomold)     Siemens 

 

Borex tubes   

 

Nitric acid Suprapur 1L (Z233441)                 Merck 

 

Primary antibodies: 

 

Monoclonal Anti-Mouse Glucagon IgG1 (K79Bb10)    Abcam 

Cat no. ab10988   

 

PolyclonalRabbit Anti-ZnT7IgG      Sigma-

Aldrich 

 

Polyclonal Rabbit Anti-Rat ZnT8 1gG (Cat no. RZ8)   Mellitech 

(France) 
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Polyclonal Rabbit Anti-ZIP4 IgG     

 Thermoscientific 

 

Rabbit Anti-ZIP5 IgG      Thermoscientific 

 

Rabbit Anti-ZIP14 IgG      ThermoScientific 

 

Polyclonal Rabbit Anti-human Somatostatin  (Cat A0566 )   Dako Carpinteria, 

CA 

 

Polyclonal Guinea Pig Anti-Swine Insulin 1/100 (Cat A0564 ) Dako Carpinteria, 

CA 

 

Polyclonal Rabbit Anti-Glucagon (Cat A0565)   Dako Carpinteria, 

CA 

 

CD68 1/1500 (Cat M0814 Clone KP1)    Dako Carpinteria, 

CA 

 

Secondary Antibodies: 

 

Anti-rabbit Alexa flour 488 IgG (FITC)    Invitrogen 

 

Anti-MouseAlexa flour 584 IgG1 gamma 1   Invitrogen 

 

Dako Fluroscent Mounting Medium (Cat no. E7023-500ML)          Dako 

 

RNA and Polymerase chain reaction reagents: 

 

Omniscript RT Kit 50 Reactions     Qiagen 

 

Oligo DT primers (Cat no 79105)     Qiagen 
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RNase Zap wipes       Ambion 

 

Experion STDS Reagents and supplies for 25 chips (Cat no 7007104)Biorad 

 

Ethanol, absolute 200 proof for molecular biology  Sigma-Aldrich 

 

Chloroform (Prod 10077)     AnalaR 

 

Trizol (Cat: 15596018)     Invirogen 

 

RNeasy mini kit (Cat no 74106)    Qiagen 

 

RNA aqueous micro kit (Cat no 1931)    Ambion 

 

RNase free DNase kit (Cat: 79254)    Qiagen 

 

Taqman Universal master mix (Cat; 4304437)   Applied 

Biosystems 
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Applied Biosystems inventoried Taqman gene expression assays 

Zn transporters Accession codes: 

ZIP1  Mm01605921_g1 

ZIP2 Mm01314597_g1 

ZIP3 Mm00460290_m1 

ZIP4 Mm00511151m1 

ZIP5 Mm00511105_m1 

ZIP6 Mm00507295_m1 

ZIP7 Mm00433930_m1 

ZIP8 Mm00470855_m1 

ZIP9 Mm00470907_m1 

ZIP10 Mm00554174_m1 

ZIP11 Mm04206888_m1 

ZIP12 Mm01325273_m1 

ZIP13 Mm01329757_m1 

ZIP14 Mm01317439_m1 

ZnT1 Mm00437377_m1 

ZnT2 Mm01185317_m1 

ZnT3 Mm00442148_m1 

Znt4 Mm00442155_m1 

ZnT5 Mm00458158_m1 

ZnT6 Mm00460610_m1 

ZnT7 Mm00458239_m1 

ZnT8 Mm00496660_m1 

ZnT9 Mm01315481_m1 

ZnT10 Mm01315481_m1 

MT1 Mm00496660_g1 

MT2 Mm04207591_g1 

TPRM3 Mm01210379_m1 

PDLIM7 Mm00482816_m1 

INS1 Mm01259683_g1 

GLUCAGON Mm01269055_m1 
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Working diluent for atomic flame absorption: 

 

600ml of high purity water 

50ml of Butan-1-ol (Univar) 

1.5ml of Brij-35 (30%) 

8.9ml of concentrated hydrochloric acid 

 

 

Preparation of 10mM TRIS buffer pH 8.2 for homogenisation of organs: 

 

1. The molecular weight of TRIS buffer (sigma Chemicals, St. Louis, MO) IS 121 

MV and we want to prepare a 10mM solution of TRIS buffer, 1.21g TRIS is 

diluted in 1L deionised water (~17oC).  

2. The TRIS and water were mixed thoroughly  

3. A pH meter was placed to get the solution to pH7 reading(+/- 0.2) 

4. If required, a small volume of acid was added to decrease the pH or alkaline to 

increase the pH until the meter reds 8.2 

5. When the correct pH is reached, the pH meter is rinsed using deionised water 

and is left in the standard solution. 

Preparation of 30mM TRIS buffer pH 7.4: 

 

1. The molecular weight of TRIS BUFFER (Sigma Chemicals, St Louis, MO) is 

121 MV, and we want to prepare a 30Mm solution of TRIS BUFFER, 3.63G 

TRIS is diluted in 1L deionised water (~17oC). 

2. The TRIS and water was mixed thoroughly 

3. A pH meter was placed in the solution, acid or alkaline was added to increase or 

decrease the pH until the meter reached the pH of 7.4. 
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4. When the correct pH is reached, the pH meter is rinsed using deionised water 

and is left in the standard solution. 

Preparation of 2x Acrylamide SDS gels 

10ml separation gel: 

H20       4ml 

30% Acrylamide mix     3.3ml 

1.5 M Tris (pH 8.8)     2.5ml 

10% SDS      100μl 

10% APS       100μl 

TEMED      4μl 

A layer of water was added on top of the gels to prevent them from drying out as the 

gels set. 

 

Stack gel-6ml 

The water layer was discarded 

H20       3.6mL 

30% Acrylamide mix     1.0mL 

0.5M Tris (pH 6.8)     1.5mL 

10% SDS      60μl 

10% APS      60μl 

TEMED       6μl 

 

10x Transfer Buffer 

288g of Glycine 

60g of Tris base 

2L Milli Q water 

These reagents were placed in a beaker with an magnetic stirrer until all was dissolved 

1x Transfer Buffer 
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100ml o 10x buffer  

700ml of COLD Mille Q water 

200ml of Methanol 

 

5x Running Buffer 

287.5g Glucose 

60g Tris base 

10g SDS 

2L Mille Q H20 

These reagents were placed in a beaker with a magnetic stirrer until everything was 

dissolved 

The 5x running buffer was diluted 1:5 in Mille Q water before use  

PBS-T 

1ml of tween in 1 litre of 1x PBS 

Western Blot 

The western blot was run with 1x running buffer. The gel was run at 150V for 1hour for 

25 mins at room temperature.   

