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ABSTRACT 
This thesis attempts to further clarify mechanisms behind the negative effects of over-
stimulation and the beneficial effect of β-cell rest. For this purpose diazoxide - opener 
of K+-ATP channels, which reversibly inhibits glucose-induced insulin secretion, was 
used as a probe. Additionally, another type of potassium channel namely voltage 
dependent potassium channels (Kv-channels) specifically Kv1.1 has been tested for 
functional effects.  
Long – term (24 h) exposure of SD rat islets to elevated glucose (27 mmol/l) in vitro 
decreases glucose-induced insulin response. The decrease is prevented by the co-
culture with diazoxide. These effects were associated with reciprocal changes in certain 
exocytotic proteins (SNAP-25, syntaxin). Proteasomal inhibitors (MG132, ALLN and 
epoxomicin) but not a lysosomal inbitor (NH4Cl) blocked the inhibitory effects of 
diazoxide (tested for SNAP-25). This blocking effect was accompanied by a similar 
effect on glucose induced insulin secretion. 
The effects of short-term intermittent vs. continuous exposure to diazoxide in a high 
glucose environment appeared to have the same benefit on K+-ATP dependent insulin 
secretion but not on K+-ATP independent insulin secretion. Intermittent and continuous 
diazoxide alike increased post-culture ATP-to-ADP ratios, failed to affect glucose 
oxidation, but decreased oleate oxidation. Continuous, but not intermittent, diazoxide 
decreased significantly mRNA for UCP-2. A 2 h exposure to 20 mmol/l KCl or 10 
µmol/l cycloheximide abrogated the postculture effects of intermittent, but not of 
continuous, diazoxide. Intermittent diazoxide decreased islets levels of the SNARE 
protein SNAP-25, and KCl antagonized this effect. All in all, intermittent diazoxide 
exposure is sufficient to induce important functional changes in β-cells. 
The overall effects by diazoxide on gene expression at high and low glucose were 
assessed by microarray. 114 genes were up-regulated (signal log2 ratio ≥0.5) and 173 
genes down-regulated (signal log2 ratio ≤ -0.5) by diazoxide. 86% of diazoxide’s 
effects (up and down regulation) were observed only after co-culture with 27 mmol/l 
glucose. Up-regulation was to 31% and down-regulation to 79 % contrary to effects of 
glucose per se. Diazoxide down-regulated genes of fatty acid oxidation and up-
regulated synthesis, whereas glucose per se had no effect. Irrespective of glucose 
concentration diazoxide up-regulated certain genes which support β-cell functionality 
(nkx6.1 and pdx 1) and down-regulated UCP-2, a potentially desensitizing gene. All in 
all, diazoxide effects were markedly glucose dependent and included genes known to 
be crucial for normal insulin secretion. 
The presence and functionality of Kv1.1 channels was assessed in BALB/cByJ mice 
and Kv1.1 truncated mceph/mceph mice islets. Gene expression (mRNA) was 
demonstrated in wild type and -as a smaller molecule- in mceph/mceph. Incremental 
glucose-induced insulin release was lower in BALB/cByJ than in mceph/mceph. 
Reciprocally, blocking Kv1.1 by dendrotoxin-k increased secretion in BALB/cByJ but 
not in mceph/mceph mouse islets. These results strongly indicate the presence and 
functionality of Kv1.1 channels at least in mouse β-cells. 
 
Keywords: exocytosis, diazoxide, microarray, Kv1.1, over-stimulation, islets of 
Langerhans, proteasome. 
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1     BACKGROUND  
 
 

1.1  TYPE 2 DIABETES (GENERAL) 

Diabetes mellitus is a common disease affecting approximately 5 - 7% of the 
population (King et al., 1998; Harris et al., 1998) and is increasing worldwide. More 
than 80 % of patients with diabetes mellitus have type 2 diabetes (non-insulin-
dependent diabetes mellitus). The disease is progressive; in so far that metabolic 
control deteriorates with duration of the disease, despite increasing pharmacological 
therapies (UKPDS, 1995). 
 
Type 2 diabetes results from the interaction between a genetic predisposition and 
behavioral and environmental risk factors, and is characterized by both insulin 
resistance and insulin deficiency. Insulin resistance signifies resistance to the glucose-
lowering action of insulin, mainly in skeletal muscle and in liver. Insulin deficiency can 
be defined as an inappropriately low insulin response to glucose and to other 
secretagogues. Insulin secretion is dysfunctional in type 2 diabetes (Porte, 1991). 
However β-cell mass is also reduced albeit moderately (Klöppel et al., 1985).  Genetics 
are clearly important for both insulin sensitivity and insulin secretion (Bell and 
Polonsky, 2001). This is most clearly borne out in subjects with monogenic causation 
of diabetes, so called maturity onset diabetes of the young (MODY) in whom specific 
genetic defects affecting insulin secretion have been identified (review Florez et al., 
2003). However, polygenic inheritance most commonly constitutes the genetic 
predisposition for type 2 diabetes. 
 
Given genetic predisposition, life-style and other environmental factors are also very 
important for the evolution and progression of type 2 diabetes. It is well established that 
obesity and lack of physical exercise decrease insulin sensitivity and increase the risk of 
diabetes (review Hamman, 1992). The non-genetic factors that influence insulin 
secretion in a short and long term perspective are less well established. However, there 
are strong indications for certain conditions having a major influence, especially in the 
long term perspective. Thus, over-stimulation (review Grill and Björklund, 2001), 
glucotoxicity (review Leahy, 1990) and lipotoxicity (Zhou and Grill, 1994) are 
proposed to be important factors leading to β-cell dysfunction. However, despite strong 
indications for the operation of these factors, their precise importance and the 
mechanisms of interaction with β-cells have so far only been partly elucidated. 
 
 
 

1.2  β-CELL AND INSULIN SECRETION  

 
1.2.1 Glucose stimulation of insulin secretion 
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1.2.1.1 K+-ATP dependent pathway 

Insulin is secreted primarily in response to elevated blood concentrations of glucose. 
Insulin is produced in the β-cells of the islets of Langerhans, where it is stored in 
secretory vesicles or "granules"(Dean, 1973) waiting to be released into the blood 
stream. The latter occurs by fusion of a granule with the plasma membrane, a process 
referred to as exocytosis and used in most cells of the body to release substances or to 
insert newly synthesized proteins into the plasma membrane. Like in other endocrine 
cells and in neurons, exocytosis in β-cells is regulated and the amount of insulin 
circulating in the blood depends mostly on the rate of exocytosis. 
 
β-cells are electrically active and respond to elevated blood glucose by generating 
action potentials. Glucose is taken up in β-cells by the glucose transporter GLUT1 in 
human (De Vos et al., 1995) or GLUT 2 in rodent (Johnson et al., 1990) 
phosphorylated through glucokinase activity and further metabolized to ATP in 
mitochondria. The increase in the ATP/ADP ratio then leads to closure of ATP-
sensitive K+-channels (K+-ATP channels) in the plasma membrane (review Tarasov et 
al., 2004. fig.1). Since these channels are responsible for maintaining a resting potential 
of about 70 mV, i.e., close to the K+-equilibrium potential, this leads to a gradual 
depolarization of the cell. Eventually, voltage-dependent Ca2+-channels (VDCC) 
become activated and initiate action potentials. Influx of Ca2+ through these channels 
and the resulting elevation of the cytosolic Ca2+-concentration then triggers exocytosis 
of the insulin-containing granules (Ashcroft & Rorsman, 1989). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Activity of the K+-ATP channels is an important modality for therapy in diabetes and 
other β-cell related diseases (review Tarasov et al., 2004). Activity can be manipulated 
(largely independent of a glucose effect) by sulphonylureas, which induce insulin 
secretion by interaction with K+-ATP channels subunits SUR1 which leads to closure 
of K+-ATP channels and thereby initiation of insulin release. Diazoxide exerts an effect 

Glucose
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opposite to that of sulphonylureas by opening K+-ATP channels thereby inhibiting 
glucose induced insulin secretion (Trube et al., 1986). 
 
