




 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The Road goes ever on and on 

Down from the door where it began. 

Now far ahead the Road has gone, 

And I must follow, if I can, 

Pursuing it with eager feet, 

Until it joins some larger way 

Where many paths and errands meet. 

And whither then? I cannot say. 

 

- J R R Tolkien 
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Key words 
The work in this thesis revolves around the damaging effects of the 
fatty acid palmitate on the pancreatic β-cell. To better understand the 
results presented, cellular compartments and key terms used through-
out the thesis are explained here. 
 
β-cells. Situated in micro-organs called islets of Langerhans in the 
pancreas, these cells are responsible for secreting insulin in response 
to nutrients, primarily glucose. 
 
Plasma membrane. The barrier between the inside and outside of the 
cell. While home to many proteins that transport molecules in or out 
of the cell, the plasma membrane can also sense its surroundings by 
receptor proteins, such as the S1P receptors described in this thesis. 
 
Endoplasmic reticulum. A membrane compartment that forms a net-
work within the cell. The endoplasmic reticulum consists of two 
compartments, the rough, that synthesize proteins such as insulin, and 
the smooth, that synthesize lipids and steroids. Disturbances in the 
internal milieu of this compartment can be harmful to the cell.  
 
Mitochondrion. A double-membrane compartment within the cell 
central for energy metabolism of both fatty acids and glucose. 
 
Apoptosis. The process by which the cell can kill itself in a controlled 
manner. Also called programmed cell death. The mitochondrion plays 
a key role in this process. 
 
β-oxidation. The process by which fatty acids are broken down to 
produce energy. 
 
Lipogenesis. A process by which intermediate metabolites are con-
verted to fats (triglycerides) for storage. The enzymes FAS, DGATs, 
ELOVLs and SCDs described in this thesis can be considered to be 
lipogenic. 
 
Palmitate. A fatty acid 16 carbons in length that lacks double-bonds. 
Belongs to the family of saturated fatty acids. 
 
Oleate. A fatty acid 18 carbons in length with one double-bond in-
serted between the 9th and 10th carbon. Belongs to the family of 
mono-unsaturated fatty acids. 
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Introduction 

Diabetes Mellitus 
Blood glucose homeostasis is maintained via the interplay of several hor-
mones and the release or uptake of glucose in different tissues of the body. 
While there are many glucose-elevating hormones, only one glucose-
lowering hormone, insulin, exists. When we eat, glucose in the food is ab-
sorbed which causes the sugar levels in the blood to rise. In a healthy sub-
ject, the insulin-producing β-cells in the pancreas immediately respond by 
secreting insulin. The rise in circulating insulin causes the levels of glucose 
in the blood to return to normal. In individuals with diabetes, the β-cells are 
unable to produce sufficient amount of insulin, resulting in a hyperglycemic 
state. Diabetes is a heterogeneous group of diseases. Based on the pathogen-
ic mechanism responsible for the inability of the β-cells to secrete enough 
insulin, the disease is divided into two major groups: type 1 and type 2 di-
abetes (1).  

Type 1 diabetes is the result of an autoimmune attack on the pancreatic β-
cells, leading to the destruction of the cells and insulin deficiency (2). This 
results in hyperglycemia and the development of ketoacidosis, which if not 
treated, leads to death. By the time of diagnosis, around 70-80% of the β-
cells have been destroyed (3). Since the discovery of insulin as a blood-
glucose lowering agent in 1921 (4), the standard treatment for the disease 
has been delivery of exogenous insulin. Although the treatment and progno-
sis for type 1 diabetes have improved markedly since the discovery of insu-
lin action, the disease remains a major cause of morbidity and mortality for 
people affected (5). 

Type 2 diabetes is the most common form of diabetes, representing about 
90% of all cases (6). The worldwide prevalence of type 2 diabetes has in-
creased rapidly, and is expected to affect close to 300 million people in 2025 
(7). The disease is associated with a primary dysfunction of the β-cell often 
combined with development of peripheral insulin resistance leading to an 
increased demand on the β-cell to secrete insulin. Frank type 2 diabetes de-
velops when the β-cell no longer can match the demand. The dysfunction of 
the β-cell is often accompanied by increased apoptosis, which causes further 
progression of the disease (8). Although treatment for diabetes has improved 
much, the disease increases the risk of developing severe complications in-
cluding cardiovascular disease, kidney failure, blindness and nerve damage 
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(1). Both genetic causes as indicated by polymorphisms in a number of 
genes (9-11) and environmental factors including high calorie intake and a 
sedentary life style leading to obesity (12) have been identified as risk fac-
tors for developing type 2 diabetes. Also, elevated levels of fatty acids are 
observed in obese individuals (13) and are believed to be a contributing 
cause of β-cell failure and development of type 2 diabetes (14). In the fol-
lowing thesis, focus was on how the saturated fatty acid palmitate affects β-
cell function and mass.  
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Background 

Effects of fatty acids on the pancreatic β-cell 
The β-cell can import fatty acids via spontaneous diffusion over the plasma 
membrane or via fatty acid transporters such as cluster of differentiation 36 
CD36 (15). Inside the cell, fatty acids are utilized as fuel or used in interme-
diate metabolism as building blocks for triglycerides, phospholipids, sphin-
golipids or cholesterol. When the β-cell is exposed acutely to fatty acids, 
glucose-stimulated insulin secretion (GSIS) is amplified (16-17). Several 
mechanisms for this insulinotropic effect have been described including 
changes in the intracellular pool of long chain acyl-CoA:s, which function as 
coupling factor and by affecting the activities of the exocytotic machinery 
(18), activating protein kinase C (19), altering the ATP/ADP ratio (20), 
changing ion-channel activities (21), and activating G-protein coupled recep-
tor 40 (GPR40) (22-23). The stimulatory effect of a fatty acid depends on its 
saturation, where saturated fatty acids (SFAs) such as palmitate or stearate 
are more potent stimulators than mono-unsaturated fatty acids  
(MUFAs) such as palmitoleate or oleate (16, 24). 

When the β-cell is exposed to fatty acids for longer terms, negative effects 
on both function and mass can be observed (25-27). During long term expo-
sure, SFAs cause more negative effects on insulin secretion and apoptosis 
than MUFAs (28). The detrimental effects of prolonged exposure to fatty 
acids have been linked to mitochondrial dysfunction (29), decreased insulin 
content (30), endoplasmic reticulum (ER) stress (31-32), ceramide formation 
(26, 28), increased apoptosis (33-34), dissociation of Ca2+-channels and se-
cretory granules (35), and signaling via GPR40 (36).  

Lipid handling 
Upon entry into the cell, the fatty acid is “activated” by the enzyme acyl-
CoA synthetase (ACS). If the glucose concentration is low, fatty acids are 
preferably shuttled by carnitine palmitoyl-transferase 1 (CPT1) into the mi-
tochondria, where they are used as a substrate for ATP production (37). 
When glucose is elevated, citrate efflux from the mitochondria is increased 
(17). The citrate is metabolized via acetyl-CoA into malonyl-CoA, which in 
turn acts both as a substrate for fatty acid de novo synthesis by the enzyme 
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fatty acid synthetase (FAS), and as an inhibitor of CPT1 (38). The inhibition 
of mitochondrial fatty acid oxidation thereby directs the fatty acids away 
from oxidation and into other pathways such as triglyceride, diacylglycerol, 
phospholipid and complex lipid formation, making glucose the prime oxida-
tive fuel.  

Elongases 
Fatty acids that enter the β-cell can be altered with regard to chain length and 
saturation. The cell expresses a variety of fatty acid elongases and desaturas-
es that can introduce two-carbon elongations or double-bonds, respectively 
(39-40). The elongase family consists of seven isoforms termed ELOVL1-7, 
which all reside in the ER membrane, and have different substrate specifici-
ties (41). The activities of the ELOVL family have been suggested to have 
impact on cellular processes such as sphingolipid and membrane raft forma-
tion, and synthesis of ligands for peroxisome proliferator-activated receptor 
α (PPARα) (39). The regulation of ELOVL expression is under control of 
many key transcription factors. The activation of PPARα induces expression 
of isoform 1, 5 and 6 (42). Furthermore, sterol response element binding 
protein (SREBP) -1c, alone or in combination with its upstream regulator 
liver X receptor α (LXRα), also plays a role in the regulation of ELOVLs 
(43-44).  

