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Abstract 
Detailed understanding of biological systems governing specific mechanisms and pathways is essential in the 
development of novel disease therapies. Stimulus-secretion coupling in hormone secreting cells is a complex 
system of pathways that link activation of cellular processes by i.e. nutrients to the release of hormone. Stimulus-
secretion coupling in the insulin secreting beta-cell is intensely researched to improve our understanding of type 2 
diabetes (T2D), a perpetually growing global pandemic. Such research requires availability of model systems that 
are metabolically and functionally faithful to the cell type they represent. 
In my research I have characterized, evaluated and applied cell models for metabolic research in endocrine cells. 
In studies I and II cellular function in response to nutrient stimuli in human and murine beta cell models and 
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subsequently verified in mouse islets. In study IV, a striking difference in the activity of glutamate dehydrogenase 
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Accumulation of glycogen in the beta cell has been associated with T2D. In study V, I investigated the potential 
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revealed glycogen metabolism to be active and accumulation of glycogen to occurs in response to elevated 
glucose levels both in a clonal cell line and human islets. Moreover, perturbation of glycogen metabolism was 
shown to decrease insulin secretion in vitro. 
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endocrine cells. 
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Introduction 

The importance of hormones in metabolic control 

Documents from the ancient world describe what is believed to be diabetes as 
early as 1500 BCE by the ancient Egyptians. The ailment was most often 
identified by the sweet urine of the individuals suffering from it, a result of loss of 
glucose control. The lives of those suffering from this disease were described as 
short, disgusting and painful, showing the importance of glucose control and 
homeostasis. The endocrine system serves all living organisms as the means of 
maintaining metabolic control and consists of a number of glands secreting 
signaling molecules, hormones, into the circulatory system. Hormones are a means 
of communication between organs. Hormonal targets are generally distant to the 
secretion site, but also include signaling molecules that act internally (autocrine) 
and on cells in close vicinity (paracrine). Hormones are chemically diverse 
compounds, which can be both water and lipid soluble and are key regulators for a 
multitude of physiological functions, such as metabolism, growth/development, 
stress, sensory perception, tissue function and behavior. The endocrine system 
encompasses many different tissues and glands, but the organ central to glucose 
homeostasis is the pancreas.  

The role of the pancreas and Islets of Langerhans 

The pancreas serves two roles in metabolic control; an endocrine role to maintain 
glucose homeostasis and an exocrine role to secrete enzymes for food digestion 
into the intestinal tract. Glucose homeostasis is maintained by myriad signaling 
cascades and metabolic pathways, involving different organs, cell types, hormones 
and cofactors. Within the pancreas are structures called islets of Langerhans, first 
described by Paul Langerhans in 1869, which are vascularized high density cell 
clusters, often referred to as micro-organs, whose architecture varies between 
species (1). Islets are complex cellular conglomerates which house key glucose 
regulating cell types; glucagon-secreting alpha and insulin-secreting beta cells (up 
to 90% of its cellular mass), along with a number of other cells types: 
somatostatin-secreting delta cells, pancreas polypeptide-producing PP cells, 
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Ghrelin-producing epsilon cells and vascular cells (2-4). The internal signaling 
within the islet is crucial for its proper function but is not yet fully understood.  

Hormone secretion and its role in postprandial glucose elimination 

In healthy individuals, the physiological response to the rise in postprandial 
plasma glucose levels is release of the anabolic hormone insulin by pancreatic beta 
cells. Insulin signals to peripheral tissues - skeletal muscle, adipose tissue and liver 
- to initiate anabolic processes, triggering the cells to utilize the glucose present in 
the blood, thereby lowering circulating plasma glucose levels. Beta cells are 
considered glucose-sensing; secretion of insulin is in direct relation to the 
concentration of glucose they are exposed to (5). After the initial direct response, 
insulin secretion is augmented by a number of supplementing pathways and 
molecules (6-8). Some signals are autocrine, others secreted as a result of the meal 
directly, or a change in plasma blood glucose levels. Certain molecules may serve 
to signal in dual fashion, both as hormone and via the nervous system (9). 

Glucose is taken up by beta cells through glucose transporters, GLUT1/3 in 
humans and GLUT2 in rodents (10,11), although some recent studies implicate a 
role for GLUT2 also in human islets (12). Glucose passes into the cells in 
proportion to the external glucose concentration. Upon entry, glucose is 
phosphorylated to yield glucose-6-phosphate by hexokinase IV (glucokinase). This 
hexokinase is glucose-specific, has a low affinity for glucose and is not inhibited 
by its product. Glucose-6-phosphate is the starting substrate for glycolysis, of 
which pyruvate is the final product, serving as fuel for mitochondrial metabolism. 
In the mitochondria, pyruvate is fully oxidized in the tricarboxylic acid (TCA)-
cycle, yielding reducing power for oxidative phosphorylation resulting in the 
production of ATP (13), which leads to an increase in the ATP to ADP ratio 
within the cell. ATP-sensitive potassium channels in the cell membrane close in 
response to the increasing ATP levels thus preventing potassium flow, which 
causes depolarization of the plasma membrane. The depolarization, or change in 
electrical gradient of the cell, triggers the opening of voltage-dependent calcium 
channels, allowing bivalent calcium to enter the cell. This process, which is 
generally referred to as the triggering pathway, ultimately results in the release of 
insulin (14). 

A second, less well-characterized pathway, the amplifying pathway, is attributed 
to the sustained long term biphasic nature of insulin secretion (14-16). The 
amplifying pathway is stimulated concentration-dependently by glucose; however, 
it is independent of the ATP-sensitive potassium channels (6,16), and is not active 
until the calcium concentration in the cell has increased, rendering mitochondrial 
metabolism essential for glucose-stimulated insulin secretion (GSIS) (17). It has 
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been proposed that messenger molecules from various metabolic processes, such 
as GTP, ATP, cAMP, NADPH, glutamate, malonyl- and long chain acyl-
coenzyme A may be governing regulatory factors of this pathway (8,18-24). These 
potentiating factors lack the ability to elicit insulin secretion on their own but may 
be responsible for up to 70% of the total insulin release from the cells (25).   