 
1.2.1.2  K+-ATP independent pathway  

 The second phase of insulin secretion is currently thought to be produced by gradual 
augmentation and potentiation of Ca2+-triggered insulin release by K+-ATP channel-
independent, nonionic signals (review Henquin, 2000). In this phase, many 
secretagogues will modulate glucose stimulated insulin via second messengers such as 
cyclic adenosine monophosphate (cAMP) and diacylglycerol (DAG) to exert 
stimulatory effect on exocytosis of insulin (review Jones et al., 1991; Zawalich, 2001; 
review Straub and Sharp, 2002).  
                                            
 
1.2.1.3  Kv channels and repolarization and insulin secretion 

Voltage-gated K+ channels (Kv channels) belonging to Kv1–12 subfamilies are widely 
expressed in excitable cells where they play an essential role in membrane 
hyperpolarization following the propagation of action potentials along the plasma 
membrane (review Armstrong, 2003; Jan & Jan, 1997; Pichon et al., 2004). Kv 
channels are also expressed in cells typically classified as non-excitable cells, where 
their voltage sensitivity and selectivity for K+ contributes to the regulation of 
intracellular Ca2+, control of cell volume or affects cell proliferation and apoptosis 
(Chandy et al., 2004; Lang et al., 2004 and Matko, 2003).  Truncation of the Shaker-
like Kv channel subtype 1 (Kv1.1) in the mouse has shown the importance of Kv1.1 for 
brain function. Truncation thus causes megencephaly as well as other neurological 
abnormalities (Petersson et al., 2003). 
 
Many pore-forming Kv channel subunits for example Kv2.1 have been detected in 
pancreatic islets of different species. However Kv1.1 has not yet been detected in rat, 
human or mouse islets (review MacDonald et al., 2003). Activation of voltage – 
dependent K+ (Kv) channels leads to repolarization of the plasma membrane, 
subsequent closure of VDCC and inhibited Ca2+ influx (fig.1). Kv2.1 channels have 
been identified to be major contributors (60%) of the voltage-dependent outward K + 

currents and be a glucose-dependent regulator of insulin secretion in rat pancreatic islet 
β-cells, whereas Kv1 family channels were found to be lesser contributors. However, 
the importance of Kv1 family has not so far been rigorously tested. 
 
 
1.2.2  Non glucose influence on β-cell secretion 

Some nutrients as amino acids and non-esterified fatty acids (NEFA) can promote 
insulin secretion. The amino acid L-leucine is metabolized in a glucose-like manner 
and generates ATP and then increases insulin secretion. Other amino acids like L-
arginine, L-lysine and L-histidine also stimulate insulin release by elevating the 
cytosolic Ca2+ concentration. NEFA also plays a role in generating signals for fuel-
induced insulin secretion (Corkey et al., 1989&1994; Deeney et al., 1992; Prentki et 
al., 1992). Acutely NEFA moderately stimulate insulin secretion or at least potentiate 
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insulin response to glucose and other secretagogues by the result of mitochondrial 
oxidation (Conget et al., 1994), by increased Ca2+ influx (Warnotte et al., 1994) or by 
increased long chain acyl-CoA esters and malonyl –CoA levels which activate the PKC 
system. 
 
Hormones like glucagon, gastric inhibitory polypeptide (GIP), vasoactive intestinal 
peptide (VIP) and GLP-1 act via Gs proteins (McDermott and Sharp, 1994) and 
stimulate adenylyl cyclase and cause a rise in cAMP and activation of PKA which 
potentiates insulin secretion by phosphorylation of intracellular proteins that mediate 
Ca2+ sensitization (Sharp, 1979; review Hellman et al., 1992; review Berggren et al., 
1994). Adrenalin, noradrenalin, galanin and somatostain have receptors coupled to Gi, 
these hormones additionally inhibit insulin release through Gi at the level of exocytosis. 
Neurotransmitters, such as acetylcholine stimulates insulin secretion, they signal 
mainly through DAG and inositolphosphates (review Flatt, 2003).  
 
 
1.2.3  Insulin biosynthesis 

Glucose is the main physiological regulator of insulin production in the pancreatic β-
cell (Cerasi et al., 1992; Melloul et al., 2002). Glucose stimulates insulin biosynthesis 
both at transcriptional and translational level (Dumonteil et al., 1996). Over short 
periods (2 h or less), glucose regulates proinsulin biosynthesis mainly by increasing the 
translation of proinsulin mRNA (Welsh et al., 1986). cAMP raising agents also 
stimulate insulin biosynthesis (Dumonteil & Philippe, 1996). In contrast, long-term 
elevated FA may inhibit insulin biosynthesis (Zhou & Grill, 1994; Bollheimer et al., 
2001). 
 
The secretory process per se seems not to influence insulin biosynthesis, since, 
diazoxide and secreted insulin has no effect on glucose-stimulated proinsulin mRNA or 
biosynthesis (Sako et al., 1992).  
 
 
  
1.2.4  Regulation of β-cell growth and apoptosis 

The β-cell replication and size have the potential to change in response to the varying 
secretory demands on insulin secretion throughout life. Insulin resistance, 
hyperglycemia, pregnancy and hormones as growth hormone can all induce β-cell 
growth (Bonner-Weir, 1994). Nutrients including glucose, FA, and amino acids 
regulate β-cell proliferation (review Bonner-Weir, 2000; Donath et al., 1999; Milburn 
et al., 1995). However chronically elevated levels of glucose and FA can negatively 
affect growth and induce apoptosis (Hoorens et al., 1996; Donath et al., 1999; Maedler 
et al., 2001). 
 
 

1.3 THE INSULIN EXOCYTOTIC MACHINERY 

Proinsulin, the precursor of insulin, is synthesized in the endoplasmic reticulum (ER) 
and undergoes a series of maturation steps, starting already in the Golgi. The product 



 

   15

is then packaged into secretory granules that gradually acidify, allowing further 
processing to insulin (Hutton, 1994). These granules are found throughout the cytosol 
and eventually translocated to the plasma membrane. The ultimate fusion of the 
granule with the plasma membrane is triggered by Ca2+ and controlled by a complex 
network of protein-protein and protein-lipid interactions that are similar in all cellular 
membrane fusion events, and largely conserved from yeast to man. A vast body of 
molecular and physiological data accumulated over the past years has led to a 
unifying model for membrane fusion (review Calakos & Scheller, 1996). It is 
therefore not surprising that many of the proteins involved in the regulation of 
neurotransmitter release have also been identified in the pancreatic β-cell and 
demonstrated to participate in insulin secretion (review Lang, 1999; and review 
Gerber and Sudhof, 2002). These proteins include the SNAREs (soluble N-
ethylmaleimide-sensitive fusion protein [NSF] attachment protein [SNAP] receptors) 
synaptobrevin-2, syntaxin-1A, and SNAP-25 (25-kDa synaptosomal-associated 
protein). It is now clear that a complex consisting of these proteins plays a central 
role in exocytosis (Söllner et al., 1993), by tethering the granules to the plasma 
membrane (Sutton et al., 1998).  

       

Fig 2.The scheme encompassing these proteins on insulin exocytosis (modified from 
Gerber & Sudhof, 2002). 

A scheme encompassing these proteins is depicted in fig.2. The mature insulin granule 
will move close to the membrane (docking) when cytosolic calcium increases. At this 
time, the membrane protein munc 18 connects with another membrane protein, i.e. the 
syntaxin to form a complex. Following docking and other molecular events, SNAP-25 
binds to syntaxin to form a heterodimeric SNARE complex. And then, the core 
complex is assembled by recruiting a third SNARE protein, VAMP-2. Fusion may 
occur during or after formation of core complex. The ATPase NSF and adaptor protein 
(which are also called SNAPs but are unrelated to SNAP-25) mediate the dissociation 
of the core complex protein into free SNAREs which is then available for next round of 
fusion.  
 
In β-cells, the sequence of events leading to insulin exocytosis thus involves soluble 
N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins. A 
key protein in this context is SNAP-25 (Sadoul et al., 1995). In combination with the 
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t-SNARE, syntaxin, and v-SNARE, VAMP, a stable coiled-coil complex is formed 
(Weber et al., 1998; review Sudhof, 2002). 

Other studies have suggested a wider role of SNAP-25. Evidence thus indicates that 
SNAP-25 mediates secretion by regulating membrane potential and calcium entry via 
interaction with K+ and Ca2+ channels (MacDonald et al., 2002a, b; Ji et al., 2002a, b; 
Wiser et al., 1999). Some evidence indicates that dysregulation of SNAP-25 is 
important for β-cell dysfunction in diabetes. Thus SNAP-25 is up-regulated under 
conditions of chronically elevated NEFA and that this is associated with a decline in 
insulin secretory function in mouse islets (Zraika et al., 2004). On the other hand, the 
reduced expression of exocytotic proteins and decreased insulin content may 
contribute to the diabetic syndrome in the GK rat (Zhang et al., 2002; Nagamatsu et 
al., 1999). However, to evaluate these findings it is necessary to view them in relation 
to normal regulation of SNAP-25. In this regard evidence is incomplete as to the 
regulation of SNAP-25 by glucose and by the insulin exocytosis processes per se. 