 

Transfer: 800ml transfer buffer and 200ml of methanol was mixed and poured into a 

tube for transfer of the membranes.  

The transfer of the membranes were done manually: 

Black = Gel =Negative (sponge-filter paper-membrane-filter paper-sponge) 

The membrane was transferred at 100V for 1 hour and 15 mins with an ice block in the 

tank. 

The membranes were then rinsed with 5ml PBS-T. 

ZIP4, ZIP5 and ZIP14 weer diluted 1:1000 in Odyssey buffer and was incubated 

overnight at 4
o
C. The membranes were washed 3 times for 15 mins with PBS Tween. 

The secondary antibody was incubated at room temperature in the dark with α-rabbit ( 

Cat: IRI Dye 800CW-green) diluted 1:10000 in odyssey buffer and mouse α-human 

tubulin was diluted in PBS-t 1:10000 (sapphire Bioscience-Abcam Cat 120-72910) for 
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1 hour . The membranes were then washed 3 times with PBS-T for 15 mins and viewed 

using Odyssey (Lincor) machine to captured the bands of interest. 
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Appendix 2: Equipment used 
 

My cycler thermal heating block    Biorad 

Bioplex 200 system      Biorad 

Biorad Bioplex Pro 11 wash system    Biorad 

Epifluoresence microscope with AxioVision  

software version Axiovs40v4.82.0. 

Nikon Eclipse 90i microscope     (Nikon, Tokyo, Japan). 

Flame atomic absorption spectrometer  Perkin–Elmer  

3030 Atomic Absorption spectrometer,   Überlingen, Germany 

 

Automatic gamma counter     Perkin Elmer Germany 

9700ht Qpcr       Applied Biosystems USA 

 

Diluter for flame atomic absorption spectrometry 

Experion Automated Electrophoresis Station   Biorad 

Microscope  

Cryotome       Leica 

Microplate reader      Biorad 
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Appendix 3: Papers  
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Abstract   

 

Zn is essential for insulin production and abnormalities in Zn homeostasis contribute to 

the development of diabetes. Zn homeostasis is regulated by the concerted action of two 

families of importer (ZIP) and exporter (ZnT) membrane Zn transporter proteins. 

Animal and human studies have shown a critical role for secretory granule ZnT8 in 

insulin production and genome-wide association studies suggest that ZnT8 is a disease 

susceptibility gene for Type-2 diabetes (T2D).  However, little is known about the 

expression of ZnT8 and other Zn transporter proteins in normal islets and T2D. Here we 

show that, in T2D human and db/db mouse pancreatic islets, 1) ZnT8 protein is 

significantly decreased in the beta cells but retained on the alpha cells, 2) ZIP4 is 

expressed on  somatostatin-producing delta cells in normal islets but also on alpha cells 

in T2D and 3) ZIP14 is up-regulated on islet macrophages in some diabetics. Retention 

of ZnT8 on alpha cells may contribute to alpha cell hyperplasia and sustained glucagon 

production in diabetes. Changes in islet Zn and Zn transporters were amongst the 

earliest events in the db/db mice and may constitute a new risk factor for disease 

progression in pre-diabetes.  
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Introduction  

 

Zinc (Zn) is an essential trace element which plays critical roles in hormone metabolism 

and immune function. Pancreatic islet cells have amongst the highest content of Zn in 

the human body. Zn promotes the formation of Zn pro-insulin hexamers in the Golgi 

and, subsequently, Zn insulin crystals in the secretory granules which are stored until 

release. Abnormalities in Zn biology have been shown to play roles in diabetes 

(reviewed in [1, 2]).  Zinc deficiency, including a reduction in pancreatic Zn, has long 

been documented in patients with T2D [3]. A recent systematic review and meta 

analysis of 22 published studies in T2D concluded that Zn supplements improved 

glycaemic control and lipid parameters [4]. Zn supplements also lowered blood glucose 

levels in the db/db mouse model of T2D [5].   

 

Intracellular Zn levels are maintained by two large families of membrane Zn transporter 

proteins: the ZnT protein family, encoded by the genes solute carrier family 

(SLC)30A1-10, that are involved in the efflux of Zn from the cytosol to the 

extracellular space or sequestration into intracellular organelles and the ZIP protein 

family, encoded by genes SLC39A1-14, that are involved in the influx of Zn or release 

from organelles thereby increasing cytosolic Zn concentrations. The Zn transporter 

SLC30A8 (ZnT8) is expressed specifically in endocrine cells including insulin-

secreting beta cells and glucagon-secreting alpha cells [6]. Down-regulation of ZnT8 in 

vitro in cultured beta cell lines or primary beta cells resulted in reduced intracellular 

zinc, insulin production and insulin secretion in response to high glucose challenge [7, 

8]. ZnT8 is also down regulated in pancreatic islets of a type 2 diabetic rodent db/db 

mice model [9].  Single nucleotide polymorphism of the ZnT8 gene in humans is linked 
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to increased fasting glucose levels and type 2 diabetes [10, 11].  The risk variant of 

ZnT8 had impaired Zn transport activity [12]. A recent report in Nature Genetics, 

showing that loss-of-function mutations in SLC30A8 in humans protects against T2D, 

has muddied the water, although the interpretation of this finding has recently been 

challenged [13]. There are also extra-pancreatic effects of ZnT8. Mice with β cell–

specific knock-down of ZnT8 had enhanced hepatic degradation and clearance of the 

insulin in liver, thereby providing an alternative explanation for low peripheral blood 

insulin levels despite insulin hypersecretion from pancreatic β cells [14]. Interestingly, 

Zn secreted with insulin suppressed hepatic insulin clearance by inhibiting clathrin-

dependent insulin endocytosis [14].  Despite these studies there is relatively little 

detailed immunobiology of Zn transporters in  pancreatic islets and little known about 

changes in expression of ZnT8 and other Zn transporter proteins at different stages in 

the development of T2D. 