 

 
Figure 1. Lipid combustion and storage. A fatty acid (FA) can either be imported to 
the cell via spontaneous diffusion or via CD36. The FA can then be shuttled into the 
mitochondria by CPT1 to be burned as fuel, or stored as triacylglycerides (TAG). 
TAG can also be formed via a pathway involving catapleorosis from mitochondria. 
The malonyl-CoA formed is then used by FAS to form palmitate, which can be 
elongated and desaturated on the ER for subsequent storage as TAG. 
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Desaturases 
Stearoyl-CoA desaturases are a family of enzymes introducing a Δ9 double-
bond in SFAs, thereby generating their MUFA counterparts (40). Similar to 
ELOVLs, SCDs reside in the ER membrane, and have somewhat different 
substrate specificities (40). In mice, four isoforms of SCD have been charac-
terized (40). Much focus has been directed towards the SCD1 isoform. 
While SCD1 seems to have a protective effect on the cell when exposed to 
SFA in vitro (45-46), evidence from SCD1 knockout (KO) mice and from 
mice injected with antisense oligonucleotides against SCD1 has shown that 
lack of SCD1 protects the animals from diet-induced obesity (47-48). The 
lack of SCD1 resulted in higher energy expenditure, reduced fatty acid de 
novo synthesis, decreased expression of lipogenic genes, and increased insu-
lin sensitivity (47, 49). It has been suggested that SCD1 is a main molecular 
switch between lipolysis and lipogenesis as it was shown that increased 
SCD1 expression precedes the rise in expression of other lipogenic genes in 
mice fed a diet high in stearate (50). Furthermore, in SCD1 KO mice, stea-
rate does not induce lipogenesis and the expression of the lipogenic tran-
scription factor SREBP-1c and its co-activator PPAR-γ coactivator-1β 
(PGC-1β) are markedly reduced (50). Instead, AMPK is activated and mito-
chondrial fatty acid oxidation induced (50). SCD1 has therefore been sug-
gested as a drug target to combat the metabolic syndrome (51). Indeed, novel 
inhibitors of SCD1 prevented high fat diet-induced weight gain in mouse 
(52), and increased insulin sensitivity in insulin-resistant rats (53).  

Triacylglyceride formation 
SCD1 has been shown to co-localize with acyl-CoA:diacylglycerol acyl-
transferase 2 (DGAT2) in the ER membrane (54). DGATs catalyze the addi-
tion of the third acyl chain to diacylglycerol: the final step in the synthesis of 
triglycerides (55). Mice with targeted disruption of DGAT1 can still synthes-
ize triglycerides, but are resistant to diet-induced obesity (56). Also, these 
mice have increased insulin sensitivity (57), much like the SCD1 KO mouse 
(48). In contrast, mice with a disruption of DGAT2 have severely reduced 
triglyceride content in their tissues and die in early postnatal periods, de-
monstrating that DGAT2 is crucial for survival (58).  
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Endoplasmic reticulum stress 
Insulin is a protein hormone and thus depends on the endoplasmic reticulum 
(ER) for its synthesis. Inside the ER, proteins are synthesized, modified and 
folded. Central in this process are the ER chaperones: proteins such as glu-
cose-regulated protein (GRP) 78, GRP94, calnexin and protein disulphide 
isomerase (PDI), which assist in the folding of proteins (59). A variety of 
cellular perturbations, such as imbalances in calcium and nutrient homeosta-
sis or in the oxidative environment, can result in the inability of the ER to 
correctly fold proteins (60). The perturbations negatively affect the ER and 
induce a condition termed ER stress. Both exposure to cytokines and fatty 
acids have been connected with ER stress in the pancreatic β-cell (32, 61). 
While cytokines induce ER stress by down-regulating Ca2+ pumps in the ER 
membrane (62), the mechanisms responsible for fatty acid-induction of ER 
stress are not clear. ER is also the site of lipid synthesis, and it has been 
shown that exposure to palmitate causes ER triglyceride deposits (63), which 
were associated with compromised ER membrane integrity and leakage of 
chaperones into the cytoplasm (64). Addition of a methylated derivative of 
palmitoleate rescued the cells from palmitate-induced ER stress but did not 
affect triglyceride formation, however (65), indicating that the triglyceride 
formation may not be the underlying cause of the ER stress. Further support 
of a role of lipid metabolism as the elicitor of ER stress has been supplied by 
studies addressing the role of sphingolipid metabolism in ER stress (26, 66). 
There is still controversy regarding the sphingolipid involvement, however, 
as another study showed no linkage between ER stress and sphingolipid 
metabolism (67). 

To protect itself from ER stress, the cell activates a compensatory re-
sponse termed the unfolded protein response (UPR). The UPR is a protective 
response (Fig 2), which includes cell cycle arrest, transient attenuation of 
global protein synthesis, induction of ER chaperone proteins and protein 
folding catalysts, and activation of ER-associated protein degradation 
(ERAD) (60, 68). If the response fails to restore ER homeostasis, apoptosis 
occurs (69). Also, failure to induce UPR can cause diabetes (70-72), indicat-
ing that ER stress is a native phenomenon of the pancreatic β-cell. The UPR 
consists of three distinct but overlapping pathways, controlled by protein 
double-stranded RNA-activated protein kinase-like ER kinase (PERK), in-
ositol requiring enzyme 1 (IRE1) and activating transcription factor 6 
(ATF6) (73). 
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Figure 2. Endoplasmic reticulum (ER) showing the three signaling pathways of the 
unfolded protein response. When ER stress is elicited, GRP78 dissociates from 
PERK, IRE1 and ATF6. PERK and IRE1 then dimerize and autophosphorylate, and 
ATF6 is cleaved: reactions that activate downstream effectors that regulate transla-
tion and gene transcription. 

PERK 
Under normal conditions, GRP78 (also called BiP) interacts with PERK on 
the luminal side of the ER, keeping the cytoplasmic kinase domain of PERK 
inactive (74). When homeostasis is disrupted, GRP78 dissociates from 
PERK, which dimerizes and autophosphorylates (74). The activated form of 
PERK then phosphorylates the α-subunit of eukaryotic initiation factor-2 
(eIF2α) (75). Phosphorylation of eIF2α reduces the exchange of eIF2-GDP 
to eIF2-GTP required to bind and deliver initiator Met-tRNAi

Met to the trans-
lational machinery. The resulting reduction in eIF2α activity acutely inhibits 
protein translation globally, thereby lessening the load of proteins entering 
the ER (73). Phosphorylation of eIF2α also allows for alternative translation 
of ATF4 via delayed translation reinitiation (76). ATF4 in turn activates 
UPR genes such as chop and ATF3, which together function to regulate me-
tabolism, redox status, and apoptosis (77). Additionally, eIF2α phosphoryla-
tion facilitates activation of NF-κB by mechanisms independent of IKK 
phosphorylation of IκBα (78). 
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IRE1 
Like PERK, IRE1 interacts with GRP78 under normal conditions, which 
prevents its activation (74). Upon GRP78 dissociation, IRE1 multimerizes 
and autophosphorylates (74). This activates the cytoplasmic endoribonuc-
lease domain of IRE1, which removes 26 nucleotides from the transcript of 
the gene X-box binding protein-1 (XBP1), resulting in a transcript encoding 
a potent transcription factor (79). Under conditions of ER stress the spliced 
transcript is translated into XBP1, which activates many UPR genes required 
for protein folding, maturation and degradation (80). In addition, IRE1 can 
also activate c-Jun N-terminal kinase (JNK) in response to ER stress (81).   

ATF6 
The third arm of the UPR involves activation of the membrane-associated 
ATF6, which is achieved by dissociation of ATF6 from GRP78 (82). Subse-
quently, ATF6 translocates from the ER to the Golgi, where it is cleaved by 
intramembrane proteases, releasing the cytoplasmic domain of ATF6 (82). 
This portion of ATF6 acts as a transcription factor that increases expression 
of chaperones, but also of XBP1 (83-84).  
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Sphingolipid metabolism 
The sphingolipid pool consists of a great number of species with many bio-
logical implications (85). In the first rate limiting step of de novo synthesis 
the amino acid serine is joined with the fatty acid palmitate. Then, the sphin-
golipid ceramide is formed through a series of reduction, acylation and desa-
turation steps (Fig 3).  