 

1.4  PROTEASOMAL ACTIVITY AND β-CELL FUNCTION 

Proteolysis is essential for many cellular functions, such as activation of transcription 
factors that regulate the cell cycle, generation of antigenic peptides and removal of 
incorrectly folded proteins (Ciechanover, 1998). The proteasome is the major 
proteolytic complex in the cell (Kisselev et al., 2001; fig.3) and thus acts as an 
important regulator of physiological and pathophysiological processes (Baumeister et 
al., 1998). The proteasome also plays an essential role in maintaining cell homeostasis 
by degrading many rate-limiting enzymes and critical regulatory proteins (Coux et al., 
1996). It is a multisubunit complex which exists in several distinct molecular forms 
(Tanaka, 1995).  
 
Available evidence indicates that proteasomal activation also participates in insulin 
secretion and biosynthesis in the β-cell. In rat pancreatic islets, the proteasome inhibitor 
MG-132 (carbobenzoxyl-leucinyl-leucinyl-leucinyl-H) regulated proteasomal 
activation which mediates down-regulation of IP3R (inositol 1, 4, 5-trisphosphate 
receptor) and calcium mobilization and may relate to insulin secretory responsiveness 
(Lee et al., 2001). In mouse islets and β-cell line (MIN6), proteasome inhibition 
(lactacystin) alters glucose-stimulated (pro) insulin secretion and synthesis by 
regulation of protein concentrations in the ER (Kitiphongspattana et al., 2005; Lopez-
Avalos et al., 2006). Proteasome-specific inhibitors ( MG132 and lactacystin ) but not 
lysosomal inhibitors (Chloroquine and NH4Cl) or the calpain inhibitor can play a role 
in the biogenesis efficiency and surface expression of β- cell K+-ATP channels (Yan et 
al., 2005). Among the proteasome inhibitors, epoxomicin is one of the most selective 
(review Kisselev and Goldberg, 2001). 
 
In summary there exists clear evidence that preoteosmal activation is important for β-
cell function. However, such influence is presently poorly defined in relation to 
different functional states of the β-cell and also in relation to dysfunctions in diabetes. 
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Fig 3. Model of protein degradation in proteasome main pass by ubiquitin-proteasome 
pathway (modified from Kisselev et al., 2001). Proteins marked with a polyubiquitin 
chain by the E1-E2-E3 enzymatic cascade are targeted for degradation by the 
proteasome. An ubiquitin-activating enzyme (E1) binds ubiquitin in an adenosine 
triphosphate (ATP) –dependent step. Ubiquitin (Ub) is then transferred to an ubiquitin-
conjugating enzyme (E2). An ubiquitin ligase (E3) helps transfer ubiquitin to the target 
substrate.  
 

1.5 OVER STIMULATION BY HYPERGLYCEMIA AND β-CELL 

DYSFUNCTION 

High glucose can lead to desensitization of glucose-induced insulin secretion in vivo 
and in vitro in rat islets (Leahy et al., 1986).  This glucose desensitization in vivo 
could be avoided if insulin secretion was inhibited by diazoxide during co-infusion 
with high glucose (Sako and Grill, 1990a). These results indicated that over-
stimulation rather then hyperglycemia per se was responsible for the desensitizing 
effect. 

 

Diazoxide 

 

 

 

Fig 4. Structure formula for diazoxide 
Diazoxide (7-chloro-3methyl-2H-1, 2, 4-benzothiadiazine 1, 1-dioxide) is a 
hyperglycaemic sulphonamide with a molecular weight of 230.7. It has proved useful 
in the treatment of different diseases as insulinoma (Goode et al., 1986) and persistent 
hyperinsulinaemic hypoglycaemia of infancy (PHHI) (Kane et al., 1997). 
 
It is well recognized that diazoxide inhibits glucose-induced insulin secretion by 
stimulating the activity of the cell-membrane-bound K+ -ATP channel.  
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In previous studies, it has been documented that previous exposure to diazoxide exerts 
beneficial effects on glucose-induced insulin secretion (reviewed in Grill and 
Björklund, 2002) and in fact may protect β-cells against the well-known adverse effects 
of chronic hyperglycemia (see fig.1). It has also been shown that the beneficial effects 
of diazoxide are only partly related to the preservation of insulin stores. Diazoxide also 
have some beneficial effects in clinical studies. Diazoxide has been used in treatment of 
childhood type 1 diabetes (Örtqvist et al., 2004) and in adults with autoimmune 
diabetes (Björk et al., 1996) and in type 2 diabetes (Qvigstad et al., 2004). In previous 
studies several other effects of potential importance for efficient transduction of the 
diazoxide signal in β-cells have been demonstrated (review Grill and Björklund, 2002). 
 
Diazoxide has been used as a probe in testing for over- stimulation by hyperglycemia, 
and has affected PI/I ratios, the cAMP system and altered [Ca2+]i (Björklund et al., 1999 
and 2000a,b). The rational for the use of diazoxide as a probe for effects of over-
stimulation are: 1) its inhibitory effects on insulin secretion are rapidly reversible, 2) the 
drug has been used in clinical medicine without serious toxicity, 3) the inhibitory 
effects during the presence of diazoxide are more pronounced than the effects of other 
inhibitors, such as somatostatin and adrenaline (review Grill & Björklund, 2002). 
 
Studies on diazoxide’s effects on β-cell mitochondrial function and exocytosis are 
lacking. 
 
 
 

1.6  LONG TERM EFFECTS OF FATTY ACIDS 

Short time exposure of β -cells to FA potentiates glucose induced insulin secretion 
passing by protein kinase C (PKC) mediated long chain acyl-CoA and Ca2+ channels 
(Prentki et al., 1992; Warnotte et al., 1994). 
However, longer term effects of FA inhibit insulin secretion in rat both in vivo (Sako 
and Grill, 1990b) and in vitro (Zhou and Grill, 1994). This effect is associated with 
inhibition of pyruvate dehydrogenase (PDH) activity (Zhou and Grill, 1995b) or other 
changes in lipid and glucose metabolism. Possible metabolic important events are the 
expression of genes encoding enzymes implicated in fuel signal (Segall et al., 1999), 
including a) increased total activity of hexokinase (Hosokawa et al., 1997; Liang et 
al.,1997), b) decreased expression of glucokinase and GLUT-2 possibly via reduced 
expression of the transcription factor IDX-1 (islet/duodenum homeobox-1, Gremlich et 
al.,1997) and c) an increase the carnitine palmiyoyltransferease I gene (CPT-1) 
expression (Assimacopoulos-Jeannet et al.,1997) and a reduction in acetyl-CoA 
carboxylase expression (Brun et al.,1997). In addition to inhibitory effects on insulin 
secretion, FA also inhibits insulin biosynthesis (Zhou and Grill, 1994 and 1995a). 
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1.7 THE PANCREATIC Β-CELL MITOCHONDRION AND INSULIN 
SECRETION 

 
Oxidative phosphorylation in mitochondria plays a central role in providing signals for 
insulin secretion. In response to a glucose rise, nucleotides and metabolites are 
generated by mitochondria and participate, together with cytosolic Ca2+, in the 
stimulation of insulin exocytosis (review Maechler, 2003). Mitochondrial uncoupling 
proteins (UCPs) and reactive oxygen species (ROS) over-expression may lead to 
impaired mitochondrial function (review Saleh et al., 2002). 
 
β-cell production of ROS was linked to mitochondrial metabolism and ROS content in 
isolated islets of Zucker diabetic fatty rats is higher in resting conditions (Bindokas et 
al., 2003). ROS can also elicit β-cell apoptosis leading to decreased β-cell mass 
(Mandrup-Poulsen, 2001). When oxidative stress was induced in vitro in the β cell, the 
insulin gene promoter activity and mRNA levels were suppressed, accompanied by the 
reduced activity of pancreatic and duodenal homeobox factor-1 (PDX-1)( also known 
as IDX-1/STF-1/IPF-1), an important transcription factor for the insulin gene (review 
Kaneto et al., 2005, see fig.5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 5. Oxidative stress effects β-cell dysfunction in type 2 diabetes (modified from 
Kaneto H, 2005). 
 