 

To investigate the relevance of Zn transporter proteins in normal pancreatic islets and in 

diabetes we initially studied their expression by real time PCR in healthy organ 

pancreatic donors and by micro array analysis. We then extended this analysis to 

pancreata from donors with or without T2D. Finally we used the well characterized 

db/db murine model of T2D to address the issue of changes in Zn transporters in both 

early and late T2D. The db/db mouse lacks a functional leptin receptor and develops 

both obesity and diabetes [15]. As discussed by Belke and Severson (2012) [16], the 

natural progression of the diabetes, with insulin resistance followed by an impairment 

of insulin secretion, is very similar to the pathogenesis of T2D in humans. Initial early 

hyperphagia and insulin resistance are quickly followed by compensatory responses of 
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hyperinsulinemia, beta-cell hyperplasia and islet hypertrophy, before hyperglycemia 

occurs at the age of 4 to 8 weeks.  

 

For the immunofluorescence studies we focused on two ZnT Zn transporters ZnT7 and 

ZnT8 since  both have been shown to be involved in the incorporation of Zn into 

proinsulin and insulin.  It is likely  that one or more members of the ZIP family are 

involved in  bringing Zn into islet cells but these have yet to be identified. We therefore 

focused on  two ZIP Zn transporters ZIP4 and ZIP14. ZIP4 was chosen because it is one 

of the major influx Zn transporters and is overexpressed in many pancreatic cancers 

while ZIP14 was chosen because it is an inflammation-associated Zn transporter and 

chronic inflammation is part of the pathogenesis of type 2 diabetes. 

 

Our studies indicate that there is a wide variation in Zn transporters in human, that 

significant changes occur in diabetes, including Zn transporters on other islet cells and, 

using the small animal model and that changes in Zn transporters occur before the 

development of T2D highlighting the important role of these proteins in pancreatic 

function in health and disease susceptibility. 

Research Design and Methods  

 

Human pancreata 

Access to pancreatic tissue was provided through the pancreatic islet transplant program 

Australian Islet Consortium (RAH 100205b and St Vincent’s Hospital Melbourne 

(SVH HREC-D 103/05). Consent for donated human pancreata for research in all cases 

was obtained through Donate Life Australia.  Human pancreatic islets were purified 

from donor pancreas using a modified Ricordi method as previously described [17]. 
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Total RNA was purified from isolated human islets, purified acinar tissue and OCT-

embedded frozen whole pancreas pieces using TRIzol reagent (Invitrogen, Carlsbad, 

CA, USA). mRNA was separated and purified by RNAeasy mini column (Qiagen, 

Hilden, Germany). The quality and quantity of RNA was determined using standard 

sensitivity RNA chips analysed by Experion (Bio-Rad, CA).  High quality RNA 

samples were reverse transcribed to cDNA using Omni script RT kit (Qiagen, Hilden, 

Germany).  

 

Animals 

All experimental procedures were approved by the SA Pathology Animal Ethics 

(141a.10) and the University of Adelaide Animal Ethics Committees (M-2010-166A) 

and conformed with National Health and Medical Research Council Guidelines for Use 

and Care of Laboratory Animals. Male db/db mice aged 4, 10 and 14-18 weeks and 

aged-matched wildtype (WT) mice (C57BL/6J) were purchased from the Animal 

Resource Centre (Perth) and University of Adelaide. Mice were maintained in an 

animal house at 22°C and subjected to a 12h light/dark cycle. All animals had free 

access to water and rodent chow.   

 

Human Real Time PCR 

Real time quantitative PCR was carried out using an ABI7300 PCR machine and 

Taqman™ primer and probes (Applied Biosystems) designed to gene specific human 

sequences (Supplementary Methods 1). A pre-amplification step of the samples was 

performed using Taqman pre-AMP Master mix kit protocol (Supplementary Methods 

1). Relative gene expression was calculated using the 2


CT method 
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Immunofluorescence staining for ZnT8, ZIP4 and ZIP14: 

Cryosections, 5µm, were fixed in ice-cold acetone for 10 min. The sections were 

blocked in a humidified chamber for 60 min with serum from the secondary antibody 

host animal. Sections were incubated overnight at 4°C with rabbit polyclonal antibodies 

to ZnT8 (1:100; Mellitech, France), ZIP4 (1:100; Thermoscientific, Rockford, IL, 

USA), or ZIP14 (1:150; Thermo- scientific, Rockford, IL,  USA) and mouse 

monoclonal anti-glucagon (Sigma Aldrich, North Ryde, New South Wales, Australia). 

Slides were washed (1x PBS) and incubated for 60 min with goat anti-rabbit Alexa488 

conjugate and rabbit anti-mouse Alexa594 conjugate (1:400; Life technologies, 

Mulgrave, Victoria, Australia). Sections were washed, nuclei were counter stained with 

DAPI (4’, 6-diamidino-2-phenylindole) and mounted with fluorescent mounting 

medium (Dako Australia Pty. Ltd, Nth Sydney, NSW, Australia). 

The images were captured on a Zeiss Apoptome microscope (Carl Zeiss GmbH, 

Goettingen, Germany) and analysed by FIGI image J software. Mean gray value was 

used for ZnT7 and ZnT8 as they were homogeneous in expression. Integrated density 

was used instead of mean gray value for ZIP4 and ZIP14 because the staining was not 

homogenous across the islet.  

 

Immunoperoxidase staining: 

Tissue sections (4 µm) were cut, mounted on Superfrost Plus coated slides, labelled and 

then placed on a fully automated immunohistochemistry (IHC) staining Ventana 

Benchmark XT (Roche Diagnostics) instrument. Antibodies used were polyclonal 

rabbit anti-glucagon (1/800), polyclonal guinea pig anti-swine insulin (1/100), 
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monoclonal anti-CD68 (1/1500, M0814 Clone KP1) and polyclonal rabbit anti-human 

somatostatin (1/1600) all from Dako Carpinteria, CA, anti-ZIP4 (1/400) and anti-ZIP 14 

(1/1600) from Thermo Scientific Rockford, USA) followed by counterstaining with 

haematoxylin 11(Roche Diagnostics). Images were captured using a Nikon Eclipse 90i 

microscope (Nikon, Tokyo, Japan). 

 

ZINPYR-1 staining for Zn in pancreatic islets 

Cryosections of mouse pancreas from both db/db and control mice at 4,10 and 18 weeks 

of age were incubated with 1M of ZINPYR-1 (Cat no ZP1, Mellitech, France) for 15 

min at 37C. Sections were washed with phosphate buffered saline (pH 7.4, 1x PBS), 

mounted and images captured as for immunofluorescence (above). 

 

Measurement of pancreatic and liver Zn and metallothionein (MT)  

Whole pancreas and liver were removed from db/db and WT mice and total Zn and MT 

content were measured using atomic absorption spectrometry and the cadmium 

haemoglobin binding assay, respectively [18].  

