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ABSTRACT 
In human type 2 diabetes, loss of glucose-sensitive insulin secretion from the pancreatic β-cell 
is an early pathogenetic event. Initially, this may be compensated for by stimulating insulin 
secretion by sulfonylurea drugs. The β-cell senses subtle changes in glucose concentration 
and it has been shown that ATP generated by glucose metabolism (and sulfonylureas) may 
close plasma membrane ATP-dependent K+ (KATP) channels resulting in depolarization and 
influx of Ca2+ through voltage-activated Ca2+ channels, an event setting in motion insulin 
exocytosis. However, glucose retains an excellent ability to secrete insulin even in the 
presence of maximally effective concentrations of K+ and diazoxide, an opener of K+ 
channels. Thus, signaling molecules other than ATP and Ca2+ must also be involved in 
glucose sensing in the β-cell. Rapidly reversible protein phosphorylation/dephosphorylation 
cycles are believed to play an essential role in integrating and coordinating incoming stimuli 
into an appropriate rate of insulin exocytosis. These cycles are now known to be dynamic 
processes, with cellular levels of protein phosphorylation being determined by the combined 
actions of numerous protein kinases and ser/thr protein phosphatases (PPases). Compared 
with protein kinases, relatively little attention have been paid to the role of PPases in the β-
cell. We show that glycolytic and Krebs cycle intermediates, whose concentrations increase 
upon glucose stimulation, not only inhibit the enzyme activities of divalent-cation 
independent PPases dose-dependently, but also directly promote insulin exocytosis from 
permeabilized β-cells in a Ca2+-independent manner. They significantly enhance insulin 
exocytosis, by a mechanism non-additive to that of the specific PPase inhibitor okadaic acid, 
at nanomolar Ca2+ concentrations. Specific glucose metabolites thus inhibit β-cell divalent-
cation independent PPase activities and directly promote Ca2+-independent insulin exocytosis, 
an effect that may in part explain the KATP-independent insulin exocytosis by glucose. A 
messenger role has been postulated for L-glutamate and inositol hexakisphosphate in linking 
glucose stimulation to sustained insulin exocytosis in the β-cell, but the precise nature by 
which these metabolites controls insulin secretion remains elusive. We show that glucose 
increases L-glutamate contents and promotes insulin secretion from INS-1E cells. L-
glutamate and inositol hexakisphosphate, at physiological concentrations, also inhibit enzyme 
activities of ser/thr PPases in a dose-dependent fashion analogous to okadaic acid, whereas 
hypoglycemic sulfonylureas have no effect. Additionally, L-glutamate and okadaic acid 
directly and non-additively promote insulin exocytosis from permeabilized INS-1E cells in a 
Ca2+-independent manner, consistent with the view that the insulin-releasing effect of L-
glutamate is at least in part mediated through its inactivation of PPases. Thus, as for certain 
other intermediary metabolites, an increase in phosphorylation state, through inhibition of 
protein dephosphorylation by L-glutamate and inositol hexakisphosphate, may be a novel 
regulatory mechanism linking glucose sensing to sustained insulin exocytosis in the β-cell. 
We also show that the sulfonylurea glibenclamide inhibits the β-cell mitochondrial enzyme 
carnitine palmitoyltransferase 1 (CPT-1) activity, a key enzyme controlling fuel partitioning. 
This event diverts fatty acid metabolism from mitochondrial oxidation to diacylglycerol 
biosynthesis, which causes KATP-independent and protein kinase C-dependent exocytosis of 
insulin. Chronic CPT inhibition, through the progressive islet accumulation of glibenclamide, 
may thus explain the prolonged stimulation of insulin secretion in some diabetic patients that 
contributes to the sustained hypoglycemia of the sulfonylurea. Whether this mechanism also 
results in lipid overload in the β-cell, causing β-cell lipoapoptosis, explaining the clinical 
phenomenon of “secondary failure” to sulfonylureas, remains to be elucidated. 
 
Keywords: Diabetes, Islet, Insulin, Exocytosis, Protein phosphatase, Protein kinase, CPT-1, 
Sulfonylurea, Glutamate, Polyphosphoinositide     ISBN: 91-7140-247-0 



TABLE OF CONTENTS 
 
List of publications included in the thesis....................................................................... 7 

List of abbreviations........................................................................................................ 8 

Introduction ................................................................................................................... 11 

The diabetes epidemic ..................................................................................................... 11 
Insulin secretion............................................................................................................. 12 

The triggering pathway of insulin secretion ..................................................................... 12 

The amplifying pathway of insulin secretion.................................................................... 14 

Signaling pathways governing pancreatic β-cell insulin secretion, an overview ............... 14 

Intracellular signals coupling glucose sensing to insulin exocytosis ............................ 16 

Cyclic AMP..................................................................................................................... 16 

Glutamate........................................................................................................................ 16 

Protein kinase C .............................................................................................................. 17 

Myo-inositol-1, 2, 3, 4, 5, 6-hexakisphospate (InsP6)........................................................ 18 

Non-esterified fatty acids (NEFA) and insulin secretion .................................................. 19 

Sulfonylureas ................................................................................................................. 21 

Hypoglycemic sulfonylureas and pancreatic β-cells ......................................................... 21 

Protein phosphatases ..................................................................................................... 23 

Classification of serine/threonine protein phosphatases (PPase) ....................................... 23 

The structure and function of divalent cation-independent protein phosphatases .............. 24 

Aims of the study ........................................................................................................... 28 

Materials and methods .................................................................................................. 29 

Cell culture...................................................................................................................... 29 

Animals and isolation of pancreatic islets ........................................................................ 29  

Measurement of insulin secretion .................................................................................... 30  

Cellular L-glutamate measurement .................................................................................. 31  

Preparation of phosphoprotein substrates......................................................................... 31  

Determination of phosphatase activity ............................................................................. 32  

Analysis of β-cell CPT-1 mRNA ..................................................................................... 33  

Measurement of CPT-1 enzymatic activity ...................................................................... 33 

Analysis of β-cell fatty acid oxidation.............................................................................. 34 

Lipid extraction and quantification of DAG..................................................................... 34 

PKC translocation assay .................................................................................................. 35 



Statistical analysis ........................................................................................................... 35 

Results and discussion ................................................................................................... 36 

Inhibition of divalent-cation independent PPase by intermediates from glycolytic and  
citric acid cycle enhances insulin exocytosis from permeabilized β-cells ......................... 36 

Carnitine palmitoyltransferase I (CPT-1) is expressed in the islet as the liver isoform...... 38 

Glibenclamide and malonyl-CoA dose dependently inhibit CPT-1 enzyme activity ......... 39 

Mitochondrial oxidation of palmitate is inhibited by glibenclamide ................................. 41 

Glibenclamide stimulation increases diacylglycerol (DAG) content in islets and  
translocates classical PKC isoforms from cytosol to membrane ....................................... 42 

Glibenclamide augments insulin exocytosis by a KATP-independent  
and PKC-mediated signaling pathway ............................................................................. 42 

Sulfonylurea (SU) enhancement of insulin secretion is not dependent on inhibition of 
divalent-cation independent serine/threonine PPase activity in RINm5F cells .................. 44 

Okadaic acid (OA) vs. calyculin-A as inhibitors of RINm5F cell serine/threonine PPase . 45 

Inositol hexakisphosphate dose-dependently and differentially inhibits PPase activity in 
RINm5F cells .................................................................................................................. 47 

Total cellular L-glutamate level increases during glucose stimulation in INS-1E cells ..... 48 

L-Glutamate and okadaic acid dose-dependently inhibit cation independent ser/thr PPase 
enzymatic activity in INS-1E cells................................................................................... 48 
 
Glutamate and OA promote insulin exocytosis non-additively in a Ca2+-independent  
manner from streptolysin O permeabilized INS-1E cells.................................................. 49 
 
Conclusions .................................................................................................................... 51 

Populärvetenskaplig sammanfattning .......................................................................... 53 

Acknowledgments.......................................................................................................... 57 

References ...................................................................................................................... 59 

Article I-IV..................................................................................................................... 83 



LIST OF PUBLICATIONS INCLUDED IN THE THESIS 
 
The thesis includes the following papers, which will be referred to by their Roman numerals 

in the text: 

 
 
 
 
 

I Sjöholm Å, Lehtihet M, Efanov AM, Zaitsev SV, Berggren PO, Honkanen RE. 
Glucose metabolites inhibit protein phosphatases and directly promote insulin 
exocytosis in pancreatic β-cells. Endocrinology 2002; 143(12): 4592-8. 

 
 

II Lehtihet M, Welsh N, Berggren PO, Cook GA, Sjöholm Å. Glibenclamide inhibits 
islet carnitine palmitoyltransferase 1 activity, leading to PKC-dependent insulin 
exocytosis. Am J Physiol (Endocrinol Metab) 2003; 285(2): E438-46. 

 
 

III Lehtihet M, Honkanen RE, Sjöholm Å. Inositol hexakisphosphate and 
sulfonylureas regulate β-cell protein phosphatases. Biochem Biophys Res 
Commun 2004; 316(3): 893-7. 

 
 

IV Lehtihet M, Honkanen RE, Sjöholm Å. Glutamate inhibits protein phosphatases 
and promotes insulin exocytosis in pancreatic β-cells. Biochem Biophys Res 
Commun 2005; 328(2): 601-7. 

 
 
 
 
 
 
 
 
 
All previously published papers were reproduced with permission from the publisher; the 

Endocrine Society (I), the American Physiological Society (II) and Elsevier (III and IV). 

Some additional data, not previously published, have been included in the results and 

discussion chapters. 

 
 
 



 



LIST OF ABBREVIATIONS USED IN THE THESIS 
 
 
ACC                                                 Acetyl-CoA carboxylase 

AKAP                                              A kinase anchoring proteins 

AMP, ADP and ATP  Adenosine mono-, di-, and trisphosphate 

ANOVA   Analysis of variance 

CAC   Citric acid cycle 

cAMP   Cyclic adenosine-3’, 5-monophosphate 

CICR   Calcium-induced Ca2+ release 

CML   Carboxymethylation 

CoA   Coenzyme A 

CPT-1 and CPT-2  Carnitine palmitoyltransferase 1 and 2 

DAG   Diacylglycerol 

DTT   Dithiothreitol 

EDTA   Ethylenediamine tetra-acetate 

EGTA  Etyleneglycol-bis-(β-aminoethylether)- 

N, N, N’, N’-tetraacetic acid 

ELISA   Enzyme-linked immunosorbent assay 

FCS   Fetal calf serum 

FFA   Free fatty acid 

GDH   L-glutamate dehydrogenase 

GLUT-2   Glucose transporter 2 

GSIS   Glucose-stimulated insulin secretion 

GTP   Guanosine trisphosphate 

H-7   1-(5-Isoquinolinesulfonyl)-2-metylpiperazinine 

INS-1E   Clonal rat insulinoma cells 

InsP6                                                D-myo-inositol-1, 2, 3, 4, 5, 6-hexakisphosphate 
 
KATP   ATP-sensitive K+ channel 

KRBH   Krebs-Ringer bicarbonate buffer 

LC-CoA   Long-chain acyl-CoA 

NAD   Nicotinamide adenine dinucleotide 

NADH                                             Reduced nicotinamide adenine dinucleotide 

NBF                                                 Nucleotide binding folds 



 
OA   Okadaic acid 

pCa 5   10-5 M Ca2+ 

pCa 8   10-8 M Ca2+ 

PDE   Phosphodiesterase 

PKA   Protein kinase A 

PKC   Protein kinase C  

PPase   Serine/threonine protein phosphatase 

SLO   Streptolysin O 

SU   Sulfonylurea 

SUR   Sulfonylurea receptor 

TCA   Trichloroacetic acid 

TDP   Time-dependent potentiation 

TPA   12-O-tetradecanoylphorbol 13-acetate 

 

 

 

 

 

 

 

 

 

 

 

 

 



INTRODUCTION 

The diabetes epidemic 
 
   Evolution is usually a process of slow change that can only be appreciated after a 
considerable amount of time has passed. Although we think of epidemics as being more 
revolutionary than evolutionary, we have witnessed the evolution of two concurrent global 
non-communicable disease epidemics in less than 25 years, the epidemics of obesity and type 
2 diabetes (1, 2).  
   As a result of an aging, increasingly obese, and decreasingly physically active population, 
the global incidence and prevalence of diabetes mellitus is exploding (3). This is almost 
entirely due to an increase in type 2 diabetes mellitus, which represents more than 90 % of all 
diabetes cases (2). In many parts of the world and among certain ethnic groups, the incidence 
of type 2 diabetes in the adolescent age group is now equal to or greater than that of type 1 
diabetes (2), and it is even being recognized in prepubertal children, as young as 4-6 years in 
the USA and UK (4).  
   The Word Health Organization (WHO) has projected that the prevalence of diabetes will 
double over the next 20 years, from an estimated 150 million to 300 million people by the 
year 2025 (3). It is likely that these figures are a gross underestimation of the prevalence, 
given that as many as half of affected patients remain undiagnosed (5). The greatest expected 
increase in diabetes over the next few decades will come from developing countries (3). By 
the year 2025, it is estimated that the worldwide prevalence of diabetes will affect 5.4 % of 
the adult population, with 75 % of these cases in developing countries (3). This is primary a 
result of decreasing rates of physical activity, an increasing prevalence of obesity, and an 
increased consumption of high-caloric diets. Diabetes is a particular risk among certain ethnic 
groups, including African Americans, Asians, Hispanic and Native Americans (3). This 
interaction seems to be a result of complex interactions between genetic predisposition and 
environmental influences (the thrifty genotype hypothesis) that favored the energy storing 
genes to increase the probability of survival in our ancestral environment (2, 6), and/or 
intrauterine environmental factors that may influence lifelong insulin sensitivity and 
pancreatic β-cell function (the thrifty phenotype hypothesis) (2, 7).  
   The insulin-producing β-cell is certainly a unique cell in that it can sense the nutrient status 
of the body and respond accordingly with a prompt release of insulin. The inherent 
peculiarities of the pancreatic β-cell may explain why insulin-producing cells are 
preferentially lost or hampered in type 1 and 2 diabetes. Thus, clarification of the molecular 
mechanisms that regulate glucose sensing and exocytosis in the pancreatic β-cells is of 
paramount importance for understanding of the pathways that may lead to malfunction of β-
cell insulin secretion in diabetic states, and may also help to develop novel drugs for use in 
diabetic patients in whom loss of glucose-sensitive insulin exocytosis is an early pathogenetic 
event. 
 
 
 

 

 

 



Insulin secretion 

The triggering pathway of insulin secretion 

   Insulin secretion from pancreatic β-cells is a tightly regulated process, under the close 
control of blood glucose concentrations (8) that also is the main stimulator of insulin 
secretion. The β-cells are unique in that nutrients like glucose have to be metabolized in order 
to stimulate insulin secretion (9). Any alterations in β-cell functioning have a profound impact 
on glucose homeostasis; excessive secretion of insulin leads to hypoglycemia, whereas 
impaired secretion results in diabetes. When the extracellular concentrations of glucose 
increase, β-cell metabolism accelerates (10, 11), outlined in Fig. 1. In this model, glucose 
enters through the GLUT-2 system by facilitated diffusion across the plasma membrane, 
ensuring that the extracellular and intracellular glucose concentrations are rapidly equilibrated 
(9). The first enzyme in the glycolytic pathway is glucokinase, which also serves as a glucose 
sensor with a Km for glucose of 10 mM (9). Following metabolism of glucose in the glycolytic 
pathway in the cytosol and citric acid cycle (CAC) in the mitochondria, the resultant increase 
in the ATP to ADP ratio (12) leads to a decrease in K+ conductance of the plasma membrane 
by closure of ATP-sensitive (KATP) K+ channels (13, 14). These channels are composed of two 
different subunits in β-cells; a large subunit of 140 kD that binds sulfonylurea (SUR1) (15) 
and an inward rectifier K+ channel protein (Kir6.2) of 36 kD (16, 17) assembled at 4:4 
stoichiometry. Reconstitution experiments have demonstrated that both subunits are necessary 
to constitute a functional KATP channel (17).  
   Elevated extracellular glucose concentrations are thus believed to cause the closure of KATP 
channels principally by increasing the intracellular ATP to ADP ratio within the β-cells; this 
in turn suppresses efflux of K+ ions, leading to progressive depolarization of the plasma 
membrane from a resting potential of about ~70 to 0 mV (18). The drop in voltage leads to the 
opening of voltage-sensitive L-type Ca2+ channels and influx of Ca2+ down the 
electrochemical gradient, which results in an increase in [Ca2+]i from 50-100 nM under non-
stimulated conditions (which is achieved by various types of  Ca2+ ATPases that pump out 
cytoplasmatic Ca2+ and by Ca2+ buffering actions of many cytoplasmatic Ca2+ binding 
proteins (19)), to a ~ 2,000-fold gradient between the cytoplasm and either the lumen of the 
endoplasmatic reticulum, or a ~10,000-fold increase between cytoplasm and the extracellular 
medium during unstimulated vs. stimulated conditions.  
   In β-cells the opening of L-type Ca2+ channels is intermittent (20), oscillating with the 
membrane potential, starting with a raise in [Ca2+]i between 6 and 10 mM glucose (21). The 
resulting oscillations of [Ca2+]i are synchronized in all β-cells of each islet because of the 
electrical coupling (22, 23). This means that the triggering signal produced by a constant level 
of glucose fluctuates but that it increases and decreases in all β-cells of the islets at same time. 
This synchrony can also explain the pulsatility in insulin secretion normally seen in healthy 
subjects, even when the concentration of glucose remains stable at a stimulatory level (20). 
The influx of Ca2+ has been considered to be more crucial than Ca2+ release from intracellular 
organelles because high K+ depolarization and hypoglycemic sulfonylurea drugs both raise 
[Ca2+]i  via voltage-sensitive L-type Ca2+ channels and evoke a prompt insulin secretion 
(24,25), L-type Ca2+ channel blockers potently inhibit insulin secretion (26), depletion of 
extracellular Ca2+ severely suppresses insulin secretion (27), and results in unresponsiveness 
of pancreatic islets to glucose-sensitive insulin exocytosis (19). KATP channels may thus be 
viewed as transducers of glucose-induced metabolic changes into biological responses. The 
resulting increase in [Ca2+]i sets in motion the movement of  dense core secretory vesicles to 
the cell surface (28) and results in fusion of the core vesicles with the plasma membrane (29) 
to release stored insulin (24). Free Ca2+ ions can also enter the mitochondrial matrix (25) 



where they can act in the amplifying way, possibly by activating the Ca2+ sensitive 
intramitochondrial dehydrogenases. In Fig 1, events involved in controlling insulin secretion 
are schematically depicted.  
   It is also well known that Ca2+ can induce Ca2+

 release (CICR) (30-32) from the 
endoplasmic reticulum. There is now consensus that elevation of [Ca2+]i is the main triggering 
signal for exocytosis; however, this is not sufficient for the sustained insulin secretion 
observed during GSIS. In addition, glucose causes mostly monophasic elevation of [Ca2+]i 
which is almost identical, both in quantity and in temporal profile, to that produced by a 
depolarizing concentration of  K+ (33). The role of Ca2+ in the second, sustained, phase seems 
to be more of a permissive one (see below). Moreover, this also in part explains why GSIS 
can occur in islets from mice null for KATP channel function (SUR1-/-), which retain the 
second phase of GSIS and are normoglycemic (34). Thus, signaling molecules other than Ca2+ 
and ATP-ADP ratio must be involved in conveying glucose sensing to sustained insulin 
exocytosis in the β-cell (35, 36).  
 