UCP-2 is an inner mitochondrial membrane protein that diminishes the proton gradient 
generated by the respiratory chain. UCP-2 mRNA is expressed in pancreatic islets 
(Zhou et al., 1997), and β cell mitochondria show a large GDP-sensitive superoxide-
activated proton conductance (Echtay et al., 2002), showing that UCP-2 is present and 
can be activated by ROS. In β-cells, fatty acids increase mitochondrial ROS production 
and decrease glucose-stimulated increases in mitochondrial membrane potential, 
cellular ATP content, cytoplasmic calcium, and insulin secretion (Carlsson et al., 1999; 
Joseph et al., 2004; Koshkin et al., 2003 and Lameloise et al., 2001). Over-expression 
of UCP-2 in β-cells attenuates ATP synthesis and insulin secretion in response to 
glucose (Chan et al., 2001), whereas islets isolated from UCP-2 deficient mice exhibit 
enhanced ATP generation and insulin secretion upon glucose exposure (Zhang et al., 

  UCP-2 
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2001). Altogether, the uncoupling effects of UCP-2 in β-cells could have important 
functional effects on β-cells. The precise regulation of UCP-2 in β-cells and the 
functional consequences thereof have however so far not been elucidated. 
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2 SPECIFIC AIMS 
 
 
To investigate: 
 

1. in rat pancreatic islets the effects of elevated glucose and insulin exocytosis per 
se on exocytotic proteins 

 
2. in rat pancreatic islets the functional effects of intermittent vs. continuous 

suppression of insulin secretion by diazoxide 
 
3. in rat pancreatic islets the global effect on gene expression by diazoxide 
 
4. in islets from Kv1.1-deficient mice the impact of this deficiency on β-cell 

function 
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3 EXPERIMENTAL DESIGN, MATERIALS AND 
METHODS 

 
The experimental design and main methods in this thesis are summarized in Table 1. 
 
Table 1. Experimental design 
Paper Sources of islets Experimental conditions 

following tissue culture 
Measurements 

I SD rat 
human 

Batch-type incubations 
Western blot 
RT-PCR 

Insulin secretion/content 
Exocytotic proteins 
SNAP-25 mRNA 

II SD rat Batch-type incubations 
 
 
ELISA 
RT-PCR 
Western blot 

Insulin secretion/content 
Glucose and oleate oxidation 
ATP/ADP contents 
Apoptosis 
mRNA expression 
SNAP-25 protein 

III SD rat Microarray 
Western blot 
Batch-type incubations 

mRNA expression 
Proteins PDX-1 and Aldolase 
Insulin secretion/content 

IV BALB/cByJ-
Kv1.1mceph/mceph 
BALB/cByJ- 
Kv1.1+/+ 

Batch-type incubations 
RT-PCR 
Perifusion 
Histopathological analysis 

Insulin secretion/content 
Kv1.1 mRNA 
Insulin secretion 
Pancreas structure 

 
 
 

3.1  MATERIALS  

 
3.1.1 Drugs and chemicals 

 
Diazoxide used in this study was from a preparation (Hyperstat®) from Schering-
Plough (Labo N.V., Heist-op-den-Berg, Belgium) or powder from Sigma–Aldrich. 
Other chemicals were obtained as specified in the individual papers.  
 
3.1.2 Animals 

 
Rats  
Male Sprague-Dawley rats (SD rats) were obtained from B & K Universal AB, 
Sollentuna, Sweden. Under all conditions the rats had free access to water and a 
standard pelleted diet (brood Stock Feed for Rats and Mice, EWOS-ALAB Co., 
Södertälje). The pellets contained, on a weight basis, 51.5% carbohydrate, 22% protein, 
and 5% fat. The rats were exposed to 12 h light (06:00-18:00), 12 h dark cycle. At the 
time of experiments, the rats weighed 250g-400g. 
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Mice 
The spontaneously mutated BALB/cByJ-Kv1.1mceph/mceph and BALB/cByJ-Kv1.1+/+ 

mice were originally obtained from The Jackson Laboratory (Bar Harbor, ME,USA). 
The mutated mouse model for megencephaly, mceph/mceph (Donahue et al., 1996) 
displays a 25% increase of brain weight compared to wild-type mice over the first 
8 months of life. The recessive phenotype results from a single mutation, which arose 
spontaneously in the inbred mouse strain BALB/cByJ. The mceph/mceph mice appear 
normal at birth. However, their brains never cease to grow, and are significantly heavier 
than those from wild-type from 2 months of age. At the age of 3–4 weeks the 
mceph/mceph mice develop specific characteristics. Apart from an increased brain size, 
they display a low body weight, excessive lachrimation, shakiness in gait, periods of 
static immobilization, a strange up-sitting posture and extreme sensitivity to sound, 
presumably of neurological origin (Donahue et al., 1996). The mice were kept in a 
barrier animal facility at 12-h light-darkness, a temperature of 21-22oC and a relative 
humidity of 40-50%. Rodent breeding diet R36 (Lactamin AB, Stockholm, Sweden), 
and water were provided ad libitum. 
 
Human islets 
Human islets were obtained from cadaver donors after consent from an organ donor 
registry or from relatives. The age of donors varied between 41 and 62 years, and BMI 
between 20 and 42 kg/m2.  
 

3.2 METHODS 

 
3.2.1 Isolation of islets 

 
Rat or mouse islets were isolated as previously described (Lacy & Kostianovsky, 
1967), using digestion with collagenase obtained from Clostridium histolyticum (Roche 
Diagnostics Gmbh Mannheim, Germany). Hanks’ solution containing 5.5 mmol/l 
glucose was used during this procedure. 
 
The human islets were isolated either at the Division of Clinical Immunology at the 
University of Uppsala or at the Islet Laboratory, Department of Surgery, Rikshospitalet, 
University of Oslo, as previously described in detail (Özmen et al., 2002). The purity of 
the islet preparations in this study varied from 40% to 80%. The islets were sent to our 
laboratory in culture medium CMRL 1066, arriving on the same day. 
 
3.2.2 Tissue culture of islets 

 
Islets were cultured in RPMI-1640 medium containing glucose concentrations as 
indicated in the studies. Other constituents were 2 mmol/l glutamine, 10% heat-
inactivated fetal calf serum, 100 U/ml penicillin, and 0.1mg/ml streptomycin. Islets 
were cultured for 22-48 h free floating at 37oC, with an atmosphere of 5% CO2-95% 
air. Diazoxide was added to culture media in a final concentration of 325 µmol/l. 
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Islets were then transferred to dishes containing 5 ml Krebs–Ringer bicarbonate (KRB) 
medium together with 10 mmol/l Hepes, 0.2% BSA, and 3.3 mmol/l glucose. Islets 
were preincubated for 30 min at 37°C. They were then collected for Western blot 
analysis or RNA extraction or subjected to final batch-type incubations or others as 
described below. 
 
 
3.2.3 Batch-type incubations for insulin secretion 

After culture, islets were preincubated with 3.3 mmol/l glucose in KRB medium, 
containing 10 mmol/l HEPES, 0.2% BSA, at 37oC, in an atmosphere of 5% CO2 in air 
for 30 min. Islets were then incubated in groups of three for 60 min at 37oC in a 
shaking water bath in 300 μl KRB containing 3.3 or 16.7 mmol/l glucose, each with or 
without specific additives. The insulin accumulated was measured as previously 
described (Herbert et al., 1965). Three to four tubes with 3-5 islets each were run for 
each experimental condition. At the end of incubations, aliquots of the incubation 
media were secured for assay of insulin. Islet insulin contents were measured in islets 
retrieved from the batch incubations and sonicated for 10–15 s, followed by extraction 
of insulin overnight at 4oC in 200 μl acid ethanol (70%, v/v).  

 
3.2.4 Perifusion experiments (Paper IV) 

After culture and preincubation, 60-80 islets were added to each of two perifusion 
chambers and perifused as previously described (Björklund et al., 1993). Briefly, islets 
were layered between polystyrene beads (Bio-Rad) and perifused by use of a peristaltic 
pump (Ismatec SA, Zürich, Switzerland). Samples of the perifusate were collected 
every minute, frozen and stored in -20°C. After perifusion, islets were recovered for 
determination of insulin content.  

 
3.2.5 Western blot analysis 

Collected islets were washed twice with ice-cold PBS, and extracts corresponding to an 
equal number of islets (also confirmed by Bradford protein assay) were denatured in 
loading buffer (1 μl/islet) at 80oC for 10 min. In some experiments, islets were lysed 
and ultracentrifuged at 100,000 g to separate soluble and membrane fractions, as 
previously described (Lilja et al., 2001). The samples were analyzed on 7.5 to 12% 
sodium dodecyl sulfate polyacrylamide gels (SDS–PAGE) run for 60-70 min at 150V 
and were then transferred to nitrocellulose for 1 h at 250 mA. The membrane was 
blocked for 2 h at room temperature with 5% (w/v) fat-free milk, 0.1% Tween 20 in 
Tris-buffered saline, pH 7.6 (TBS). The membranes were then incubated for 2 h at 
room temperature or overnight at 4oC with primary antibodies at the individual 
dilutions times (see individual papers). Following the addition of horseradish 
peroxidase labeled anti-mouse or anti-goat or anti-rabbit IgG antibody (according to the 
first antibody) at a dilution of 1:5000, the membrane was incubated for 1 h at room 
temperature. Immunoreactive bands were visualized using a chemiluminescence kit 
(ECL, Amersham Biosciences) and exposure to X-ray film (Hyperfilm, Amersham 



 

   25

Biosciences), and documented with a flat-bed scanner (Hewlett–Packard Scanjet 5300) 
and quantitation software (Kodak, 1D).  