The counter regulatory hormone glucagon and its secretion  

When plasma glucose levels drop, either due to the action of insulin or due to 
starvation, insulin secretion cease and the counter-regulatory catabolic hormone 
glucagon is released by the pancreatic alpha cells. Glucagon serves to mobilize 
glucose and signals primarily to the liver to initiate the breakdown of glycogen, 
glycogenolysis, and production of glucose from non-carbohydrate substrates, 
gluconeogenesis, resulting in the production and release of glucose into the blood 
stream to counteract the deleterious effects of hypoglycemia (26,27). The trigger 
of glucagon secretion is less well established but has been suggested to be under 
paracrine control or directly regulated by levels of glucose (26-28), insulin (29) 
and incretins (30). This creates a feedback system to ensure healthy glucose 
homeostasis. Both insulin and glucagon secretion are impacted by incretins from 
intestinal enteroendocrine cells, glucagon like peptide 1 (GLP-1) and glucose-
dependent insulinotropic polypeptide (GIP), primarily released from 
enteroendocrine L- and K-cells, respectively (31-34). 

Alpha cells are electrically excitable (35,36) and, as in beta cells, this activity is 
coupled to hormone secretion. There is growing evidence that intrinsic and 
extrinsic signals bear greater weight on the regulation of hormone secretion from 
alpha cells compared to beta cells (37); however, these mechanisms are much less 
well characterized and not yet fully understood. It has been suggested that, in 
contrast to beta cells, the depolarization of the plasma membrane in alpha cells 
leads to the inactivation of ion channels (38,39). Another signal with seemingly 
opposite effects in the two cell types is mediated by the incretin hormone GLP-1; 
GLP-1 enhances calcium transients in beta cells, stimulating insulin secretion (40), 
while it inhibits calcium currents and hence glucagon secretion from alpha cells 
(30,41).  

Although cell-specific mechanisms may underlie hormone secretion from the 
different hormone-secreting cells, the basic cellular mechanisms through which 
hormone secretion occurs appear to be similar in at least alpha and beta cells. The 
exocytotic machinery of incretins is less studied.  Secretory granules containing 
hormone exist in a readily available pool within the cells (42,43). The trigger for 
the exocytotic machinery is the entry of bivalent calcium ions into the cytosol 
through voltage dependent channels, which via a plethora of intracellular changes 
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ultimately leads to docking of hormone-containing granules and secretion of 
hormone from the cell (Figure 1) (43). Moreover, all these cells sense surrounding 
glucose levels (44-46).  

 

Figure 1: Glucose metabolism and insulin secretion; triggering and amplifying pathways 
Glucose metabolism in the pancreatic beta cell ultimately results in insulin release from the cell. There are two active 
pathways in beta cells, which result in insulin secretion. The first is the triggering pathway, which is the direct trigger of 
glucose metabolism; closure of ATP-sensitive potassium channels (KATP-channels) and membrane depolarization 
allowing bivalent calcium ion influx triggering insulin granules to fuse with the plasma membrane. The second 
pathway potentiates insulin secretion independent of the potassium channel activity. Dashed arrows indicate cycling 
and shuttle activity. 

The role of the incretin GLP-1 

GLP-1 is an incretin, or gut hormone, secreted from intestinal L cells in response 
to the presence of nutrients, such as lipids (47), amino acids (48) and sugars (46), 
in the lumen. Incretins act on the endocrine system in several ways. They have a 
preparatory role providing signals, which prime the system to decrease circulating 
plasma glucose levels after a meal (49). They serve to enhance the response (50) 
and have a long term role in that they stimulate differentiation (51) and prevent 
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apoptosis of beta cells (52). Despite a half-life of less than 2 minutes in 
circulation, GLP-1 is a potent stimulator of insulin secretion from beta cells and 
suppressor of glucagon secretion (53) from alpha cells. As GLP-1 only potentiates 
insulin secretion in the presence of elevated blood glucose levels it is incapable of 
inducing severe hypoglycemia (54,55), a potentially fatal complication of insulin 
treatment. In addition to directly stimulating insulin secretion in beta cells, 
peripherally secreted GLP-1 is thought to have the ability to both stimulate nerves 
locally and indirectly influence beta cells through the nervous system (56). Since 
GLP-1 has the ability to restore glucose sensitivity (57), promote cell 
differentiation, increase insulin biosynthesis (58) and prevent apoptosis in beta 
cells, it may improve the ability of an individual to maintain glucose homeostasis.  

L cells have similar secretory control as beta cells; i.e., a biphasic pattern of 
secretion (59,60) generally associated with both a triggering and amplifying 
pathway. Importantly, these cells have additional control mechanisms not found in 
beta cells; in addition to GLUT1/2, L-cells express electrogenic amino acid (48) 
and sugar transporters (61). Hence, sodium-coupled nutrient uptake has been 
shown to account for a large proportion of GLP-1 secretion.  

Glucose metabolism; production of energy, essential 
substrates and coupling factors 

Glycolysis; versatile energy production 

Glycolysis breaks down glucose-6-phosphate to form pyruvate. This can occur 
under both aerobic and anaerobic conditions, providing a means of energy 
production when respiration fails. The net result of aerobic glycolysis is the 
production of reducing equivalents for mitochondrial metabolism, generation of 
pyruvate and energy. The products of glycolysis provide substrates for further 
energy production as well as reducing equivalents for a host of mechanisms in the 
cell. 

The central role of mitochondrial metabolism 

Mitochondria are organelles in mammalian cells that produce the majority of 
energy required for normal cellular function. Mitochondria are thought to have 
originally been a symbiotic species since they are surrounded by a double 
membrane and contain their own circular DNA molecule. Of pivotal importance to 
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both energy production and biosynthesis is the amphibolic TCA cycle; occurring 
in the mitochondrial matrix, it results in the complete oxidation of metabolites, 
generation of substrates for biosynthesis and reducing equivalents. Moreover, the 
mitochondria play an important role in hormone secretion as they convert 
secretagogues into energy and signaling molecules driving and maintaining 
hormone release (62). 

Pyruvate is converted into either acetyl-coenzyme A (acetyl-CoA) by pyruvate 
dehydrogenase (PDH) or oxaloacetate by pyruvate carboxylase (PC), the latter 
serving as the carrier of acetyl groups in the TCA-cycle. A passage through the 
TCA cycle fully oxidizes the acetyl groups producing energy, reducing 
equivalents, carbon dioxide and water. The reducing equivalents are utilized for 
further energy production through oxidative phosphorylation; proteins embedded 
in the inner mitochondrial membrane, known as the electron transport chain 
(ETC), generate a proton gradient across the membrane and ATP synthase 
employs the resulting electrochemical gradient in the production of ATP (63). 