 
 

 
 
Fig. 1. Schematic model for the regulation of rapid glucose-dependent insulin secretion in the β-cell. 
Illustrated is the “triggering pathway”, by which glucose metabolism leads to insulin secretion. This pathway 
contributes to the first phase of insulin secretion. See text for details. 



The amplifying pathway of insulin secretion 

   Besides the triggering pathway mentioned above, glucose can also produce signals that 
amplify the action of [Ca2+]i on the exocytotic process, a process today referred to as the 
amplifying pathway. The significance of this pathway is to optimize the secretory response 
induced by the triggering signals, and it has been suggested to be responsible for the second 
phase of GSIS, while the triggering pathway contributes to the first phase of insulin secretion 
(21). The former term of the amplifying pathway, “KATP channel independent pathway”, was 
a misnomer; it is now generally agreed that the mechanisms involved still require increases in 
[Ca2+]i resulting from KATP channel closure, but it remains unclear whether the oscillations in 
[Ca2+]i reflect functional advantages for the β-cell itself, or are simply necessary to ensure 
oscillations of plasma insulin levels through pulsatile secretion of the hormone (37, 20).  For 
the cause of simplicity, however, the term KATP channel independent pathway will be used in 
the text. In 1992, attention was brought to the fact that glucose can enhance insulin secretion 
in a concentration dependent manner independently of changes in KATP channels and at 
conditions with fixed [Ca2+]i (36). These experiments were done on mouse β-cells with the 
drug diazoxide that keeps the KATP channel open. If membrane depolarization then is 
accomplished by increasing the extracellular [K+], an inflow of [Ca2+]i with subsequent 
insulin secretion entails. If glucose then is added, insulin secretion may be further augmented 
(36). It was also shown that, even under stringent prolonged extracellular Ca2+ deprivation 
with EGTA, insulin exocytosis could be triggered by a combination of TPA and forskolin (a 
PKC agonist and an activator of adenylate cyclase, respectively) in the total absence of 
increase in [Ca2+]i. This effect was strongly augmented by physiological, and even 
subphysiological, concentrations of glucose (35); however, the amount of insulin that can be 
released in the complete absence of changes in [Ca2+]i does not exceed a minor fraction of that 
released in the presence of physiological, stimulated  [Ca2+]i. Moreover, this Ca2+-deprivated 
insulin release shows no or only poor glucose dependence (38, 39). 
   Glucose also retains its ability to promote insulin secretion when KATP channels are already 
completely closed, by occupancy of certain oral hypoglycemic agents, such as sulfonylureas. 
KATP channels are thus unlikely to remain a site of glucose regulation when they are blocked 
with maximally effective concentrations of sulfonylureas (39). A number of intracellular 
molecules, whose concentrations are increased by glucose, have been proposed to act as 
signals that control the amplifying pathway and thereby also the sustained secretion of insulin. 
The role and regulation of “potential mediators” of this pathway will be discussed in the next 
section with no claims to be complete.  
 
Signaling pathways governing pancreatic β-cell insulin secretion, an overview 

   The pancreatic β-cell is unique because it major agonists (i.e., nutrient insulin 
secratagogues) undergo metabolism instead of interacting with a receptor. The metabolic 
signal must be converted to agonist-receptor interactions that instruct contractile processes to 
move insulin granules to the plasma membrane where they further can be extruded to the 
circulation. When talking about metabolic signals, the terms proximal and distal are common. 
This is a rather artificial division that might occur concurrently rather then sequentially. 
Generally speaking, the proximal messengers often include signals that are more specialized 
whereas distal signals are believed to exert a more modulatory role in the pancreatic β-cell 
(e.g., Ca2+, ATP-ADP and NADH-NAD ratios etc).  
   Metabolism of glucose is necessary for it insulin releasing effect, as inferred from the 
observation that mannoheptulose (a non-metabolizable sugar), which inhibits glycolysis, leads 
to an attenuated secretory response (40, 41, 42). Mitochondrial oxidation is also essential for 
GSIS, because insulin release can be blocked by inhibition of the oxidative phosphorylation 



(43) or by uncouplers of mitochondrial ATP production (44), supporting a regulatory role of 
ATP derived from fuel oxidation. On the other hand mitochondrial metabolism alone, which 
generates more ATP than glycolysis and is responsible for oxidizing almost all NADH 
produced by the β-cell appears to be insufficient for GSIS, even under conditions of saturated 
ATP and substimulatory level of Ca2+ (45). Therefore it has been suggested that 
mitochondrial metabolism generates factors distinct from ATP and Ca2+ for maintenance of 
GSIS (45). Furthermore, whole cell ATP and ADP levels do not change much during a 
glucose stimulus (12). The so called “pyruvate paradox” is one such example, because 
pyruvate is readily oxidized in β-cells but does not elicit insulin secretion (42, 45). In contrast 
glyceraldehyde, which enters metabolism in the central part of the glycolytic pathway, at the 
level of the triose phosphatases, functions both as cytosolic and mitochondrial fuel (46, 47), 
and induces insulin secretion (42). The β-cell is also remarkably aerobic with more than 80 % 
of the glucose carbons converted to CO2 and H2O (48, 49), ensuring that the escape of 
carbons in the form of lactate is reduced to a minimum. This may reflect high levels of Ca2+-
induced activation of mitochondrial glycerol 3-phosphate dehydrogenase activity, which 
ensures re-oxidation of cytosolic NADH, and low levels of lactate dehydrogenase and plasma 
membrane lactate/monocarboxylate transporter (48, 49). From one of the studies (48), it was 
calculated that approximately 25 % of the glucose carbons entering CAC via anaplerosis are 
channeled into protein synthesis. In a previous study (50) it was shown that the lactate 
production in pancreatic islets in the absence of glucose was high, and increased with glucose 
concentrations up to 3 mM, reaching its half-maximal rate in the presence of 0.2-1.0 mM 
glucose in islets from rat and ob/ob mice. One interesting feature was also that lactate 
production was larger than glucose utilization at low glucose concentration suggesting that 
lactate production could be utilized from other sources of metabolic substrate than exogenous 
added glucose. Together, these features presumably ensure that glycolytically produced 
pyruvate enters mitochondria, rather than exit the cell across the plasma membrane. The 
NADH subsequently generated can be effectively oxidized by the mitochondrial respiratory 
chains by providing reducing equivalents to the electron chain (51), thereby ensuring adequate 
ATP synthesis to balance the augmented energy needs of cell activation (Fig. 1).  
   It seems that oxidative metabolism is needed for proper insulin secretion, and furthermore 
flux of carbons into the CAC seems to be necessary but not sufficient for insulin secretion. 
There is now data supporting a crucial role for a factor derived from CAC in GSIS, since 
insulin secretion is triggered by the anaplerotic substrate succinate, which transfers reducing 
equivalents to the respiratory chain in a Ca2+-independent manner, but not by 
glycerophosphate, which transfers reducing equivalents (FADH2) to the respiratory chain and 
raising mitochondrial Ca2+ without supplying carbons to the CAC (52) (Fig. 1). In a previous 
paper it was suggested that an increase in [Ca2+]m and CAC activity govern the production of 
a putative factor, supported by the finding that citrate stimulates insulin secretion only when 
combined with glycerophosphate, the latter raising mitochondrial Ca2+ (53). Potential 
identities of this putative factor are malonyl-CoA (54), glutamate (55), long chain acyl-CoA 
(56), or other elusive signals evolving from oxidative metabolism. 
 
 
 
 
 
 
 
 
 



Intracellular signals coupling glucose sensing to insulin exocytosis 
 
Cyclic AMP 

   Intracellular cyclic AMP (cAMP) is increased in β-cells in response to glucose (40, 41, 57), 
and it was suggested that modulation of islet cyclic AMP level is an important step in the 
transmission of the effect of various sugars on insulin release. However, the time-dependent 
potentiation (TDP) of glucose-induced insulin secretion is not accompanied by any gross 
changes in cAMP (57). Islet [cAMP] can also be increased by glucagon-like peptide-1 (GLP-
1), which acts via G-protein coupled activation of adenylate cyclase. Although GLP-1 
stimulates insulin secretion, some studies indicate that GLP-1 can reduce glycemia in subjects 
with type 2 diabetes independently from its insulinotropic effect (58). Activation of adenylate 
cyclase with forskolin enhances both the first and second phase of insulin secretion (59) at 
stimulatory glucose concentrations (≥ 5.6 mM) but not at sub-stimulatory glucose levels (<2.8 
mM), consistent with a role in both the triggering and KATP channel independent pathways. In 
the case of GLP-1, no insulin secretion can be observed in absence of glucose, suggesting that 
ATP derived by glycolysis is required for PKA-dependent phosphorylation (8). The formation 
of cAMP represents a tight balance between production and breakdown of cAMP, the former 
by cyclic nucleotide phosphodiesterases (PDE). Insulin, leptin, insulin-like growth factor-1 
and cAMP have been shown to activate PDE in pancreatic β-cells (60, 61). There is data 
showing that over expression of the isoenzyme PDE3B has an opposing action on insulin 
secretion (62). Nonetheless, increases in cyclic GMP (cGMP) could inhibit β-cell PDE3, 
leading to increases in cAMP (61). Thus, this cross talk could be confounded indirectly by the 
actions of cAMP. Furthermore, cAMP augments GSIS through a number of mechanisms 
including increased opening of voltage-sensitive L-type Ca2+ channels (63), CICR (64) and 
activation of ryanodine receptors (32). Most actions of cAMP seem to be mediated through 
PKA, but direct effects of the cyclic nucleotide on the exocytotic process are partly PKA 
independent (64, 65). This effect can in part be mediated by the cAMP-binding protein 
(cAMP-regulated guanine nucleotide exchange factor II [cAMP-GEII]) (64). It has also been 
proposed that cAMP-GEII modulates Ca2+ signaling by promoting mobilization of Ca2+ from 
intracellular stores by activating CICR (64). Addition of cAMP, at widely different 
concentrations, to RINm5F cell homogenates did not affect PPase activities (66, 67). 
 
Glutamate 

   A messenger role for L-glutamate in linking glucose stimulation to sustained insulin 
exocytosis was originally based on the observation that glutamate increases insulin release 
in permeabilized β-cells perifused with elevated fixed concentration of Ca2+ and ATP 
(55). Glutamate is proposed to act on the secretory vesicle by reducing the granular 
membrane potential, in which case it would act as a negative counter-ion allowing larger 
pH gradient to develop across the granular membrane (55). The mitochondrial matrix 
enzyme controlling L-glutamate formation is glutamate dehydrogenase (GDH [EC 
1.4.1.3]), which is a ubiquitously expressed mitochondrial enzyme, catalyzing reversible 
oxidative deamination of L-glutamate to α-ketoglutarate using NAD(P) as cofactor. The 
L-glutamate may subsequently be used to feed the CAC as an anaplerotic fuel, or interact 
with secretory granules or other targets participating in the coupling of glucose 
metabolism to insulin secretion (55, 68). GDH is also subject to allosteric activation by for 
instance L-leucine, which is believed to promote insulin exocytosis through accelerated L-
glutamate oxidation yielding ATP (69, 70).  
 
 



   In a state of hyperinsulinemic hypoglycemia, the hyperinsulinism/hyperammonemia 
(HI/HA) syndrome (which is caused by gain of function mutations in GDH), no increase 
in glutamate level in MIN6 mouse insulinoma cells over expressing GDH266C could be 
detected and glucose oxidation at 5 mM glucose without glutamine was not altered in 
MIN6 cells (71), supporting the hypothesis that GDH oxidizes glutamate to α-
ketoglutarate and thereby stimulating insulin secretion by providing the CAC cycle with 
substrate. It remains controversial whether glucose increases β-cell L-glutamate content; 
both positive (55, 72-78) and negative (79) effects have been reported in vitro in islets 
from humans, rats, mice, and in β-cell lines, as well as lack of an effect (78, 80, 81). The 
reasons for such discrepancies are unclear, but may reflect 1) differences in species as 
GDH expression is lower in parental INS-1 and mouse β-cells compared to INS-1E, 
human β-cells and rat β-cells (77); 2) time-course, and assay conditions; 3) the metabolic 
state of the cells, since GDH could act both in anaplerotic and cataplerotic directions (82); 
4) Problems to quantify intracellular compartmentalization of L-glutamate, because GDH 
catalytic activity is significantly stimulated at pH 6.8 and inhibited at pH 7.6 compared 
with pH 7.4 (82). Even if significant changes in total cellular L-glutamate levels may not 
always be detected upon glucose stimulation, intracellular compartmentation of L-
glutamate may mask significant subcellular changes. In rat islets and INS-1E cells over 
expressing the glutamate decarboxylating enzyme GAD65, a decreased L-glutamate level 
and impaired GSIS were seen (83). In a previous study the ATP and Mg2+ dependent 
vesicular glutamate transporter 1 and 2 (VGLUT1 and VGLUT2) were investigated at 
high or low glucose and mRNA expression were semi quantified by RT-PCR. Findings 
from that study show that both VGLUT1 and VGLUT2 mRNA is expressed in β-cells and 
that VGLUT2 mRNA is up regulated by high concentration of glucose. In contrast 
VGLUT1 was not up regulated by high glucose, but its expression was more predominant 
than VGLUT2 in β-cells (84). VGLUT2 mRNA was up regulated by low glucose in α-
cells. In a previous study it was shown that L-glutamine, the immediate metabolic 
precursor of L-glutamate, caused a rapid and transient decrease in the activity of PPase in 
intact β-cells (67).  
 
Protein kinase C 
 
   The mammalian protein kinase C (PKC) family consists of different isoenzymes. All PKC 
isoforms have a highly conserved catalytic domain containing an ATP binding site. The 
variation between isoforms is mainly found in the regulatory domains, which contains a 
pseudosubstrate site responsible for inhibition of enzyme activity in the basal state (85). All 
classes of PKC have both C3 and C4 domains, corresponding to the ATP and substrate 
binding sites respectively. The differences between various PKC isoenzymes reside in the C1 
and C2 domains, corresponding to DAG and Ca2+ respectively. The β-cells have been shown 
to express conventional PKC, sensitive to Ca2+ and DAG (α, βI, βII and γ), novel PKC, 
sensitive to DAG but not to Ca2+ (δ, ε, η and θ), and atypical PKC, insensitive to Ca2+ and 
diacylglycerol (ζ, λ) (85-87). Early fetal islets, that have not yet become glucose sensitive, do 
not express the PKC-α isoform in β-cells and it has been suggested that this age-dependent 
expression may be linked to the development of the biphasic insulin release response (88). 
However, early reports showed that down regulating PKC with prolonged TPA (tumor-
promoting phorbol ester) treatment does not affect insulin secretion (89, 90), but it is 
important to note that the effects of DAG and TPA are additive, indicating that they have 
different binding sites on the C1 domain, and treatment with long term incubation with TPA 
does not involve the DAG independent PKC (91). It remains elusive which isoforms were 



down regulated by this treatment so more contemporary approaches, involving siRNA against 
specific isoforms, will likely be required to resolve this question.  
   PKC is involved as a modulator in multiple steps regulating insulin secretion. The 
importance of PKC in insulin secretion has been explored by use of the TPA (85). The 
atypical PKC is not responding to TPA, consistent with DAG insensitivity (91). However, one 
must consider that TPA produces a much stronger and long-lived effect compared to DAG 
under physiological conditions (86). In β-cells, activation of PKC with TPA increases insulin 
secretion despite no change or even a lowering in [Ca2+]i, and TPA does not interfere with the 
ability of InsP3 to release Ca2+ from internal stores (92). In the β-cell, the isoforms that 
respond to glucose are mainly PKC-α and PKC-ε, which translocate to membranes in 
response to glucose (85, 91, 93, 94, 95). It has been shown that both the secretory response 
and the translocation of PKC-α can be blocked by the addition of mannoheptulose (96). The 
functional relevance of PKC-α and PKC-ε in the β-cell was evaluated in a recent study (95), 
in which it was suggested that PKC-ε but not PKC-α rapidly associates with insulin granules 
upon glucose exposure, an event necessary for GSIS.  
   In a previous study, it was shown that hypoglycemic sulfonylurea drugs (glipizide, 
tolbutamide and glibenclamide) stimulated insulin secretion from β-cells in a PKC dependent 
manner (97), findings corroborated by a more recent study showing that glibenclamide seems 
to promote insulin exocytosis by a mechanism involving PKC-ε (95). However, there is 
conflicting data regarding PKC and sulfonylurea interaction, in that neither tolbutamide nor 
glibenclamide elicited translocation of any isoform of PKC, in conditions in which TPA 
evoked a marked redistribution of PKC-α and PKC-ε isoforms (91). Hence, while KATP 
channel independent stimulation of insulin exocytosis by sulfonylureas may require functional 
PKC, the mechanism does not involve a direct activation of the enzyme. One feasible 
explanation for this apparent discrepancy can be that the different isoenzymes are targeted to 
membranes after activation by Ca2+, and that extractions during conditions of low Ca2+ may 
redistribute the membrane fraction to the soluble fraction (98). 
 

Myo-inositol-1, 2, 3, 4, 5, 6-hexakisphospate (InsP6) 

   InsP6 was first described as an abundant form of phosphorus in plant seeds. InsP6 represents 
approximately one to several percent of a typical seeds dry weight, and approximately 75 % 
of seeds total phosphorus content (for reviews, see [99, 100]). Subsequently InsP6 was found 
to be ubiquitous in eukaryotic cells in a concentration range between 10-100 µM (101). Of the 
polyphosphoinositides present in β-cells, InsP6 is the most dominant one (102) and probably 
represents a major fraction of the total phosphorus content. The ratio between InsP6 and 
Ins(1,3,4,5,6)P5 is 5-7:1 so, compared to Ins(1,3,4,5,6)P5,  InsP6 seems to be the relevant 
physiological regulator among those two polyphosphoinositides. Previous studies have shown 
that InsP6 and other polyphosphoinositides serve in different biological processes, and not 
only as an intracellular energy stores. Signal transduction, energy transduction and ATP 
regeneration are some of the suggested roles for InsP6 (99, 100). Glucose increases InsP6 
content transiently and there is a concordant increase in insulin secretion with InsP6 that also 
correlates well with the initial rise in [Ca2+]i  (102). It has been shown that InsP6 increases 
adenylyl cyclase activity both in biochemical and electrophysiological experiments without 
influencing PDE, resulting in more prolonged PKA activation (103). InsP6 has also been 
shown to enhance insulin secretion through activation of PKC-ε in β-cells (94) by a still 
unknown mechanism, and potentiating opening of voltage-sensitive L-type Ca2+ channels and 
influx of Ca2+ down the electrochemical gradient in pancreatic β-cells (94). The former 
mechanism is conveyed through inhibition of PPase-1 and PPase-2A (102). To date there is 
no analogous method to quantify free InsP6 in the cell and in different subcellular 



compartments. There is, however, a suggestion that the concentrations of InsP6 may differ in 
different parts of the cell, because there are at least two different isoenzymes of InsP6 kinase 
within cells, type II and type III InsP6 kinase, which are specifically localized in the nucleus 
and the cytosol respectively (101).  
 