Statistical Analysis 

Analysis was performed by an ANOVA approach, using likelihood ratio tests, as the 

datasets were not completely balanced. A two-factor interaction model (Group*Time) 

was estimated for each response. All data was log-transformed prior to analysis because 

of non-constant variance. The fitted “means” were estimated by back-transforming the 

fitted log-means, and therefore represent medians. Gaussian generalised linear models 

(GLMs) were used for datasets where there was a single observation for each mouse, 
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and gaussian generalised linear mixed models (GLMMs) were used for datasets where 

there were repeated observations on each individual (i.e. random effect = animal). 

Statistical analysis was performed using R software V 3.0.1[19].GLM models were 

estimated using base functions in R. GLMM (random effect models) were estimated 

using the lme4 library V1.0-5 [20].Type II Likelihood ratio ANOVA tables were 

generated by the Anova function in the car library V2.0-19 [21]. Planned comparisons, 

corrected for multiple comparisons, were performed between db/db and wildtype mice 

at each time point using the multcomp library V1.3-1[22].  

 

 

 

Results  

1. Human studies 

Human Zn transporter gene expression studies 

To investigate the tissue expression of Zn transporters in normal pancreas and disease, 

real time PCR was performed on 10 isolated human islet preparations, 3 acinar 

preparations and 4 whole pancreas preparations. Using the PCR approach  a range of Zn 

transporters were found to be expressed in the normal human pancreas, in comparison 

to acinar tissue. The most highly expressed Zn transporters in the islet were ZnT8, 

ZIP7, ZIP14 and ZIP1, with ZnT8 and ZIP14 showing marked preferential expression 

in the islet compared to whole pancreatic tissue or isolated acinar tissues. A separate 

cohort of human pancreatic islets (n=8) were also assayed for Zn transporter expression 

using Affymetrix gene array. There was good concordance between the identified Zn 

transporters using both techniques in two separate cohorts indicating the robustness of 

the findings.  Within the human islet preparations assayed, ZIP 14 displayed the highest 
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expression, followed by ZIP6 and ZnT8. Although their expression was not as high as 

insulin, glucagon and somatostatin, a range of Zn transporters were expressed at higher 

levels in isolated human islet preparations compared to the GLP-1 receptor and the 

GLUT1 and GLUT2 transporters. Using the array these transporters were expressed at 

consistent levels across the  isolated islet preparations. 

 

To assess whether Zn transporters changed in disease, 6 donor pancreata from patients 

with T2D were also studied with real time PCR for Zn transporter genes. The mean 

duration of diabetes for individuals with T2D was 6  years. Out of 24 zinc transporters 

genes three of the influx transporters Zip2, Zip4 and Zip 12 and two of the efflux 

transporters ZnT3 and ZnT10 were not detected at the transcriptional level in either 

control or diabetic pancreata. Out of all the influx transporters Zip 5 was the most 

abundantly expressed followed by Zip8, Zip7 and Zip6.  For ZnTs the most abundantly 

expressed gene was ZnT9 followed by ZnT2, ZnT8, and ZnT7. There was reduced gene 

expression of ZnT8 in T2D diabetic pancreata. 

 

Gene expression studies on whole pancreas do not indicate whether the changes seen  

also manifest at the protein level and which islet cell types are involved. We therefore 

performed immunofluorescence for ZnT8, ZIP4 and ZIP14 proteins in pancreatic 

sections from normal human and T2D donors. Details about the two groups are 

presented in Table 1. Of note is the age of control donor pancreas and BMI which are 

both younger and less obese than T2D. Image J software allowed semi-quantitative 

expression of protein levels. 

 

Human Zn transporter immunofluorescence studies 
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Fig 1A shows typical immunofluorescence images (green) for ZnT8, ZIP4  and ZIP14 

in islets from normal humans (Left) and type 2 diabetics (Right). Islets were co-labelled 

for glucagon (red) to identify the islets and to show alpha cells. Fig 1B shows 

quantitative data by ImageJ analysis for individual subjects, normal versus T2D. 

ZnT8 

There was intense and largely homogeneous staining for ZnT8 in normal human islets 

including both the beta and alpha cell compartments, the latter shown by co-localization 

with glucagon. In T2D patients, there was loss of ZnT8 in the beta cell compartment 

while the expanded alpha cell population retained strong ZnT8 expression. The levels 

of ZnT8 fluorescence varied for different normal pancreata (mean fluorescence 

intensity + SD was 90.5 + 20.9, n =7 subjects). By contrast, all T2D subjects had low 

expression of ZnT8 in their islets (60.0 + 7.4, n =5 subjects) and the overall mean for 

the group was significantly lower (p<0.05) than that for the normal (Fig 1B).  

 

ZIP4 

There was occasional staining of cells for ZIP4 in normal human islets, the majority of 

which did not appear to be beta or alpha cells (Fig 1A). However, there was striking co-

localization of ZIP4 and glucagon staining in some of the T2D subjects, with many 

alpha cells now expressing ZIP4.  The levels of ZIP4 fluorescence varied for different 

normal pancreata and there was no significant difference between the overall means for 

normals (18.2 + 4.1, n = 7) and T2D subjects (26.8 + 7.0, n = 5), Fig 1B.  
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ZIP14 

There was occasional staining of cells for ZIP14 in normal and T2D human islets (Fig 

1A). As for ZIP4, these did not appear to be beta or alpha cells. They were larger than 

the ZIP4+ve cells and had a macrophage-like appearance. Fig 1B shows variable levels 

of ZIP14 fluorescence between subjects (normal and T2D). In particular, one of the 

seven normal subjects and three of the eight diabetic subjects tested had strong islet 

ZIP14 staining. There was no significant difference between the overall means for 

normals (44.3 + 35.5, n = 7) and T2D subjects (62.4 + 42.7, n = 8).  

 

Thus, we report for the first time in human T2D, significant down-regulation in ZnT8 

and no change in two influx Zn transporters ZIP4 and ZIP14.  

 

2. Murine db/db studies 

To further investigate changes in Zn transporter proteins, the db/db mouse model of 

T2D was used, with an emphasis on changes in Zn parameters in diabetes both early (4 

wk) and late (10 wk and beyond).  