 

 
Figure 3. Sphingolipid metabolism represented by key metabolites and the enzymes 
sphingosine kinases (SphK1/2) and lipid phosphate phosphatase (LPP).   

Ceramide 
In addition to de novo synthesis, ceramide can be formed via conversion of 
sphingomyelin or sphingosine. The conversion of sphingomyelin to cera-
mide takes place in response to a number of cellular stressors such as tumor 
necrosis factor-α (TNF-α) (86), Fas ligand (87), ionizing and ultraviolet  
radiation, and heat shock (88). The formed ceramide can then activate effec-
tors such as protein kinase C (PKC) ζ (89), protein phosphatase (PP) 1 and 
PP2A (90) and JNK (88) by directly binding to them. Ceramide formed via 
hydrolysis from sphingomyelin can also arrange into lipid rafts, which serve 
as platforms for apoptotic signaling complexes (91). Generation of ceramide 
has been implicated in the development of β-cell dysfunction. Studies have 
indicated that exposing insulin-producing β-cells to high glucose and fatty 
acids increase the cellular levels of ceramide (37). Furthermore, apoptosis 
induced by islet amyloid polypeptide (IAPP) is at least partly dependent on 
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the generation of ceramide from sphingomyelin (92). Ceramide generation 
has also been implicated in coupling ER stress to mitochondrial release of 
cytochrome c and subsequent cleavage of caspase-3 (93). Generation of ce-
ramide through de novo synthesis does not seem to partake in the induction 
of apoptosis in the β-cell, however (94-95).  

Sphingosine kinases 
Ceramide can be converted to sphingosine, which in turn can be phosphory-
lated to yield sphingosine-1-phosphate (S1P) (Fig 3). While ceramide and 
sphingosine are mainly associated with pro-apoptotic events, generation of 
S1P primarily stimulates proliferative pathways (96). Based on these proper-
ties of the sphingolipids it has been postulated that the interrelationship be-
tween the levels of ceramide, sphingosine and S1P, the sphingolipid rheostat, 
is a determinant of cell fate (96). The contribution of S1P to this balance is 
more complicated, however, since the sphingolipid also initiates anti-
proliferative and pro-apoptotic signaling (97-98). The production of S1P is 
catalyzed by two isoforms of sphingosine kinase (SphK1/SphK2). Although 
both isoforms produce the same product, they differ in catalytic properties, 
subcellular localization and tissue distribution, which are believed to account 
for or at least contribute to the opposite actions of S1P. While localization of 
SphK1 is primarily cytosolic, SphK2 resides not only in the cytosol but can 
also be found in the nucleus and the ER (99). Furthermore, over-expression 
of SphK1 results in increased proliferation and protection from apoptotic 
stimuli (100), while both SphK2 over-expression (97) and down-regulation 
(101) have been shown to inhibit cell growth and induce apoptosis. The sub-
cellular localization of SphK1/SphK2 has also been shown to affect the cel-
lular response. Enhanced S1P production at the ER (102) or in the nucleus 
(97) by SphK2 evokes pro-apoptotic signaling while S1P produced in the 
cytosol by SphK1 induces an anti-apoptotic effect. Indeed, targeting the anti-
apoptotic SphK1 from the cytosol to the ER induces apoptosis (102). The 
two kinases also differ in their effect on ceramide biosynthesis. While over-
expression of SphK1 reduces incorporation of palmitate into ceramide, over-
expression of SphK2 increases it (102). In the β-cell, SphK2 has been shown 
to be activated in response to cytokines in pancreatic islets and insulinoma 
cell lines (103), possibly mediating the cytotoxic effects. Experiments also 
indicate that SphK activity is involved in mediating glucose-induced β-cell 
growth (104). Unlike ceramide that has well-defined target proteins, very 
few intracellular targets of S1P have been identified. To date, the only ones 
identified are the histone deacetylases HDAC1/2 (105), which are inhibited 
by the production of S1P from SphK2 in the nucleus, and tumor-necrosis 
factor receptor-associated factor 2 (TRAF2) (106), which is activated by S1P 
production via SphK1. 
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S1P receptors 
A better understood mechanism of S1P action is through its five ubiquitously 
expressed plasma membrane receptors, the S1PRs, that belong to the GPCR 
family (107). Expression of four of the S1PRs has been found in the pan-
creatic islet, and three in the insulinoma cell line INS-1 (108). Activation of 
the receptors has been shown to reduce cytokine-induced apoptosis in the β-
cell (109) as well as to stimulate insulin secretion (110). The S1PRs regulate 
a plethora of signaling pathways, and are involved in cellular aspects such as 
angiogenesis, regulation of immune cell trafficking, smooth muscle cell 
function and endothelial barrier function (85). Many of these functions are 
dependent of S1P “inside-out” signaling in which a stimulating factor causes 
SphK1 to translocate to the plasma membrane and locally produce S1P 
(111). The formed S1P can then be shuttled via ABC transporters to the ex-
terior aspect of the cell and activate its receptors (112-113). The signaling 
cascade is terminated by extracellular lipid phosphate phosphatase (LPP), 
which dephosphorylates S1P back into sphingosine (114).  
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Aims 

Obesity is a main risk factor for developing type 2 diabetes. The elevated 
circulating levels of fatty acids, especially saturated species, observed in 
obese individuals are believed to contribute to β-cell failure and the devel-
opment of the disease. The overall aim of the present thesis was to delineate 
mechanisms by which the saturated fatty acid palmitate exerts its negative 
effects on the insulin-producing β-cell. The specific aims addressed in paper 
I-IV were to examine if: 

 
I. palmitate-induced ER stress and apoptosis could be reduced by 

inhibiting insulin secretion. 
 

II. the effects of palmitate on apoptosis are related to how the fatty 
acid is metabolized in the cell.  

 
III. the negative effects induced by palmitate are altered by reducing 

the levels of SCD1. 
 

IV. S1P production and signaling plays a role in palmitate-induced 
apoptosis. 
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Material and Methods 

Cell culture and islet isolation 
All standard cell culture media and additives were obtained from Invitrogen 
(Carlsbad, CA). Rat INS-1E cells (a kind gift from Dr. Pierre Maechler, Ge-
neva University) were maintained in RPMI 1640 (11 mM glucose) media 
supplemented with 10% fetal bovine serum (FBS), 100 units/ml of penicillin, 
100 µg/ml streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, 10 
mM HEPES and 55 µM β-mercaptoethanol  at 370 C and 5% CO2. All expe-
riments with INS-1E cells were performed between passages 60 and 90. 
Mouse MIN6 cells (a kind gift from Professor Jun-Ichi Miyazaki, Osaka 
University) were maintained in DMEM (25 mM glucose) media supple-
mented with 15% FBS, 100 units/ml of penicillin, 100 µg/ml streptomycin 
and 55 µM β-mercaptoethanol at 370C and 5% CO2. All experiments with 
MIN6 cells were performed between passages 21 and 28.  
Islets were isolated by collagenase digestion of pancreata from male Wistar 
rats (B&K, Sollentuna, Sweden) weighing approximately 250 grams. After 
isolation, islets were cultured for 24 hours in RPMI 1640 media supple-
mented with 10% FBS, 100 units/ml of penicillin and 100 µg/ml streptomy-
cin at 370C and 5% CO2. The procedures involving animals were in confor-
mity with national and international laws for the care and use of laboratory 
animals and were approved by the local animal ethical committee. 

Fatty acid preparation and cell treatment 
Stock solutions containing palmitate (Sigma P-9767, St. Louis, MO), stea-
rate (Sigma S-3381), or oleate (Sigma O-7501) were prepared by dissolving 
the fatty acids in 50% ethanol to a final concentration of 100 mM. Stock 
solution of palmitoleate (Sigma 76169) was prepared by dissolving the fatty 
acid in 100% ethanol to a concentration of 200 mM. The stock solutions 
were then diluted in culture medium with 0.5% fatty acid-free BSA (Boe-
hringer Mannheim GmbH, Mannheim, Germany) to a final concentration of 
0.5 or 0.25 mM. The fatty acids were allowed to complex with the BSA for 
30 min at 370C before added to the cells. During fatty acid treatment, MIN6 
cells were kept in a medium with 15% FBS, while INS-1E cells were kept at 
1% and islets at 0% FBS.  
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Knockdown of mRNA levels 
In paper III, MIN6 cells were reverse transfected with pooled siRNA from 
Invitrogen and Ambion (Ambion, Austin, TX) targeted to SCD1, each at 50 
nM or with mock siRNA from Ambion at 100 nM in an antibiotic free media 
using Lipofectamine 2000 (Invitrogen) according to manufacturer’s instruc-
tions. After 24 hours, the media was changed and the cells were treated as 
indicated.  