Non-esterified fatty acids (NEFA) and insulin secretion 

   As mentioned earlier, for an appropriate nutrient-stimulated insulin secretion one arm is 
dependent upon closure of the KATP channel, but this is not enough to explain a proper and 
adequate insulin secretion. Neither can the increases in cAMP, Ca2+, or phospholipid 
hydrolysis secondary to closure of the KATP channel explain this in full. The importance of 
NEFA as the link between the triggering pathway and the amplifying pathway has been 
highlighted during many years. However, there is still an ongoing debate of what roles (if 
any) NEFA and cytosolic long-chain acyl-CoA (LC-CoA) have in insulin secretion, if it is 
merely a permissive role or whether they exert second messenger functions in the islets. 
NEFA seem to be a major source of energy and make a major part of β-cell fuel consumption 
even when islets are exposed to circulating glucose in its physiological concentrations (104). 
NEFA can acutely augment insulin secretion (105), although acute lowering of NEFA can 
improve insulin secretion in type 2 diabetes subjects (106). In contrast, with prolonged NEFA 
elevation, which is rather common in type 2 diabetes, GSIS is lost (105, 107). 
   The absolute requirement of NEFA for an adequate insulin secretion was shown in intact 
fasted rats made hypolipidemic by infusion of nicotinic acid (108). The insulinotropic effect 
of arginine, leucine and glibenclamide vanished unless palmitate was co-administered (108). 
During fasting and starvation there is an elevation of NEFA, increased NEFA oxidation and 
reduced insulin response to glucose (107, 108). Stimulation of insulin secretion by glucose 
can reverse this effect along with increased NEFA esterification and formation of complex 
lipids (109). The reason why NEFA alone do not stimulate secretion in absence of glucose is 
probably due to rapid entry into mitochondria when the level of malonyl-CoA is low.    
In favor of the so-called LC-CoA hypothesis, is citrate that is almost completely synthesized 
in mitochondria and well known to potently inhibiting phosphofructokinase activity (110). 
The latter has been suggested to be pacemaker of glycolytic oscillations. Citrate may thus link 
oscillations in mitochondrial energy production and anaplerosis with glycolytic oscillations 
(111, 112). In the β-cell, glycolytic oscillations and oscillations in insulin secretion are known 
to coincide (113), and also coincide with fluctuations in the ATP/ADP ratio and Ca2+ levels 
(113). Among the CAC intermediates, citrate has been shown to be the only intermediate that 
sustained large amplitude oscillations in Ca2+ levels (111, 112). Translocation of citrate from 
the mitochondrion to the cytoplasm will occur when the citrate concentration is high. Citrate 
is hydrolyzed in the cytosol, forming acetyl-CoA and oxaloacetate by ATP-citrate lyase. The 
carboxylation of acetyl-CoA is then catalyzed by acetyl-CoA carboxylase (ACC), forming 
malonyl-CoA (114). This carboxylation by ACC is postulated to be the rate-regulating step in 
fatty acid synthesis. Citrate is an allosteric activator of ACC and causes the promoters to 
polymerize. In a recent paper, it was suggested that a glutamate- and Mg2+ activated OA-
sensitive PPase-2A-like enzyme can dephosphorylate ACC and activate the enzyme in the β-
cell (115), although the physiological significance of such a mechanism remains to be shown 
considering the extremely high concentrations of effectors required. Nonetheless, ACC has 
been suggested to be instrumental in the regulation of insulin secretion without affecting the 
expression of GLUT-2 or glucokinase mRNA in INS-1 cells (116).  
   Malonyl-CoA acts as a regulatory signaling molecule in insulin secretion, in part by 
inhibiting carnitine palmitoyltransferase 1 (CPT-1) enzyme activity. Inhibition of transport of 
long-chain fatty acids into the matrix of mitochondria and inhibition of oxidation presumably 



leads to an elevation of LC-CoA in the cytosol and formation of complex lipids (109) (Fig. 2). 
The identification of LC-CoA and the complex lipids, rather than malonyl-CoA, as the 
effector signal is based on the finding that inhibition of CPT-1 with etomoxir augments GSIS 
as do exogenous NEFA (109). In contrast, overexpression of malonyl-CoA decarboxylase, 
which converts malonyl-CoA to acetyl-CoA, did not negatively impact GSIS (117, 118). 
Neither did treatment with the LC-CoA syntethase inhibitor Triacsin C affect GSIS (117, 
118). One explanation of the finding that CPT-1 inhibitors enhance GSIS may be the fact that 
2-bromopalmitate or etomoxir are modified fatty acids, which may act like native lipids to 
potentiate GSIS independent of their effect on fatty acid oxidation (118). It should be kept in 
mind that the LC-CoA hypothesis remains controversial. LC-CoA may open the KATP 
channels, whereas the corresponding FFA closes the channel (119-121). One explanation for 
this could be that LC-CoA levels oscillate out of phase with the ATP/ADP ratio, but this 
remains unproven to date. 
 
 

  

Fig. 2. Schematic model of the carnitine palmitoyltransferase shuttle. After a long chain fatty acid enters the 
cell, it is converted to the CoA derivate by acyl-CoA syntethase. Secondly, an acyl group is transferred from the 
cytosolic coenzyme A to carnitine by carnitine palmitoyltransferase-1. This reaction forms acyl-CoA and 
regenerates free coenzyme A. The acyl carnitine is transported into the mitochondrion in exchange for free 
carnitine by the carnitine-acylcarnitine translocase. Carnitine palmitoyltransferase-2, an enzyme of the inner 
mitochondrial membrane, catalyzes the transfer of the acyl group from carnitine to coenzyme A in the 
mitochondrial matrix and regenerating free carnitine.   
 

 



Sulfonylureas 

Hypoglycemic sulfonylureas and pancreatic β-cells 

   Of all drugs known to directly and positively modulate insulin secretion in intact β-cells, the 
sulfonylurea (SU) compounds are the most studied. They have been used for almost five 
decades in clinical treatment of type 2 diabetes patients (122). They are named for their 
common core structure, which consists of a sulfonylurea group attached via sulfur to a 
benzene ring (Fig. 3). They are derivatized by varying the substituents on the nitrogen of the 
urea group (R2) and on the para position of the benzene ring (R1). SU:s fall into two major 
groups; the first generation SU:s of which tolbutamide is best studied are polar, and the R1 
substituents are small, making them more water soluble than the second generation SU:s such 
as glibenclamide (glyburide), glipizide, glimepiride, and gliclazide that have large, non-polar, 
lipophilic groups. The potency of SU:s increases with their lipophilicity (123, 124). Both 
tolbutamide and glibenclamide can penetrate the phospholipid bilayer membranes effectively 
by a free diffusion mechanism (124). It is well established that SU:s may stimulate rapid 
insulin secretion by interactions with the high-affinity 140 kDa SUR1, at the cytoplasmatic 
leaflet of the plasma membrane. The exact binding site(s) to SUR1 is still unknown in the β-
cells, but nucleotide binding fold 1 (NBF1) and a short cytosolic loop between two of the 
helices in the most carboxy terminal transmembrane domain are strong candidates for SU 
binding (125).  
   In 1996 it was first reported that the action of SU:s may not be entirely limited to closure of 
the KATP channels, but that they may have a direct effect on the exocytotic machinery of the 
β-cell (97). In voltage clamped mouse β-cells with the membrane potential held at -70 mV, 
tolbutamide, glipizide and glibenclamide all caused a 2 to 3 fold increase in insulin exocytosis 
(97), suggesting that sulfonylureas may have an additional action on secretion, independent of 
changes in intracellular [Ca2+]i but dependent on the activity of PKC. It has also been 
proposed that SU:s are associated with the maintenance of  pH and ion balance in the 
secretory granules conductive to exocytosis by Cl- uptake into insulin granule via 
metabolically regulated ClC-3 Cl- channels (126). Acidification of the internal milieu of the 
insulin vesicle occurs via uptake of H+, and is a necessary priming step for release of insulin 
(55, 126). However, there is conflicting data as to the optimal pH value that will maintain 
insulin release (127-129). The generally held view is that increases in positive charge within 
the granule must be balanced by an influx of Cl- to prevent an excessive build-up of positive 
charge and thus permit vesicle acidification (55, 126). Several other studies have also proven 
that SU binding is not confined to SUR1, but also to a 65 kDa protein for radiolabeled 
glimepiride measured by direct photo affinity labeling of β-cell membrane (126, 130)(g-
SUR). This protein is found in the insulin granule membrane of the β-cells (131), and it has 
been hypothesized that this g-SUR can bind SU:s and activate granular ClC-3 channels. These 
channels can then act in concert with the v-type H+-ATPase in the granule membrane to 
promote acidification of the interior of the granule, which is essential for the insulin granule 
to gain release competence (126). The precise details of the mechanism remain to be 
elucidated, but support the view that SU binding predominantly occurs on intracellular 
membranes including those of the secretory granules (132, 133). Electron microscopic studies 
have shown that less than 15 % of the autoradiographic grains of radiolabeled glibenclamide 
are located at the β-cell plasma membrane in rats. This distribution pattern was observed both 
after one minute and 30 minutes of incubation (134).                                                                 
During chronic exposure to tolbutamide and glibenclamide in BRIN-BD11 cells in the 
presence of different doses of SU:s, no differences in Kir6.2 or SUR1 transcription levels 
were noted during 144 h culture (135). So far two SUR1 knockout mice have been produced, 



without any gross abnormalities of glucose homeostasis despite the absence of functional 
KATP channels in their β-cells, and poor insulin secretion in response to hyperglycemia (34, 
136). In one model the GSIS was poor from isolated islets, except when the period of 
stimulation was long, or after pretreatment with cAMP raising agents (34, 137). In the other 
SUR1 deficient model, glucose was ineffective on in vitro insulin secretion unless PKA or 
PKC were activated (136, 138). This observation prompted the conclusion that the KATP 
channel independent pathway is defective in SUR1 knockout pancreatic β-cells (138). 
Conflicting data has been shown by another group, which compared pancreatic islets from 
SUR1 knockout mice and their wild type controls, with the specific aim to evaluate whether 
the absence of SUR1 causes intrinsic defects in the KATP channel independent pathway of 
glucose or amino acid induced insulin secretion (139). They postulated that both glucose and 
amino acids are effective stimulators of insulin secretion, and that the increase in [Ca2+]i 
during “basal conditions” (e.g. during sub-stimulatory glucose concentrations) is in part 
independent of the triggering pathway and mainly activated by the KATP channel independent 
pathway (139).  
   It has been suggested that tolbutamide, glibenclamide and gliclazide also may act as 
inhibitors of islet ser/thr-PPase activities and that the inhibitory effect of the SU:s on these 
enzymes could in part explain the KATP channel independent insulin secretion by these drugs 
(140). Second generation SU:s like glibenclamide, glipizide, and gliclazide are about 100 
times more potent than the first generation SU:s (141); however, it must be emphasized that 
the diversity in potency does not signify a corresponding difference in clinical efficacy (142). 
SU:s are believed to be completely absorbed in the intestine (143), but hyperglycemia per se 
may impair the absorption of glipizide, and presumably of other SU:s (144). The delayed 
absorption of SU:s probably works via impairment of the gastric motility, and this effect is 
likely clinically relevant since many diabetic patients on oral hypoglycemic agents have a 
mean diurnal glucose concentration above 7 mM, and even higher in relation to the meals 
(144) 
   Glibenclamide, the globally most widely prescribed sulfonylurea, seems to be exceptional 
among the sulfonylureas in that it specifically and progressively accumulates in islets and 
associates with secretory granules and mitochondria, causing long-lasting stimulation of 
insulin secretion (134, 145). Under chronic treatment, glibenclamide progressively and 
selectively accumulates in islets and is slowly cleared from islets upon drug withdrawal (134, 
135, 145). Additionally, there are large inter-individual variations in pharmacodynamics and 
pharmacokinetics of glibenclamide, which are furthermore greatly influenced by genetic 
polymorphisms of the cytochrome P450 2C9 system (146). Hence, carriers of certain 
CYP2C9 genotype variants show markedly reduced clearance rates of glibenclamide, 
resulting in several-fold elevated serum concentrations of the drug (146). There are also 
several important drug interactions that may additionally elevate glibenclamide serum levels, 
which may be significant in elderly diabetic patients who are often on multiple medications 
and have impaired drug metabolism (147).  
 

 
 
 

 
Fig. 3. Sulfonylurea structure. By definition, sulfonylurea share the same core structure, which consists of a 
sulfonylurea group attached via sulfur to a benzene ring. They are derivatized by varying the substituents on the 
para position of the benzene ring (R1) and on the nitrogen of the urea group (R2). 
 



Protein phosphatases 

   Regulation of cellular processes by modification of the levels of phosphorylated proteins is 
fundamental for a wide variety of cellular events in eukaryotic cells. Three major different 
classes of protein phosphatases exist; tyrosine-specific, dual-specificity phosphatases and 
serine/threonine-specific protein phosphatases (PPase). In eukaryotic cells >98 % of the 
phosphorylation occurs on serine and threonine residues, and PPase-1, PPase-2A and the 
divalent cation dependent PPase-2B (calcineurin) account for the majority of serine/threonine 
PPase activity in vivo (148). Most phosphorylation events are reversible; implying that the 
phosphorylation level is the result of a dynamic delicate balance between PPase and kinases, 
and that alteration in the phosphorylation state can result from changes in the activities of 
either of these enzymes. Like protein kinases, recent data from several systems indicate that 
the PPase are highly regulated enzymes and potentially responsive to the concentration of 
intracellular second messengers. Mammalian genomes encode ~ 400 serine/threonine kinases 
but only ~ 25 serine/threonine PPase (149), and this has been accounted for by distinct 
diversification strategies during evolution (150). The true diversity of serine/threonine PPase 
is seen at the holoenzyme level, and largely stems from the variety of regulators that can 
interact with a given catalytic subunit. When holoenzymes are considered, protein 
serine/threonine kinases and PPase show a similar diversity. Since these classes have very 
diverse functions, only serine/threonine-specific phosphatases - which are the major PPase in 
pancreatic β-cells - will be mentioned in a broader context in this thesis. The role of PPase has 
been largely ignored as a potential therapeutic target by mainly two reasons; the biochemical 
significance of these proteins has not been appreciated, and many natural PPase inhibitors are 
potent toxins and considered unsuitable for clinical use. 
 
 

 
 
 

 

 

Table. 1 Inhibitors of divalent cation independent serine/threonine protein phosphatases    
   (IC50, nM) for okadaic acid and calyculin A. 

 

Classification of protein serine/threonine phosphatases (PPase) 

   The first classification of serine/threonine PPase was done in 1983 by Ingebritsen and 
Cohen, who suggested that most of the serine/threonine PPase activity described in the 
literature could be explained by the activity of four principal catalytic subunits, designated 
PPase-1, PPase-2A, PPase-2B and PPase-2C (151). This classification was based on the 
biochemical characteristics, the sensitivity to inhibitor proteins and the limited amount of 
substrate specificity that could be demonstrated in vitro. Other serine/threonine PPase have 
been identified after this early classification, including PPase-4, PPase-5, PPase-6 and PPase-
7.  

Compound Okadaic acid Calyculin A Ref 
PPase-1 20-50 0.4 (176, 181) 
PPase-2A 0.1-0.3 0.25 (176, 181) 
PPase-4 0.1 0.4 (181, 199) 
PPase-5 3.5 3 (181, 204, 207, 208) 
PPase-6 Not determinated  Not determinated  



   Despite this, the majority of phosphatase activity within the pancreatic β-cell is attributable 
to PPase-1, PPase-2A and PPase-2B (140, 152-155). The serine/threonine PPase can also be 
divided into two major structurally unrelated families, based on the distinct primary amino 
acid sequences encoded from the human genome sequencing project and crystal structures.                                                  
   The PPP family includes PPase-1, PPase-2A, PPase-2B, PPase-4, PPase-5, PPase-6 and 
PPase-7, while the PPM family (Mg2+-dependent) comprises PPase-2C and pyruvate 
dehydrogenase phosphatase (156). The primary amino acid sequences of PPase-1, PPase-2A 
and PPase-2B are similar, with PPase-1 and PPase-2A sharing 50 % identity in their primary 
amino acid sequences (157), and PPase-2B shares about 40 % identity with PPase-1 and 
PPase-2A (158). PPase-4 and PPase-6 are structurally related to PPase-2A, sharing 65 and 57 
% primary amino acid sequence, respectively, with PPase-2A (159, 160). PPase-5 contains a 
catalytic domain that shares 42 % similarity at the level of the primary amino acid sequence 
with PPase-1 and PPase-2A. Unlike PPase-1 and PPase-2A, the basal activity of PPase-5 is 
very low (148). PPase-7 shares less than 35 % sequence identity with PPase-1 and PPase-2A 
(161) and, unlike the other known PPases, the expression of PPase-7 is not ubiquitous as it is 
restricted to retinal photoreceptors (161). PPase-2B (calcineurin) has been identified as the 
target of immunosuppressive drugs cyclosporin-A and FK-506. PPase-2C is a monomeric 
Mg2+/Mn2+-dependent protein that has no homology with any other known phosphatases 
(162), and it is insensitive to okadaic acid and other naturally occurring PPase inhibitors. 
PPase-2C is most abundant in heart and skeletal muscle (163, 164). 
 
The structure and function of divalent cation independent protein phosphatases 

   PPase-1 is one of the most conserved eukaryotic proteins (150). The catalytic subunits of 
PPase-1 (PPase-1c) have four mammalian isoforms, designated PPase-1α, PPase-1β or PPase-
1δ, PPase-1γ1 and PPase-1γ2. PPase-1γ1 and PPase-1γ2 are encoded by a single gene and are 
produced by the alternative splicing of the same primary transcript (165). Historically, two 
isoforms of PPase-1 were cloned from rabbit cDNA and designed PPase-1α and PPase-1β 
(166). Conforming studies from cDNA experiments in rat identified a homologue to PPase-1α 
and three additional isoforms that were termed PPase-1γ1, PPase-1γ2 and PPase-1δ (165). 
Therefore both PPase-1δ and PPase-1β designate the same isoform of PPase-1. All four 
isoforms of PPase-1 in humans have been identified. With the exception of the testis enriched 
PPase-1γ2, all mammalian isoforms of PPase-1 are ubiquitously expressed. Differential 
expression and subcellular translocation of these isoforms may account for a degree of 
specificity in phosphatase action, but it is now established that interaction with additional 
regulatory subunits is the primary means of control (for review, see (167)).  
   It is well known that PPase-1c does not exist freely in the cell, but associates with a host of 
different regulatory polypeptides to form a variety of distinct multimeric holoenzymes. It is 
sometimes not clear whether different interactors are regulators and/or substrates of PPase-1, 
or whether they bind directly to PPase-1 via another interactor (168, 169). Regulators can also 
be divided primary or secondary regulators (150). Currently approximately 50 different 
PPase-1 regulatory peptides have been described, many of which have distinct tissue or 
subcellular distribution (150, 170). For example PPase-1 is linked to PKA at a number of 
different subcellular locations trough interaction with different A kinase anchoring proteins 
(AKAP), all which bind PKA through the regulatory subunits, but also possess unique 
subcellular targeting domains (171, 172). The importance of this PKA anchoring protein on 
insulin secretion was shown by introduction of anchoring inhibitor peptides or expression of 
soluble AKAP fragments in primary islets or RINm5F cells. By this maneuver the effect of 
GLP-1 on insulin secretion was inhibited and displacement of PKA also prevented the cAMP-
mediated elevation of [Ca2+]i, supporting the notion that PKA phosphorylation augments Ca2+

 



flux (173). A recent study has shown that the level of regulatory peptides is dynamically 
altered. For example levels of GL (glycogen-binding subunit of PPase-1) are decreased in 
diabetic rats and the levels can be restored by adding insulin (174), although many in vivo 
substrates are to date unknown. A second way to regulate the native forms of PPase-1 is by 
phosphorylation of the regulator. Although there are limited examples of this to date, the 
control and response to extracellular signals in the few examples suggest that phosphorylation 
is the major mechanism by which the activity of PPase-1 can be regulated (167, 175).  
   Some regulatory binding sites of PPase-1 have been mapped; the best characterized is the 
“RVXF” binding channel, which is a hydrophobic groove. Binding to the “RVXF” per se is 
not associated with any major conformational changes of PPase-1, and does not have any 
significant effect on the catalytic activity. Its role has been suggested as serving as an anchor 
for the initial binding of the regulator/substrate, and thereby promoting sometimes 
cooperatively the binding of secondary sites which often bind with lover affinity but affects 
the activity and substrate specificity of PPase-1 (175). To evaluate the functional roles of 
PPase, a number of different naturally occurring inhibitors have been used. However, in order 
to evoke cellular effects, concentrations of inhibitors far in excess of the IC50 for most 
enzymes must be used and it may therefore become difficult to make any conclusions. 
Difficulties can also arise from differences in subcellular targeting, which may mean that 
local concentrations of individual phosphatases in distinct subcellular locations of the cell are 
quite different from others (i.e., the amount of okadaic acid needed to inhibit specific PPase 
depends on the concentration of PPase within the cell). With the discovery of the complex 
polyether fatty acid okadaic acid (C44H44O13), from the common black sponge Halichondria 
okadaii (176) – known to cause diarrethic shellfish poisoning - a breakthrough in the study of 
how serine/threonine protein phosphatases work arose. In this thesis, okadaic acid and/or 
calyculin A were used to inhibit and/or discriminate between the different divalent cation 
independent protein serine/threonine PPases (paper I, III, IV), mainly PPase-1 and PPase-2A; 
therefore a short description of their type of action and properties seems necessary.  
 