 

The time-dependent progression of various diabetic parameters in the db/db versus 

wild-type (WT) mice is shown in Supplementary Fig 1. In brief, peak hyper-

insulinemia (9.5 fold increase, p<0.005) and islet hyperplasia (4.9 fold, p<0.005) 

occurred at 4 wk while peak obesity (1.8 fold, p<0.005) and hyperglycaemia (5.0 fold, 

p<0.005) occurred at 10wk and beyond.  Immunoperoxidase staining in the WT mice 

showed dense and closely packed insulin staining throughout the interior of the islet 

where beta cells are present (Supplementary Figure S2). In the db/db mice the insulin 
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staining was patchy, more loosely packed and showed evidence of beta cell 

degranulation. Glucagon in the WT mice was largely present in the periphery (or 

mantle) of the islet where the alpha cells predominate. In the db/db mice, however, the 

glucagon staining was more disorganized existing in the periphery and the inner core of 

the islets, even in early diabetes. Somatostatin in the WT mice was present in the 

periphery (or mantle) of the islet where the delta cells predominate. In the db/db mice 

however, the somatostatin  staining was more disorganized and increased in expression 

in the inner core of the islets, even in early diabetes. 

 

Islet and systemic Zn levels in db/db mice: 

There were no systemic changes in Zn levels at any age in the db/db mice, as assessed 

by no significant decrease in plasma Zn, liver Zn and liver and pancreas 

metallothionein (Table 2). However, there were significant decreases in pancreas Zn as 

early as 4wk (0.44 fold of control, p<0.005).  To determine whether the early loss of 

pancreatic Zn was in the endocrine or exocrine compartments, the Zn fluorophore 

ZinPyr-1 was used to investigate the levels and distribution of labile Zn in cryosections 

of the pancreata.  

In WT mice, ZinPyr-1 stained both acinar tissue and islets. However, islets stained 

much more intensely than acini. There was a heterogenous, granular-like labile Zn 

distribution in the WT islets at 4 wk (Fig 2A, panel a). Interestingly, islet Zn 

fluorescence in WT mice was much less at 18 wk than at 4 wk (Fig 2A panel c). This 

was confirmed by Image J analysis of  between 14 and 55 islets from 4 mice at each 

time point (Fig 2B) and matched the significant decrease in whole pancreatic Zn 

content between 4 and 18 wk in the WT mice (Table 2). This suggests some decrease in 

pancreas and islet Zn content as C57Bl mice age. 
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As early as 4 wk, in db/db mice, there was a uniform loss of islet ZinPyr-1  

fluorescence (Fig 2A, panel b) which was significant (0.66 fold of that in WT p<0.05).  

Therefore, the early loss of Zn in the db/db mice pancreas was in the islets rather than 

in the acinar tissue. (Fig 2B). This low level of islet Zn in db/db mice at 4 wk largely 

persisted at 18 wk (Fig 2B) although now occasional islet cells fluoresced intensely 

(arrow in Fig 2A, panel d). These may represent a subset of Zn-rich cells that are 

expanded during the course of the diabetes. 

 

Immunofluorescence of  Zn transporter proteins in wildtype and db/db mice 

 

ZnT8  

ZnT8 was expressed homogenously throughout the normal mouse islet especially in 

both the insulin producing beta cells and the glucagon producing alpha cells at 4 and 18 

wk (Fig 3A panels a,c, respectively). ZnT8 staining was significantly decreased in the 

db/db mice (Fig 3A panels b,d). Decrease at 4 wk was 0.52 fold of control (p<0.05), 10 

wk (0.2 fold, p<0.005) and 18 wk (0.29 fold, p<0.005, Fig 3B).  

In typical db/db islets, most of the ZnT8 was colocalised with glucagon (see Fig 3A 

panel d) indicating that, during diabetes, ZnT8 is preferentially lost in the beta cells but 

is retained in the alpha cells.  

 

ZIP4  

ZIP4 was weakly expressed in the acinar tissue but strongly expressed in clusters of 

cells in the periphery of the WT islet at 4 and 18 wk (Fig 3A panels e,g, respectively). 

There was no co-localization of ZIP4 with glucagon staining. ZIP4 expression in the 
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early diabetic and chronic diabetic db/db mice was in both the peripheral mantle cells as 

well as the interior part of the pancreatic islet (Fig 3A panels f,h). At 4, 10 and 18wk, in 

db/db mice islets, ZIP4 protein staining was 1.4, 1.5 and 0.8-fold of age-matched 

controls, respectively (p value not significant, 14 to 36 islets from 4 mice per group 

were tested, Fig 3B).   

 

ZIP14 

ZIP14 was expressed on occasional cells throughout the WT islets at 4 and 18 wk (Fig 

3A panels i,k, respectively). There was significant increase in ZIP14 staining at all-time 

points in the db/db mice (Fig 3A panels j,l). There was also a small but significant 

increase in WT mice due to age alone from 4 to 10 weeks (Figure 3B). At 4, 10 and 

18wk, in db/db mice islets, ZIP14 protein staining was 6.1, 3.9 and 3.1-fold of age-

matched controls, respectively (p < 0.005, 19-55 islets from 4 mice per group were 

tested, Fig 3B).  Not only was  there a significant increase in cells expressing ZIP14 in 

the db/db mice but the average staining intensity per cells was also increased (data not 

shown) suggesting an up-regulation of ZIP14 on the ZIP14+ve cells in diabetes.   

 

Zip4 and somatostatin staining 

ZIP4 staining was quite distinct from insulin staining (beta cells) and glucagon staining 

(alpha cells) in both control mouse and db/db mouse pancreatic sections. However, the 

staining patterns for ZIP4 and somatostatin (delta cells) in various tissue sections were 

very similar. Immunoperoxidase staining for ZIP4 and somatostatin in serial sections  

confirmed colocalization in db/db islets (arrows in Fig 4a,b for db/db mice at 4 weeks 

of age) as well as WT islets (not shown). 
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Zip14 and macrophage staining 

 

ZIP14+ve islet cells had a macrophage-like morphology. This was confirmed by 

staining of ZIP14 and the macrophage marker CD68 in serial sections of the same 

diabetic islet (arrows in Fig4 c,d).  There was less macrophage staining and ZIP14 in 

the islets of wildtype mice (data not shown) consistent with the immunofluorescence 

studies. A positive correlation was found between ZIP14 protein expression and islet 

size regardless of diabetic status (r
2
=0.56).  