In paper IV, MIN6 cells were reverse transfected with siRNA from IDT 
(IDT, Coralville, IA) targeted for SphK1 or SphK2 or with mock siRNA 
from Bio-Rad (Bio-Rad, Hercules, CA) at 50 nM in an antibiotic free media 
using siLentFect (Bio-Rad) according to manufacturer’s instructions. After 
24 hours, the media was changed and the cells were put on the indicated 
treatment. 

Insulin secretion and insulin content measurements 
Insulin secretion from INS-1E and MIN6 cells was determined from media 
collected after culture for 12 hours. INS-1E and MIN6 cellular insulin con-
tent was determined from lysates prepared as described in the western blot 
section.  

GSIS was determined in MIN6 cells after 48 hours culture in the presence 
of the different fatty acids. The cells were first incubated for 60 min in stan-
dard culture medium but with 2 mM glucose. Subsequently, the medium was 
changed to KRBH buffer consisting of (in mM): glucose 2, NaCl 130, KCl 
4.8, MgSO4 1.2, KH2PO4 1.2, CaCl2 2.5, NaHCO3 5.0, and HEPES 10, ti-
trated to pH 7.4 with NaOH and supplemented with 1 mg/ml of BSA (frac-
tion V, Boehringer Mannheim GmbH). The cells were maintained for 30 min 
before media was changed to the same type of buffer but with either 2 or 20 
mM glucose. The cells were then incubated for another 30 min. After incu-
bation, aliquots of buffer were taken for later determination of released insu-
lin. Cells were washed in PBS, and then either lysed in MilliQ H2O and fro-
zen for later determination of DNA content, or lysed as described in the 
western blot section with subsequent determination of protein concentration. 

Insulin content in buffer, media and cells was determined by ELISA as 
previously described (115). Insulin release and content data were normalized 
to total protein measurements obtained by the DC protein assay, or to DNA 
content. 
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Western blot analysis 
Samples for western blotting were prepared from INS-1E and MIN6 cells or 
from pancreatic islets by washing the cells/islets twice with PBS followed by 
lysing the cells/islets on ice with a buffer composed of 150 mM NaCl, 20 
mM Trizmabase, 1% Triton X100, 0.25% Na-deoxycholate, 1 mM Na3VO4, 
2 mM EDTA and 1% protease inhibitory cocktail (Sigma P-8340) for 30 
min. After lysis the preparations were collected and centrifuged at 13,000 
rpm for 15 min at 40C. The supernatants were transferred to new tubes and 
total protein concentration was determined by the DC protein assay (Bio-
Rad) according to the manufacturer’s instructions. Samples were mixed with 
SDS-PAGE sample buffer containing Tris-HCl (pH 6.8), SDS, glycerol and 
DTT and boiled for 5 min. Samples (25 µg per well) were then subjected to 
SDS-PAGE. After electrophoresis, proteins were transferred onto PVDF 
membrane. Immunoblot analyses were performed with antibodies towards 
phosphorylated eIF2α (p-eIF2α) (Cell Signaling, Beverly, MA), eIF2α (Cell 
Signaling), BiP/GRP78 (Abcam, Cambridge, UK), CCAAT/enhancer-
binding protein-homologous protein/growth arrest and DNA damage-
inducible protein (CHOP/GADD153; Sigma), ATF6 (Santa Cruz Biotech-
nology, Santa Cruz, CA), phosphorylated AMPK (Cell Signaling), phospho-
rylated JNK (Cell Signaling), phosphorylated p38 (Cell Signaling), phospho-
rylated Akt (Cell Signaling) and β-actin (Santa Cruz Biotechnology). Immu-
no-reactive bands were imaged with Fluor-S MultiImager MAX (Bio-Rad) 
and quantified with Quantity One software (Bio-Rad). After imaging, the 
PVDF membranes were stained with Coomassie and later de-stained with 
50% methanol. The blots were then scanned in a standard table-top scanner 
and quantified with Quantity One software. The expression levels of each 
protein were normalized to the Coomassie-stained blot with the exception of 
p-eIF2α, which was normalized to total eIF2α content. In time-course expe-
riments the normalized value obtained at time zero was set to 100% and 
values at other time points were expressed as percentages thereof. 

Analysis of mRNA expression by real-time PCR 
Total mRNA was isolated from MIN6 cells using the RNeasy Plus mini kit 
(Qiagen GmbH, Hilden, Germany) according to manufacturer’s instructions, 
and from INS-1E cells by Trizol (Invitrogen) according to the manufactur-
er’s instructions, and reverse-transcribed with SuperScriptTM III First-Strand 
Synthesis System for RT-PCR (Invitrogen). The real-time PCR was per-
formed in 10 µl volume containing ~20 ng RNA equivalent, 0.5 µM forward 
and reverse primers and 5 µl Dynamo Capillary SYBR green qPCR kit 
(Finnzymes, Espoo, Finland). PCR products were quantified fluorometrical-
ly using SYBR Green, and normalized to the housekeeping gene β-actin and 
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relative to the control according to the following formula: target amount= 2-

ΔΔCt, where ΔΔCt = {[Ct (target gene) – Ct (β-actin)] – [Ct (control) – Ct (β-
actin control)}. 

Separation and identification of proteins 
Proteins obtained from cells with reduced or control SCD1 levels were solu-
bilized, separated, quantified and identified essentially as described recently 
(116). In short, MIN6 cells were lysed in buffer containing 1% Triton X-100, 
1% SDS and protease inhibitor cocktail, homogenized by sonication and re-
suspended in rehydration solution for the iso-electric focusing (IEF). The 
solution was composed of 7 M urea, 2 M thiourea, 0.5% Triton X-100, 4% 
CHAPS, 0.5% pharmalyte (pH 3-10), 0.1% NP-7 and 60 mM DTT. Protein 
concentration was determined (2-D Quant Kit, GE Healthcare, Uppsala, 
Sweden). Individual 11-cm immobilized pH gradient (IPG) strips, pH 3-10 
NL (Bio-Rad) were rehydrated with samples followed by protein focusing 
(Protean IEF Cell, Bio-Rad). Focused proteins were reduced and alkylated 
and SDS-PAGE was performed on 12.5% precast polyacrylamide gels (Bio-
Rad). Proteins were stained with Pageblue (Fermentas, Vilnius, Lithuania) 
overnight, quantified (GS-800-calibrated densitometer, Bio-Rad) and ana-
lyzed including determination of molecular weight and pI for the individual 
proteins (PDQuest Advanced 8.0.1, Bio-Rad). Proteins were identified by 
excision of spots followed by in-gel digestion with trypsin. Peptide masses 
were determined by mass spectrometry (MALDI-TOF MS) at the Wallen-
berg Consortium North Expression Proteomics Facility (Department of Med-
ical Biochemistry and Microbiology, Uppsala University, Sweden) and pro-
teins identified based on peptide masses. 

Total protein and insulin synthesis measurements 
INS-1E cells were washed with PBS, starved for 30 min in RPMI 1640 me-
dia lacking methionine and cysteine (SVA, Uppsala, Sweden) and labeled 
with Pro Mix [35S] Met/Cys (120 µCi/ml; Amersham Biosciences, Uppsala, 
Sweden). After 30 min, cells were washed again with PBS, solubilized in 
500 μl lysis buffer (1% Triton X100 in PBS) for 15 min, scraped and centri-
fuged for 10 min at 12,000 g after which the total protein concentration was 
determined by the DC protein assay. To measure total protein synthesis, 2.5 
ml Ultima GoldTM scintillation fluid (Chemical Instruments AB, Sollentuna, 
Sweden) was added to 50 μl lysate and radioactivity was determined by a 
liquid-scintillation spectrometer (Wallac System 1400TM PerkinElmer, Bos-
ton, MA). To measure insulin synthesis, insulin was precipitated from 400 μl 
lysate using insulin antibodies (Abcam) and Protein A-sepharose® 4B Con-
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jugate (Invitrogen) according to the manufacturer’s instructions. The immu-
noprecipitate was washed twice with lysis buffer, once with PBS and water 
and finally resuspended in 500 μl 1 M acetic acid. After addition of 2.5 ml 
scintillation fluid, radioactivity was determined by the liquid-scintillation 
spectrometer. In time-course experiments, the normalized value obtained at 
time zero was set to 100% and values at other time points were expressed as 
percentages thereof. 