The TCA cycle also plays a central role in biosynthesis; intermediates can be 
extracted as substrates for generation of biomolecules such as fatty acids and 
amino acids in cataplerotic processes. Cataplerosis has the potential to reduce the 
relative activity of the TCA cycle and as such impact the secretory ability of the 
cells. As a counter, anaplerosis serves to replenish TCA cycle intermediates 
enabling continued metabolic flux essential for normal cellular function and 
hormone secretion (64,65). One of the main anaplerotic steps is the previously 
mentioned conversion of pyruvate to oxaloacetate by PC. Amino acid metabolism 
can also provide substrates for anaplerotic processes and as such can be potent 
activators of hormone secretion (66).  

One such amino acid is glutamate. It can be converted to α-ketoglutarate by 
glutamate dehydrogenase (GDH). GDH activity is regulated both allosterically and 
covalently by e.g., ADP ribosylation, catalyzed by sirtuin 4 (SIRT4), and 
allosterically by leucine and GTP (67). A combination of an allosteric GDH 
activator together with glutamine, a substrate for glutamate synthesis, results in 
robust insulin secretion (68). In addition to activating GDH, leucine can be 
metabolized into acetyl-CoA via alpha ketoisocaproic acid, also fueling the TCA 
cycle.  

Pyruvate cycling, generation of signaling molecules 

Three cycles involving the transport of pyruvate into the mitochondria have been 
outlined in beta cells: pyruvate-citrate, pyruvate-isocitrate and pyruvate-malate 
cycles (16). In addition to transporting pyruvate into the mitochondria, these 
cycles have been suggested to generate coupling factors for GSIS: NADPH, a 
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potential coupling factor for GSIS (19), and malonyl-CoA, a mediator in fatty acid 
potentiated insulin secretion (24,69). The pyruvate-citrate and isocitrate cycles rely 
on the export of citrate from the TCA-cycle into the cytosol. In the pyruvate-
citrate cycle, citrate is converted to oxaloacetate and acetyl-CoA. Oxaloacetate is 
then converted to pyruvate by malic enzyme in the NADPH-generating step, and 
pyruvate may re-enter the TCA-cycle. Acetyl-CoA in turn is utilized in 
lipogenesis. In the pyruvate-isocitrate cycle, citrate is converted to isocitrate, 
which is exported from the mitochondria and in turn converted to α-ketoglutarate 
in a NADPH-generating step; α-ketoglutarate then re-enters the mitochondria to 
fuel the TCA-cycle. Finally, in the pyruvate-malate cycle malate is exported from 
the mitochondria and converted to pyruvate in an NADPH-producing step by 
malic enzyme. Pyruvate cycling and key enzymes involved in it have been linked 
to GSIS in clonal beta cells (70,71) but with less evidence in islets (72). 

Mitochondrial shuttles, providing reducing equivalents for oxidative 
phosphorylation 

The partial oxidation of glucose in glycolysis results not only in production of 
pyruvate for mitochondrial energy production but also in increased cytosolic levels 
of reducing equivalents. An accumulation of NADH in the cytosol would 
eventually inhibit glycolysis, and thereby halt downstream triggering reactions for 
insulin release. There are no mitochondrial transporters of NADH. Instead, to 
ensure continued glycolytic activity, two mitochondrial shuttle systems have 
evolved, which indirectly transport reducing equivalents across the inner 
mitochondrial membrane: the malate-aspartate and glycerol-phosphate shuttles. 
The malate-aspartate shuttle directly impacts mitochondrial activity as well as 
insulin secretion (73,74). The glycerol-phosphate shuttle is redundant to the 
malate-aspartate shuttle in beta cells and the loss of both shuttles is required for 
inhibition of insulin secretion (23).  

In the malate-aspartate shuttle, oxaloacetate is converted into malate in the cytosol, 
a reaction requiring the oxidation of NADH to yield NAD+. Malate is transported 
into and α-ketoglutarate is transported out of the mitochondrial matrix by the 
malate α-ketoglutarate antiporter. In the mitochondrial matrix, malate is oxidized 
to yield oxaloacetate, while NAD+ is reduced to NADH. NADH is then oxidized 
in the electron transport chain. The process continues in the mitochondria with the 
conversion of oxaloacetate into aspartate and the conversion of glutamate into α-
ketoglutarate by a mitochondrial version of aspartate aminotransferase (AAT). 
Aspartate is then exported from the mitochondria and glutamate imported by the 
glutamate-aspartate antiporter. In the cytosol the reverse reaction occurs, catalyzed 
by the cytosolic version of AAT, producing the starting materials oxaloacetate and 
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glutamate (Figure 2). Glutamate, an intermediate of this shuttle system, has been 
implicated as coupling factors for glucose-stimulated insulin secretion (8). The 
glycerolphosphate shuttle is principally simpler than the malate-aspartate shuttle. 
Briefly, the glycolytic intermediate dihydroxy acetonephosphate is reduced to 
yield glycerol 3-phosphate. Then, at the mitochondrial inner membrane, glycerol 
3-phosphate is converted back into dihydroxy acetonephosphate by mitochondrial 
glycerol 3-phosphate dehydrogenase, producing one FADH2 in the mitochondrial 
matrix. Hence, one cytosolic NADH is converted to one mitochondrial FADH2. 
Consequently, there is energy loss in this shuttle. 

 

Figure 2: Mitochondrial malate-aspartate shuttle 
The inner mitochondrial membrane is impermeable to reducing equivalents (NADH) produced in glycolysis. The 
malate-aspartate shuttle provides a means to transport the reducing power from the cytoplasm to the mitochondrial 
matrix. 