Discussion  

 

In this study we obtained  access to normal human islets, normal human pancreas and  

T2D pancreata which are otherwise difficult to obtain and were able to study the 

expression of Zn transporters in these tissues. This study reports the islet cell 

distribution of ZnT8, ZIP4, and Zip 14 in the human and mouse pancreatic islets, and 

changes in human  and mouse T2D. Using the db/db mouse model of T2D also showed 

that loss of Zn and changes in Zn transporters occur very early in onset of diabetes and 

was not accompanied by systemic changes in Zn.  The other major findings were that, 

in both mouse and human T2D,  ZnT8 was downregulated on islet beta cells but 

preserved on alpha cells and ZIP4 and ZIP14 were selectively expressed in the islets on 

somatostatin producing delta cells and macrophages, respectively.   

 

An important issue is whether the loss of Zn in the diabetics islets is a consequence of a 

systemic Zn deficiency (e.g. due to inadequate dietary Zn intake, malabsorption of Zn 

or excessive Zn excretion in the urine) or, alternatively, a consequence of dysregulation 

of Zn homeostasis within the pancreas. Therefore, it was important to determine 
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whether changes in systemic levels of Zn occur in db/db mice, especially during early 

diabetes when Zn loss in the pancreas and islets is already apparent. There was no 

evidence of systemic Zn changes (liver Zn, plasma Zn and liver metallothionein) 

suggesting Zn abnormalities in diabetes are mainly restricted to the pancreas.  

 

As Zn transporters control local tissue levels of Zn their expression in the pancreas was 

then studied.  One of the unexpected findings in the normal human pancreas was the 

widely differing levels of expression of ZnT8 between different subjects as shown for 

mRNA by RT-PCR and micro-array and protein. Whether this is a consequence of  

ZnT8 polymorphisms or some other factor related to obesity or glycaemic control 

requires further investigation. The reduction in Znt8 mRNA and protein expression in 

human T2D subjects was both consistent and significant.  

 

Whether the changes in Zn occur early or late in the pathogenesis of diabetes cannot be 

determined using human disease samples and thus a well-defined animal model was 

employed to address this issue.  Using the db/db mouse model, which has numerous 

features of human T2D, we have now established that the major decrease in pancreatic 

islet Zn and ZnT8 occurs very early during diabetes (by 4 weeks). The main Zn-

dependent step in insulin synthesis and storage occurs in the secretory granules and 

involves insulin crystallization.  ZnT8 had been shown to be important for maintaining 

Zn levels in beta cell granules and for correct insulin storage and release.  Down-

regulation of ZnT8 might therefore be an early triggering factor in development of type 

2 diabetes.  
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Two further observations on type 2 diabetes are relevant to our findings. Glucagon, 

which has opposing actions to insulin in glycaemic control, is not lost in type 2 diabetes 

and alpha cells often replace beta cells during the progression of the disease [23-27]. 

Like beta cells, alpha cells are rich in Zn within their granules [28 ] and may  therefore 

be involved in glucagon storage and synthesis.  This study is the first report of alpha 

cells containing ZnT8 in both diabetic humans and mice. The bright ZinPyr-1 

fluorescent cells in Fig3A (panel d) appear to correspond in frequency and islet 

distribution to the preserved and expanding alpha cell population in the chronic 

diabetics (Fig4A, panel d) and presumably represent alpha cella which have retained 

both ZnT8 and Zn. Loss of ZnT8 in the beta cell rich zone but retention of ZnT8 on 

alpha cells in diabetes might provide an explanation for the impairment of insulin 

production and retention of glucagon production in T2D. It also suggests that whatever 

leads to loss of ZnT8 (and Zn) in the beta cells does not affect the alpha cells. Rather 

these cells progressively replace beta cells during the development of type 2 diabetes.  

 

There is very little known about ZIP transporters in pancreatic islets and diabetes. 

These are likely to be  relevant because they regulate the influx of Zn into the cytosol of 

the cell and  control cytoplasmic enzymes. Our studies show, for the first time,  a strong 

up-regulation of ZIP14 in early and chronic diabetic islets. This is also consistent with 

recent reports in the literature that ZIP14 is expressed in macrophages in other tissues 

and is upregulated by inflammatory stimuli [29-31]. ZIP14 may therefore be a novel 

macrophage marker in type 2 diabetes. The relationship of ZIP14 to islet macrophage 

activation state needs to be clarified.  Lipopolysaccaride has been shown to upregulate 

ZIP14 in macrophages and ZIP14 knockout attenuated downstream cytokine signaling. 

This has implications for inflammation in type 2 diabetes[32]. In the db/db mice 
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pancreatic islet it is known that the pro-inflammatory M1 subtype increases and there is 

no change in the trophic M2 subtype expression [33]. In view of this it is likely that 

ZIP14 is expressed on the proinflammatory macrophages and may be involved in 

processes such as beta cell apoptosis and beta cell de-differentiation. The strong 

positive correlation between islet area and ZIP14 protein expression raises the 

possibility that  ZIP14 up-regulation is a factor in the early islet hyperplasia in T2D. 

Since ZIP14 knockout in C57BL/6 mice leads to upregulation of ZnT8 protein in the 

islets as well as increase in body weight, phosphorylation of insulin receptor and 

increased GLUT2 expression [34], it is feasible that up-regulation of ZIP14 leads to 

down-regulation of ZnT8. How this might occur is not clear but our findings are 

consistent with  effects at the level of ZIP14 macrophages interacting with ZnT8 

containing beta cells.  

 

The finding that normal pancreatic islet delta cells almost exclusively express ZIP4, a 

major Zn transporter responsible for Zn absorption in the intestine [35], is consistent 

with the  

existence of a gut islet somatotrophin axis.  ZIP4 expressed in delta cells of the islets 

could be important for gut islet interaction and homeostasis. While we found no 

significant change in the ZIP4 expression in the diabetic islets, disorganisation of delta 

cells containing ZIP4 could have functional implications in type 2 diabetes involved in 

gut related roles. Since ZIP4 is overexpressed in many pancreatic cancers [36], the role 

of  ZIP4 in islet cell function and islet hyperplasia needs to be investigated. 