 
3.2.6 RT-PCR  

Total RNA was extracted using Trizol (paper I) or High Pure RNA isolation kit (paper 
II, from Roche Diagnostics) or Micro kit (papers III and IV, from Qiagen), according to 
the manufacturer’s instructions. RNA was DNase-treated with RQ1 DNase for 30 min 
at 37°C in the presence of 40 U RNaseOut, re-extracted with Trizol, and re-precipitated. 
Reverse transcription (RT) (paper I and IV) was carried out using SuperScript II 
according to the manufacturer’s instructions in reactions containing 5 μg total RNA, 
0.1 μg random hexamer primers, and 40 U RNaseOut. Negative controls consisted of 
an aliquot of each RT mix reserved prior to the addition of reverse transcriptase. PCR 
was carried out in 10 μl reactions containing 200 μmol/l of each dNTP, 5 pmol of 
primers, and 0.4 U Taq polymerase. The sequences of the primers used are shown in 
Table 2. The products of PCRs were analyzed by agarose gel electrophoresis and 
documented with a digital camera (EDAS 290, Kodak) and quantitation software (1D, 
Kodak). RT-negative controls were included in all.  

 
 
Table 2. Sequence of oligonucleotide primers for PCR  

 

 

Gene 
Size, 
bp 

5'-
Oligonucleotide

3'-
Oligonucleotide 

GenBank 
No. 

Annealing 
Temperature, 

oC Cycle 

 

UCP2 345 ATT GCA CGA 
GAG GAA GGG 

CAA GCG GAG 
GAA GGA AGG 

AB00613 55 30–34 

Kir6.2 199 CAT GGA GAA 
CGG TGT GGG 

CAG ATA GGA 
GGT GCG GGC 

U44897 59 38–42 

SUR1 178 TGA AGC AAC 
TGC CTC CAT C 

GAA GCT TTT 
CCG GCT TGT C 

L40624 59 38–42 

VDCCα1 155 TTC TCA GGG 
AAT GGA CGC 

AGC ACA TCT 
GTC CAG CCC 

D38101 59 38–42 

Kv2.1 430 CAA TCT GTG 
GAC ACT AAC 
TA G C 

GCA GAA AGA 
ATT GAG TCT TT 
G T 

X16476 58 38–42 

β-Actin 
 
 

349 
 
 

CGT AAA GAC C 
TC TAT GCC AA 
 

AGC CAT GCC A 
AA TGT GTC AT 
 

J00691 
 
 

55 
 
 

30–34 
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Ribosomal 
protein 
L30 
SNAP-25 
(α and β) 
 
SNAP-25 
(α and β) 
 
 
SNAP-25α 
 
SNAP-25β 
 
 
Kv1.1(out 
side mutat) 
 
Kv1.1 
(wild) 
(mutated) 

229 
 
 

289 
 
 

165 
 
 
 

252 
 

241 
 
 

502 
 
 

225 
214 

GGA AAG TAC G 
TG CTG GGG TA 
 
AAG ATG CTG G 
CA TCA GGA CT 
 
CCC TAG ACA T 
GG GCA ATG AG 
 
CAA CTC GAT 
CGT GTC GAAGA 
 
ACT GGA ACG C 
AT TGA GGAAG 
 
GTC ATC CGC 
TTG GTA AGG 
 
GCA TAG ACA 
ACA CCA CAGTC 

CAC CTG GGT C 
AA TGA TAG CC 
 
CTG CGG ATG A 
AG CCA CCA CT 
  
CAA CAT TGG A 
GG AGA GCA CA 
 
CTG CGG ATG 
AG CCA CCA CT 
 
CTG CGG ATG A 
AG CCA CCA CT 
 
CCT CTT CGA TC 
T CCA TGT ACTC 
 
TTC CCT CCT G 
CT CAG CTA TC 

K02932 
 
 

AF245227 
 
 

AF245227 
 
 

AB003991 
 
 

AB003992, 
AF245227 

 
NM010595 

 
 

NM010595 
 

55.5 
 
 

63.5 
 
 

58.1 
 
 

60.8 
 
 

58.1 
 
 

62 
 
 

58.1 

27-32 
 
 

28-34 
 
 

30-36 
 
 

29-34 
 
 

31-37 
 
 

40 
 
 

40 
 

 
 
 
3.2.7 Microarray analysis (Paper III) 

 
Islets were collected for RNA extraction after the post-culture preincubation. Extraction 
was carried out, using RNeasy Micro kit (Qiagen). Nine separate experiments were 
performed for the condition 27 mmol/l glucose ± diazoxide and four for the condition 
5.5 mmol/l glucose ± diazoxide. Because it was difficult to obtain enough material for 
microarray analysis from a single experiment we pooled islets from three experiments 
(each with pooled islets from 2-4 rats) to obtain material for each analysis of the 27 
mmol/l glucose ± diazoxide condition. In this way we obtained material for three 
replicate analyses. For 5.5 mmol/l glucose ± diazoxide condition islets were pooled 
from two experiments (each with pooled islets from 4 rats) to obtain material. In this 
way we obtained material for two replicate analyses. The pooled material for each 
analysis contained 17-22 µg total RNA.  
 
Samples were submitted to the NOVUM AFFYMETRIX core facility at Karolinska 
Institutet. The purity and non-graded state of the RNA was assured using Bioanalyser 
from Agilent. Affymetrix genechip technology was used. Samples were processed into 
labelled cRNA and hybridised to the Rat Expression Array 230A (Affymetrix, Santa 
Clara, CA). 
Significance testing indicated that the likelihood of false positives was less than 10 
percent. 
 



 

   27

3.2.8 ATP and ADP contents (Paper II) 

After culture, batches of 10 islets were put into Eppendorf tubes containing 40 µl of 
NaOH solution (0.04 mol/l NaOH, 2 mmol/ll EDTA) and stored at –80°C. Before 
assay, 60 µl of lysis reagent were added to islets, the lysate was passed through a 23-
gauge needle, and vortexed. ADP was converted to ATP with 2.3 U/ml pyruvate kinase 
and 1.5 mmol/l phosphoenolpyruvate for 15 min at room temperature. ATP was 
assessed by luminometric determination of the luciferin-luciferase reaction by use of a 
commercially available assay (Boehringer Mannheim). 

 
3.2.9 Apoptosis (Paper II) 

 
Islets cell death/survival was assessed by ELISA by the Cell Death Plus assay (Roche). 
Aliquots of 10 islets of comparable size were incubated for 30 min with a lysis buffer at 
room temperature and then centrifuged at 200 g for 10 min at 4°C. Aliquots of the 
supernatant (20 µl) were placed into microtiter plate wells coated with streptavidin. A 
total of 80 µl containing anti-histone-biotin antibody and anti-DNA-peroxidase 

antibody was then added, and the mixture was incubated for 120 min at 37°C. The 
preparations were washed, and 100 µl of a solution containing 2, 2'-azino-bis (3-
ethylbenzthiazoline-6-sulfonic acid) (the substrate for peroxidase) were added. At the 
end of a 5-min incubation, absorbance of sample was read spectrophotometrically at 
405 nm. 
 
3.2.10   Glucose and oleate oxidation (Paper II)  

 
The production of 14CO2 from D-[U-14C] glucose was measured basically as previously 
described (Keen et al., 1963). After culture, islets were preincubated for 30 min in KRB 
at 3.3 mmol/l glucose. Duplicates of 10 islets each were then placed in 1-ml glass vials 
containing 100 µl of KRB medium together with 0.5 µCi of D-[U-14C]glucose plus 
nonradioactive glucose to a final concentration of either 3.3 or 27 mmol/l. The glass 
vials were placed in 20-ml scintillation bottles that were gassed with O2 : CO2 (95 : 5) 
and capped airtight with rubber membranes. The bottles were shaken continuously for 
120 min at 37°C in a water bath. Islet metabolism was stopped by an injection of 100 µl 
of 0.1 mol/l HCl into the glass vials followed by injection of 250 µl of hyamine 

hydroxide into the scintillation bottles. These were sealed and left overnight at room 
temperature to absorb 14CO2 into hyamine. Blank incubations were treated identically. 
Oxidation of glucose was calculated as picomoles of glucose per 10 islets per 2 h.  