   To date there are no inhibitors that can distinguish the activity of PPase-2A from 
PPase4/PPase6, and even for PPase-5 the inhibitors affect the activity of the enzyme, making 
it difficult to distinguish between the different PPase (Table 1). It should be kept in mind that 
most preparations of native PPase-2A and PPase-1 contain more than one isoform; thus, 
unless a dose-response study is conducted this effect can be missed. Okadaic acid binds to the 
“RVXF” binding channel of PPase-1 and forms hydrogen bonds with the basic residues in the 
catalytic site (177). This cell-permanent inhibitor affects all members of serine/threonine 
PPase except PPase-2C with different degree of selectivity among the classes (Table. 1). 
Okadaic acid does not penetrate cell membranes rapidly and the efflux of okadaic acid can 
vary considerably between different cell lines (178). In intact cells it accumulates slowly, 
making it difficult to control the actual concentration of the compound in vitro (178). There 
are also OA-resistant variants of PPase-2A with normal enzymatic activity, but with need for 
2 to 4-fold more OA to achieve the same degree of inhibition (179). Calyculin A is also a 
potent cell-permanent inhibitor of divalent cation independent PPase, but in contrast to 
okadaic acid shows little specificity for individual family members (180, 181). Like okadaic 
acid, calyculin A was isolated from a marine sponge, Discoderma calyx. Calyculin A binds to 
the hydrophobic groove and the acidic groove on the molecular surface of PPase-1 (182). 
   PPase-2A, originally classified as a cytosolic enzyme, is broadly distributed throughout the 
cell, and probably also is the most important physiological serine/threonine PPase in the 
pancreatic β-cell (140). The catalytic subunits of PPase-2A have two mammalian isoforms, Cα 
and Cβ, which share 97 % sequence homology (Fig. 4). Both isoforms are ubiquitously 
expressed and highly conserved (183). The catalytic subunit of PPase-2A can be 



phosphorylated in vitro by the insulin receptor (184). The phosphorylation occurs on a 
tyrosine residue (Tyr-307), and results in more than 90 % reduction of enzyme activity by 
abolishing B-subunit binding (184). This phosphorylation of PPase-2A is enhanced in the 
presence of low concentration of okadaic acid, suggesting that under normal conditions 
PPase-2A can rapidly re-activate itself in an autodephosphorylation reaction (184). This 
means that PPase-2A also can act as a phosphotyrosine phosphatase (185). Interestingly, the 
phosphotyrosine phosphatase activity of PPase-2A is also potently inhibited by okadaic acid 
with IC50 values lying in the same nanomolar range as for the catalytic subunit of PPase-2 
(186). The native forms of PPase-2A in mammals exist as heterotrimers comprising the 
catalytic subunit (C), a conserved scaffold subunit (A) and a variable B subunit (B) (Fig. 4). 
The A subunit has two isoforms; Aα and Aβ, which are approximately 86 % homologous and 
widely expressed (187). It appears from crystal structure analyses, that the A subunit acts as a 
scaffold that allows the association of the catalytic subunits with individual B subunits (188) 
(Fig. 4). This is also supported by the fact that the AC dimer has decreased activity compared 
to that of the free catalytic subunits (189). In mammals, the catalytic and scaffolding subunits 
are encoded by two genes each, whereas three gene families (B, B´ and B´´) with a total of 12 
genes contribute to PPase-2A’s regulatory subunits in mammals. Two striking features of the 
B subunits are their diversity, stemming from the existence of entire subunit families, and the 
total lack of sequence similarity between the different gene families, even though they 
recognize similar segments of the A subunit. The B subunit family in mammals comprises 
four different gene products, and all B consist of WD (tryptophan-aspartic acid) repeats that 
dictate subcellular localization by mediating protein-protein interactions (190). The relative 
levels of B subunits change during development; similar changes do not occur with either the 
C or A subunit, suggesting that the B subunits are primarily responsible for PPase-2A 
specificity (190, 191). The B´ family comprises five gene families, with a number of splice 
variants (192). The majority of B´ belongs to the phosphoprotein group, but data supporting 
the role of phosphorylation of B´ for regulating the activity of PPase-2A is still missing to 
date. Lastly the B´´ regulatory subunits are nuclear, calcium dependent proteins that may 
regulate cell cycle progression (193, 190). 
   Recent years have witnessed significant progress in the area of functional regulation of 
PPase-2A, specifically via post-translation modification steps (154, 194). It is now 
demonstrated that the C-terminal leucine residue in PPase-2Ac (Thr-Pro-Asp-Tyr-Phe-Leu) 
undergoes reversible carboxylmethylation (CML) (e.g., leucine-309) (154, 194, 195), which is 
catalyzed by protein phosphatase metyltransferase 1 (194). The methylation of PPase-2A can 
be prevented by okadaic acid, probably by binding of okadaic acid to the C-terminus and 
thereby preventing access of the transferase to its target site (196). It has been suggested that 
the CML of the catalytic subunit of PPase-2A promotes mainly the catalytic function of 
PPase-2A (183, 194), but data are conflicting with regard to the effect of CML on its catalytic 
activity (197). It is equally possible that this methylation may affect other characteristics of 
PPase-2A, like protein folding. In a recent study it was demonstrated that for one B subunit 
(Bα) to bind, the C-terminal residue on the catalytic residue PPase-2A had to be methylated 
(198).   

  
 
Fig. 4. PPase-2A structure. The catalytic subunit (PPase-2Ac) is 
constitutively associated to the A subunit. These core heterodimers 
further complex with one out of many regulatory B subunits. Taking 
into account all theoretical combinations of B subunits with the two 
isoforms of the catalytic subunit and the A subunit, more than 68 
structurally distinct heterotrimers exist (180). It is still unproven if 
some regulator can affect the activity of the variable B subunits. 
  



 
   PPase-4, (formerly PPase-X) is highly conserved, and the close homology with the catalytic 
subunit of PPase-2A and PPase-4 sequence suggests that they may share certain regulatory 
properties. The IC50 value for okadaic acid is virtually identical to that observed for PPase-2A 
(Table. 1). However, immunoblotting studies show that PPase-2A levels are fairly similar in 
most tissues, whereas PPase-4 is approximately five fold less abundant in liver and 20 fold 
less abundant in skeletal muscle (199). The catalytic subunit of PPase-4 has been detected in 
pancreatic islets, but no quantification of the level in the islets compared to other tissues was 
done (200). The highest levels of mRNA and protein from the catalytic subunit of PPase-4 
were found in testis (201). The levels of PPase-4 are particularly concentrated in centrosomes 
and in the nucleus (201), and the association with centrosomes is dynamically altered during 
the cell cycle and required for sperm meiosis (200, 201). In a previous study it was shown that 
the catalytic subunit of PPase-4, like the catalytic subunit from PPase-2A, can be altered by 
post-translational modification CML (201). The activity of purified catalytic subunits of 
PPase-4 seems to exhibit low phosphatase activity toward substrate efficiently 
dephosphorylated by the catalytic subunit of PPase-2A (200, 202), but there are contradictory 
data regarding the activity of PPase-4 (199). 
   PPase-5 is present in almost all eukaryotic cells, and is predominantly found in the nucleus 
and cytoplasm (203). In crude cell homogenates, PPase-5 resides predominantly in an inactive 
state and represents less than 1 % of the total measurable PPase activity (204). PPase-5 is 
composed of a catalytic, regulatory and subcellular targeting function within a single 
polypeptide chain. The catalytic subunit of PPase-5 is structurally similar to that of PPase-1 
and PPase-7 family of phosphatases, but the N-terminal region of PPase-5 is unique among 
them. It is composed of three TPR (tetratricopeptide repeat) domains, which mediate protein-
protein interactions (203). Removal of the TPR domains by brief treatment with trypsin 
results in a 20-50 fold increase in PPase-5 activity in vitro, suggesting that PPase-5 has an 
auto-inhibitory function mediated by the TPR domains (205). In vivo, the activity of PPase-5 
is low (206, 207). In vitro PPase-5 can be activated by arachidonic acid, other unsaturated 
fatty acids and phosphatidyl inositol, but not by saturated fatty acids (206, 207). Activation 
occurs through binding of the mentioned lipids to the TPR domain (205, 206). Like PPase-1 
and PPase-2A, even PPase-5 is sensitive to low concentrations of okadaic acid (203, 207, 208) 
(Table. 1). Two recent studies indicate that PPase-5 may associate with the glucocorticoid 
receptor-heat shock protein 90 (GR-hsp 90) complex, suggesting that PPase-5 may influence 
the actions of GRs (209, 210). However, there is conflicting data regarding the role of PPase-
5 in regulating GR action. In one study PPase-5 was required for optimal GR signaling (211), 
whereas in a second study an enhancement of glucocorticoid induced transcriptional 
activation occurred when a PPase-5 antisense oligonucleotide was used (212). The former 
PPase-3 appeared to be PPase-5 without the N-terminal regulatory domain (TPR domain). The 
N-terminal domain was removed during purification, likely due to the actions of proteases 
released after the cells were hydrolysed. To date we have no data supporting protease-
mediated activation of PPase-5 in vivo, so the generation of PPase-3 is likely an artefact of 
purification (Honkanen, RE, unpublished data). 
   PPase-6 is highly conserved between different species, but the functional role for the 
mammalian enzyme and the biochemical characterization is very limited to date (156, 200). In 
a recent study the catalytic subunit of PPase-6 was detected in all rat tissues examined, but 
conspicuously high levels were found in brain, testis and liver (200). From the same study 
there was also evidence demonstrating that PPase-6 can bind to the PPase inhibitor 
microcystin. Like PPase-4, the activity towards substrates efficiently dephosphorylated by 
PPase-2A seems to be relatively low for PPase-6. PPase-6 and its role in insulin secretion is 
still an unknown research field. 



 
AIMS OF THE STUDY 
 
In human type 2 diabetes mellitus, loss of glucose-sensitive insulin secretion is an early 
pathogenetic event. Insulin secretion is mainly stimulated by increases in the plasma 
concentration of nutrients, in particular glucose, which must be metabolized by β-cells to 
promote release of the hormone. This metabolism activates different signaling cascades.  
Previous studies have established that increased protein phosphorylation favors insulin 
exocytosis. The molecular mechanisms involved in protein phosphorylation have been 
extensively investigated, but the role and regulation of protein dephosphorylation in β-cells by 
various protein phosphatases is far less known. The molecular mode of action of different 
hypoglycemic sulfonylureas is still a matter of controversy; more than 90 % of glibenclamide 
binding sites are localized intracellularly. Glibenclamide can also stimulate insulin release 
independently of changes in KATP channels and cytoplasmatic free Ca2+ levels.  
 
 
The specific aims of the study were: 
 
 
To investigate whether specific glycolytic and Krebs cycle intermediates can influence 
divalent-cation independent serine/threonine PPase activity in permeabilized β-cells.  
 
To evaluate whether these metabolites can promote insulin exocytosis by influencing PPase 
activities.  
 
To elucidate mechanisms by which hypoglycemic sulfonylureas can act independently of the 
KATP-dependent pathway, with particular focus on divalent-cation independent 
serine/threonine PPase and the enzyme CPT-1 in β-cells.  
 
To clarify whether glucose-stimulated polyphosphoinositide formation can influence divalent-
cation independent serine/threonine PPase activity in β-cells. 
 
To evaluate the role of L-glutamate in insulin exocytosis, and to investigate whether L-
glutamate may influence divalent-cation independent serine/threonine PPase activity in β-
cells as part of its role in the exocytotic process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



MATERIALS AND METHODS 
 
Cell culture (papers I, III and IV) 

   Mouse and rat insulin-secreting β-cell lines NIT (213) and RINm5F cells (214) were grown 
in 60-mm plastic Falcon culture dishes in medium RPMI 1640 containing 11.1 mM glucose, 2 
mM L-glutamine, 10 % heat-inactivated fetal calf serum (FCS), 100 U/ml penicillin, and 100 
µg/ml streptomycin. Cells were cultured at 37°C in a humifided incubator with 5 % CO2. The 
passage number of the cells used varied, but was routinely below passage 90, except for INS-
1E, which were used to passage 95. Cells were detached by a brief incubation with 
trypsin/EDTA in Ca2+/Mg2+-free Hank’s salt solution. Cells were split every 4 to 5 days in 
ratios of 1:4. Mycoplasma screening tests on cells used in experiments were negative. 
   INS-1E cells (kindly provided by Prof. Claes B. Wollheim, Geneva, Switzerland), derived 
from parental INS-1 cells (215), were cultured in a humidified atmosphere containing 5 % 
CO2 in complete medium composed of RPMI-1640 supplemented with 5 % heat-inactivated 
FCS, 1 mM sodium pyruvate, 50 µM β-mercaptoethanol, 2 mM L-glutamine, 10 mM HEPES 
[4-(2-hydroxyethyl)-1-pipera-zineethanesulfonic acid], 100 U/ml penicillin, and 100 µg/ml 
streptomycin.  
   MIN6 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 
25 mM glucose, 50 µM β-mercaptoethanol, 10 % heat-inactivated FCS, 100 U/ml penicillin, 
and 100 µg/ml streptomycin at 37°C in a 5% CO2 atmosphere. The cells were split every 4 to 
5 days in 1:4 ratios, and cells used were between passages 23-56. Mycoplasma screening tests 
on cells used in experiments were negative. 
For all cells used, viability was assessed by the ability to exclude Trypan blue (0.2-0.5 %). 
 
Animals and isolation of pancreatic islets (paper II) 
 
   In paper II, pregnant Wistar rats (b. wt. 200-250 g; B & K Universal, Sollentuna, Sweden) 
were used. Alternating 12 hour periods of light and darkness were enforced. The rats had free 
access to pelleted lab chow and tap water. They were killed by cervical dislocation on day 21 
of gestation and the fetuses rapidly removed. Islets were preparated from pancreatic glands as 
previously described (216, 217). Briefly, the pancreas was finely chopped and digested with 3 
mg/ml of collagenase type CLS (EC 3.4.24.3, Boehringer Mannheim, Mannheim, Germany). 
The digest was then plated in Nunc culture dishes allowing cell attachment and cultured for 5 
days at 37°C in a humidified atmosphere of 5 % CO2 in ambient air in RPMI 1640 medium 
containing 11.1 mM glucose, 10 % FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 
µg/ml streptomycin. At the end of the culture period, groups of islets were transferred to fresh 
medium containing 1 % FCS, a procedure that minimizes proliferation of fibroblasts. Previous 
studies have shown that fetal islets contains 90-95 % β-cells, and display a secretory response 
similar to that of adult β-cells to glucose, after a 5-day culture period (216, 217). All animal 
studies were approved by the Ethics Committee. 
 
 
 
 
 
 
 
 
 



Measurement of insulin secretion (paper I, II and IV) 

   In paper I, clonal rat insulinoma cells, RINm5F cells (214), NIT-1 cells (213) (at a final 
density of 2 x 106 cells/culture dish) and primary β-cells from adult Wistar rats (218, 219) 
(50-100 islets/culture dish) were cultured for two days in 60-mm plastic Falcon culture dishes 
in medium basal medium Eagle supplemented with 10 % heat inactivated fetal bovine serum, 
100 U/ml penicillin and 100 µg/ml streptomycin. For permeabilization experiments, islets 
from adult Wistar rats were dispersed into single cells by shaking in a Ca2+-free solution. The 
cell suspension was then plated on glass cover slips in Petri dishes and maintained in culture 
for up to two days. The cells were then washed three times in a cold permeabilization buffer 
(in mM): KAc 140, NaCl 5, MgCl2 1, BSA 0.025 % (w/v) and HEPES 25 at pH 7.0 (adjusted 
with KOH). In this buffer, cells and islets were electropermeabilized by six pulses of 3 kV/cm 
electric field. The permeabilized cells were thereafter incubated in a modified 
permeabilization buffer (in mM): Mg-ATP 2, creatine phosphate 2, creatine kinase 10 U/ml, 
pCa 8 and 5 (pH and pCa adjusted with KOH and CaCl2 respectively). The pCa values in 
incubation buffers were adjusted with a Ca2+-sensitive electrode and Ca2+ standard solutions. 
When additions of metabolites (D-glucose, phosphoenolpyruvate, oxaloacetate, fructose-1,6-
bisphosphate, 3-phosphglycerate, citrate, fructose-6-phosphate, β-glycerophosphate, 2-
phosphoglycerate, isocitrate, α-ketoglutarate, succinate, fumarate, malate, GTP, NAD(H), 
NADP(H)) and okadaic acid (1 µM) were made to the buffer, pCa and pH were adjusted if 
necessary (to 30 nM or 10 µM free Ca2+ concentration, and pH 7.0, respectively). Cells were 
incubated in duplicates at 37°C for 20 minutes, pelleted by centrifugation and the incubation 
medium was removed and stored at -20°C pending insulin analysis by radioimmunoassay 
using rat insulin as a standard (220). 
   In paper II, duplicate groups of 10 fetal islets were preincubated for 45 minutes in KRBH 
buffer containing 3 mM glucose prewarmed to 37°C. The islets were then incubated for 
another 30 minutes under Ca2+-clamped conditions (i.e., 20 mM glucose, 25 mM KCl, and 
400 µM diazoxide). The insulin concentrations in paper I and II were analyzed 
radioimmunologically according to (220). 
   In paper IV, INS-1E cells or MIN-6 cells were seeded into 48-well plates at a density of 4 x 
104 per cm2 two to three days before the experiment and allowed to reach 80-90 % confluence 
on the day of the experiment. Cells were then washed in a cold primary rinse buffer 
containing (in mM): K-gluconate 140, NaCl 5, MgCl2 1, EGTA 20, HEPES 25, albumin 
0.025 %, pCa 8 (pH adjusted to 7.05 with KOH). Then, 450 µl cold rinse buffer (10 mM 
EGTA, 1 mM DTT, pCa 8, and 500 µg/ml Streptolysin O (SLO) [pH 7.05]) were added per 
well. The wells were incubated at 4 ºC for 30 minutes. Cells were then rinsed in cold rinse 
buffer to remove excess SLO, because at that concentration and at 37 ºC the cells would 
otherwise become over-permeabilized and leak insulin (221). The actual free Ca2+ 
concentration in solutions was determined in prior titration experiments using a Ca2+ selective 
electrode (Orion Instruments). As standard solutions, Ca2+ buffers with known Ca2+ 

concentration were used. Triplicates were then incubated at 37 °C for another 30 minutes in 
fresh pCa 8 buffers, now supplemented with 4 mM Mg-ATP, the desired combinations of pCa 
5, okadaic acid, or L-glutamate. Samples of the incubation buffers were subsequently 
collected for insulin measurements using ELISA with rat insulin as standard (Mercodia, 
Uppsala, Sweden). The secretory response was tested in cells at passages between 78 and 95. 
The percentage of cells clearly taking up trypan blue after the permeabilization procedure was 
routinely between 15-25 %.  
 