Apoptosis measurements 
Apoptosis in INS-1E and MIN6 cells was assayed by the cell death detection 
kit ELISAPLUS (Roche Diagnostics, Mannheim, Germany) according to the 

manufacturer’s instructions. The ELISA measures cytoplasmic oligonucleo-
somes that increase after apoptosis-associated DNA degradation. The apop-
tosis measurements were related to the DNA content obtained in separate 
experiments and compared to the average value obtained from untreated 
cells. 

Triglyceride measurements 
MIN6 cells were grown for 48 hours in the absence or presence of fatty acids 
after which the cells were trypsinized and collected into glass tubes. A small 
sample of the cells was taken for protein measurements. Lipids were then 
extracted according to Folch as described previously (117). After the extrac-
tion, solvent was evaporated under a stream of nitrogen and the lipids were 
redissolved in chloroform and spotted on a TLC plate (Sigma). The plate 
was run in a Toluene:Diethyl ether:Ethyl acetate:Glacial acetic acid 
(400:50:50:1) solvent system, allowed to dry and then sprayed with 2,7-DCF 
(Sigma). Spots were visualized with excitation (465 nm) and emission (535 
nm) filters and quantified with Quantity One software (Bio-Rad). The results 
were normalized to protein amount. 

Fatty acid oxidation measurements 
Reaction mixture was prepared by adding 2 µCi 3H-palmitate (GE Health-
care) per ml culture media containing 0.5% fatty acid-free BSA. Unlabelled 
palmitate was added to make the final concentration 0.25 or 0.5 mM. MIN6 
cells exposed to fatty acids or not were washed with PBS. Cells were then 
incubated for 2 hours with the reaction mixture after which the media was 
collected. Radioactive water was separated from the radioactive palmitate in 
the media by three subsequent Folch extractions (117). During extraction, 
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proteins were isolated from the cells and the concentration was measured. 
After the last extraction, 10 ml scintillation liquid was mixed with the water 
phase and the mixture was counted in a scintillation counter. The results 
were normalized to protein amount in the corresponding wells.  

Measurement of S1P levels 
Measurement of secreted and cellular S1P was performed essentially as pre-
viously described (118). In short, MIN6 cells were grown for 48 hours post 
transfection with siRNA. Labeling mixture was prepared by adding 0.5 μCi 
3H-sphingosine (PerkinElmer) per ml culture media containing 0.005% fatty 
acid-free BSA. The cells were then washed with PBS and labeled with ra-
dioactive sphingosine for 60 min. After labeling, cells were washed with 
culture media twice to remove residual sphingosine, and incubated for 120 
min in 1000 μl culture media. The media was then collected and spun to 
remove floating cells. Cells were lysed with MeOH, and the lipids from both 
cells and media were extracted using alkaline Chl:MeOH (1:1). After shak-
ing on ice for 30 min, the lipid and water phases were separated by centrifu-
gation after which an aliquot of the water phase was mixed with scintillation 
liquid and counted in a scintillation counter. Counts were normalized to 
blanks and protein level of corresponding wells.  

Data analysis 
Results are presented as means ± SEM. Statistical significance between two 
conditions was analyzed by the Student’s t-test and between several groups 
using one-way ANOVA with Tukey post-hoc test. P<0.05 was considered 
statistically significant. 
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Results and discussion 

Palmitate-induced effects on the β-cell 
In this thesis, the effects of the saturated fatty acid palmitate on the insulin-
producing β-cell have been studied. Short-term exposure to saturated fatty 
acids, such as palmitate, has been shown to potentiate insulin secretion in 
pancreatic islets (23). In paper I, we demonstrate that palmitate augments 
insulin secretion when exposed to the fatty acids for 12 hours. When β-cells 
were exposed to palmitate for 48 hours, insulin secretion was severely atte-
nuated (paper I-II), in agreement with previous observations (28). Extended 
exposure to palmitate has been coupled to induction of ER stress and apop-
tosis (31, 64, 119). We show that palmitate provoked a rapid induction of ER 
stress, which persisted for up to 48 hours (paper I-IV). The potential impor-
tance of this phenomenon was illustrated by observations that islets from the 
db/db mouse, an animal model of type 2 diabetes, as well as islets from hu-
mans with type 2 diabetes showed signs of ER stress (32). Furthermore, the 
induction of ER stress by palmitate was paralleled by a marked increase in 
apoptosis (paper I-IV). Based on these observations, the aim of this thesis 
was to clarify the mechanisms underlying palmitate-induced cytotoxicity. 
 
 

Inhibition of secretion affects ER stress and apoptosis in 
palmitate-exposed β-cells 
Short-term exposure to palmitate augments insulin secretion (120-121), and 
thereby increases the load on the ER to synthesize new insulin. We wanted 
to test the hypothesis that the β-cell would be protected from ER stress and 
subsequent apoptosis by decreasing insulin secretion during exposure to 
palmitate. To address our hypothesis, we treated MIN6 and INS-1E cells 
with 0.5 mM of palmitate, with or without 100 μM of diazoxide, for 12 
hours and measured insulin secretion. During the 12-hour period, cells 
treated with palmitate alone released more insulin to the media than control 
cells. Inclusion of the membrane hyperpolarizing agent diazoxide during the 
culture period decreased insulin secretion compared to exposure to palmitate 
alone. Diazoxide also prevented palmitate-induced lowering of cellular insu-
lin content.  
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Decreased insulin secretion could be envisioned to reduce demands on the 
ER. We therefore investigated the effects of diazoxide on palmitate-induced 
ER stress signaling pathways. Treatment of cells with palmitate alone rapid-
ly (manifestations already after 2 hours) induced phosphorylation of eIF2α, 
downstream of the PERK pathway, in the present and previous studies (31-
32). When diazoxide was included in the culture, phosphorylation of eIF2α 
was decreased (INS-1E), or completely abolished (MIN6 and rat pancreatic 
islets). In agreement with the attenuation of palmitate-induced eIF2α phos-
phorylation by diazoxide, mRNA levels of eIF2α downstream effectors 
ATF4, GADD34 and CHOP were decreased when INS-1E cells were co-
treated with diazoxide and palmitate compared to palmitate alone. Similar 
results were obtained when protein levels of CHOP were measured in MIN6 
or INS-1E cells. Diazoxide failed to produce a significant decrease in palmi-
tate-induced CHOP levels in rat pancreatic islet, although a tendency was 
observed. The phosphorylation of eIF2α leads to general translation attenua-
tion (122). To determine total protein and insulin biosynthesis, we pulse-
chase labeled cells with 35S-Met/Cys after exposure to palmitate with or 
without the inclusion of diazoxide. Exposure of cells to palmitate alone 
caused a decrease both in global and insulin protein synthesis after 4 hours. 
After 24 hours, the insulin synthesis rates returned to normal levels whereas 
total protein synthesis only recovered partially. The inclusion of diazoxide 
did not affect total protein and insulin synthesis levels after 4 hours exposure 
compared to levels seen in cells exposed to palmitate alone. After longer 
exposure times, a suppressive effect of diazoxide on insulin and total protein 
synthesis levels were shown, as both levels were lower than in cells exposed 
to palmitate alone. Thus, the protective effect of diazoxide on palmitate-
induced activation of the PERK pathway may reside in inhibition of protein 
translation, thereby relieving the ER.  

The IRE pathway of the UPR was investigated by measuring the levels of 
spliced XBP1. In agreement with previous studies (31, 61), increased splic-
ing of XBP1 was observed both in MIN6 and INS-1E cells after 48 or 24 
hours exposure to palmitate, respectively. In islets, palmitate failed to pro-
duce a significant rise in spliced XBP1 levels, although a tendency was ob-
served. Diazoxide failed to lower the levels of the palmitate-induced rise of 
XBP1 in all cell types. 