Oleate oxidation was measured as 14CO2 production from [1-14C]oleate, using the same 
experimental design as for measurement of glucose oxidation.  
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3.2.11   Histopathological analysis (Paper IV) 

 
Pancreata from two mceph/mceph and two wild-type mice were fixed by conventional 
immersion in 10% neutral formalin, dehydrated and embedded in paraffin. Sections, 
about 4 µm thick, were cut and stained with haematoxylin and eosin. 
 
 
3.2.12   Data analysis 
 
The results have been calculated as mean ± SEM and comparisons of the data have 
been done by Student’ paired t-test or one way repeated measures ANOVA test, as 
appropriate, where p<0.05 was regarded as significant.  
 
In the microarry study (paper III), Affymetrix GeneChip Operating Software (GCOS) 
version 1.4 was used for absolute and comparison analysis. Scaling was set to all probe 
set with target signal 100, and normalisation to User defined with Normalization value 
1. For estimation of regulated genes, pair wise comparisons of test vs. control were 
performed, resulting in a quantitative signal log ratio (SLR) and a qualitative change 
call. SLR is the logarithmic (base=2) ratio of intensities from test and control sample. 
Change call is based on change p-value, where GCOS settings used were p < 0.002 for 
increase call, and p > 0.998 for decrease call. 
 
For transcripts to be considered increased by diazoxide or glucose, an increase call and 
SLR ≥= 0.5 were required, and the corresponding requirement for decrease were 
decrease call and SLR ≤= -0.5. Further, for a diazoxide effect to be present significant 
effects were required in all three replicate comparisons (i.e. 9/9) of 27 mmol/l glucose ± 
diazoxide and in both replicate analysis (i.e. 4/4) for 5.5 mmol/l glucose ± diazoxid. In 
cases where less stringent criteria were used this is explicitly stated in the tables and/or 
text. For registering a glucose effect 4 to 6 out of the 6 comparisons were required to 
show a glucose effect per se > 0.5. Table 1 summarizes the comparisons performed. 
 
For basic functional classification, records from Gene Ontology project 
(www.geneontology.org, as of 09/01/2005) were used together with annotation 
information from Affymetrix (www.affymetrix.com, as of 09/16/2005). For the genes 
thereby annotated to the category of metabolism we further explored a) whether these 
genes were annotated or not in other categories and b) whether information was 
available in the β-Cell Gene Expression Bank (http://test.t1dbase.org). Such additional 
information was incorporated into tables/and/or text. 



 

   29

4 RESULTS 
 

4.1 PAPER I - INSULIN SECRETION PER SE INFLUENCES 
EXOCYTOTIC PROTEINS 

The regulation of SNARE [soluble NSF (N-ethylmaleimide-sensitive fusion protein) 
attachment protein receptor] proteins by glucose in pancreatic islets is complex and 
insufficiently clarified. In the first study we wanted to separately analyze direct and 
indirect (i.e. enhancement of exocytosis) effects of glucose. A 24 h culture of rat 
islets at elevated glucose (27 mmol/l) increased t-SNAREs (SNAP-25 and syntaxin) 
(Western blotting). Co-culture with diazoxide, which inhibits glucose-induced insulin 
secretion, reversed these effects. Effects on SNAP-25 were similar in human and rat 
islets. Effects of somatostatin were mimicked by blocking secretion with diazoxide 
(rat islets). Blocking secretion by cooling abolished both glucose and diazoxide 
effects on SNAP-25. Total SNAP-25 mRNA as well as isoforms α and β were 
increased by 24-h elevated glucose. Diazoxide failed to reverse the glucose effects on 
mRNA. However, effects of diazoxide on SNAP-25 protein were nullified by 
proteasome inhibitors (ALLN, MG-132, and epoxomicin) but not by lysosomal 
inhibition (NH4Cl). These results indicate that exocytosis per se modifies SNAREs by 
a process linked to proteasomal activation. 

 
4.2 PAPER II - SHORT-TERM INTERMITTENT EXPOSURE TO 

DIAZOXIDE  

This study aimed to test if intermittent exposure to diazoxide could exert similar 
beneficial effects as continuous exposure. Rat islets were cultured for 48  h with 27 
mmol/l glucose alone, with diazoxide present for 2 h every 12 h or with continuous 
48-h presence of diazoxide. Both protocols with diazoxide enhanced the postculture 
insulin response to 27 mmol/l glucose, to 200 µmol/l tolbutamide, and to 20 mmol/l 
KCl. Intermittent diazoxide did not affect islet insulin content and enhanced only K+-
ATP dependent secretion, whereas continuous diazoxide increased islet insulin 
contents and enhanced both K+-ATP-dependent and -independent secretory effects of 
glucose. Intermittent and continuous diazoxide alike increased postculture ATP-to-
ADP ratios, failed to affect [14C] glucose oxidation, but decreased oxidation of [14C] 
oleate. Neither of the two protocols affected gene expression of the ion channel-
associated proteins Kir6.2, sulfonylurea receptor 1, voltage-dependent calcium 
channel-α1, or Kv2.1. Continuous, but not intermittent, diazoxide decreased 
significantly mRNA for UCP-2. A 2-h exposure to 20 mmol/l KCl or 10 µmol/l 
cycloheximide abrogated the postculture effects of intermittent, but not of continuous, 
diazoxide. Intermittent diazoxide decreased islet levels of the SNARE protein SNAP-
25, and KCl antagonized this effect. These results indicate that short-term intermittent 
diazoxide treatment has beneficial functional effects that encompass some but not all 

characteristics of continuous diazoxide treatment.  Furthermore, the results support 
the soundness of intermittent β-cell rest as a treatment strategy in type 2 diabetes. 
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4.3 PAPER III - DIAZOXIDE AND GENE EXPRESSION IN RAT 
PANCREATIC ISLETS  

Diazoxide protects β-cells against desensitization by hyperglycaemia through 
mechanisms which are not fully elucidated. In this study we used microarray analysis 
(Affymetrix) to investigate effects of diazoxide on gene expression. Rat pancreatic 
islets were cultured overnight at 27 or 5.5 mmol/l glucose ± diazoxide. 114 genes were 
up-regulated (signal log2 ratio ≥0.5) and 173 genes down-regulated (signal log2 ratio ≤ -
0.5) by diazoxide. Eighty-six % of diazoxide’s effects (up-and downregulation) were 
observed only after co-culture with 27 mmol/l glucose. Eight % of up-regulated genes 
were also up-regulated by glucose. Diazoxide up-regulated aldolase B 8-fold above a 
glucose effect. Thirty-one % of genes up-regulated by diazoxide were down-regulated 
by 27 mmol/l glucose whereas 61 % were not affected by glucose. As to down-
regulation by diazoxide (79 %) most genes were oppositely affected by glucose. 
Diazoxide down-regulated genes for fatty acid oxidation and up-regulated synthesis 
whereas glucose per se had no effect. Irrespective of glucose concentration diazoxide 
up-regulated certain genes which support β-cell functionality (nkx6.1 and pdx 1) and 
down-regulated UCP-2, a potentially desensitizing gene. These results indicate that 
elevated glucose is permissive for most of diazoxide’s effects on gene expression. Both 
glucose-permissive and non-permissive effects of diazoxide could serve to uphold β-
cell functionality during continuous hyperglycaemia. 
 
 

4.4 PAPER IV - PRESENCE AND FUNCTIONAL IMPORTANCE OF 
KV1.1 CHANNELS IN MICE ISLETS  

Voltage-dependent K+ channels (Kv) repolarise β-cell action potentials and thereby 
inhibit insulin secretion. In this study we tested for presence and functional 
importance of Kv1.1 in BALB/cByJ and megencaphaly (mceph/mceph) mice. The 
latter mice have a deletion in the gene coding for Kv1.1, which leads to a premature 
stop-codon and a truncated, non-functioning protein. RT-PCR showed expression of 
normal gene in BALB/cByJ and mutated form in mceph/mceph. Stimulated glucose-
induced insulin release was lower in BALB/cByJ than in mceph/mceph. Reciprocally 
blocking Kv1.1 by dendrotoxin-k increased secretion in BALB/cByJ but not in 
mceph/mceph. The results indicate that Kv1.1 channels are present and of functional 
importance in mouse β-cells. 
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5 DISCUSSION 
 

5.1 MECHANISMS BEHIND BENEFICIAL EFFECTS OF DIAZOXIDE 

 
5.1.1 Effects on exocytosis (paper I) 

We wished to analyze the direct effect of glucose on SNARE proteins in relation to 
the indirect effect of chronic stimulation of insulin secretion. For this purpose, we 
primarily used diazoxide, which reversibly inhibits glucose-induced insulin secretion 
(Trube et al., 1986). Our central finding is that culture with diazoxide importantly 
modifies the effects of a 24 h high glucose culture period on SNARE protein 
expression. Several of our observations (although mostly restricted to analysis of 
SNAP-25 protein) indicate that this effect is, in part at least, linked to an inhibition of 
exocytosis rather than to any effect of diazoxide per se.  
The time delay for documenting clear effects by glucose and diazoxide on SNAP-25 
protein suggested translational and/or transcriptional effects. However, the inhibitory 
effects of diazoxide on SNAP-25 protein were not accompanied by similar effects on 
the mRNA level. We therefore tested the possibility that glucose and/or diazoxide 
could regulate SNAP-25 mRNA in an isoform-specific manner. We find, to our 
knowledge for the first time, that elevated glucose up-regulates both isoforms. As to 
diazoxide, we failed to find any preferential effect of diazoxide on the isoforms.  
 