 
 



Cellular L-glutamate measurement (paper IV) 

   INS-1E cells and MIN-6 cells were cultured for 4-6 days in complete RPMI 1640 medium 
(INS-1E) in Falcon culture flasks or in Dulbecco's modified Eagle's medium (DMEM [MIN-
6]) at a final density of 1 x 106 cells/culture dish, respectively. Before experiments, cells were 
washed twice with PBS. Cells were preincubated for 30 minutes in 1 mM glucose at 37°C, and 
preincubation media were discarded. Cells, still attached to the culture flasks, were then 
incubated in either 1 mM or 20 mM glucose for 30 minutes. Incubation was stopped by putting 
the flasks on ice. Supernatants were collected for insulin measurements, and 1 ml lysis buffer 
(20 mM Tris-HCI [pH 8], 2 mM EGTA, 0.2 % Tween-20) was added to the cells. For L-
glutamate determination, cells were collected and rapidly sonicated (3 x 6 sec). Protein 
measurements were done with a Bio-Rad DC assay kit using bovine serum albumin as 
standard. L-glutamate levels were measured in cell lysates by spectrophotometic measurement 
of L-glutamate dehydrogenation to α-ketoglutarate accompanied by reduction of NAD+ to 
NADH, essentially as described in (222). Absorbance was measured at 340 nm before and 
after 40 minutes incubation (absorbance was constant compared to 35, 40, and 45 minutes) at 
room temperature in 2 ml buffer (0.1 M Tris, 2 mM EDTA, 30 mM NAD, 0.1 M ADP and 64 
% Hydrazine Hydrate [pH adjusted to 9.0]).  
 
Preparation of phosphoprotein substrates (paper I, III and IV) 

   Histone type 2-AS (from Sigma) was phosphorylated with cAMP-dependent protein kinase 
(PKA) according to (223). Incubation mixtures (4 ml) contained 20 mg histone, 1 mg cAMP-
dependent protein kinase, 20 mM Tris-HCI (pH 7.5), 5 mM MgCl2, 0.5 mM dithiothreitol 
(DTT), 0.7 µM cAMP, and 1 mCi of  [γ-32P]ATP (150 µM ATP). The reaction mixtures were 
incubated at 30°C for 3 h and terminated by addition of trichloroacetic acid (1.3 ml 100 % 
trichloroacetic acid, 20 % final concentration) and kept on ice for 10 min. The precipitated 
phosphohistone was collected by centrifugation (13,000 g; 10 min). The supernatant was 
discarded and the pellets were redissolved in 4 ml of deionized Millipore water. 
Trichloroacetic acid (20 % final concentration) was added again to precipitate the 
phosphohistone, and this precipitation-resuspension wash was repeated 5 times. The pellet 
produced upon the sixth trichloroacetic acid precipitation was washed twice with 
ethanol/ethyl-ether (1:4, v/v) and then twice with the same solution containing 0.1 N HCl 
(1:4). The washed histone was then dried overnight in vacuum desiccators and dissolved in 5 
mM Tris-HCl (pH 7.4) and stored at -20ºC. This procedure yields phosphohistone with a 
specific activity of > 4.5 x 106 cpm/nmol of incorporated phosphate, which can be frozen for 
long time (223) (Honkanen RE, unpublished data).  
   32P-labeled rabbit muscle phosphorylase α was prepared using 30 mg phosphorylase b and 
100 units of phosphorylase kinase (EC 2.7.1.38) purified from rabbit muscle, and 1.36 mCi of 
[γ-32P]ATP (to give ~ 1.0 x 104 cpm/pmol) according to (223). Briefly, the phosphorylation 
reaction was performed at 30°C for 1.5 h at pH 8.2. After termination of the reaction, 
phosphorylase a was crystallized by adjustment of the pH to 6.8. The crystals were then 
collected by centrifugation and washed more than five times with 10 ml of 20 mM Tris-HCl, 
and 50 µM β-mercaptoethanol (=Buffer A, pH 6.8). The crystallized phosphorylase α was 
then re-dissolved by addition of 100 mM NaCl and heating to 30°C. This solution was then 
passed through a column of activated charcoal and Sephadex G-25. The protein solution was 
then dialyzed overnight in 4 liter buffer A containing 15 activated charcoal. The crystallized 
phosphorylase α was then redissolved in buffer A also containing 100 mM NaCl and again 
passed through a second charcoal-Sephadex G-25 column and recrystallized by adding 2 liter 
of buffer A upon dialysis. This assay condition results in phosphorylase α with a specific 
activity of ~ 5.9 x 106 cpm/nM of incorporated phosphate. Phosphorylase α cannot be stored 



in assay buffer or frozen as crystals but must be used immediately, so before determination of 
phosphatase activity the crystallized phosphorylase α was recrystallized by adding an assay 
buffer containing 100 mM NaCl (see below). 
 
Determination of phosphatase activity (paper I, III and IV) 

   Clonal rat insulinoma RINm5F cells (214), NIT-1 cells (213), INS-1E cells (215), or 
pancreatic islets from adult Wistar rats were cultured for 2 days as described above 
(determination of PPase activity was not done in MIN-6 cells). Cells were washed once in ice-
cold PBS, scraped off plates in 1 ml ice-cold Tris Buffer (20 mM Tris-HCl, 1 mM EDTA, and 
2 mM DTT, pH 7.4), and disrupted in a Polytron homogenizer. After pelleting debris, 
homogenates were swiftly transferred to Eppendorf tubes and immediately plunged into liquid 
nitrogen and stored at -80 °C pending analysis. Phosphatase activity against phosphoprotein 
substrates was determined by measuring the liberation of [32P] (223). Two different substrates 
(phosphohistone and phosphorylase a) were used and compared to exclude any substrate-
directed artifacts.  
   The assays with phosphohistone and PPase (using either the purified catalytic subunit of 
PPase-1 or PPase-2A, or dilute cell homogenates of the insulin-secreting cells) contained 50 
mM Tris-HCI (pH 7.4), 0.5 mM DTT, 1 mM EDTA and [32P]histone (1-2 µM PO4) in a total 
volume of 80 µl (223). When the effects of glucose metabolites, GTP, polyphosphoinositide, 
hypoglycemic sulfonylureas or L-glutamate were to be studied, these (or equal amounts of 
there solvents only) were added to the incubation mixtures as a 10-fold concentrated stock 
solutions and pH adjusted if necessary. The assays were conducted at 30°C for 10 min and the 
reactions were stopped by the addition of 100 µl 0.1 M H2SO4 containing 1 mM potassium 
phosphate. Substrate dephosphorylation was kept to less than 10 % of total phosphorylated 
substrate, and the reaction was linear with respect to time and enzyme concentration. [32P] 
released from phosphohistone was extracted as a phosphomolybdate complex (224). Briefly, 
ammonium molybdate (7.5 %, w/v, 20 µl) was added and [32P] extracted as the 
phosphomolybdate complex. The extraction was performed by addition of 250 µl 
isobutanol/benzene (1:1, v/v). The mixture was then stirred on a vortex mixer for ~10 sec, and 
the organic and inorganic layers separated by centrifugation for 2 min on a bench-top 
centrifuge. The radioactivity in the organic layer (supernatant) was measured by liquid 
scintillation counting. 
   In the assay containing phosphorylase a, PPase activity was assayed by monitoring the 
release of  [32P]phosphate from phosphorylase α in an assay containing 10 µM phosphorylase 
a in 50 mM Tris-HCl (pH 7.0), 1 mg/ml BSA, 1 mM MnCl2, 0.3 % (v/v) β-mercaptoethanol 
in a total volume of 60 µl. Mixtures were incubated for 10 min at 37°C, and the reaction was 
terminated by the addition of 0.2 ml (20 %, w/v) trichloroacetic acid and 50 µl of BSA (6-10 
mg/ml). Thereafter samples were centrifuged at 15,000 g for 5 min. The supernatant was 
analyzed for [32P] release by liquid scintillation counting. The [32P] release was restricted to 
~15-20% of the total counts present in the assay. All samples for determination of 
phosphatase activity were done in duplicates. 
Purified catalytic subunit of PPase-1 from rabbit skeletal muscle and the catalytic subunit of 
PPase-2A from bovine cardiac tissue were comparatively used to exclude residual in vitro 
metabolism. The purity of the proteins was 80-95 %, as estimated by analysis of silver-stained 
gels. The specific activity of PPase-1 and PPase-2A was 28 ± 1.5 nM/min/mg protein and 221 
± 5 nM/min/mg protein, respectively, against 2 µM [32P]phosphohistone .The enzymes were 
stored at -20˚C in 60 % (v/v) glycerol-50 mM Tris-HCl (pH 7.0), 0.1 mM EGTA and 0.1 % β-
mercaptoethanol.  
 
 



Analysis of β-cell CPT-1 mRNA (paper II) 

   Total RNA was extracted from islets by the guanidium isothiocyanate method (225). RNA 
samples (15 µg) were denatured in formamide and formaldehyde at 95 °C for 3 min. Northern 
blot analyses were performed after 1 % agarose gel electrophoresis in 2.2 M formaldehyde. 
After transfer to nylon membranes, the filters were hybridized with rat liver CPT-1 (CPT-1α) 
and rat muscle CPT-1 (CPT-1β) cDNA probes labeled with [α-32P]dCTP using the 
Readyprime labeling system kit. The autoradiograms were analyzed by densitometer 
scanning. 
 

Measurement of CPT-1 enzymatic activity (paper II) 

   Approximately 300 homogenized fetal rat islets were used. Briefly, the outer mitochondrial 
membrane CPT activities in islets were assayed by measuring the incorporation of tritium-
labeled carnitine along with non-labeled myristoyl-CoA, producing radiolabeled acyl-
carnitine, by using a modification of the procedure previously used for liver mitochondria 
(226). The modifications were done with higher concentration of carnitine, higher 
radioactivity and whole homogenates and not only mitochondria, because of low protein 
content in the islets. The assay was stopped by adding cold perchloric acid. The perchloric 
acid precipitates both protein and the radiolabeled myristoyl-carnitine, but it leaves the free 
(unesterified) radiolabeled carnitine in solution. The pellet containing the radiolabeled acyl-
carnitine was then washed twice to remove the free radiolabeled carnitine. Finally, the 
radiolabeled acyl-carnitine was extracted with butanol and counted in a scintillation counter.  
For a further discussion and rationale for this modification, see results and discussion section; 
Glibenclamide and malonyl-CoA dose dependently inhibit CPT-1 enzyme activity. 
 
   Samples of 0.2-0.3 mg islet protein were homogenized in 125 µl of medium containing 0.25 
M sucrose, 1 mM EDTA and 3 mM Tris (pH 7.2) by use of a micro dounce homogenizer. 
Each assay contained a total volume of 500 µl, 10 µg of protein, 82 mM sucrose, 70 mM KCl, 
70 mM imidazole (pH 7.0), 1 mg of BSA, 2 mM L-carnitine (2 µCi/µmol L-[methyl-
3H]carnitine), 0.5 µg antimycin A, 100 µM myristoyl-CoA, 2 mM ATP and 2 mM MgCl2. 
Also, malonyl-CoA (0, 20, 50, 100 or 200 µM), glibenclamide (0, 20, 50, 100, 150, 200 or 
250 µM), or repaglinide (10 or 50 µM) were added as required. ATP and MgCl2 were added 
because of a previous report that oleoyl-CoA concentrations were maintained better in their 
presence (227). Neither ATP nor MgCl2 alone have any effect on the CPT-1 assay, but the 
combination of ATP and MgCl2 lowered the apparent Km for oleoyl-CoA (226). All CPT-1 
assays were conducted at 37° C for 20 min. Assays were linear with respect to time up to 35 
min and were also linear with respect to protein in the assay range (Fig. 5). The data are 
representative of four experiments with different animals.  



0

0,5

1

1,5

2

2,5

0 50

Islet Homogenate Protein (ug)

C
P

T
 A

c
ti

v
it

y
 (

n
m

o
l/

m
in

)

 
Fig. 5. Linearity of CPT-1 activity in islets from fetal rats. Assays were linear with respect to time up to 35 min 
and were also linear with respect to protein in the assay range. Results are means ± SEM of four experiments. 
 
Analysis of β-cell fatty acid oxidation (paper II) 

   Duplicate groups of 25 islets were labeled overnight (10-12 hours) with [14C]palmitate (10 
µCi/ml) to achieve sufficient uptake and steady state. The islets were then incubated in small 
glass vials at 37°C for two hours in 100 µl of KRBH, supplemented with 10 mM HEPES and 
the test substances; 3 or 20 mM D-glucose, 40 µM glibenclamide, or 50 µM sodium 2-(b-[4-
chlorophenoxy]-hexyl)oxirane-2-carboxylate (etomoxir, B-82733). Reactions were terminated 
with addition of 100 µl of 0.05 mM antimycin A in ethanol. The formed 14CO2 was released 
from incubation medium by addition of 100 µl of 0.4 M Na2HPO4 (pH 6.0) and trapped in 
250 µl of Hyamine. After overnight incubation, the radioactivity was measured by liquid 
scintillation counting.  
 
Lipid extraction and quantification of DAG (paper II) 

   Groups of 250-300 islets were cultured free-floating overnight in RPMI 1640 medium 
supplemented with 1% FCS. Islets were then preincubated for 45 minutes at 37°C in KRBH 
buffer. The islets were then swiftly transferred to Eppendorf tubes containing 1 ml prewarmed 
KRBH buffer (37°C) supplemented with 40 µM glibenclamide. After incubation for 10, 20, 
30 and 60 min, islets were rapidly pelleted, and quickly rinsed once in ice cold PBS. Tubes 
were then immediately plunged into liquid nitrogen and kept frozen at –80 C pending further 
analyses. 
   For measurements of DAG content, the islets were sonicated in 500 µl extraction solution 
consisting of chloroform: methanol: HCl (100:100:1, v/v/v) and 100 µl PBS with 10 mM 
EDTA according to (217). Briefly, the samples were centrifuged at 12,000 g for 5 minutes. 
The aqueous phase was removed and the organic fractions were re-extracted with 100 µl 
chloroform. The combined chloroform phases were evaporated under a stream of liquid 
nitrogen and resolubilized in 50 µl of the chloroform solution. This solution was reextracted 
with 10 µl PBS and 10 mM EDTA and then again reevaporated The dried lipids were then 
solubilized in 20 µl of an octyl-β-D-glucoside-cardiolipin solution (7,5 % octyl-β-D-
glucoside, 5 mM cardiolipin in 1 mM diethylenetriaminepentaacetic acid) by bath sonication. 
The reaction was then carried out in 100 µl containing 20 µl sample solution, 50 mM 
imidazole HCl (pH 6.6), 50 mM NaCl, 12.5 mM MgCl2, 1 mM EGTA, 2 mM DTT, and 6.6 
µg DAG kinase. Conversion of DAG to phosphatidic acid (PA) was initiated by addition of 1 



mM [γ-
32

P]ATP for 30 min at room temperature. Lipids were then extracted and evaporated 
as above. Samples were then applied to thin-layer chromatography (TLC) plates activated by 
preheating to 120°C using chloroform: methanol: acetic acid (65:15:5, v/v/v) as a developing 
solvent. Standard samples of D-1,2-dipalmitine were run in parallel. The intensities of the 
spots corresponding to 32P-PA were quantified using densitometry and are expressed as 
arbitrary units (optical density). 
 
PKC translocation assay (paper II) 

   Four groups of 100 cultured islets each were incubated for 30 minutes in RPMI 1640 
medium and 10 % heat-inactivated FCS with the various desired test substances. The islets 
were quickly washed once with cold PBS and thereafter sonicated in a buffer containing 20 
mM Tris-HCl (pH 7.5), 250 mM sucrose, 2 mM EDTA, 5 mM EGTA, 10 mM β-
mercaptoetanol, 1 mM phenylmetylsulfonyl fluoride and 10 µg/ml leupeptin. The 
homogenates were then centrifuged at 100,000 g at 4ºC for 60 minutes and then used directly 
for preparation of membrane and cytosolic fractions according to (228). The supernatant 
(soluble fraction) and the precipitate (membrane fraction) proteins were separated on a 9 % 
SDS-PAGE gel and transferred to a nitrocellulose membrane. The membranes were then 
incubated with a mouse anti-PKC monoclonal antibody followed by incubation with a 
horseradish peroxidase-linked secondary antibody. The PKC antibody used detects the 
classical enzyme isoforms expressed in islets, i.e. α, βI, βII and γ. Antibody binding was 
visualized by a chemiluminescence immunblotting detection system. Band intensities were 
then quantified by densitometry.  
 
Statistical analyses (paper I, II, III and IV) 

   In paper I, the statistical calculations were done with one-way ANOVA for multiple 
comparisons with P values corrected by the Bonferroni transformation method. The normality 
assumptions were evaluated by looking at the distribution of the data and by performing a 
normality test (Shapiro-Wilk´s test). P<0.05 was deemed statistically significant.  
   In paper II, the statistical analyses were derived from independent experiments, using 
Student’s t test (two-tailed). The normality assumptions were evaluated by looking at the 
distribution of the data by performing Shapiro-Wilk´s test. Data in graphs are presented as 
means ± SEM. Findings were assumed to be statistically significant at the P<0.05 level. 
*P<0.05, **P<0.01, and ***P<0.001, respectively, for chance differences vs. controls.  
   In paper III, all statistical analyses were derived from independent experiments. The 
differences within group (dose-response curve) were evaluated with one-way ANOVA. 
Values are mean percent of controls ± SEM.  P<0.05 was deemed significant for chance 
differences vs. controls. For statistical measurements of PPase activities of RINm5F cells 
exposed to InsP6 or sulfonylureas, Student’s t test (two-tailed) was used. *P<0.05, **P<0.01, 
and ***P<0.001, respectively, for chance differences vs. controls.  
   In paper IV, data are given as means ± SEM. Differences between treatment groups were 
analyzed by paired, two-tailed Student’s t test or one-way ANOVA, with post hoc analysis 
using the Fisher LSD test, and the normality was evaluated with the Shapiro-Wilk´s test. In 
paper I Statistica for Windows version 5.0 (StatSoft, Inc, Tulsa, OK) was used, whereas in 
paper II, III and IV Statistica version 6.0 was used.  
 