The third arm of the UPR was investigated by measuring if palmitate in-
duced cleavage of ATF6. In MIN6 cells and pancreatic islets, the cleaved 
form of ATF6 was observed already under control situation, and was not 
further induced by either palmitate or the ER stress inducing agent thapsi-
gargin. In INS-1E cells, cleaved levels of ATF6 were observed after treat-
ment with thapsigargin, but not under control conditions or after palmitate 
treatment. This is in contrast to other studies reporting increased ATF6 activ-
ity using UPRE and ATF6 reporter sequence coupled to luciferase expres-
sion (61, 123). In support of the results that ATF6 is not activated by palmi-
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tate exposure, levels of ER chaperones BiP and PDI, which are regulated by 
ATF6, were not changed in the present and previous studies (31, 124). Di-
azoxide had no effect on either ATF6 cleavage or chaperone levels.  

Lastly, we measured level of apoptosis in MIN6 and INS-1E cells to see 
if the diazoxide-dependent decrease in PERK signaling translated into less 
cell death. As expected, palmitate caused a large induction of apoptosis as 
has been reported in other studies (31, 125). In both cell lines, diazoxide 
lowered the rates of apoptosis when administered together with palmitate.  

In conclusion, we show that inhibition of insulin secretion by diazoxide 
attenuates the palmitate-induced activation of the PERK pathway and apop-
tosis both in insulin-producing cell lines and in pancreatic islets. Since total 
protein translation attenuation is one of the primary responses to ER pertur-
bations, which if it fails will lead to apoptosis, the protective effect of inhi-
biting insulin secretion may be linked to the ability to sustain lower protein 
synthesis levels in the cell after palmitate exposure.  

Palmitate induces lipogenic expression patterns but is 
poorly incorporated into triglycerides and β-oxidized 
The fatty acid palmitate induces ER stress and apoptosis in insulin-
producing β-cells. Fatty acids impose different effects on the β-cell depend-
ing on chain length and saturation, however. While SFAs such as palmitate 
have a strong negative effect on β-cell function and mass (29, 33), exposure 
to MUFAs such as oleate have a much less accentuated effect on these pa-
rameters (31-32). Given the differences between SFAs and MUFAs we 
wanted to delineate if the effects of palmitate on apoptosis were related to 
effects on lipid handling. We compared the outcome on these parameters to 
that of cells exposed to stearate, palmitoleate or oleate. In agreement with 
previous studies (28), insulin secretion was markedly decreased after expo-
sure to palmitate or stearate, while there was only a mild effect of palmito-
leate or oleate. Furthermore, MUFAs did not cause an increase in apoptosis, 
while SFAs, especially palmitate, caused a marked increase in apoptotic rate 
in the present and previous studies (28, 31-32).  

Fatty acids in the cell can be elongated by ELOVLs, a group of ER-
associated enzymes, which expression is incompletely described in the β-
cell. We therefore determined the transcriptional pattern of the ELOVLs. 
Seven isoforms have been described (39) out of which four were expressed 
in MIN6 cells. When the cells were exposed to any of the fatty acids palmi-
tate, stearate, palmitoleate or oleate, only modest changes in the expression 
of the ELOVLs were detected, indicating that elongation does not play a 
major role to evade cytotoxicity in response to palmitate.  
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The saturation of a fatty acid can be altered by introducing a double-bond 
between the carbons in the fatty acid, a reaction catalyzed by SCDs. In mice, 
SCDs exist in four isoforms (40). In MIN6 cells, isoform 1 and 2 were ex-
pressed at the mRNA level, while 3 and 4 were absent. Both SCD1 and 
SCD2 displayed a regulation based on fatty acid saturation, as palmitoleate 
and oleate caused a marked down-regulation of both isoforms, while palmi-
tate and stearate caused an up-regulation of SCD1 but no change in SCD2 
levels. Palmitate and stearate are both substrates for SCD1 and SCD2, al-
though the isoforms have a preference for desaturating stearate (40, 126). 
The preference of SCD for stearate could contribute to the lower levels of 
apoptosis seen in the present study in β-cells exposed to stearate compared to 
palmitate.  

Fatty acid oxidation was higher in cells exposed to oleate compared to le-
vels found in cells exposed to palmitate. The expression of the mitochondrial 
fatty acid importer CPT1 was not different between cells exposed to any of 
the four fatty acids, however. Thus, the level of CPT1 does not fully reflect 
β-oxidation. The discrepancy may be explained by the fact that CPT1 can be 
inhibited by malonyl-CoA (38), which is also the substrate for palmitate de 
novo synthesis. Since expression of FAS was up-regulated after palmitate 
exposure, CPT1 may be selectively inhibited when cells are cultured in the 
presence of palmitate. Interestingly, fatty acid oxidation in cells exposed to 
palmitoleate did not differ from that seen in cells exposed to palmitate or 
stearate. Furthermore, levels of triglycerides were equally elevated in cells 
exposed to palmitate, stearate and palmitoleate, whereas oleate induced a 
more marked increase. Expression of DGATs, the enzymes responsible for 
triglyceride formation, was mainly elevated after treatment with palmitate 
and stearate, however. The discrepancy between levels of DGATs and trig-
lycerides probably reflects the substrate specificity of the DGAT enzymes. 
In agreement with this, it has been shown that palmitate is poorly incorpo-
rated into triglycerides compared to oleate (63, 127). The results indicate that 
cells exposed to palmitate have reduced β-oxidation and triglyceride forma-
tion compared to cells exposed to oleate, despite increased expression of 
DGAT and similar expression of CPT1. 

We, and others, have shown that prolonged exposure to palmitate but not 
oleate induces the ER stress response, leading to increased levels of phos-
phorylated eIF2α and CHOP, and causes the cells to enter an apoptotic state 
(31-32, 128). In the present study, palmitate induced high levels of apopto-
sis, which was associated with increased levels of phosphorylated eIF2α and 
CHOP. Stearate induced apoptosis to a lesser degree than palmitate, howev-
er. In cells exposed to stearate, the ER stress response only involved in-
creased levels of phosphorylated eIF2α, while levels of CHOP were not 
changed. Ceramide has been proposed to be involved in palmitate-induced 
apoptosis (26, 66), and palmitate but not stearate can be used for ceramide de 
novo synthesis. When we inhibited ceramide de novo synthesis during palmi-
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tate exposure, neither ER stress nor apoptosis was affected, however. This is 
in agreement with other studies showing that inhibition of de novo synthesis 
does not attenuate palmitate-induced apoptosis (67, 129).  

In conclusion, palmitate initiates expression changes correlating with li-
pogenesis, which only causes a minor rise in triglyceride levels and fatty 
acid oxidation, however. In contrast, oleate causes enhanced β-oxidation and 
triglyceride storage despite small changes in the expression of lipid handling 
genes. The different effects on ER stress and apoptosis in cells exposed to 
palmitate, palmitoleate and stearate despite their similar ability to promote 
lipid combustion and storage indicate that increased lipid oxidation and in-
corporation into triglycerides per se is not necessary to avoid fatty acid in-
duced ER stress and apoptosis. Thus, palmitate is most likely mediating its 
cytotoxic effects via pathways other than β-oxidation and triglyceride syn-
thesis. 

Reduction of SCD1 enhances palmitate-induced ER 
stress in the β-cell 
Exposure of MIN6 cells to palmitate induced ER stress and apoptosis and 
markedly reduced insulin secretion. We showed that oleate does not induce 
either ER stress or apoptosis, however. Treatment with oleate also caused a 
marked reduction in the levels of SCD1. While in vitro studies indicate that 
high levels of SCD1 attenuate palmitate-induced apoptosis in β-cells (45), 
reducing or removing SCD1 may also have a protective effect. In animal 
models, removal of SCD1 has beneficial effects including resistance to diet-
induced weight gain and increased insulin sensitivity (48, 130). The positive 
role of removing SCD1 has been linked to increased fatty acid oxidation and 
a reduction in the expression of lipogenic genes (48). Furthermore, removal 
of SCD1 protects against the lipogenic effects of SFAs (50). Based upon 
these results, we wanted to test if the negative effects induced by palmitate 
were attenuated in β-cells with reduced levels of SCD1. 