Implication of non-oxidative glucose metabolism in GSIS 

Glucose metabolism is central to insulin secretion in beta cells as described; 
however, glycolysis is not the only fate of glucose in cells. In addition, two highly 
conserved metabolic pathways use the same starting substrate of glucose-6-
phosphate: the pentose phosphate pathway and glycogenesis.  
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The Pentose Phosphate Pathway 
The pentose phosphate pathway, also known as the phosphogluconate pathway, 
produces substrates for the production of nucleotides and aromatic amino acids. It 
also produces reducing equivalents in the form of NADPH, supplying as much as 
60% of the NADPH needed in humans. NADPH is used for anabolic reactions and 
prevention of oxidative stress. Despite studies implicating NADPH in GSIS (75-
77), it was widely thought that the pentose phosphate pathway was inactive in the 
beta cell (78,79), the source of NADPH being the pyruvate cycles discussed 
previously. Recently, this pathway has been linked to the regulation of insulin 
secretion (80-82). 

Glycogen metabolism 
Glycogenesis is responsible for the majority of glucose-lowering activity of liver 
and skeletal muscle in response to insulin. It converts glucose-6-phosphate, 
through a number of enzymatic reactions, to glycogen, a stable, readily available, 
energy source for muscle and hepatic cells. The enzymes involved in glycogen 
metabolism are regulated by epinephrine, glucagon, insulin and calcium ions in 
muscle (83-86). Despite shared glucose sensing enzymes with hepatic cells 
(GLUT2 and glucokinase), glycogen accumulation in beta cells has been thought 
to be a pathogenic response to hyperglycemia. Studies have shown glycogen in 
islets and beta cells of diabetic models and humans with diabetes (87-91). Despite 
glycogen metabolism potentially interfering with the consensus model of supply 
driven oxidative metabolism in beta cells, glycogenesis and glycogenolysis have 
not been widely studied in beta cells or islets.  

Diabetes Mellitus – failure of glucose homeostatic 
control 

Glucose is likely the most important substrate in human metabolism; this simple 
sugar provides the raw material required to produce not only energy but is also the 
building block of many of the essential substances our bodies rely on for survival. 
A crisis in this essential system could have dire short and long term effects for an 
individual’s survival. Diabetes mellitus is the condition incurred when the 
endocrine system cannot control plasma or blood glucose levels, resulting in a rise 
in circulating glucose levels associated with a reduction in glucose uptake in most 
tissue. The disease has often been classified into two distinct diseases: type 1 
diabetes (T1D), or childhood/autoimmune diabetes and type 2 diabetes (T2D), or 
age/lifestyle diabetes (92). Although the underlying mechanisms for the inception 
of the disease are largely different the end result is uncontrolled plasma glucose 
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levels. T1D, which occurs in childhood, is thought to have a genetic 
predisposition, but requires an environmental trigger, resulting in the destruction 
of pancreatic beta cells by an autoimmune response. Although the genetic 
predisposition to T2D is strong (93) the disease is less acute than T1D and often 
develops over many years. In patients with T2D, pancreatic beta cells are largely 
intact but become progressively less responsive to elevated plasma glucose levels 
in conjunction with increased insulin resistance; peripheral tissues are less 
responsive to the actions of insulin, lowering the effectiveness by which they take 
up glucose from the blood. In response to the extended periods of hyperglycemia, 
the pancreatic beta cells respond by increasing the amount of insulin secreted. As 
the disease progresses, beta cells eventually fail to secrete sufficient amounts of 
insulin to maintain glucose homeostasis, due to failed responsiveness to glucose 
and, to a lesser extent, loss of beta cell mass (94-97). In addition to T1D and T2D, 
there are several less common types of diabetes, including latent autoimmune 
diabetes in adults (LADA) (98) and maturity-onset diabetes in the young (MODY) 
(99). LADA is a slowly developing autoimmune type of diabetes in older 
individuals. MODY is the result of genetic mutations in specific key genes and is 
often referred to as monogenic diabetes. The severity and progression of the 
disease is dependent on the type of MODY, with some possible to treat with life-
style intervention alone (100). 

Type 2 Diabetes – failure of endocrine signals 

T2D is a progressive disease; it is the most commonly occurring and by far the 
most rapidly growing of all diabetes types, with estimations of close to 600 million 
affected individuals by the year 2035 (101). It is estimated that almost half of the 
individuals with T2D are unaware they have the disease and may live several years 
without diagnosis, which leads to greater risk for future severe complications and 
poorer long term prognosis. T2D is a complex condition developed due to a 
combination of life-style choices, environmental and genetic aspects, which result 
in a perturbation of the influx and removal/uptake of glucose from the blood 
stream. It is argued whether insulin resistance or defects in insulin secretion is the 
main factor precipitating the disease (102) however, as most people develop 
insulin resistance with age, but not all develop T2D, failure of the beta cells to 
compensate for increased insulin resistance with increased release of insulin is the 
ultimate trigger of the disease. 

The control of glucagon secretion also falters during T2D; hypersecretion of 
glucagon contributes to hyperglycemia (103) and latter perturbed secretion of the 
hormone could increase the risk of severe hypoglycemia (28), a severe 
complication of diabetes. There is growing evidence that dysregulation of 
glucagon secretion plays an important role in exasperating disease onset and 
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progression (104). Interestingly, if both insulin and glucagon signaling are blocked 
normal blood glucose levels are maintained in mice (105). 

Earlier studies suggested that also GLP-1 secretion was perturbed in subjects with 
T2D; postprandial levels of the incretin were shown to be reduced (106-108) and L 
cells too suffer from insulin resistance, resulting in reduced insulin-stimulated 
GLP-1 secretion (60); however, recent studies have challenged this view, 
suggesting that changes in GLP-1 may vary between individuals (109). 

Treatment options for diabetes 

There is a multitude of treatment options for the disease, depending on type, 
severity and disease progression. In general, first line of treatment for T2D should 
include life-style and/or diet intervention. It has been shown that reduced caloric 
intake (600 kCal/day) can normalize fasting plasma glucose levels, beta cell 
function and hepatic insulin sensitivity (110). Dietary and life-style intervention 
therapy are difficult to perpetuate and do not often lead to sustained benefits (111). 
An alternate means to restrict caloric intake and elicit weight loss is bariatric 
surgery, which also results in remission of T2D (112). In the case of T1D 
treatment, insulin substitution is required. Other options include islet 
transplantation and perhaps in the future, beta cell replacement derived from stem 
cells. 