 

Our findings now point to an important role for changes in  islet Zn metabolism in the 

onset of Type 2 diabetes. We hypothesize that down-regulation of beta cell ZnT8 at the 
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gene level results in an early loss of Zn from the pancreatic islet and contributes to the 

development of type 2 diabetes by causing a block in insulin maturation and decline in 

beta cell function. We also propose that the retention of ZnT8 in alpha cells of diabetics 

preserves glucagon production.  Up-regulation of ZIP14 on islet macrophages in 

diabetes may contribute to islet inflammation. In addition, ZIP4 may be a major influx 

transporter for Zn in delta cells.     
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Table 1  Clinical characteristics of T2D and control donors 

Parameters 

 

Control subjects 

(n=6) 

T2D 

(N=6) 

Age (mean  SD) 50 19 58  8 

Gender M/F 3/3 5/1 

BMI (kg/m
2
) 25 6 33 3 

Duration (years) - 66.3 

*Medication 

diet/oral/insulin/unknown 

- 2/2/1/1 

 

*Out of six T2D, two received were under diet control and two were taking oral anti 

diabetic drugs, one with insulin and one unknown.   
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Table 2  Zn-related measurements in db/db mice and wild type control 

Parameter Wk WT db/db Fold-

Change 

Lower 

CI 

Upper 

CI 

n P 

value 

Liver Zn 4 1904 1701 0.9 0.69 1.15 6-8 ns
b
 

 10 1193 1193 1.0 0.78 1.29 6-8 ns 

 14 1683 909 0.54 0.42 0.70 6-8 ** 

Liver MT 4 7 7.3 1.0 0.5 2.0  ns 

 10 5.2 4.7 0.90 0.4 1.9  ns 

 14 7.1 5.7 0.80 0.4 1.8  ns 

Plasma Zn 4 9.8 12.7 1.3 0.9 1.9  ns 

 10 8.7 11.3 1.3 0.8 2.9  ns 

 14 9.7 12.2 1.3 0.8 2.1  ns 

Pancreatic Zn 4 2295 1019 0.44 0.34 0.59 6-8 ** 

 10 1435 945 0.66 0.50 0.86 6-8 ** 

 14 1582 1227 0.78 0.59 1.02 6-8 ns 

Pancreatic 

MT 

4 33 35 1.1 0.5 2.3  ns 

 10 28 24 0.8 0.4 1.7  ns 

 14 34 23 0.7 0.3 1.4  ns 

Islet Zn 4 110 73 0.66 0.43 1.01 6-8 * 

 18 75 66 0.87 0.58 1.29 6-8 ns 

a Liver Zn, Liver MT, pancreatic Zn and pancreatic MT are in nmol/g. Plasma Zn is in 

µmol/L and islet Zn is in arbitrary fluorescence units 
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b * p<0.05, ** p<0.005, ns = Not significant 

Figure legends: 

 

Figure 1 Fluorescence labelling for ZnT8, ZIP4 and ZIP14 in normal and diabetic 

human islets  

A: Panels show representative images of islet fluorescence in normal human pancreata 

(Left) or T2D diabetic pancreata (Right) for ZnT8 (Upper), ZIP4 (Middle) and ZIP14 

(Lower).   Islets were stained for glucagon (red) to identify the islets and nuclei were 

stained blue with DAPI; Zn transporter immunofluorescences are in green. Note the 

intense ZnT8 staining in the inner beta cell core of the normal islet (Upper Left) 

compared with the diabetic islet (Upper Right). Also note the co-localization of ZnT8 

and glucagon (orange colour) largely in the periphery of the normal islet but dispersed 

throughout the diabetic islet, suggesting the presence of ZnT8 in alpha cells and 

preservation of alpha cell ZnT8 in T2D. ZIP4 was present on occasional (non-alpha, 

non-beta) cells in the normal islet (Middle Left) but expressed on alpha cells (orange) in 

the T2D sample (Middle Right). Not all T2D subjects showed this apparent alpha cell 

ZIP4. ZIP14 was expressed on occasional macrophage-like cells in islets of both 

normals (Lower Left) and T2D (Lower Right). 

Scale Bar in all images was 100 μm. 

 

B:  Panels show immunofluorescence intensities (arbitrary units) of ZnT8, ZIP4 and 

ZIP14 in islets of individual normal (n = 7) and T2D (n = 5-8) subjects. Note the 
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variable intensities of ZnT8 in different normal subjects. Dashed line shows means for 

each group.  The only significant changes in expression between the normal and 

diabetics was in ZnT8  although three of the 8 cases of T2D and one normal had 

substantially increased staining for ZIP14.  Fluorescence was quantified using ImageJ 

with mean gray scale for the more homogeneous staining pattern of ZnT8 and 

integrated density for the more particulate staining patterns of ZIP4 and ZIP14. 214  

islets from normal and 301 islets from T2D were quantified.   

* P <0.05   ns = not significant 

   

 

Figure 2. Effect of early and chronic diabetes on islet Zn in db/db mice.  

A: Panels show representative images of islet ZinPyr-1 fluorescence (green) for Zn 

during early diabetes (4 wk, panel b) or chronic diabetes (18 wk, panel d). 

Corresponding WT controls are shown at 4 wk (panel a) and 18 wk (panel c). Islets 

were stained for glucagon (red) to identify the islets and nuclei were stained blue with 

DAPI. Note the intense staining for Zn throughout the islets in the WT mice at 4 wk (a) 

and the loss of fluorescence  in the db/db mouse islets at 4 wk (b). Islet Zn also 

decreased in WT mice during the period from 4 to 18 wk  (compare a and c), although 

clusters of more brightly fluorescent cells  were seen in chronic diabetes (arrows in d).   

B: As early as 4 wk, islet Zn was significantly decreased in db/db mice compared to age 

matched wild type WT mice. Note also the decrease in islet Zn in normal mice with 

age.  

The X axis represents the age of mice (weeks) and the Y axis represents the ZinPyr-1 

fluorescence of islet Zn. Wild type (WT) mice are shown as the closed diamonds and 
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the db/db mice as the open squares. At each time point, between 14 and 55 islets from 4 

mice were measured. Fluorescence was quantified using ImageJ (mean gray scale). The 

data is shown as medians and the range as confidence intervals.  Statistical analysis was 

performed by Type 2 ANOVA. * (p<0.05), ** (p<0.005) and *** (p<0.0005). 

 

Figure 3. Effect of early and chronic diabetes on islet Zn transporter proteins in 

db/db mice. 

A: Panels a-l shows representative images of fluorescence in db/db mouse islets for 

ZnT8, ZIP4 and ZIP14 during early diabetes (4 wk, panels b, f, j respectively) or 

chronic diabetes (18 wk, panels d, h, l respectively). Corresponding WT controls are 

shown at 4 wk (panels a, e, i respectively) and 18 wk (panels c, g, k respectively).   