The primary cause of the resistance to diet-induced weight gain in the 
SCD1 knockout mouse is an increase in phosphorylated AMPK and subse-
quent increase in fatty acid oxidation (130). In MIN6 cells with reduced 
levels of SCD1, we could not detect any differences in β-oxidation under 
control conditions, or after exposure to the fatty acid palmitate for 24 or 48 
hours. The effects on β-oxidation were paralleled with unchanged levels of 
phosphorylated AMPK in cells with reduced levels of SCD1. This is con-
trary to the effects seen in the SCD1 KO mouse, where β-oxidation is in-
creased both when animals are fed normal chow (130), and when fed a diet 
rich in saturated fatty acids (50). Another hallmark of the SCD1 KO mouse 
is increased insulin receptor signaling (49). Since insulin receptors are 
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present also on the β-cell and have been shown to potentiate insulin secretion 
(131), we examined if the secretory response to glucose was amplified by 
reducing the levels of SCD1. No differences in the secretory response could 
be detected due to reduction of SCD1 levels, however. In conclusion, no 
signs of changes in energy metabolism or cellular function were detected in 
β-cells with reduced levels of SCD1.  

Previous studies indicate that the effects of reducing or removing SCD1 
may be tissue-specific: cardiomyocytes from the SCD1 KO mouse have 
inhibited β-oxidation (132), while hepatocytes from the same animal have 
increased fatty acid oxidation (130). The SCD1 skin-specific KO displays 
the same phenotype as the global SCD1 KO including resistance to diet-
induced obesity and reduced expression of lipogenic genes in the liver (133). 
It was proposed that the beneficial effects of global SCD1 KO are driven by 
an increase in thermal loss through the skin (133). We could not detect any 
differences in energy metabolism or function in our model. Therefore, we 
explored the effects of reduced SCD1 levels by protein-profiling cells with 
reduced and control SCD1 levels.  

Reduction of SCD1 up-regulated proteins involved in protein folding and 
protein degradation. The ER chaperones PDI, GRP94 and prolyl 4-
hydroxylase, and the proteasomal components subunit α type 3 and 26S were 
all up-regulated by more than 50% when levels of SCD1 were lowered, indi-
cating increased capacity of the ER. Based on these findings we challenged 
the cells by exposing them to the fatty acid palmitate, which elicits ER stress 
and induces apoptosis (31). Indeed, levels of phosphorylated eIF2α and 
CHOP rose after 24 hours exposure to palmitate. The increased levels of ER 
chaperones and proteasomal components in cells with reduced levels of 
SCD1 did not protect the cells from palmitate-induced ER stress, however. 
Instead, levels of phosphorylated eIF2α and CHOP rose even further in these 
cells. Palmitate also induced apoptosis in control cells, indicated by the in-
creased levels of cleaved caspase-3, after 24 hours exposure to the fatty acid. 
In cells with reduced levels of SCD1, levels of cleaved caspase-3 were lower 
than in control cells during the first 8 hours of palmitate exposure, but rose 
parallel to the increase in CHOP levels after 24 hours to higher levels than in 
control cells. Therefore, the higher levels of ER chaperones and proteasomal 
components found in cells with reduced levels of SCD1 did not indicate an 
increased capacity of the ER to withstand stress, but probably rather a ma-
nifestation of a low grade of stress already at basal conditions. The elevation 
of palmitate-induced ER stress in cells with low levels of SCD1 is likely 
explained by the fact that SCD1 is the enzyme responsible for the conversion 
of palmitate to palmitoleate, which does not elicit ER stress and apoptosis 
(134). This is supported by studies showing that human myotubes have an 
inverse correlation between susceptibility to develop palmitate-induced ER 
stress and the level of SCD1 (135). Furthermore, knocking down SCD1 in 
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another cell type also caused increased ER stress and apoptosis already un-
der basal conditions (136). 

In summary, our findings indicate that removal of SCD1 in insulin-
producing MIN6 cells does not protect the cells from the negative effects of 
palmitate, but rather sensitizes the cell to such exposures. Since β-cells made 
resistant to palmitate rely on elevated levels of SCD1 to evade the cytotoxic 
effects of the fatty acid (45), the presence of SCD1 is implicated to be pro-
tective against palmitate-induced ER stress and apoptosis. Furthermore, re-
duction of SCD1 has been shown to promote atherosclerosis (137) and in-
duce ER stress also in other cells than β-cells (136). Thus, the adverse effects 
of SCD1 reduction should be taken into account when targeting SCD1 as a 
treatment of the metabolic syndrome. 

Role of S1P production and signaling in palmitate-
induced apoptosis 
Palmitate-induced β-cell apoptosis does not seem to depend on ceramide de 
novo synthesis as demonstrated here and previously (94). However, genera-
tion of ceramide from intermediate sphingolipid metabolites has been impli-
cated in mediating glucolipotoxicity in the β-cell (37). The pro-apoptotic 
ceramide can also be converted to sphingosine, which in turn can be phos-
phorylated to yield sphingosine-1-phosphate (S1P). Modulation of S1P syn-
thesis, and signaling via its GPCRs regulates cell growth and survival (102), 
as well as key functions such as cytoskeletal rearrangements and cell motili-
ty (138-139), angiogenesis and vascular maturation (140-141), and traffick-
ing of immune cells (142). In the β-cell, cytokine-induced apoptosis is me-
diated via the induction of SphK2 (103), while increased signaling via S1P 
receptors attenuates the cytotoxic effects (109). However, very little is 
known about impact this system has on fatty acid-induced cytotoxicity. 
Therefore, we wanted to determine the role of S1P production and signaling 
in palmitate-induced apoptosis.  

Fatty acid-induced cell death has been associated with the activation of 
the MAPK family members JNK (143) and p38 (144). To determine if 
SphK1 or 2 was involved in the modulation of this response, we exposed 
cells with reduced levels of SphK1 and 2 to palmitate for up to 60 min. The 
phosphorylation of JNK increased 2-fold after exposure to palmitate in cells 
with reduced levels of SphK1. A similar increase was observed in mock 
transfected cells, however. Thus, SphK1 does not seem to impact the activa-
tion of this pathway. In contrast, activation of JNK was completely blocked 
in cells with reduced levels of SphK2, indicating that JNK activation in re-
sponse to palmitate is mediated via SphK2. Since over-expression of SphK2 
increases levels of ceramide (102), which is a potent activator of JNK (88), 
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ceramide production may be required for SphK2-dependent activation of 
JNK in response to palmitate. In agreement with this, SphK2 is up-regulated 
in β-cells in response to cytokines (103), which cytotoxic effect has been 
shown to be mediated via activation of JNK (145). Phosphorylation of p-38 
was not affected by knockdown of either of the sphingosine kinases.  

Palmitate-induced apoptosis is partly mediated via the induction of ER 
stress (31), and activation of JNK has been linked to this development (143-
144). In cells with reduced levels of SphK2, early (<60 min) palmitate-
induced phosphorylation of eIF2α was completely inhibited. Furthermore, 
knockdown of SphK2 attenuated the palmitate-induced levels of phosphory-
lated eIF2α and CHOP and completely blocked the increase in levels of 
cleaved caspase-3 after 48 hours exposure to the fatty acid. SphK2 contain a 
BH3-only domain (98), similar to that found in the pro-apoptotic subgroup 
of the Bcl-2 family, which may be linked to the ability of SphK2 to induce 
apoptosis. In the present study, we also report that SphK2 is required for 
JNK activation, which may indicate another pathway in which SphK2 regu-
lates apoptosis.  

Knockdown of SphK1 had only a transient, early effect on the phosphory-
lation of eIF2α. Reducing the levels of SphK1 failed to alter the levels of 
eIF2α phosphorylation and CHOP also after 48 hours exposure to palmitate 
compared to mock transfected cells. Reduction of SphK1 levels rendered the 
cell more sensitive to apoptosis induced by exposure to palmitate, however. 
The pool of S1P that can signal through the S1PRs is preferably produced 
via SphK1 (111), and increased signaling via the receptors can activate 
growth pathways such as phosphorylation of Akt (146). In the present study, 
knockdown of SphK1 reduced secretion of S1P. Furthermore, phosphoryla-
tion of Akt was reduced after palmitate exposure in cells with reduced levels 
of SphK1. Pharmacological inhibition of SphK1 has been shown to inhibit 
Akt phosphorylation, which was associated with increased apoptosis (147). 
The increased sensitivity of cells with reduced levels of SphK1 to palmitate-
induced apoptosis may therefore, at least partly, depend on a reduction in 
Akt phosphorylation. Furthermore, the anti-apoptotic effect of SphK1 has 
been linked to up-regulation of the anti-apoptotic members of the Bcl-2 fam-
ily, including Bcl-Xl (148). In agreement with this, SphK1 knockdown also 
decreased the levels of Bcl-Xl, providing another explanation for the in-
creased susceptibility to palmitate-induced apoptosis.  