Our results with proteasome inhibitors may explain the discrepancy between the effects 
of diazoxide on the levels of SNAP-25 protein and SNAP-25 gene expression. Hence, 
all three proteasome inhibitors tested abolished the negative effect of diazoxide on 
SNAP-25 protein levels. These results suggest that the turnover of SNAP-25 protein is 
accelerated by diazoxide, in a manner secondary to its inhibition of exocytosis. 
Interestingly, the abolition of diazoxide’s effects on SNAP-25 by MG-132 and 
epoxomicin was paralleled by abolition or marked attenuation of the enhancing effect 
of diazoxide exposure on glucose-induced insulin secretion. These results may indicate 
that regulation of the turnover of exocytotic proteins, such as SNAP-25, is an important 
aspect of the control of insulin secretion. The importance of the proteasome system for 
normal insulin secretion is underscored by another recent study (Lopez-Avalos et al., 
2006). 
 
It may seem paradoxical that a lowering of SNAP-25 can be associated with an 
enhancement of insulin secretion. However, the role of SNAP-25 as well as other 
exocytotic proteins for insulin secretion includes not only interactions at the fusion of 
granules (Gerber and Sudhof, 2002) but also both stimulatory and inhibitory 
influences by physical interaction of SNAP-25 with L-Type Ca2+ channels in β cells 
(Ji et al., 2002 b). As previously suggested (Gaisano et al., 2002) it is possible that 
the relative proportion of SNAP-25 in relation to levels of other key exocytotic 
proteins determines the efficiency of the exocytosis of insulin.  
 
5.1.2 Intermittent vs. continuous diazoxide (paper II) 

When comparing the beneficial effects of intermittent diazoxide with those of a 48 h 
continuous exposure to the drug there were both similarities and differences. 
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Similarities included the insulin dose-response curve to post-culture stimulation by 
glucose, the enhancement of tolbutamide and KCl-induced insulin secretion, the 
absence of effect on glucose oxidation, and a reduction of fatty acid oxidation. 

Differences were seen with regard to islet insulin contents (increased after continuous, 
unaltered after intermittent, diazoxide). Furthermore, K+-ATP independent effects by 
glucose on insulin secretion were enhanced by continuous diazoxide exposure in post 
culture incubations but were not changed by intermittent diazoxide exposure.  

The observation that both intermittent and continuous exposure to diazoxide improved 
the K+-ATP -dependent modality of secretion prompted a search for alterations in genes 
involved in glucose signaling through calcium inflow. Testing for effects by diazoxide 

on Kir6.1, SUR1, VDCCα1, and Kv2.1 mRNA were, however, negative. However, we 
find that both continuous and intermittent diazoxide decreased islet oxidation of oleate. 
Fatty acid metabolism can induce uncoupling of mitochondrial metabolism (Carlsson et 
al., 1999) by inducing UCP-2 (Li et al., 2002), possibly leading to functionally 
important uncoupling. In our experiments, we find that continuous diazoxide decreased  

UCP-2 mRNA, whereas intermittent diazoxide did not. However, fatty acids per se are 
also known to induce uncoupling (Skulachev, 1999). Further studies are needed to 
verify a coupling between the impact of the fatty acid effects of diazoxide on 
mitochondrial metabolism on one hand and insulin secretion on the other.  

The finding that the intermittent diazoxide protocol did not increase islet insulin 
contents whereas the continuous presence of diazoxide did so could be important for the 
K+-ATP independent effect that was observed only for continuous diazoxide. A larger 
pool of insulin granules could constitute part of the amplifying effect of a given 
stimulus that is associated with the K+-ATP independent effect. However, other 
mechanisms could additionally be operative.  

Our results are complex as to the functional importance of the last 2 h of diazoxide in 
relation to the previous periods of diazoxide. Our data are compatible with a priming 
effect of previous diazoxide, which becomes operative on renewed blocking of insulin 
secretion. Such a priming effect could imply accelerated biosynthesis of proteins 
important in stimulus secretion coupling. Such a notion is compatible with the 
observation that inhibition of protein biosynthesis during the last 2 h of culture 
abrogated the beneficial effect of intermittent diazoxide. However, the degradative 
process of important proteins could also be subject to priming. Such a mechanism could 
play a part in the intriguing finding that intermittent diazoxide reduces the concentration 
of the exocytotic protein SNAP-25 and that KCl reverses this effect. A possible link to 
effects on the K+-ATP dependent modality of insulin secretion is provided by SNAP-25 
and other SNARE proteins being intimately associated with Ca2+ channel complexes, 
giving rise to the term "exitosome" (Atlas, 2001).  

Replacing intermittent diazoxide exposure with corresponding periods of low (5.5 
mmol/l) glucose did not reproduce the beneficial effects of diazoxide. Of relevance for 

these results is that 5.5 mmol/l glucose is, in rat islets, known to be a suboptimal 
concentration for upholding nutritional demands during culture.  
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5.1.3 Effects on gene expression (paper III) 

The most striking finding of this study was the intimate relationship between glucose 
and diazoxide effects on islet expression. It is interesting that the glucose dependency 
of diazoxide’s effects on mRNA levels parallels the effects of diazoxide on insulin 
secretion previously described (review Grill and Björklund, 2001) and confirmed here. 
Thus, diazoxide augments post-culture glucose-induced insulin secretion only when the 
culture is performed in the presence of an elevated concentration of glucose.  

 
We have previously attributed the beneficial effects of diazoxide on insulin secretion to 
protection of the β-cells from over-stimulation. The possibility of over-stimulation was 
suggested by the partial depletion of insulin stores (Björklund and Grill, 1993), 
reflecting a disparity between demand and capacity. Severe over-stimulation could 
increase ER stress as shown in other experimental systems (Harding and Ron, 2002). A 
reduction of protein biosynthesis is an early sign of ER stress (Harding and Ron, 2002). 
However, preproinsulin mRNA was not affected by glucose or diazoxide in the present 
array. Nor was insulin biosynthesis affected negatively by hyperglycaemia or positively 
by diazoxide in an in vivo setting (Sako et al., 1992). These observations suggest only 
mild ER stress, if any, to be operative. In line herewith, we did not find any up-
regulation of stress sensitive genes (such as CHOP, Gadd153, Perk or Bip) by glucose, 
nor any effects by diazoxide. Nor did we find any effects on genes such as caspase 12 
which have been linked to ER-regulated apoptosis. Hence, ER stress does not appear to 
be a major component behind the functional effects of over-stimulation that have 
previously been outlined (review Grill and Björklund, 2001). 
 
Could diazoxide exert effects through its effects on ambient insulin levels? The 
possibility of a feedback loop between secreted insulin and β-cell function has been 
proposed and debated for many years. Because of divergent experimental results, 
(Leibiger et al., 2002; Wicksteed et al., 2003) the issue is not settled. Under 
experimental conditions similar to the present ones, we did not observe any regulation 
of islets cultured with diazoxide in the presence of exogenous insulin with respect to 
the subsequent enhancement of glucose-induced insulin secretion (Björklund and Grill, 
1993). Hence, the reducing effects of diazoxide on insulin levels in culture media 
would probably not factor into the present results. 
 