For most patients pharmaceutical treatment is required at some point during 
disease progression. Pharmaceuticals target various aspects of the disease; some 
stimulate insulin secretion (sulfonylureas/meglitinides) or mimic hormone action 
(GLP-1 analogues), while others reduce or inhibit processes; reducing the amount 
of glucose produced by the liver or lowering of insulin resistance 
(biguanides/thiazolidinediones), preventing degradation of GLP-1 (DPP-4 
inhibitors), reducing kidney reabsorption of glucose (SGLT2 Inhibitors) or 
blocking the intestinal breakdown of carbohydrates (alpha-glucosidase inhibitors). 
Ultimately, the final line of T2D treatment is insulin replacement therapy. One of 
the most feared complications of diabetes treatment is hypoglycemia, which is 
potentially fatal. Naturally, insulin injections pose the biggest threat but also drugs 
that directly stimulate the beta cells to secrete more insulin have the potential to 
cause hypoglycemia. As such, preferred treatments involve medication that targets 
secondary pathways to achieve glucose homeostasis, such as GLP-1 augmentation. 
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Aims 

• To evaluate in vitro metabolic models for the study of beta cell function 
(studies I and II) 

• To evaluate similarities and differences in stimulus-secretion coupling of 
different glucose-sensing endocrine cells (studies III and IV) 

• To investigate a response associated with T2D progression; glycogen 
metabolism in beta cells (study V) 
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General Methodology 

Models of endocrine cell metabolism 

Studies of human diseases rely on the use of various types of experimental models 
in order to efficiently test hypotheses. Models provide platforms of study without 
requiring primary material or samples. Moreover, they provide more controlled 
systems and more easily manipulated systems. In order for a model to be of value, 
it needs to be as similar to the in vivo environment as possible and also respond 
and function in a similar manner in a controlled laboratory environment. 
Researchers utilize in vitro and in vivo models as substitutes for biological 
function. Both model types have their benefits and draw-backs but generally 
speaking, in vitro models are used in the initial stages as in vivo models tend to be 
more costly, complex and carry an ethical burden. 

In vitro models in endocrine cell research 

We utilized a variety of immortalized cell cultures for the investigations: a murine 
(rat) insulinoma cell line, INS-1 832/13 (113); a human embryonic beta cell line, 
EndoC-βH1 (114); a murine (mouse) derived alpha cell line, αTC1-6 (115) and a 
murine (mouse) derived L-cell line, GLUTag (116). The INS-1 832/13 cells were 
derived from a parental cell line, INS-1, which was obtained from an x-ray 
induced insulinoma. It has a functional copy of the human insulin gene inserted 
into its genome. The EndoC-βH1 cells were obtained by transducing human 
embryonic tissue with a lentivirus expressing simian vacuolating virus 40 large T 
antigen (SV40LT) under the control of the insulin promoter. This produced cells 
that express the oncogene concurrently with the insulin promoter allowing the 
cells to retain proliferative characteristics while producing and secreting insulin 
glucose-dependently. αTC1-6 cells were derived from a parental cell line, alpha 
tumor cell-1, established from glucagonoma in mice, but which produces both 
glucagon and insulin.  Clone 6 of this cell line is more differentiated, it does not 
express insulin and has higher expression of glucagon than the parental line (117). 
GLUTag cells were isolated from an enteroendocrine cell tumor expressing the 
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proglucagon gene. GLUTag cells express genes consistent with enteroendocrine 
differentiation, and secrete GLP-1 in vitro (118). 

Islets from mice and rats are often used as models, which may provide a more 
faithful representation of function as the islets maintain internal signaling and cell 
to cell interaction. The importance of cell-cell contact has been revealed in studies 
showing enhanced performance of pseudo-islets as opposed to dispersed islet cells 
(119,120), perhaps due to synchronization of cells via gap junctions (121,122). 
Results from investigations in islets are representative of the islet structure as a 
whole but results may not be attributed to any single cell type. In studies I through 
III we utilized rat, mouse or human islets as a basis for comparison to in vitro cell 
cultures, primarily to verify discoveries made in cell lines. 

Human islets of Langerhans were used as a ‘gold standard’ comparison in study I 
and V. Isolated islets from human donors provide the benefits of intact islet 
structure and a human genetic background, both of which may be required for 
detailed and relevant studies. These islets were obtained from the Nordic Center 
for Clinical Islet Transplantation at Uppsala University, which process material 
from deceased donors, primarily for clinical use but also for research. The material 
was processed in house by the Human Tissue Laboratory at our diabetes center 
before being provided as purified islet extracts.  

Gene expression and RNA interference 

To evaluate messenger RNA (mRNA) levels the quantitative polymerase chain 
reaction (qPCR) was used, in conjunction with western blotting to evaluate the 
effect of RNA interference on target proteins expression. Taqman qPCR utilizes 
exonuclease activity of Taq polymerase to cleave a labeled probe hybridized to its 
homologous sequence. Once cleaved the probe loses its quencher resulting in a 
fluorescence signal that can be quantitatively measured. In western blotting, 
protein specific antibodies are used to identify proteins that have been separated 
by gel electrophoresis based on size. The proteins are transferred from the gel to a 
polyvinylidene fluoride (PVDF) membrane by means of electrophoresis. The 
membrane is then exposed to antibodies that bind to target proteins and can be 
visualized using secondary antibodies and detection reagents. 

RNA interference, employing short interfering RNA (siRNA), is a commonly used 
method to reduce gene expression of target genes without the need of genetic 
mutation. In this method, a short double stranded RNA sequence is carried by a 
multiprotein RNA-induced silencing complex (RISC) as a template to recognize 
complementary mRNA transcripts, which it cleaves (123). This causes mRNA 
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degradation and prevents protein translation, hence significantly lowering the 
presence of the protein within the cell. To introduce the siRNA into the cells, we 
employed lipid-mediated transfection, in which the siRNA is ‘packaged’ into 
cationic lipid structures, liposomes, in complex with the anionic RNA. The 
liposomes fuse with the plasma membrane providing the siRNA entry into the 
cytoplasm through endocytosis. 

Functional and Metabolic Analysis 

In order to evaluate the usefulness of an in vitro model, we examined whether cell-
specific phenotypes and function were retained in culture. The assays performed 
focused on function (hormone secretion) and the underlying mechanism 
(metabolism). 