 
 
 



 
RESULTS AND DISCUSSION 
 
Inhibition of divalent-cation independent PPase by intermediates from glycolytic and 
citric acid cycle enhances insulin exocytosis from permeabilized β-cells (I) 
 
   The phosphorylation state of proteins is regulated by a tight balance between protein kinases 
and PPase. It is well established that 1) PPase-1, PPase-2A and the divalent cation dependent 
PPase-2B (calcineurin) account for the majority of protein serine/threonine phosphatase 
activity in vivo (148); 2) Islets and β-cell lines express predominantly the divalent-cation 
independent PPase-1 and PPase-2A (152, 153, 155); 3) stimulation of protein phosphorylation 
by direct activation of PKA and/or PKC can elicit insulin secretion (35, 86, 229, 230); 4) 
physiological stimuli of insulin secretion increase the phosphorylation state of the β-cell  (for 
an excellent review, see [231]); 5) adding the PPase inhibitor OA to islets or β-cell lines 
induces increased Ca2+ influx through voltage activated L-type Ca2+ channels (232) along 
with increased insulin secretion (232, 233); 6) insulin secretion is enhanced in short term 
treated permeabilized islets with OA at substimulatory Ca2+ concentrations and in single β-
cells with minimal effects on Ca2+ currents (153, 234). 
   Taken together, these data suggest an important role for PPase-1 and PPase-2A, the two 
most common divalent-cation independent PPase, in GSIS. The findings support indirectly 
that global inhibition of the divalent-cation independent PPase-1 and PPase-2A would affect 
many stages in the insulin stimulation-secretion coupling and possibly act at different distal 
events. To date it is not known whether PPase-1 and/or PPase 2A are constitutively active in 
the pancreatic β-cells, and if regulatory peptide(s) can modulate the activity in vivo in islets or 
insulin secreting cells. In vitro, addition of physiological concentrations of polyamines (235) 
or adenine nucleotides (67) was found to inhibit PPase-1 and PPase-2 activity in a dose 
dependent fashion. Previous studies have also revealed that L-arginine and L-glutamine 
exposure of intact β-cells resulted in a transient decrease in PPase-1 and PPase-2 (67). The 
precise mechanisms whereby these amino acids elicit their inhibitory effects on PPase activity 
remains to be studied further, although the fact that they are the immediate metabolic 
precursors of polyamines and L-glutamate should be considered given the messenger 
functions suggested for these metabolites in GSIS (55, 236)  
  The putative influence of glycolytic and CAC intermediates on PPase-1 and PPase-2 activity 
and the possible relation of this event to insulin secretion were studied in paper I. To this end, 
clonal rat insulinoma RINm5F cells (214), NIT-1 cells (213) and primary rodent pancreatic 
islet β-cells were used. The first set of experiments was a screening effort to evaluate if the 
enzymatic activities of the divalent-cation independent PPase were affected by the actions of 
specific glucose metabolites and GTP generated during breakdown in glycolysis and CAC. 
For this screening purpose, 10 mM of test substance was used. The experiments were done 
both in cell homogenates and with purified enzymes to exclude that residual in vitro 
metabolism of glycolytic and/or CAC metabolites would confound the results. Furthermore, 
two different substrates (phosphohistone and phosphorylase a) were used to exclude any 
substrate related artifacts. Data from these experiments, irrespective of whether cell lines or 
primary rodent β-cells were used, showed that fructose-1,6-bisphosphate, 3-phosphoglycerate 
and phosphoenolpyruvate from glycolysis were potent inhibitors of PPase activity. In contrast 
D-glucose, fructose-6-phosphate, β-glycerophosphate and 2-phosphoglycerate had little or nor 
effect on the PPase activity. GTP, citrate and oxaloacetate, all generated in CAC, were also 
found to suppress PPase enzymatic activities. Isocitrate, α-ketoglutarate, succinate, fumarate, 
malate, NAD(H) and NADP(H) had modest or no effect on PPase activity. In living β-cells, 
the concentrations of glycolytic and CAC intermediates are in the (sub)millimolar range and 



increase by glucose (21, 48, 237-246) making our findings potentially physiologically 
relevant. In order to determine the relation between given test substance concentrations and 
the resultant inhibition of PPase activity, we also performed dose response curves for the 
metabolites that in screening studies showed most inhibitory activity. The IC50 values for 
phosphoenolpyruvate and oxaloacetate were approximately 0.25 mM and 5 mM, respectively. 
This is in good correlation with data showing that phosphoenolpyruvate in glucose stimulated 
rat islets are ~1.2 mM (241) and thus adds further credence as to the physiological relevance 
of this mechanism in regulating β-cell function.     
   In the second set of experiments, we evaluated the dependence of Ca2+-sensitive insulin 
exocytosis on PPase inhibition by glucose metabolites in permeabilized β-cells. Also during 
this experiment 10 mM test substance was used. Administration of the test substances to the 
permeabilized β-cells increased insulin secretion compared to the control, both at low (30 nM) 
and high (10 µM) free Ca2+ concentrations. At low Ca2+, OA (1 µM) amplified the 
stimulatory action of the glucose metabolites at insulin secretion. In contrast, 1 µM OA at 10 
µM free Ca2+ did not augment insulin secretion evoked by fructose-1,6-bisphosphate, 
phosphoenolpyruvate, 3-phosphoglycerate or citrate, supporting inhibition of PPase as part of 
the metabolites Ca2+ independent insulin secreting mechanisms. Finally, GTP significantly 
stimulated insulin secretion, an effect that was augmented by OA, suggesting that GTP does 
not need PPase inactivation to provoke insulin secretion. Previous papers have highlighted 
that GTP and other guanine nucleotides stimulate insulin secretion from permeabilized β-cells 
(247), and that nutrient insulin secretagogues rapidly increases ATP and GTP levels through 
oxidative metabolism prior to initiation of insulin secretion in β-cells (243, 246, 248-250). It 
has also been proposed that GTP generated in the CAC by the activation of one of the two 
distinct succinyl-CoA syntetase could promote key functional roles in the mitochondrial 
metabolism leading to insulin secretion (251). 
   In support of our data in paper I, is also a recent study (195) with the aim to study CML of 
the catalytic subunit of PPase-2A in β-cells. Studied metabolites were used at 2 mM 
concentrations. There were only minor quantitative variations and differences between our 
and their studies in the efficacy of the metabolites, supporting the notion that citrate and 
phosphoenolpyruvate negatively impact PPase-2A activity in β-cells. One conflicting finding 
compared to previous papers was that authors of this study (195) observed that 50 µM Ca2+ in 
cell lysates inhibited the CML by > 70%. However, Ca2+ has not been shown to have any 
direct effect on neither PPase-1 nor PPase-2A enzyme catalytic activity (67, 252, 253). 
Nonetheless, this does not contradict the option that Ca2+ might exert a functional role on 
PPase-2A or PPase-1 in the living cell indirectly by signaling cascade (i.e., kinases regulate 
PPase that, in turn, regulate kinases). The significance of CML for controlling PPase-2A 
enzyme activity is also a matter of debate since data indicate that manganese (Mn2+) and 
magnesium (Mg2+) increases CML of PPase-2A, without any significant effect on the 
catalytic activity of PPase-2A (254). It should be kept in mind that during physiological 
conditions, adenine nucleotides (67), and guanine nucleotides (255), which have been shown 
to inhibit PPase enzymatic activity, act together with metals making those results conflicting. 
These data are compatible with divalent-cation independent catalysis of PPase-2A (67, 253), 
and also suggest that increased CML per se does not suffice to explain the increase in the 
catalytic activity. In favor of the CML hypotheses is that ebelactone, an inhibitor of methyl 
esterases, significantly delayed the demethylation of PPase-2Ac and reversibly inhibited 
glucose- and α-ketoisocaproate-induced insulin secretion from normal rat islets (154). 
Furthermore, ceramide, which can be generated either via de novo biosynthesis from FFA or 
from hydrolysis of sphingomyelin, activates PPase-1 and purified PPase-2A (256) with no 
demonstrable effect on CML of PPase-2A (257), and decreases insulin secretion (258). 



Also in support of our findings is that fructose 2,6-bisphosphate, formed by 
phosphofructokinase II (PFK II), and glucose 1,6-bisphosphate, have been reported to inhibit 
porcine heart PPase-2A activity with IC50 values of 0.38 mM and 0.56 mM, respectively 
(259). Increased citrate levels and citrate oscillations (112) in the cytosol during GSIS could 
also be counterproductive because citrate could inhibit PFK I, and this could in turn inhibit 
glycolysis and insulin secretion. In summary, our data are consistent with the view that 
glucose stimulation suppresses a tide of PPase activity, i.e., the metabolites may not be acting 
on a particular point in a signaling cascade; rather they may act to suppress a lot of PPase 
activity and contribute to the hyperphosphorylated state of β-cells proteins and thereby 
augmenting insulin secretion. This can be an important and regulatory mechanism linking 
glucose sensing to sustained insulin secretion, and may thus in part explain the elusive 
amplifying pathway of insulin secretion. An obvious extension of our findings would be to 
determine whether this mechanism is defect in type 2 diabetes, in which β-cells seem “blind” 
to glucose. 
 
Carnitine palmitoyltransferase I (CPT-1) is expressed in the islet as the liver isoform (II) 
 
   CPT-1 is considered as the rate-limiting enzyme regulating fatty acid oxidation in 
mitochondria (260, 261). It has been suggested that the isoenzymes are switched during early 
fetal life and that this can theoretically explain different roles of CPT-1 in fatty acid oxidation 
(262). We analyzed the expression pattern of different isoenzymes in our fetal pancreatic 
islets. Our data (Fig. 6) show that fetal pancreatic islets express exclusively the liver 
isoenzyme of CPT-1 mRNA with no detectable muscle isoenzyme transcript, consistent with 
previous studies (263, 264).    
 
 
 

 
 
Fig. 6. Islets express L-type CPT-1. Northern blot analysis showing the expression of L-type CPT-1 
mRNA (CPT-1α) of approximately 4.7 kb in size in rat islets and clonal rat insulinoma INS-1 cells, 
with no detectable muscle isozyme transcript (CPT-1β). 
 
 
 
 



 
 
Glibenclamide and malonyl-CoA dose dependently inhibit CPT-1 enzyme activity (II)  
 
   It is well known that the sensitivity of CPT-1 enzyme activity to malonyl-CoA inhibition 
decreases during fasting and with the onset of diabetes (261, 265). Previous studies have also 
postulated an important reversible effect of glibenclamide on CPT activity in liver (261, 265), 
but the significance of this inhibition in the β-cell needed further evaluation. We therefore 
measured the inhibitory potency of different sulfonylureas on CPT-1 activity in pancreatic 
islets containing 90-95 % β-cells (216). The activity of CPT-1 was assayed by measuring the 
incorporation of tritium labeled carnitine into acyl-carnitine by using a modification of the 
procedure previously used for liver mitochondria (226). In this assay, high albumin content is 
necessary but grossly (by at least 10 fold) overestimates the concentration of glibenclamide 
required for enzyme inhibition (266) (Fig. 7A and 7B). 
 
 

 
Fig. 7A and 7B. Inclusion of albumin in the CPT enzyme assay mixture grossly underestimates the inhibitory 
potency of glibenclamide. Shown are experiments with recombinant CPT from E. Coli. 
 
   In order to measure CPT-1 activity, intact mitochondria must be used because broken 
mitochondria have both CPT-1 and CPT-2 activity. Albumin used in the assay bind the acyl-
CoA substrate because acyl-CoA acts as a detergent and can break the membrane of 
mitochondrion and allow access of the substrate to the mitochondrial matrix enzymes, 
including CPT-2. Acyl-CoA can also act as a detergent on CPT activity. Thus, if a dose 
response curve is conducted over a wide range acyl-CoA without albumin to measure CPT-1 
activity in intact mitochondria, there will first be an increase in activity, as the acyl-CoA is 
increased. Further increase in acyl-CoA concentration will cause a peak in CPT-1 activity and 
substrate inhibition will begin to be seen. Increases acyl-CoA more from this point will result 
in increasing inhibition of activity, and CPT-1 activity can reach a minimum. Additional 
increases in acyl-CoA concentration from this point onward will result in increasing activity 
again, but this activity is due to CPT-2 activity because of the acyl-CoA mediated breakage of 
the inner mitochondrial membrane. In summary, if no albumin is added in the CPT assay the 
concentration curve for acyl-CoA substrate will show increasing activity that reaches a peak, 
followed by decreasing activity that reaches a trough, followed by increasing activity that 
reaches a second peak followed by decreasing activity. In our experiments, the assays were 



linear with respect to time up to 35 min, and were also linear with respect to protein in the 
range assayed (Fig. 5; in materials and methods). Our data show that glibenclamide and 
malonyl-CoA dose dependently inhibit CPT-1 enzymatic activity in homogenate with intact 
mitochondria, the apparent IC50 values were ~ 50 µM for glibenclamide and ~ 25 µM for 
malonyl-CoA. An estimated value for glibenclamide in absence of albumin should be ~ 5-8 
µM. In the double-reciprocal plot (Fig. 8) we can by extrapolation of the inhibition (1/% 
inhibition) to maximum show that the maximal inhibition by malonyl-CoA is 50 %, this is the 
maximal estimated inhibition of CPT-1 (100 % inhibited). Glibenclamide however can by 
extrapolation inhibit 100 % of the CPT activity, which means that both CPT-1 and CPT-2 
activity must be inhibited. It is still unclear, however, whether glibenclamide in vivo can get 
inside mitochondria and affect CPT-2. If this is the case, both enzymes are identically 
sensitive to glibenclamide and noncompetitively compared to the malonyl-CoA site. An 
estimated inhibition of CPT-1 by 30 % and inhibition of CPT-2 by 30 % by glibenclamide 
would produce approximately 50 % inhibition of the fatty acid oxidation (0.7 x 0.7=0.49). We 
also tested different SU:s and the KATP channel blocker repaglinide, which possess many of 
the physicochemical properties of glibenclamide but does not seem to affect the amplifying 
pathway per se. The inhibitory potency of the different SU:s and repaglinide against CPT-1 
corresponded to the drugs’ potency as a hypoglycemic agent (Table 2). To date, there is 
limited data as to how CPT in peroxisomal and microsomal compartments respond to 
malonyl-CoA and different SU:s. It is suggested that microsomal CPT-1 activity can be 
separated into malonyl-CoA-sensitive and -insensitive activities, and that the malonyl-CoA-
sensitive microsomal CPT-1 is a different enzyme from the malonyl-CoA-sensitive CPT-1 
found in the mitochondrial outer membrane. The effect of tolbutamide on the malonyl-CoA-
inhibitable CPT-1 was influenced by the phospholipid/detergent environment whereas the 
effect of glibenclamide was not. Glibenclamide was a more potent inhibitor of the malonyl-
CoA-inhibitable CPT-1 than of the malonyl-CoA-insensitive enzyme (267, 268) 
 
Drug tested 
 
Glibenclamide 
Glipizide 
Chlorpropamide 
Tolazamide 
Acetohexamide 
Tolbutamide 
Carboxytolbutamide (no inhibition) 

Repaglinide (no inhibition) 

 
Table 2. CPT-1 inhibitory potency by various antidiabetic drugs. Order of maximal inhibition of CPT-1 
enzymatic activity in liver mitochondria. Data are presented in falling potency for different sulfonylureas and 
repaglinide. Experiments are done with maximal inhibiting concentration of the tested drugs (Cook GA et al., 
unpublished).   
 
 
 
 
 
 
 
 



 
 

 
 
 
Fig. 8. Glibenclamide inhibits both CPT-1 and CPT-2, whereas malonyl-CoA inhibits only CPT-1. 
Extrapolation of inhibition to infinite concentration of inhibitor leads to 100 % inhibition of CPT 
activity (CPT-1 and CPT-2 inhibited) by glibenclamide (1/0.01 = 100), whereas extrapolation of 
inhibition by malonyl-CoA to infinitely high concentration leads to only approximately 50 % 
inhibition (1/0.02 = 50; only CPT-1 inhibited). 
 
 
Mitochondrial oxidation of palmitate is inhibited by glibenclamide (II) 
 
   If inhibition of CPT-1 enzyme activity by glibenclamide in cell homogenates were 
physiologically significant, then it would be expected to impact negatively on fat oxidation in 
intact islets. In the next set of experiment, we thus measured fatty acid oxidation rates in islets 
labeled overnight with [14C]palmitate to achieve sufficient uptake and steady state. Palmitate 
oxidation was then analyzed by exposure of the islets to glibenclamide or etomoxir in 3 mM 
glucose. For comparison, one group was incubated in 20 mM glucose. Our data show that 
glibenclamide and 20 mM glucose decrease the magnitude of fatty oxidation to approximately 
the same degree with a ~ 40 % reduction compared to the control group incubated in 3 mM 
glucose. The specific CPT-1 inhibitor etomoxir incubated in 3 mM glucose witch we used as 
a positive control caused an approximately 70 % reduction of fat oxidation. Our data 
regarding glibenclamide are consistent with previous studies demonstrating that fatty acid 
oxidation is inhibited by glibenclamide in liver, heart and skeletal muscle (261, 269). The 
finding that glucose, probably by promoting malonyl-CoA formation, also suppresses fat 
oxidation in islets confirms early reports (270). Hence, inhibition of CPT-1 activity may be a 
common mechanism by which glucose and SU drugs decrease islet fat oxidation and enhance 
insulin exocytosis. To what extent this mechanism may explain the KATP-independent 
stimulation of insulin secretion evoked by glucose and SU drugs remains to be elucidated. 
Nonetheless, it should be noted that CPT-1 inhibitors, e.g. etomoxir, show hypoglycemic 
effects in vivo in diabetic patients, but unfortunately also substantial systemic toxicity that has 
hindered their use in clinical settings. 
 
 



 
 
 
 
Glibenclamide stimulation increases diacylglycerol (DAG) content in islets and 
translocates classical PKC isoforms from cytosol to membrane (II) 
 
   Having shown that fat oxidation is decreased by glibenclamide, we went on to clarify 
whether this would divert the routing of NEFA from mitochondrial β-oxidation to complex 
lipids, such as DAG, with subsequent PKC activation (97, 109, 271, 272). Our data revealed a 
significant increase in DAG content that became significant after 10 min, peaking at 30 min 
with a six-fold increase, and leveling off by 60 min. The prolonged response curve for 
glibenclamide is consistent with the notion that glibenclamide progressively accumulate in 
islets (134, 135, 145, 273). To further scrutinize whether this increase in DAG elicited by 
glibenclamide is coupled to PKC activation, we monitored translocation of the classical PKC 
isoenzymes from cytosol to membrane. Our data using a PKC antibody specific for the α, β 
and γ isoforms show that glibenclamide dose dependently increases the translocation ratio of 
PKC 2-3 fold. The phorbol ester TPA was used as a positive control, and evoked a similar 
degree of PKC activation as the SU. Our results with glibenclamide show striking 
resemblance to earlier studies showing that glucose causes a rise in DAG (274-276) and 
promotes membrane translocation of classical PKC isoforms in islets (96, 271).  
 