Up-regulation of gene expression for aldolase B constituted the most marked effect of 
diazoxide in this microarray and this effect was confirmed on the protein level. The 
effect was not seen at low glucose. Mathematical modelling of β-cell glycolysis 
indicates that up-regulation of aldolase B by glucose is crucial for normal metabolic 
oscillations in β-cells (Westermark and Lansner, 2003). Such oscillations may in turn 
drive oscillations of glucose-induced insulin secretion (Deeney et al., 2001). A 
stimulatory effect by diazoxide on aldolase B activity could then serve to uphold and 
increase metabolic oscillations, which, in turn, regulate oscillations of insulin secretion. 
Indeed, data from human (Song et al., 2003) as well as from rat pancreatic islets (our 
unpublished observations) show that diazoxide can preserve the amplitude of insulin 
oscillations otherwise decreased during prolonged exposure to elevated glucose. 
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Also the effects on fatty acid metabolism that we observe could potentially be 
beneficial. It is well established that long term elevated fatty acids can negatively affect 
glucose-induced insulin secretion (Grill and Qvigstad, 2000). The inhibitory effects of 
diazoxide on fatty acid metabolism could be thought to improve glucose-induced 
insulin secretion. Diazoxide inhibited the gene expression of several enzymes which 
participate in β-oxidation of fatty acids. These effects could underlie the finding that 
diazoxide decreases oxidation of fatty acids in islets. Reciprocally, genes promoting 
lipid synthesis, such as acetyl Co-A carboxylase were up-regulated by diazoxide.  
 
Diazoxide inhibited gene expression of UCP-2 and this effect was not glucose-
dependent. Such effects were recently demonstrated by PCR for gene expression and 
also on the protein level (unpublished observations). Since fatty acid metabolism 
induces UCP (Li et al., 2002),  it is conceivable that the UCP-2 and fatty acid effects 
shown here are interlinked. As to functional effects previous studies have implicated 
UCP-2 as a negative factor for glucose-induced insulin secretion (Chan et al., 2004). 
However, this notion has been debated (Khaldi et al., 2004) and it is not completely 
clear that the present effects by diazoxide on UCP-2 have implications for insulin 
secretion. 
 
It should be noted that regulation by diazoxide did not extend to genes expressed 
specifically in exocrine pancreas, giving evidence for islet-specific effects of the drug 
in our islet preparations. In this context it should be mentioned that cholecystokinin 
(regulated here by diazoxide) is expressed not only in exocrine but also in endocrine 
pancreas (Shimizu et al., 1998). 
 
In summary, the effects of diazoxide on gene expression are largely linked to a high 
glucose environment (an important exception being e.g. UCP-2). Effects are exerted on 
glucose and lipid metabolism and these effects potentially uphold normal functioning 
and sensitivity to glucose in β-cells. Such effects are consistent with already 
documented beneficial effects by previous diazoxide exposure on insulin secretion.  
 
 

5.2 PRESENCE AND FUNCTIONAL IMPORTANCE OF KV1.1 
CHANNELS IN MOUSE ISLETS (PAPER IV) 

 
The Kv.1.1 channel has been thought to be of negligible or no influence on β-cell 
function. This is because several studies have failed to detect its expression in islets, 
including studies from mice (MacDonald and Wheeler, 2003). However, one previous 
study does report its presence in mouse islets (Dukes and Philipson, 1996). Our study, 
documents expression of the Kv1.1 gene in normal mouse islets. Notably, the gene was 
also expressed in ob/ob islets. Since such islets are composed of >90% β-cells 
(Hellman, 1965), this finding supports the notion of Kv1.1 expression in β-cells. 
 
The Kv1.1 mutation in the mceph/mceph mouse is a truncating 11 base pair deletion 
that gives rise to expression of only 230 of the 495 amino acid long Kv1.1 peptide. 
Here, we give evidence for the presence of the mutated form of Kv1.1 mRNA in islets 
from the mceph/mceph mouse. 
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Measurements of insulin secretion give indications of a functional role of the Kv1.1 
channels. Thus, in batch incubations, the response to 16.7 mmol/l glucose was 
significantly increased in islets from mceph/mceph mice. Furthermore, in both batch 
and perifusion experiments, there were significant differences between wild type and 
mceph/mceph islets in the response to dendrotoxin-k, which reportedly blocks 
specifically Kv1.1 channel activity (Robertson et al., 1996). Thus, dendrotoxin-k 
enhanced the insulin secretion from wild type islets, whereas there was either no effect, 
or a negative one, on insulin secretion response, from mceph/mceph islets.  
 
In brain Kv1.1 mRNA is upregulated in mceph/mceph compared to wild type (Persson 
et al., 2005) and has been shown to exert a dominant negative effect on Kv1.2 and 
Kv1.3 currents in oocytes (Persson et al., 2005). The relative mRNA level of Kv1.1 in 
mceph/mceph vs. wild type β-cells remains to be determined, but our results with 
dendrotoxin-k indicate that lack of functionally Kv1.1 rather than a dominant negative 
effect of an over-expressed truncated Kv1.1 is at play. 
  
The mceph mutation as well as knock-out of Kv1.1 has been shown to induce brain 
structure enlargement (Persson et al., in press). The enlarged hippocampus of 
mceph/mceph was found to have a 2-fold higher number of both neurons and glia as a 
result of increased cell proliferation and survival (Almgren M, Persson AS, B M. 
Witgen BM, Schalling M, Nyengaard J, Lavebratt C., unpublished) and neuronal and 
glial hypertrophy has been seen (Petersson et al., 2000). Kv1.1 in mice is expressed 
both embryonically and after birth, at least in the central and peripheral nervous system 
(Hallows and Tempel, 1998). Therefore, the possibility that Kv1.1 channels are also of 
importance in the development of the endocrine pancreas can not a priori be excluded. 
However, our findings of normal blood glucose levels, as well as a completely normal 
structure of the islets of Langerhans from mceph/mceph mice, attest against overt 
developmental effects due to the Kv1.1 mutation. 
 
We have thus found evidence for both the expression and functional importance of the 
Kv1.1 channel in mouse β-cells. However, inhibition of the Kv1.1 channel 
demonstrated only a moderate influence on glucose-stimulated insulin release. 
Therefore, our results do not contradict previous studies demonstrating a major 
importance of the Kv2.1 channel for β-cell function.  
 
 

5.3 GENERAL REMARKS 

 
This thesis has focused on the regulation and functional importance of two types of 
potassium channels in β-cells. The question arises whether and in which way activities 
of theses channels can interact in a direct or indirect way. From the microarray studies 
we have obtained evidence that a K+-ATP channel opener (diazoxide) affects mRNA 
expression of Kv1.3. From the present results we also note that SNAP 25 which is 
affected by diazoxide is also linked to the function of Kv channels (MacDonald et al., 
2002a+b; Ji et al., 2002b). However, much more information is needed to evaluate a 
possible cross-talk between these channels. 
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The ultimate aim of the studies has been to provide information that could be useful for 
treatment of the poor insulin secretion in type 2 diabetes. In particular, there is urgent 
demand for a therapy that halts or delays the deterioration of insulin secretion that 
occurs with increasing duration of the disease (UKPDS, 1995). In short term clinical 
studies (up to 3 month) diazoxide has shown some promise in upholding insulin 
secretion in both type 2 (Qvigstad et al., 2004) and type 1 (Örtqvist et al., 2004) 
diabetes. Although, further studies are needed to definitely evaluate clinically 
meaningful benefits of treatment with diazoxide or analogues thereof, it seems clear 
that experimental studies with diazoxide, such as the present ones are clinically 
relevant. 
 
In the present and previous experimental studies diazoxide was used as a probe to 
evaluate detrimental effects of over-stimulation on β-cell function. The microarray 
studies demonstrate that diazoxide also exerts direct (drug-related) effects that could 
potentially increase insulin secretion. For example, diazoxide reduced the expression of 
UCP-2 both at low and high glucose and reduction of UCP-2 associates in other studies 
with better insulin secretion (Zhang et al., 2001). Naturally the demonstration of drug-
related effects means that the effects of diazoxide cannot be assigned exclusively to the 
prevention of over-stimulation. However, since the major part of the diazoxide effects 
in the microarray experiments were seen only after high glucose the concept of a 
protective effect against over-stimulation still appears valid. 
 
Kv channels are also possible targets for pharmacological therapy and this motivates 
detailed investigations into their presence and functional importance. The present 
findings of moderate effects by a loss of function mutation for Kv.1.1 may thus suggest 
a new target for pharmacological intervention.  
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6  CONCLUSIONS 
 

1. Glucose has a stimulatory effect on exocytotic proteins like SNAP-25 and this 
effect is nullified by diazoxide. This implies a role for exocytosis per se in the 
regulation of SNARE proteins. 

 
2. Intermittent vs. continuous exposure to diazoxide exerts both similar and 

dissimilar effects on islet function. Similar effects seem related to K+- ATP 
dependent glucose induced insulin secretion whereas K+- ATP independent 
effects are recorded only with continuous exposure. 

 
3. By microarray analysis diazoxide exerts effects on gene expression that are 

mostly glucose-dependent and which entail genes of potential importance for 
normal insulin secretion. 

 
4. Evidence indicates that Shaker-like Kv channel subtype1 (Kv1.1) is functional 

in mouse pancreatic islets and plays a role in glucose-induced insulin secretion.  
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