Islets were stained for glucagon (red) to identify the islets and nuclei were stained blue 

with DAPI; Zn transporter immunofluorescences are in green. Note the intense staining 

for ZnT8 throughout the islets in the WT mice at 4 wk (panel a) and the loss of 

fluorescence  in the db/db mouse islets at 4 wk (panel b). ZnT8 is preserved in the 

glucagon producing alpha cells in diabetes as shown by the orange (merged green and 

red) fluorescence in b and d.  In WT mice, ZIP4 was expressed on occasional cells in 

the non-beta cell islet periphery and distinct from the alpha cells (red, panels e and g). 

There was no change in the frequency of ZIP4+ve cells in diabetes (panels f and h). In 

WT mice, ZIP14 was also expressed on occasional cells distinct from alpha and beta 

cells (panels i and k) and there were markedly increased in the diabetic mice (panels j 

and l). 

B: As early as 4 wk, islet ZnT8 was significantly down-regulated and ZIP14 was 

significantly up-regulated in db/db mice compared to age matched WT mice. The X 
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axis represents the age of mice (weeks) and the Y axis represents the 

immunofluorescence of ZnT8, ZIP4 or ZIP14. WT mice are shown as the closed 

diamonds and the db/db mice as the open squares. At each time point, between 14 and 

55 islets from 4 mice were measured. Fluorescence was quantified using ImageJ with 

mean gray scale for the more homogeneous staining pattern of ZnT8 while integrated 

density was used for the more particulate staining patterns of ZIP4 and ZIP14. The data 

is shown as medians and the range as confidence intervals.  Statistical analysis was 

performed by Type 2 ANOVA. * (p<0.05), ** (p<0.005) and *** (p<0.0005). 

 

Figure 4 ZIP4-somatostatin and ZIP14-macrophage co-localization studies 

 

Panels a-b:  Immunoperoxidase staining of serial sections for ZIP4 (panel a) and delta 

cell marker somatostatin (SMST, panel b). 

 Panels c-d:  Immunoperoxidase staining of serial sections for ZIP14 (panel c) and 

macrophage marker CD68 (panel d).  

The different sets of arrows show co-localizations where evident. Because the section 

thickness 4 m is close to the diameter of the cells, co-localization in serial sections can 

only occasionally be detected.  

Scale Bar in all images was 100 μm. 
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Legends to Supplementary Figures 

Suppl Fig S1. Effect of age (wk) on various diabetic parameters in db/db mice.  

Hyperinsulinemia and islet hyperplasia were maximal at 4 wk in db/db mice while 

maximal obesity and hyperglycaemia occurred several weeks later. 

The X axis represents the age of mice (weeks) and the Y axis represents the diabetic 

parameter:- body weight in g (A), random blood glucose level in mmol/L (B), plasma 

insulin in mol/L (C) and mean islet area in pixel squared (D). Wild type (WT) mice 

are shown as the closed diamonds and the db/db mice as the open squares. 6-8 mice 

were used at each time point, and each point was a single measurement. For islet 

hyperplasia studies in D, at each time point, between 18 and 67 islets were analyzed.  

The data is shown as medians and the range as confidence intervals.  Statistical analysis 

was performed by Type 2 ANOVA. * (p<0.05), ** (p<0.005) and *** (p<0.0005). 

 

 

Suppl Figure S2.  Islet hormone architecture. Figure shows typical islets stained for 

islet hormones in immunoperoxidase-labelled paraffin embedded sections of 4 week old 

wild type mice (upper panel) and db/db mice (bottom panel). The hormones assayed 

were insulin (left), glucagon (centre) and somatostatin (right) for beta cells, alpha cells 

and delta cells, respectively. Insulin staining in the wild type mice is in the inner core of 

the islets while glucagon and somatostatin are predominantly in the mantle. In the db/db 
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mice, the insulin is in a more degranulated form and the glucagon and somatostatin 

cells are disorganised in the inner core.  
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Supplementary Methods 1 

 

Gene name is followed by Taqman gene expression No.  ZIP1 (SLC39A1)- Hs, ZIP2 

(SLC39A2)- Hs, ZIP3 (SLC39A3)- Hs, ZIP4 (SLC39A4)- Hs, ZIP5 (SLC39A5)- Hs, 

ZIP6 (SL39A6)- Hs, ZIP7 (SLC39A7)- Hs, ZIP8 (SLC39A8)- Hs, ZIP9 (SLC39A9)- 

Hs, ZIP10 (SLC39A10)- Hs, ZIP11 (SLC39A11)- Hs, ZIP12 (SLC39A12)- Hs, ZIP13 

(SLC39A13)- Hs, Zip14 (SLC39A14)- Hs00299262_ml, ZnT1 (SLC30A1)- Hs, ZnT2 

(SLC30A2)- Hs, ZnT3 (SLC30A3)- Hs, ZnT4 (SLC30A4)- Hs 00203308_ml, ZnT5 

(SLC30A5)- Hs, ZNT6 (SLC30A6)- Hs00215827_ml, ZnT7 (SLC30A7)- Hs, ZnT8 

(SCL30A8)- Hs00545183_ml, ZnT9 (SLC30A9)- Hs, ZnT10 (SLC30A10)- Hs, 

Insulin- Hs 02741908_ml, Glucagon- Hs00174967_ml, Somatostatin- Hs00174949_ml, 

GLUT2 (SLC2A1)- Hs00165775_ml, GLUT1 (SLC2A1)- Hs00892681_ml, 

glucoskinase- Hs00175951_ml and HPRT- Hs99999909. 

 

Preamplification of cDNA targets: 

The pre-amplification step of the samples was performed using Taqman pre-AMP 

Master mix kit protocol (part number 4384557). 31 Taqman gene expression assays 

ZnT1-10, ZIP1-14, insulin, glucagon, MT1, MT2, TPRM3 and PDLIM7 were pooled 

together to make 0.2X final concentration. Subsequently 12.5μl of the pooled assay mix 

(0.2x) were combined with 12.5μl neat cDNA sample and 25μl of the Taqman Preamp 

Master Mix (2x) to make the final volume of 50μl. The reactions were incubated in an 

Applied Biosystems (Mulgrave, Victoria, Australia) 7300 thermocycler for 10 mins at 

95°C followed by 10 cycles of 95°C for 15 seconds and 60°C for 4 mins and then held 

at 4°C. 50μl of the preamp sample product, 30μl of 1x TE buffer and 80μl of Taqman 
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Gene Expression Master Mix were added to each individual port of the Taqman array 

plates and were run on the 7900HT fast real time PCR system. 
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