Knockdown of SphK1 was associated with reduced secretion of S1P and 
reduced Akt phosphorylation. It may be postulated that the reduced Akt 
phosphorylation is mediated via reduced S1P receptor signaling. When 
S1P1/3 or S1P2 was inhibited, palmitate-induced apoptosis was not affected, 
however, although expression of CHOP was decreased. CHOP expression 
can be increased by perturbations of ER calcium (149). Activation of S1P2 
and 3 by S1P present in the culture medium can decrease ER calcium stores 
(150), which may explain why CHOP expression was decreased when the 
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receptors were inhibited. When external S1P was added in addition to the 
S1P1/3 and S1P2 inhibitors, palmitate-induced apoptosis was reduced but 
ER stress was not affected. In agreement with this, reducing the secretion of 
S1P by knockdown of SphK1 augmented apoptosis but did not affect ER 
stress. 

In conclusion, our results indicate that palmitate-induced apoptosis is me-
diated via SphK2 as reducing the levels of this enzyme blocks apoptosis and 
reduces ER stress. Furthermore, the activation of JNK is dependent on 
SphK2 under such conditions. In contrast, SphK1 has a protective role in the 
β-cell, and reducing the levels of SphK1 renders the cell more sensitive to 
palmitate-induced apoptosis independently of ER stress. The protective role 
of SphK1 may be mediated via Bcl-Xl or signaling through the S1PRs. An 
anti-apoptotic role of the latter is also demonstrated as external S1P reduced 
palmitate-induced apoptosis, without affecting ER stress.  
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Conclusions 

In the present thesis, we demonstrate that palmitate attenuates insulin secre-
tion and induces ER stress and apoptosis after long-term exposure. When 
insulin secretion was inhibited by diazoxide, both ER stress and apoptosis 
were attenuated. This was paralleled by a sustained decrease in insulin syn-
thesis. The protective role of diazoxide on palmitate-induced ER stress may 
thus involve the ability to reduce ER protein load. In contrast to palmitate, 
oleate did not increase the levels of ER stress and apoptosis. When parame-
ters of lipid handling were examined, palmitate induced expression changes 
correlating with lipogenesis, while oleate only caused small changes in the 
expression of lipid handling genes. Despite the effect on lipogenic gene ex-
pression, exposure to oleate caused a more marked increase in both triglyce-
ride accumulation and β-oxidation compared to palmitate. Thus, an inability 
of the lipid handling machinery of the cell to shuttle palmitate into triglyce-
rides or β-oxidation may be one of the underlying causes of the activation of 
apoptotic pathways. Lipid oxidation and incorporation into triglycerides per 
se is not necessary to avoid fatty acid induced ER stress and apoptosis how-
ever, as palmitoleate and palmitate induced similar changes. Also, when the 
levels of SCD1 were knocked down, induction of ER stress and apoptosis in 
response to palmitate was aggravated. One suggested pathway by which 
palmitate induces its cytotoxic effects is via modulation of the sphingolipid 
pool. In agreement with this, reduction of SphK2 levels abolished apoptosis 
and markedly reduced ER stress in response to palmitate. In conclusion, the 
inability of the lipid machinery in the β-cell to handle and modify saturated 
fatty acids such as palmitate leads to the activation of apoptotic signaling 
pathways. The activation of these pathways is partly dependent on the insu-
linotropic effect of palmitate and the presence of SphK2.  
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Populärvetenskaplig sammanfattning 

Insulin är ett proteinhormon som hjälper till att hålla nivåerna av blodsocker 
konstanta i kroppen. Efter en måltid tar vi upp socker från maten vilket får 
blodsockret att stiga. Hos en frisk person svarar då genast de insulinproduce-
rande cellerna (β-cellerna) i bukspottskörteln med att utsöndra insulin, vilket 
får blodsockernivåerna att återvända till normala nivåer genom att sockret 
tas upp i fettceller, muskler och lever. Hos en person med diabetes klarar inte 
β-cellerna av att producera nog mycket insulin och blodsockret förblir högt. 
Utvecklandet av diabetes beror av en mängd faktorer, men sjukdomen kan 
delas in i två huvudgrupper. 

Typ 1 diabetes karakteriseras av att β-cellerna attackeras av kroppens 
egna immunförsvar och förstörs. Detta leder till att det inte finns tillräckligt 
många celler kvar för att klara att hålla blodsockernivåerna normala. Denna 
typ av diabetes drabbar främst barn och unga vuxna och behandlingen kräver 
vanligtvis insulininjektioner. 

Typ 2 diabetes är den vanligaste formen av diabetes och utgör ca 90% av 
alla fall. Sjukdomen drabbar främst äldre personer varför den tidigare ofta 
benämndes åldersdiabetes. Patienter i förstadiet till denna form av diabetes 
har ofta en minskad känslighet för insulin i muskler, fett och lever, vilket gör 
att bukspottskörteln måste producera mer insulin för att kunna sänka 
blodsockret. I förlängningen gör detta att β-cellerna i bukspottskörteln blir 
utmattade av att producera mer insulin än de klarar av och många av cellerna 
dör. Då bukspottskörteln inte längre klarar av att sänka blodsockret har pati-
enten utvecklat typ 2 diabetes. Den bakomliggande orsaken till sjukdomen är 
inte fullständigt känd, men både arv och miljö spelar en roll. Viktiga miljö-
faktorer är fetma och ett högt intag av mättade fettsyror. Många patienter 
med typ 2 diabetes har även förhöjda nivåer av fettsyror i blodet, vilket tros 
bidra till att β-cellerna går under. Målsättningen med denna avhandling har 
därför varit att studera hur mättade fettsyror skadar den insulinproducerande 
cellen. 

Fett är en livsviktig del av kosten, men att äta för mycket mättande fettsy-
ror kan orsaka fetma och typ 2 diabetes. För att studera detta använde vi 
insulinproducerande celler som kan växa utanför kroppen och utsatte dessa 
för fettsyror. I delarbete I visar vi att mättade fettsyror orsakar celldöd, och 
att celldöden är beroende av rubbningar i de delar av cellen som producerar 
insulin. När vi sedan minskade insulinutsöndringen kunde vi se att cellerna 
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inte dog i samma utsträckning som tidigare. Att kemiskt minska utmattning-
en av β-cellen hämmar således den negativa effekten av mättade fettsyror. 

Mättat fett har visat sig vara farligare än omättat fett för β-cellen.I delar-
bete II ville vi därför undersöka hur mättade fettsyror tas omhand av cellen, 
och hur detta skiljer sig mot omättade fettsyror. Här kunde vi se att cellen 
hade svårigheter att både bränna bort fettsyrorna och att lagra dem om de var 
mättade, medan detta inte var ett problem för omättade fettsyror. Av det drog 
vi slutsatsen att de mättade fettsyrorna kanske snarare används för uppbyg-
gandet av mer skadliga ämnen.  

Cellerna i kroppen har system för att omvandla mättade fettsyror till 
omättade. I vissa modeller så har inhibering av detta system visat sig vara 
positivt, medan andra pekar på att systemet krävs för att cellen ska undgå de 
skador som orsakas av mättat fett. I delarbete III undersöktes därför hur β-
cellen påverkades genom att plocka bort detta system. Andra har visat att 
borttagning av detta system ökar fettförbränningen men vi kunde inte se 
detta i vår modell. Däremot så ökade skadorna på de delar av cellen som 
producerar insulin, vilket också ökade celldöden. Slutsatsen från denna stu-
die var därför att detta system behövs i β-cellen för att lindra den negativa 
effekten av mättat fett. 

Det har förslagits att mättat fett påverkar cellen negativt genom att för-
ändra nivåerna av en klass av fetter som kallas sphingolipider. Detta namn 
kommer av deras funktion ansågs lika gåtfull som sphinxen. I delarbete IV 
ger vi en viss klarhet i deras funktion då vi visar att ett visst enzym som om-
vandlar sphingolipider behövs för att mättat fett ska orsaka celldöd i β-
cellen, medan ett annat enzym verkar skyddande för cellen.  

Sammanfattnigsvis så visar vi att β-cellen har svårigheter att hantera mät-
tat fett vilket leder till att cellen dör. Denna process är delvis beroende av 
förändringar i sphingolipider och att de delar av cellen som producerar insu-
lin blir stressade när de utsätts för mättat fett. 
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