Glibenclamide augments insulin exocytosis by a KATP-independent and  PKC-mediated 
signaling pathway (II) 
 
    In an attempt to evaluate the functional significance of PKC activation by glibenclamide in 
KATP-independent insulin exocytosis, we monitored the secretory response to the SU from 
islets through bypassing the triggering pathway during Ca2+ clamped conditions (i.e., in the 
presence of 20 mM glucose, 25 mM KCl, and 400 µM diazoxide). Even during these 
conditions, glibenclamide caused a robust 50 % increase in insulin secretion. The phorbol 
ester TPA caused an almost 150 % increase and no additive effects of combining 
glibenclamide and TPA were noted, speaking in favor of a common mechanism of action (i.e., 
PKC activation). TPA increased insulin secretion ~ 60 % more than glibenclamide; however 
differences in lipophilicity and uptake rates may affect the timing by which the different 
agents activate PKC. The specific CPT-1 inhibitor etomoxir stimulated insulin secretion to the 
same extent as glibenclamide and the combination etomoxir and glibenclamide produced non-
additive effects on insulin secretion, again indirectly arguing in favor of common signaling 
pathway. Finally, co-addition of the PKC inhibitor H-7 completely prevented the KATP-
independent insulinotropic action of both TPA and glibenclamide, findings that in their 
entirety add further credence to the view that the KATP-independent stimulation of insulin 
exocytosis by glibenclamide requires PKC activation.   
   To evaluate the quantitative importance of the triggering and KATP channel independent 
pathway in low and high glucose, we compared the extent to which glibenclamide promotes 
insulin exocytosis under normal vs. Ca2+ clamped conditions (i.e., in the presence of 3 mM or 
20 mM glucose, 25 mM KCl, and 400 µM diazoxide). Thus, in low glucose glibenclamide 
stimulated insulin secretion by 602 ± 116 %, whereas after bypassing of the triggering 
pathway the insulin response to glibenclamide was reduced to 120 ± 39 % over basal levels. 
At 20 mM glucose, the secretory response to the SU was 46 ± 7 % over baseline in normal 
conditions, vs. 21 ± 3 % under Ca2+ clamped conditions. It can thus be calculated that the 
KATP channel independent pathway accounts for ~ 20 % (120 vs. 602 %) of the maximal 



insulin-releasing capacity of glibenclamide at 3 mM glucose; an effect that increases to ~ 45 
% (21 vs. 46 %) in 20 mM glucose, figures that are in fair agreement with capacitance 
measurements in mouse islets in a previous report (97). 
 
   In summary, our findings are compatible with the view that glibenclamide in part through 
its intracellular inactivation of CPT-1 may promote KATP-independent insulin exocytosis by 
activating PKC-dependent secretion. Although not directly addressed in this study, we do not 
believe that the observed increase in DAG and PKC translocation by glibenclamide occur 
secondarily to increased [Ca2+]i. In support of this is the fact that glibenclamide and TPA 
evoked a robust increase in insulin secretion even under Ca2+ clamped conditions. Previous 
reports also indicate that islet DAG mass is not affected by variations in Ca2+ (277-279). 
Likewise, islet InsP3 levels are not altered by artificially stimulating Ca2+ influx by ionomycin 
or K+, or by blocking it with EGTA (280, 281). Furthermore, islet PKC activity is only 
minimally affected by changing Ca2+ from subnanomolar to submicromolar concentrations 
(282). Evidence for a specific role of PKC in insulin secretion has been difficult to obtain, 
mainly because of the great diversity of PKC isoforms in β-cells from different species and 
insulin-secreting cell lines (231). Certain reports support that SU:s in part may promote 
insulin secretion by PKC activation in cultured mouse β-cells and in glucose-sensitive INS-1E 
cells (95, 97) and in islets (283-285, 286). However, other reports (91) do not support the 
involvement of PKC in SU signaling in islets.  
   The physiological significance of our results remains to be determined. At a first glance, it 
would seem that the submicromolar therapeutical concentrations of glibenclamide maximally 
achieved in the post-absorptive state (146, 147) would not be sufficient to affect the islet CPT 
system in diabetic patients. Interestingly, however, under chronic treatment, glibenclamide 
progressively and selectively accumulates in islets and is slowly cleared from islets upon drug 
withdrawal (145, 273). Additionally, there are large inter-individual variations in 
pharmacodynamics and pharmacokinetics of glibenclamide, which are furthermore greatly 
influenced by genetic polymorphisms of the cytochrome P450 2C9 system (146). Hence, 
carriers of certain CYP2C9 genotype variants show markedly reduced clearance rates of 
glibenclamide, resulting in several fold-elevated serum concentrations of the drug (146). 
There are also several important drug interactions that may additionally elevate glibenclamide 
serum levels, which may be significant in elderly diabetic patients who are often on multiple 
medications and have impaired drug metabolism (147). Add to this the high levels normally 
achieved of biologically active and long-acting glibenclamide metabolites that may also 
impact on the CPT system (147). Thus, it cannot be excluded that the inhibitory effect of 
glibenclamide on islet CPT activity described here may contribute to the sustained 
hypoglycemic effect of the drug in observed in some diabetic patients, even after drug 
removal for 24-48 hrs, to which no explanation has been given to date. However, great 
caution must be exercised in transferring these culture experiment data to the clinical routine 
in the treatment of patients with type 2 diabetes.  
   One interesting issue pertinent to PKC-dependent exocytosis by glibenclamide is whether 
PKC only regulates insulin release from the readily releasable pool of insulin granules or also 
increases insulin gene expression and synthesis. In a previous study, glibenclamide increased 
insulin release and expression of the preproinsulin gene, without affecting the insulin content 
in isolated islets (283). Previous data have shown that a wide variety of compounds that 
activate phosphoinositide hydrolysis in islets are capable of TDP of the β-cell stimulus-
response coupling (287-289). Together with the finding that glibenclamide (290, 291, paper 
II) seems to act in a similar manner and can increase the sensitivity of the β-cell, this supports 
PKC activation and/or translocation as an important function for SU action in β-cells. Then 
the next question arises, do PKC-α and PKC-ε exert different functions in the molecular 



process of insulin secretion? Previous attempts to establish the identity of glucose-responsive 
PKC isoforms in insulin-secreting cells have indicated that PKC-α and PKC-ε are likely 
candidates (85, 91, 94, 95). Additionally, a previous study has suggested that PKC-ε, but not 
PKC-α, rapidly associates with insulin granules upon glucose exposure (95). Our study, using 
a PKC antibody recognizing α, β and γ isozymes, does not exclude the possibility that also 
PKC-ε could be directly involved in the KATP-independent stimulation of insulin exocytosis 
by glibenclamide.  
As pointed out in the Introduction, translocation of citrate from the mitochondrion to the 
cytoplasm will occur when the citrate concentration is high, e.g upon islet exposure to high 
glucose. Citrate is hydrolyzed in the cytosol, forming acetyl-CoA and oxaloacetate by ATP-
citrate lyase. Acetyl-CoA is then carboxylated by ACC, forming malonyl-CoA (114). 
Eukaryotic ACC is an allosteric enzyme that is activated by citrate. Hence, ACC is primed for 
acetyl-CoA by the compound (citrate) in which the acetate moiety is delivered from the 
mitochondria. Interestingly, citrate regulation of ACC may thus represent a point in islet 
substrate metabolism where malonyl-CoA inhibition of CPT-1 activity meets with CAC 
intermediates like citrate that directly promote insulin exocytosis through inhibition of PPase 
activity. These two mechanisms (inhibition of CPT-1 and PPase activity), each contributing to 
increased phosphorylation, may complement each other in promoting GSIS. 
 
 
Sulfonylurea (SU) enhancement of insulin secretion is not dependent on inhibition of 
divalent-cation independent serine/threonine PPase activity in RINm5F cells (III)  
 
   The molecular actions of SU:s hypoglycemic effect on different signaling/metabolic 
pathways in the β-cell and peripheral sites are still not completely understood. Two major 
pathways seem to be modified by sulfonylureas in the β-cell; 1) closure of KATP channels, 
which causes membrane depolarization, activation of voltage-dependent Ca2+ channels, Ca2+ 
influx and finally rapid insulin secretion (292, 293); 2) a mechanism operating more distal in 
the exocytotic machinery independently of KATP channels regulating sustained secretion (97, 
286). Supporting the latter is also autoradiography studies showing that SU are largely 
internalized by the β-cell and bind to intracellular sites (130, 132, 134, 145, 294). 
Glibenclamide has also been shown to increase fructose 2, 6-bisphosphate levels in rat 
hepatocytes (295), which theoretically - by inhibiting PPase-2A activity - could improve 
insulin secretion if this mechanism were operative also in the β-cell. In an attempt to elucidate 
the possible molecular mechanism behind the stimulatory role of SU:s upon KATP-
independent insulin secretion, we therefore measured the enzymatic activity of PPase-1 and 
PPase-2A  in RINm5F cell homogenates in the presence or absence of glibenclamide,  
glipizide or tolbutamide (Table 3). Incubation during 10 min with any of the three SU:s failed 
to significantly influence PPase activity. Our results do not support a previous study, in which 
PPase activity was measured in rat islet cell homogenates incubated with 0-3 mM 
tolbutamide, 0-800 pM glibenclamide or 0-1000 µM gliclazide (140). In this study, it was 
found that the different SU:s reduced PPase activity in a dose-dependent manner, with 
glibenclamide being the most efficient compound. One possible explanation for the obvious 
discrepancies between this study and our findings may be substrate related artifacts as 
phosphorylase a was used only (140). Another possible explanation for the divergent findings 
could be the widely different concentrations employed of the SU:s in the assays. The IC50 for 
tolbutamide was 0.2 mM and at 0.1 mM the enzyme activity was approximately 87 % of 
control value, to compare with 95 % enzyme activity vs. controls when 0.1 mM tolbutamide 
was evaluated in our study. Furthermore, the IC50 value for glibenclamide was 0.41 nM. The 
physiological relevance of this finding is not easily reconciled with a previous in vivo study in 



healthy humans, assessing the insulin secretory capacity by SU during a hyperglycemic clamp 
(296). That study concluded that glibenclamide only enhanced insulin secretion at a narrow 
range between 50-200 nM, corresponding to an oral dose of less than 10 mg. 
 
 
 
                                                 Enzyme activity (% of control) 
 
Drug added                                          PPase-1                   PPase-2A 
__________________________________________________________________________________________ 
Glibenclamide  (3 µM) 99 ± 3 (NS) 111 ± 6 (NS) 
Glipizide (3 µM) 89 ± 7 (NS)   98 ± 7 (NS)  
Tolbutamide (100 µM) 95 ± 1 (NS) 107 ± 9 (NS) 
 
ATP (500 µM) 43 ± 2 ***     1 ± 1 *** 
 
Table 3. Sulfonylureas do not affect PPase activities in RINm5F cells. PPase-1 activity was 
calculated as activity remaining in the presence of 1 nM okadaic acid; PPase-2A activity was 
calculated as the difference between total activity and PPase-1 activity. Values are means ± SEM for 
3-8 observations. NS, not significant. *** denotes P<0.001 for chance difference vs. controls using 
Student’s t test. ATP was added as a positive control. 
 
Okadaic acid (OA) vs. calyculin-A as inhibitors of RINm5F cell serine/threonine PPase 
(III)  
 
   In dilute RINm5F cell homogenates, the enzymatic activity of divalent cation-independent 
PPase was evaluated using phosphohistone as substrate (Fig. 9). Consistent with previous 
studies, PPase activity in diluted homogenates was completely blocked by 1 µM OA (140, 
155). At a concentration of less than 10 nM OA there was a partial inhibition, indicating that 
PPase-1 and PPase-2A (and to a lesser extent even PPase-4/PPase-5 and PPase-6, although 
unproven) are active in RINm5F cells. If only PPase-1 was active, there would not be any 
inhibition below a concentration of 1 nM; conversely if only PPase-2A (or PPase-4/PPase-5 
and PPase-6) was active a complete inhibition would be seen at a concentration of 1 nM OA. 
These findings are in fair agreement with previous studies studying purified enzymes and 
pancreatic β-cells, suggesting that PPase-1 and PPase-2A represents the quantitatively most 
important divalent cation-independent PPase in insulin secreting cells (140, 155). The 
inflection point at ~ 1 nM OA likely reflects that all PPase-2A activity is inhibited while 
PPase-1 activity remains unaffected. 
   Compared to OA, calyculin-A is a more potent inhibitor of divalent cation-independent 
PPase activity (Fig. 9). The IC50 for both OA and calyculin-A in our study was ~ 1 nM 
whereas IC100 for OA was 1 µM and for calyculin-A ≈ 4-12 nM, i.e., essentially the same 
concentration at which OA inhibits all PPase-2A activity without appreciably affecting PPase-
1.  
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Fig. 9. Inhibitory profiles of okadaic acid and calyculin-A on PPase activities. Dilute cell 
homogenates were incubated with the indicated agents using [32P]histone as substrate. PPase activity 
in diluted homogenates was completely blocked by 1 µM OA. Also illustrated is that calyculin-A seems 
to be a more potent inhibitor of divalent cation-independent PPase activity with nearly equivalent 
inhibitory activities against PPase-1 and PPase-2A, and does not discriminate between PPase-1 and 
PPase-2A. Values are mean percent of controls ± S.E.M. for 4-6 separate experiments. 
 
 
   In conclusion, calyculin-A has nearly equivalent inhibitory activities against PPase-1 and 
PPase-2A and does not discriminate between PPase-1 and PPase-2A, while okadaic acid is 
more selective for PPase-2A and PPase-1 with 100-fold greater selectivity for PPase-2A over 
PPase-1. However, it should be kept in mind that in vitro activity such as in cell homogenate 
does not reflect the true cellular activity due to partial or complete disassembly from 
regulatory components, and because of dephosphorylation and activation of phosphatase 
protein during analysis. The true activity of PPase in cells is therefore difficult to measure. 
However, to discriminate between PPase-1 and PPase-2A activity in cell homogenates or in 
permeabilized cells OA is superior compared to calyculin-A. In intact cells calyculin-A is 
preferable, although it cannot discriminate between PPase-1 and PPase-2A activity, as it 
rapidly penetrates cell membrane and is relatively insensitive to pH and temperature (178). 
Although it is clear that OA can permeate cell membranes by virtue of the fact that it has 
effects on intact cells (122, 297, 298), the rate of permeation by OA is dependent on both 
temperature > 30˚C (no effect of OA was seen at 25˚C) and pH (100 nM OA decreased 
PPase-2A activity by 50 % at pH 7.5 and almost completely at pH 6.5) in erythrocytes (178). 
The half time for equilibration of OA between extra- and intracellular space was over 60 min 
at 37˚C (178). In contrast to OA, calyculin-A permeation was unaffected between 25˚C-37˚C 
(178), speaking in favor for its use in intact cells. 
 
 
 



Inositol hexakisphosphate dose-dependently and differentially inhibits PPase activity in 
RINm5F cells (III)  
 
   Measurements of divalent cation independent PPase activity influenced by various 
polyphosphoinositides in RINm5F cell homogenates showed that InsP6 (Ins(1,2,3,4,5,6)P6) 
was the only polyphosphoinositide in the range between 0-100 µM with significant and 
consistent inhibitory effect against PPase-1 and PPase-2A activity. The other 
polyphosphoinositides tested were Ins(1,2,3,4,6)P5, Ins(1,3,5, 4,6)P5, Ins(1,3,4,5)P4, 
Ins(1,3,4)P3, and Ins(1,4,5)P3. In our experiments, InsP6 dose-dependently inhibited PPase-1 
in cell homogenates with an IC50 value of ~ 6-7 µM and PPase-2A with an IC50 value of ~1-2 
µM. Finally, we confirmed our data by measuring enzyme activities of purified PPase-1 and 
PPase-2A with a fixed concentration of 2 µM InsP6 to exclude confounding effects of any 
residual in vitro metabolism. Data from this confirming experiment showed an almost 96 % 
inhibition of PPase-2A and 78 % inhibition of PPase-1. The significance of our InsP6 findings 
is 1) that it is the dominant polyphosphoinositide in insulin-secreting cells (102); 2) InsP6 
concentrations can be transiently increased by addition of 10 mM glucose to HIT cells (102); 
3) the concentration of InsP6 used in our experiments is well within the physiological range in 
insulin-secreting cells (299, 300); 4) InsP6 can modulate insulin secretion in permeabilized 
insulin-producing cells (301); 5) the activity of voltage-sensitive L-type Ca2+ channels in 
insulin-secreting cells is increased to a similar extent by OA and InsP6 (102, 153, 232), 
suggesting a regulatory role of InsP6 under metabolic control distal in the exocytotic 
machinery.  
   The stimulatory effect on Ca2+ currents after adding 2 µM InsP6 (102) suggests that only a 
slight suppression of PPase activity may be necessary to modulate Ca2+ currents. InsP6 is also 
topographically disposed adjacent to the plasma membrane to regulate voltage-sensitive L-
type Ca2+ channels and vesicle trafficking in insulin-secreting cells, both in terms of 
exocytosis and endocytosis (94). In a previous paper (301), InsP6 in 20-50 µM concentrations 
stimulated insulin secretion in permeabilized cells at a basal Ca2+ concentration (30 nM) and 
primed Ca2+-induced insulin exocytosis at 10 µM Ca2+ concentration, both effects suggested 
to be dependent on PKC activation. The results from that study have been confirmed in a 
recent paper using capacitance measurements to study the effects of InsP6, suggesting that 
PKC-ε mediates this effect (94). This also supports the fact that the effect of InsP6 is greater 
than that of 1 µM OA and also supports the additive effect of 50 µM InsP6 and 1 µM OA on 
insulin secretion in permeabilized HIT-T15 cells (301). Additional support for the importance 
of PPase inhibition in insulin secretion comes from a previous study showing that 
enhancement of insulin granule exocytosis is mediated by OA, suggesting that inhibition of 
PPase 1 and PPase-2A plays an important role in potentiation of insulin secretion. The motile 
event was abolished by 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA) 
and a calmodulin antagonist, which support involvement of a calmodulin dependent protein 
kinase (302). In summary, by being both under metabolic control and regulated by muscarinic 
receptor activation, InsP6 in physiological ranges may represent an important and versatile 
messenger linking glucose sensing and phospholipase activation to insulin secretion.  
 
 
 
 
 
 
 
 



Total cellular L-glutamate level increases during glucose stimulation in INS-1E cells 
(IV) 
 
   With the purpose of investigating the role of L-glutamate in GSIS, and its putative relation 
to PPase activity, we used INS-1E cells which constitute a widely used β-cell surrogate that 
show a similar glucose responsiveness as normal β-cells (215). In the first set of experiments, 
we tested the secretory responses by stimulating the INS-1E cells with 20 mM glucose during 
30 min, and compared the response with INS-1E incubated with 1 mM glucose. The average 
response to 20 mM was 1.8-fold compared to basal. GSIS in our experiments is lower than the 
approximately 6.2-fold increase that has been described (215). One explanation for this could 
be different metabolic status of the cells, or the relatively high passage number of cells used 
(78-95). We next measured the total cellular L-glutamate content in the same INS-1E cells 
that were used for GSIS measurements. During 20 mM glucose stimulation the total 
intracellular L-glutamate levels rose significantly as compared with cells exposed to 1 mM 
glucose. During the stimulated state, intracellular L-glutamate concentration was calculated to 
be ~ 1.8 mM, based on an average islet volume of 2 nl and a protein content of 0.11 µg/islet 
(303). The estimates of total intracellular L-glutamate concentrations are in fair agreement 
with previous studies (78, 80). It has been proposed that GDH favors the flux of oxidative 
deamination of L-glutamate to α-ketoglutarate at low glucose and supplies the β-cells with 
anaplerotic fuel (55, 77). At elevated glucose, GDH would thus favor L-glutamate formation, 
which could act as a second messenger or modulator in the amplifying pathway (55, 71, 77). 
Which flux direction of GDH that dominates in β-cells in vivo remains elusive, but may 
depend in part of the nutritional status of the β-cell. GDH is also activated by branched chain 
amino acids (72); this might in part explain the differences seen between different assay 
conditions and time courses from the in vitro data.    
   Even if significant changes in total cellular L-glutamate level not always can be detected 
upon glucose stimulation this does not rule out that intracellular compartmentalization of L-
glutamate, either by spatial separation or by being bound, may mask substantial subcellular 
changes. In support of this assumption are reports, some of which include NMR spectroscopy, 
that glucose stimulation of islets causes major incorporations of glucose carbons into L-
glutamate (72), not always coinciding with a discernable increase in total L-glutamate levels 
(75, 76, 80, 304). 
 