Cellular respiration 

The oxygen consumption rate (OCR) offers a good estimate of oxygen-dependent 
energy production in cells. In the case of beta cells, this represents an essential 
metabolic function as oxygen consumption by the ETC is a prerequisite for 
mitochondrial ATP production. To measure changes in the oxygen tension 
resulting from cellular metabolism over time, we utilized the Seahorse XF24 
Extracellular Flux Analyzer. By adding a number of chemical compounds, it can 
be used to identify effects on specific parts of the respiratory chain (63). Post 
initial stimulatory addition, oligomycin is generally added to the system, blocking 
ATP synthase and halting ATP production through oxidative phosphorylation, 
enabling the measurement of the inherent proton leak and the oligomycin-sensitive 
ATP turnover. Next, carbonyl cyanide 4-(trifluoromethoxy)-phenylhydrazone 
(FCCP) is added, causing uninhibited proton leak over the inner mitochondrial 
membrane, allowing estimation of maximal respiratory rate. Finally, when 
rotenone is added, the electron transport chain is interrupted through the 
prevention of electron transfer between complex I and ubiquinone, halting 
mitochondrial ATP production and resulting in a measure of non-mitochondrial 
respiration.  

Metabolite profiling 

Gas chromatography (GC) joint with mass spectrometry (MS) provides a powerful 
tool to measure levels of intracellular metabolites (124,125). In the GC, 



32 

metabolites are separated based on their volatility. The eluting analytes are then 
detected by MS, allowing for quantification and identification of the compounds 
based on their mass and fragmentation pattern. As these processes require analytes 
to be in the gas phase, they must remain stable when vaporized, limiting 
compounds that can be analyzed. Samples are derivatized, to alter functional 
groups on the analytes, to lower the boiling point and to improve the thermal 
stability to achieve this in a greater number of compounds. Despite these 
limitations, the GC/MS method in our hands normally allows analysis of 
approximately 70 metabolites, including the majority of metabolites in central 
glucose metabolism.  

Analysis of metabolites extracted from cellular lysates after different treatments 
yields a snapshot of the state of cellular metabolic processes. The method does not 
discriminate between metabolic flux and accumulation so differences may be the 
result of either. This notwithstanding, metabolite profiling may still be a powerful 
tool for generation of hypotheses (80,126,127).  

Statistical methods 

Changes in metabolism elicited by a single fuel may be very complex, involving 
changes in numerous metabolites and pathways. Hence, a traditional analysis and 
representation of the data may be insufficient. Multivariate statistics gives us tools 
that facilitate analysis of large data sets that contain covariation, has the ability to 
visualize complex patterns and to detect outliers, all leading to improved 
understanding of the information contained in such data (128). In our studies, we 
applied orthogonal projections to latent structures discriminant analysis (OPLS-
DA) (129) to analyze data and then visualized the data, using both score scatter 
and shared-and unique structures (SUS)-like plots (130) with significant 
differences derived from jack-knifed confidence intervals of the loading vectors 
(131). In a score scatter plot, each point represents the variation of all variables 
measured in a sample and allows us to identify experimentally driven cluster 
patterns. In SUS-like plots, the correlations from the OPLS-DA models are plotted 
allowing visualization of differences shared between or unique to any of the two 
conditions, as compared to a reference condition (Figure 3). 
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Figure 3: How to interpret SUS-like plots 
In the SUS-plot, two experimental conditions (e.g., two stimulatory conditions) are individually compared to a 
reference conditions (e.g., basal glucose levels), using, e.g., OPLS-DA. The correlations obtained from the resulting 
models are plotted against each other for a number of experimentally determined variables (e.g., metabolites). The 
plot is divided into nine areas based on the significance of these correlations (i.e. if the change in levels of a 
metabolite was significantly different between two treatments, such as low and high glucose stimulation). The X- and 
Y-axes are hence divided into three segments: increase in levels (right or up), no change (middle) and decreased 
levels (left or down). As such the center panel of the plot encompasses variables that were not significantly changed 
by the treatment and the outer panels showing either shared (an increase or decrease in both conditions) or unique 
(only increased or decreased in one condition) attributes. 

  



34 

  



 
 

35 

Results and Discussion 

Evaluation of in vitro models for investigations on beta 
cell metabolism (Study I and II) 

In the first study, we had the fortune of acquiring early access to a much needed 
tool in the field: a stable human beta cell line, EndoC-βH1 (114). The first step in 
evaluating new models is to characterize their phenotypic function and compare 
them to current ‘gold standards’ in the field. The aim was to establish basic 
functional similarities and differences to current beta cell models and evaluate the 
utility of this newly established cell line. Hence, we compared the EndoC-βH1 
cells to an accepted and well-established murine β-cell model, INS-1 832/13 cells, 
and finally validated key findings in human islets. 

We studied the functional and metabolic effect of glucose stimulation on the cells, 
and found that such stimulation elicited similar changes in insulin secretion, 
glucose utilization, respiratory rates and metabolite profiles in both cell lines 
(Figure 4), although overall the magnitude of response was lower in EndoC-βH1. 
The most noticeable difference was that glucose failed to provoke the 
characteristic oscillatory fluctuations in the free cytoplasmic calcium levels and 
plasma membrane potential seen in INS-1 832/13 and primary beta cells (Figure 
5). Despite the absence of these characteristics, depolarization of the plasma 
membrane with KCl provoked robust insulin secretion, indicating that the 
exocytotic machinery is intact in the EndoC-βH1 cells (Figure 5). 

One possible explanation for the lack of oscillations in the EndoC-βH1 may lay in 
their fetal nature. Beta cells are not considered to be true endocrine cells until the 
end of the first trimester of human pregnancy (132). As such fully developed 
electrophysiology may not be required of early fetal beta cells. Expression levels 
of certain voltage-dependent calcium channels in mature beta cells differ to that of 
fetal beta and alpha cells (133). 

A perpetual problem with in vitro models is the manipulation of the primary tissue 
required to produce the model. In the case of cell lines, immortalization is required 
for sustained proliferation in culture, permanently changing the phenotype of the 
cells to a more cancerous one. In the case of isolated islets, the time for the  
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Figure 4: How to interpret SUS-like plots 
In the SUS-plot, two experimental conditions (e.g., two stimulatory conditions) are individually compared to a 
reference conditions (e.g., basal glucose levels), using, e.g., OPLS-DA. The correlations obtained from the resulting 
models are plotted against each other for a number of experimentally determined variables (e.g., metabolites). The 
plot is divided into nine areas based on the significance of these correlations (i.e. if the change in levels of a 
metabolite was significantly different between two treatments, such as low and high glucose stimulation). The X- and 
Y-axes are hence divided into three segments: increase in levels (right or up), no change (middle) and decreased 
levels (left or down). As such the center panel of the plot encompasses variables that were not significantly changed 
by the treatment and the outer panels showing either shared (an increase or decrease in both conditions) or unique 
(only increased or decreased in one condition) attributes. 
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Figure 5: Free cytoplasmic calcium levels and plasma membrane potential in EndoC-βH1 and INS-1 832/13 
cells 
Single cell measurements of the free cytoplasmic calcium (bold line) and plasma membrane potential (thin line) in 
EndoC-βH1 and INS-1 832/13 cells. The additions made were 16.7 mM glucose (G) 0.5 ng/μL oligomycin (O) and 25 
mM KCl (K). 

processing of the material and the lack of ability to provide essential nutrients 
without a circulatory system result in islet stress, altered gene expression (134) and 
onset of necrosis (135). Despite these drawbacks, both models are extensively 
used in studies to determine biological function and disease progression. In study 
II, we set out to compare the extensively utilized INS-1 832/13 rat beta cell model 
(113) with isolated primary rat islets to evaluate potential fundamental differences, 
which may result in deviating results depending on the model used. Gene 
enrichment analysis of gene expression data showed distinct differences between 
the two models. In the clonal cells, the enriched pathways can be explained by the 
aforementioned treatment for generation of the models, namely cell cycle, cancer 
signaling, biosynthesis and nucleotide replication. 

Bearing in mind that a variety of different pathways operate differently in the two 
models, it is reassuring to see that our data showed similar glucose responses in 
the two systems, with the main differences being amplitude of responses (Figure 
6). 

Importance of mitochondrial shuttles for hormone 
secretion (study III) 

For the third study we employed cell lines, sorted islet cells and isolated islets 
when studying stimulus-secretion coupling in pancreatic alpha cells. Contrary to 
what may be expected, we found that alpha cells concentration-dependently  
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Figure 6: Glucose-elicited metabolic changes in rat islets and INS-1 832/13 cells 
Glucose-stimulated insulin secretion (A & B), changes in metabolite profiles (C) and ATP content (D) were all similar 
in rat islets and INS-1 832/13 cells. 

secreted glucagon in response to increasing glucose stimuli. This phenomenon has 
been observed previously in isolated primary alpha cells as well, and it is believed 
that the intra-islet communication and paracrine regulation are pivotal to proper 
alpha cell function and glucagon secretion in vivo (136-138). Such data 
additionally support the notion that the secretion machinery is similarly designed 
in both alpha and beta cells. In line with this, closer analysis of metabolism 
revealed that glycolytic metabolism was similar in alpha and beta cells in response 
to glucose. Interestingly, metabolic activity downstream of glycolysis appeared 
less glucose-responsive in alpha cells. As we further investigated this difference, 
our data confirmed that the mitochondrial shuttles were redundant in beta cells 
(23), while the glycerol phosphate shuttle appeared essentially inactive in alpha 
cells; inhibition of the malate-aspartate shuttle in alpha cells and islets abolished 
glucagon secretion, while insulin secretion from beta cells and islets was sustained 
(Figure 7). This speaks to the critical role of mitochondrial metabolism in direct 
response to glucose concentration in beta cells, while regulation of glucagon 
secretion is under more subtle control. 
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Figure 7: Inhibition of the malate-aspartate shuttle abolishes glucagon secretion but has little impact on 
insulin secretion 
Hormone secretion (glucagon and insulin) was evaluated in clonal cells (A, B) and primary islets (C, D) at basal levels 
(white bars) and with glucose stimulation in the absence (black bars) or presence of an inhibitor of the malate 
aspartate shuttle (phenyl succinate, checkered bars). 

Mitochondrial metabolism’s role in nutrient sensing 
(study IV) 

With the notion that mitochondrial metabolism plays a central role in both beta 
and alpha cell hormone secretion, we studied the metabolic coupling of GLP-1 
secretion from L cells in study IV. Utilizing an established colonic L cell line 
(GLUTag), we found that mitochondrial metabolism is important to nutrient 
sensing in L cells. Glucose stimulation provoked increased mitochondrial 
metabolism and hormone secretion from both cell types. Previous studies have 
indicated electrogenic transporters playing an important role in L cell stimulus-
secretion coupling. Interestingly, we found that stimulation both upstream and 
downstream of such transporters resulted in qualitatively similar responses in 
metabolism and hormone secretion. Our data do not rule out such electrogenic 
nutrient uptake, but indicate that electrogenic nutrient sensing may be of greater 
importance in the upper small intestine, while alternate regulation may govern 
GLP-1 secretion in the lower intestine (139).  
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L cells appear to have differentially regulated amino acid metabolism: a neuron-
like glutamate metabolism with a high glutamate dehydrogenase activity, 
potentially due to intrinsically higher leucine levels. Glutamine, via conversion 
into glutamate and α-ketoglutarate feeding into the TCA-cycle, elicited increased 
mitochondrial activity in L cells resulting in robust GLP-1 secretion (Figure 8). In 
contrast, glutamine stimulation had no effect on insulin secretion from INS-1 
832/13 cells in the absence of leucine. 

 

Figure 8: Glutamine activates mitochondrial metabolism and elicits hormone secretion from L cells but not 
from beta cells 
Glutamine (black bars) elicited an increase in hormone secretion from L but not beta cells compared to basal (white 
bars) (A). The co-stimulation with leucine and glutamine (grey bars) yielded no additional increase in GLP-1 secretion, 
but significantly increased insulin secretion from beta cells. The same pattern holds true for TCA cycle intermediates 
in L-cells (B) and beta-cells (C). 