L-Glutamate and okadaic acid dose-dependently inhibit cation independent ser/thr 
PPase enzymatic activity in INS-1E cells (IV)  
 
   This experiment was performed in INS-1E cells according to the same procedure that has 
been described for other cell lines in paper I and III. Also in this experiment we characterized 
the effect and dose-dependency of OA, yielding a similar inhibition compared with previous 
studies (255, 305). The results from this experiment are also consistent with the view that both 
PPase-1 and PPase-2A are enzymatically active in INS-1E cells. When added to INS-1E cell 
homogenates, L-glutamate inhibited the activity of PPase in a dose dependent fashion with 
IC50 in homogenates of ~400 µM, which is well within the physiological range (78, 80). 
Superficially, it would appear that an L-glutamate level of 1.8 mM would cause total 
inhibition of PPase activity. However, this is evidently not the case, suggesting the existence 
of other factors in vivo that balance the regulation of PPase activity. This is analogous to the 
effect of ATP on KATP channels in patch-clamp experiments, in which 5-15 µM ATP causes 
50 % inhibition of the channel (17, 306). Yet, both glucose and sulfonylurea are able to close 
the channel despite ATP concentrations of 1-5 mM in living β-cells (307). 
 



Glutamate and OA promote insulin exocytosis non-additively in a Ca2+-independent 
manner from streptolysin O permeabilized INS-1E cells (IV)  
 
   We measured insulin exocytosis using transiently permeabilized INS-1E cells and MIN-6 
cells in a static incubation to evaluate whether L-glutamate and OA would affect insulin 
secretion, and whether an additive effect would occur. To this end, INS-1E cells and MIN-6 
cells were permeabilized with the streptococcal toxin streptolysin O (SLO), modified from 
(47). After incubation of INS-1E cells and MIN-6 cells with L-glutamate (10 mM) and OA (1 
µM), alone or in combination in basal (30 nM) or in high (10 µM) Ca2+ during 30 min, insulin 
exocytosis from the permeabilized cells was investigated. L-glutamate significantly 
stimulated insulin secretion compared to controls, augmenting secretion ~ 35 % at basal Ca2+ 
and ~ 65 % during high Ca2+ concentration, the latter mimicking the situation during GSIS. 
This lends support to the idea that L-glutamate may play a role in GSIS, and this effect seems 
to be Ca2+ independent (55, 77). OA (1 µM) stimulated insulin secretion to same extent as L-
glutamate alone. In a previous study (152), it was shown that 10 µM OA inhibited GSIS in 
intact β-cells isolated from adult rats; however, even the inactive analogue 1-nor-okadaone 
was found to inhibit GSIS by ~ 20 %. In the same study, it was also found that glucose 
stimulation increased PPase-1 and PPase-2A activity by 10 % at 2 and 5 min, which albeit 
small was a significant increase. Some of the discrepancies could be explained by 1) the use 
of 10-fold higher dose of OA than necessary, raising some concern about non-specificity; 2) 
by using phosphorylase a as sole substrate, the apparent increase could be substrate-specific 
in the assay used; 3) unfortunately no experiments with purified enzymes were done in order 
to exclude artifacts of residual in vitro metabolism in the homogenate.  
   In our experiments, a combination of L-glutamate and OA stimulated insulin secretion non-
additively, consistent with a common mechanism of action. Qualitatively identical effects of 
L-glutamate and OA were obtained using permeabilized MIN-6 or INS-1E cells at basal and 
stimulated Ca2+ concentrations (Figure 10).  
                                                                       

               
 
Fig. 10A and 10B. Glutamate (10 mM) and okadaic acid (1 µM) non-additively promote insulin exocytosis 
from permeabilized MIN-6 cells. A, substimulatory Ca2+ concentration (pCa8); B, stimulatory Ca2+ 
concentration (pCa5). Bars indicate means ± SEM for 11 independent experiments done in triplicates. *P<0.05 
for a chance difference vs control by one-way ANOVA.  
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   In summary, we have shown that glucose increases the L-glutamate content in INS-1E cells, 
that physiological concentrations of L-glutamate inhibit PPase activities, and non-additively 
with okadaic acid promote insulin exocytosis in a Ca2+-independent manner. An increase in 
phosphorylation state, through inhibition of protein dephosphorylation by glucose-derived L-
glutamate, may thus be a novel regulatory mechanism linking glucose sensing to sustained 
insulin exocytosis. Furthermore, others have shown that the mitochondrial inhibitor 
oligomycin blocked the insulin secretory response to succinate, but not to L-glutamate (55), 
suggesting that L-glutamate can stimulate insulin secretion downstream of oxidative 
metabolism. In the same paper it was shown that mitochondrial membrane potential and 
mitochondrial Ca2+ levels remained unaffected by L-glutamate stimulation. Others have 
suggested that the mechanism by which L-glutamate promotes insulin secretion may be 
through altered pH in the secretory vesicles (55, 77), and by augmenting glibenclamide-
stimulated insulin release (290). Another study (128) supported the “glutamate hypothesis” by 
showing that glutamate dimethyl ester (GME), a plasma membrane-permeable analog of L-
glutamate, potentiated glucose-stimulated insulin secretion without affecting the triggering 
pathway of secretion. GME also did not influence cellular ATP content or cytosolic Ca2+ 
concentration, but transiently alkalinized insulin-containing vesicles after glucose stimulation. 
This is in support of a study showing that alkalinized insulin-containing vesicles could favor 
insulin to be more rapidly extruded from the vesicles and primed for dissolution (127). 
However, as mentioned earlier there is conflicting data concerning the optimal pH value that 
will maintain insulin release (55, 126).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



CONCLUSIONS 
 
1.   In paper I, a novel mechanism linking glucose sensing to promotion of insulin exocytosis 

is described. Our results show that specific glucose metabolites and GTP inhibit β-cell 
divalent-cation-independent ser/thr PPase activities and directly stimulate insulin 
exocytosis in RINm5F cells, NIT-1 cells and in primary islet β-cells (Fig. 11) . GTP seems 
to stimulate insulin exocytosis independent of divalent-cation-independent ser/thr PPase 
activities. An increase in β-cell phosphorylation state, through the inhibition of protein 
phosphorylation, may thus represent a novel and important KATP-independent mechanism 
in coupling glucose sensing to insulin exocytosis.  

 
2.   Our findings in paper II suggest that in pancreatic β-cells CPT-1 activity is reduced by 

glibenclamide and to a lesser degree by other sulfonylureas but not by repaglinide, thereby 
diverting fatty acid metabolism from mitochondrial β-oxidation to the biosynthesis of 
DAG and subsequently resulting in PKC-dependent and KATP-independent insulin 
exocytosis (Fig. 11). The progressive islet accumulation of glibenclamide may explain the 
prolonged stimulation of insulin secretion and sustained hypoglycemia in some diabetic 
patients even after removal of the drug. The physiological significance of our results 
needs to be evaluated in future studies, but it may be speculated that this mechanism may 
be involved in the KATP channel independent pathway controlling sustained insulin 
secretion by hypoglycemic sulfonylurea drugs.  

 
3.   Inositol hexakisphoshate (InsP6), the dominant polyphosphoinositide in β-cells, inhibits 

ser/thr PPase type 1 and type 2A (Fig. 11) in a concentration-dependent manner in dilute 
RINm5F cell homogenates in physiologically relevant concentrations (paper III). 
Assaying enzymes purified to apparent homogeneity revealed that PPase-2A was five-fold 
more susceptible to InsP6 inhibition than PPase-1. Three different hypoglycemic 
sulfonylureas were also tested in paper III (glibenclamide, glipizide and tolbutamide), but 
none of them affected PPase enzymatic activities in RINm5F cell homogenates 
significantly. Finally, two different PPase inhibitors were characterized in cell 
homogenates, and our results show that okadaic acid was less potent as an inhibitor 
compared with calyculin-A. 

 
4.   In paper IV, the effects of L-glutamate, a proposed novel second messenger in GSIS, on 

the activities of ser/thr protein PPase and Ca2+-regulated insulin exocytosis in INS-1E and 
MIN-6 cells were investigated. We show that glucose increases L-glutamate contents and 
promotes insulin secretion from INS-1E cells and MIN-6 cells. L-glutamate, at 
physiological concentrations, also inhibits enzyme activities of ser/thr PPase in a dose-
dependent fashion analogous to the specific PPase inhibitor, okadaic acid in permeabilized 
INS-1E cells (Fig. 11). Additionally, L-glutamate and okadaic acid directly and non-
additively promote insulin exocytosis from permeabilized INS-1E cells and MIN-6 cells 
in a Ca2+-independent manner, consistent with the view that the insulin-releasing effect of 
L-glutamate is at least in part mediated through its inactivation of PPase. Hence, an 
increase in phosphorylation state, through inhibition of protein dephosphorylation by 
glucose-derived L-glutamate, may be a novel regulatory mechanism linking glucose 
sensing to sustained insulin exocytosis. 

 
 



 

 

 

 
 
Fig. 11. A summarized working model depicting mechanisms studied in the thesis that govern insulin 
secretion in β-cells. +, Stimulation; -, Inhibition; CPT-1, carnitine palmitoyltransferase 1 and 2; DAG, 1,2-
diacylglycerol; G, GTP-binding protein; Gln, L-glutamine; Glu, L-glutamate; GTP, guanosine trisphosphate; 
InsP6, inositol hexakisphosphate; PLC, phospholipase C; PIP2, phosphatidylinositol 4,5-bisphosphate; PKC, 
protein kinase C; TPA, 12-O-tetradecanoylphorbol-13-acetate; H7 (1-(5-isoquinolinesulfomyl)-2-
methylpiperazine), PKC inhibitor; OA, okadaic acid; PPase, serine/threonine protein phosphatase (in this 
context, mainly PPase-1 and PPase-2A); K+, potassium ion; R, receptor. See conclusions for a summary. 

 

 

 

 



 

Populärvetenskaplig sammanfattning 

Diabetes mellitus 

   Diabetes är en sjukdom som beror på insulinbrist. Denna kan vara total, såsom vid typ 1 
diabetes, vars orsak är ett fel i immunsystemet som förstör bukspottkörtelns β-celler, eller typ 
2 diabetes som är en sjukdom som karakteriseras av att β-cellen utsöndrar för lite insulin i 
relation till det ökade behovet och/eller att kroppens vävnader är mindre känsliga för 
insulinets verkan (s.k. insulinresistens). Vad som är primärt vid utvecklandet av typ 2 diabetes 
är fortfarande omdebatterat. Vi vet dock att typ 2 diabetes är en komplex sjukdom där 
blandformer förekommer. Man har genom nya molekylärbiologiska metoder funnit nya 
diabetesformer och nu lärt oss att uppdelningen i typ 1 eller typ 2 diabetes inte alltid är 
knivskarp. Kliniskt diskuteras ibland typ 1,5 diabetes där patienter med mångårigt kända 
antikroppar mot β-cellerna kan klara sig utan insulininjektioner med hjälp av 
livsstilsförändringar och uppnå en bra sockerkontroll. Vi ser ibland typ 3 diabetes där unga 
individer insjuknar med extremt höga blodsockernivåer utan att cellerna ser ut att svälta, dvs. 
avsaknad av svältsyror. Vi vet i nuläget mycket om hur sjukdomen yttrar sig, däremot vet vi 
dock inte exakt i detalj vad som orsakar den. Vi vet att det finns en stark genetisk koppling till 
typ 2 diabetes, men att detta ensamt inte kan förklara denna komplexa sjukdom. 
Sjukdomspanoramat har under senare år också ändrats i och med att tillgången och beteendet 
till föda och födointag ändrats, att vi blir äldre samt att vi nu är mer fysiskt inaktiva än våra 
förfäder. Uppskattningsvis kommer ca 827 000 svenskar över 20 års ålder att ha diagnosen 
diabetes eller uppfylla kriterierna för diabetes men vara odiagnostiserade år 2025, detta utgör 
ca 11 % av den svenska befolkningen över 20 års ålder. Vi vet i dag att fysisk aktivitet och 
ändrat födointag tillsammans med viktreduktion hos överviktiga dels kan normalisera de höga 
blodsockervärderna, och dels korrigera förhöjda blodfetter och delvis högt blodtryck, symtom 
som ofta korrelerar med höga blodsockervärden och dålig metabol kontroll. Fetmaepidemin i 
utvecklingsländerna har tagit epidemiska proportioner, vilket ställer höga krav både på 
patienter och läkare för att förbättra livskvalitet och minska den stegrande 
sjukvårdskonsumtionen som diabetessjukdomen medför.  
 
Avhandlingen 
 
   Arbetet med denna avhandlig har huvudsakligen fokuserat på en grupp äggviteämnen, 
”serin/treonin-proteinfosfataser och proteinkinaser”, i β-cellen, samt verkningsmekanismer 
för diabetesläkemedel tillhörande gruppen sulfonylurea i β-cellen, samt vilken betydelse detta 
har för glukosavläsningen och insulinsekretionen i β-cellen. 
 
Bakgrund 
 
   Vid typ 2 diabetes är bortfallet av glukosstimulerad insulinfrisättning från β-cellen en tidig 
störning i sjukdomsutvecklingen. Initialt kan läkemedel av typen sulfonylurea ges för att 
kompensera för detta bortfall. Sedan mitten av 1980-talet vet vi att sulfonylurea verkar 
insulinfrisättande genom att (liksom glukos) stänga ATP-beroende kalium-kanaler i den 
insulinproducerade β-cellens plasmamembran och på så sätt stimulera calcium-inflödet till 
cellerna. Calcium är en nödvändig, men inte tillräcklig faktor för att ge upphov till en adekvat 
mängd insulin. Höga halter av calcium inne i cellen har också misstänkts kunna vara delaktigt 



i cellsönderfall och s.k. aktiv celldöd, vilket man misstänkt att läkemedel från sulfonylurea-
gruppen kan ge upphov till.  Tidigare studier har visat att > 90 procent av vissa klasser av 
sulfonylurea binds intracellulärt till olika organeller i β-cellen. Vidare vet vi att sulfonylurea 
kan stimulera insulinfrisättningen även från permeabiliserade celler i vilka Ca2+gradienten är 
satt ur spel. Många patienter utvecklar med tiden tolerans mot preparaten, s.k. tablettsvikt.  De 
mekanismer som styr glukos- och sulfonylureastimulerad insulinfrisättning är ofullständigt 
kända. En betydelsefull mekanism är reversibel proteinfosforylering, varvid cellen överför 
externa signaler till biologiska processer, t ex insulinsekretion. Fosforyleringsgraden bestäms 
av såväl proteinkinaser, som oftast aktiverar cellerna, som av proteinfosfataser, som vanligtvis 
verkar bromsande, på cellernas funktion. Det hela kan jämföras med Yin och Yang. Jämfört 
med de förstnämnda har betydelsen av serin/treonin proteinfosfataser för β-cellens 
insulinsekretion tilldragit sig mindre intresse, bl.a. beroende på att specifika hämmare som 
kan skilja mellan de olika serin/treonin proteinfosfataserna inte funnits tillgängliga. En annan 
förklaring till svårigheterna med att studera dessa proteinfosfataser är att de oftast till sig har 
regulatoriska proteiner till sig som styr aktivitetsgraden, och majoriteten av de naturligt 
förekommande regulatoriska proteinerna är fortfarande okända. 
 
Vad har vi kommit fram till? 
 
   I studie I har vi visat att glukosmetaboliter bildade i glykolysen (nedbrytningsprodukter av 
socker) och citronsyracykeln (fruktos-1,6-bifosfat, 3-fosfoglycerat, fosfoenolpyruvat, GTP, 
citrat) ger upphov till minskad aktivitet av de Ca2+-okänsliga serin/treonin proteinfosfataserna, 
vilket i de insulinproducerande β-cellerna huvudsakligen utgörs av proteinfosfatas 1 (PPase-1) 
och 2A (PPase-2A). Hämningen av PPase ger upphov till en ökad insulinsekretion vid basala 
och maximala nivåer av Ca2+. Vid tillförsel av den specifika PPase-hämmaren okadaic acid 
(OA), sågs en signifikant additiv effekt på insulinsekretionen vid lågt Ca2+, undantaget GTP, 
vilket tyder på att insulinsekretionen medierad av glukosmetaboliterna är beroende av PPase-
hämning. 
   I studie II visar vi att glibenklamid, världens mest föreskrivna sulfonylurea, dosberoende 
hämmar det mitokondriella enzymet CPT-1 (carnitinpalmitoyltransferas 1) i β-cellen, vilket 
påverkar den mitokondriella fettsyraoxidationen till att tillverka diacylglycerol vilket 
följaktligen aktiverar proteinkinas C (PKC). I överensstämmelse med detta, visar resultaten 
också att farmakologiska inhibitorer av PKC blockerar den insulinfrisättande effekten av 
glibenklamid. Vi visar också att specifika inhibitorer av CPT-1 och fettsyraoxidation  - 
stimulerar insulinfrisättningen in vitro non-additivt med glibenklamid. Sammanfattningsvis 
visar vi i studie II att glibenklamid stimulerar den KATP-oberoende insulinfrisättningen genom 
PKC-aktivering orsakad av hämning av CPT-1. 
   I studie III har vi visat hur olika polyfosfoinositider (fetter bildade under 
glukosmetabolismen) liksom olika sulfonylurea läkemedel (glibenklamid, tolbutamid, 
glipizid) påverkar serin/threonin-fosfatasaktiviteten i β-cellerna. Vi jämförde också effekten 
av fosfatashämmaren calyculin-A med den etablerade hämmaren okadaic acid. Våra resultat 
från denna studie visar att inositolhexakisfosfat (InsP6), vars koncentration ökar vid 
glukosstimulering, orsakar en dosberoende inaktivering av proteinfosfataserna, och att olika 
känslighet för fysiologiska nivåer av InsP6 finns mellan de olika proteinfosfataserna. Vi kunde 
inte påvisa någon inverkan på de Ca2+-okänsliga proteinfosfataserna av de olika sulfonylurea 
läkemedlen i fysiologiskt relevanta koncentrationer. Slutligen visade vi i detta arbete att 
calyculin-A är en mer potent fosfatashämmare än okadaic acid. 
   Våra resultat från studie IV visar att glukos signifikant ökar glutamatinnehållet i β−cellen 
via anapleros (nerbrytning av glukos kommer att generera nya ämnen). Glutamat ger upphov 
till en dosberoende hämning av Ca2+-oberoende serin/treonin proteinfosfataser. 



Sammanfattningsvis visar vi i studie IV att glutamat i fysiologisk koncentration ger en ökad 
insulinsekretion som inte potentieras av okadaic acid eller Ca2+ i β-cellen. Således stimulerar 
glutamat från glukos insulinsekretionen genom hämning av de Ca2+-oberoende 
proteinfosfataserna i β-cellerna. 
 
Vad är betydelsen av dessa arbeten? 
 
   Betydelsen av våra fynd är svårt att i nuläget värdera. Våra studier är gjorda på celler eller 
cellöar från mus och råtta. Huruvida dessa data är översättningsbara till människa återstår att 
visa. Vad vi får indirekta stöd för i studie I, III, IV är en ny princip vid utvecklandet av 
antidiabetiska läkemedel genom att fokusera på hämningsgraden av PPase och/eller via 
reglering av metabolismen försöka styra över den till intermediärprodukter som indirekt ökar 
fosforyleringsgraden via hämningen av PPase för att öka insulinsekretionen. Studie II visar en 
nyupptäckt mekanism som kan komma att utnyttjas i framtagandet av mer effektiva 
insulinfrisättande läkemedel mot diabetes med färre biverkningar i form av hypoglykemier 
och tablettsvikt än de vi använder till dags dato. 
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