Glycogen metabolism in beta cells (study V) 

Although highly conserved, glycogen metabolism in beta cells has been 
considered inappropriate considering the role and function of beta cells in glucose 
homeostasis; storage of glycogen would provide an internal source for potentiation 
of insulin secretion during low plasma glucose levels. Such a function would 
potentially be deleterious to survival. Hence, accumulation of glycogen in the 
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beta-cell has been considered as a pathological sign possibly associated with 
diabetes. In our final study, we used beta cell lines and human islets to investigate 
glycogen metabolism in beta cells. We found that all of the enzymes essential for 
glycogen metabolism were expressed at the mRNA level in both INS-1 832/13 
cells and in human islets. Glycogen levels were associated with glucose 
concentration (Figure 9) in clonal beta cells and was present in human islets from 
non-diabetic donors after a 48 hour incubation in medium containing 5.6 mM or 
16.7 mM glucose. Together, this illustrates the possibility that glycogen 
metabolism is active under non-diabetic conditions. In addition, when the enzymes 
responsible for the production or breakdown of glycogen were inhibited GSIS was 
reduced. The mechanism by which this occurs is not yet understood, requiring 
further experimentation. 

 

Figure 9: Glycogen metabolism in beta cells 
Glycogen accumulated concentration-dependently with increasing glucose concentration in clonal beta cells (A), and 
was found in human islets after a 48 hour incubation at 5.6 mM or 16.7 mM glucose (B). Silencing of either GYS1 (C) 
or PYGB (D) reduced glucose elicited insulin secretion. 
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Summary and major conclusions 

Biological systems are complex, as well as redundant, providing researchers with a 
challenging task when dissecting cause and effect. Moreover, manipulations 
required for successful experimental design may alter the very nature of the 
experimental models employed in the search for basic mechanistic understanding, 
hereby adding to the difficulty. Additionally, “tunnel vision” caused by use of 
specific cell types, pathways or even proteins of interest may cloud the overall 
picture of the biological impact a manipulation bears. As such, evaluation and 
critical analysis of the model systems, along with use of biologically relevant 
models are critical for generation of reliable and reproducible data. Here, we have 
evaluated a number of different biological model systems for functional and 
metabolic similarities and differences. Conclusions from the studies presented are: 

• The recently developed human beta cell line EndoC-βH1 provides a 
research model with qualitatively similar biological function to the 
previously utilized in vitro models with the added benefit of a human 
genetic background 

• The clonal beta cell line, INS-1 832/13, although cancerous in certain 
aspects retains similar biological function to that of intact islets 

• The malate-aspartate shuttle was identified as pivotal for glucagon 
secretion from pancreatic alpha cells 

• Amino acid metabolism in addition to glucose metabolism drives GLP-1 
secretion from L cells 

• Glycogen metabolism impacts GSIS in clonal beta cells and reflects 
ambient glucose concentrations in human islets 
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Populärvetenskaplig sammanfattning 

Sockersjuka, eller diabetes, är en global och växande folksjukdom. År 2014 fanns 
uppskattningsvis 235 miljoner människor, som var drabbade av sjukdomen, och 
2035 tros 440 miljoner vara drabbade. Det finns flera olika typer av diabetes, av 
vilka typ 2 diabetes (T2D) är den snabbast växande formen. Orsaken till 
sjukdomen är komplex, men fysisk inaktivitet och övervikt, samt genetiska 
faktorer är förknippade med T2D. Sjudomen i ett tidigt stadie har få symptom och 
därmed är det många individer som omedvetet lider av sjukdomen, vilket gör att 
många inte behandlas förrän allvarliga komplikationer uppstått.  

Bukspottskörteln kontrollerar blodsockernivåer. Insulin är ett hormon som frigörs 
av betaceller i bukspottkörteln och ansvarar för att sänka blodsockernivån efter en 
måltid. Insulin påverkar muskler och fettceller, vilka i sin tur ökar sockerupptaget 
och sänker blodsockernivån. Glukagon är ett annan hormon som frigörs av 
alphaceller i bukspottkörteln. Detta hormon ansvarar för att höja blodsockernivån 
mellan måltiderna. Glukagon signallerar till leverceller att påbörjar nedbrytning av 
glykogen till socker, som sedan utsöndras i blodomloppet. Både alpha och 
betaceller finns i små strukturer i bukspottskörtlen som kallas Langerhanska öar. 
Om insulin inte frisätts i tillräckliga mängder eller om det förlorar sin effektivitet, 
så sänks inte blodsockernivån tillräckligt. Om glukagon utsöndras i alltför stora 
mängder eller om det frisätts när blodsockernivån redan är hög, så tillför det mer 
socker och höjer blodsockernivån ytterligare. Vid diabetes tros båda dessa 
hormoner misslyckas med sin uppgift att upprätthålla normala blodsockernivåer.  

Biologiska system är extremt komplexa och ett stort antal processer styr även 
enkla funktioner. På grund av detta är det ofta svårt att studera hur en mekanism 
fungerar utan att påverka hela systemet, vilket i många fall inte är görbart i 
människa. För att övervinna detta används modellsystem, såsom cellinjer eller 
djur. Resultat måste återspegla biologisk funktion, och det är därmed viktigt att 
modellerna är väl karaktäriserade. I de två första studierna utvärderade vi 
biologiska modellsystem i form av betacellinjer och öar. Vi visar att funktion och 
kontroll av ämnesomsättningen i dessa system är jämförbara vilket innebär att de 
är bra modellsystem att använda för dessa typer av studier. 

I den tredje studien visar vi hur väletablerade modeller kan användas för att hitta 
skillnader och likheter i biologisk funktion. Information om skilda 
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kontrollmekanismer kan användas för att hitta nya läkemedelsmål för behandling. 
Vi visar att en specifik cellulär funktion har avsevärt större inflytande på 
glukagonfrisättning än insulinutsöndring. När vi stoppar denna process i alpha och 
betaceller hämmas glukagonfrisättning medan insulinsekretion är opåverkad.  

I den sista studien jämför vi ämnesomsättning och hormonfrisättning från 
betacellen med en tarmcellinje som utsöndrar glukagonlik peptid 1 (GLP-1). GLP-
1 är en substans som påverkar både insulin- och glukagonfrisättning, men i motsatt 
riktning. GLP-1 frisätts i närvaro av näringsämnen i tarmen och hjälper då till att 
öka insulinfrisättning och minska glukagonsekretion för att kontrollera 
blodsockernivåer. Vi identifierar en unik funktion i tarmcellinjen som möjliggör 
för dessa celler att känna av även aminosyranivåer, en funktion som saknas i 
betacellen 
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