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Abstract
Kristinsson, H. 2017. Effects of Free Fatty Acids on Insulin and Glucagon Secretion. –
with special emphasis on the role of Free fatty acid receptor 1. Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Medicine 1320. 54 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-554-9867-2.

Prevalence of type 2 diabetes mellitus (T2DM) is still rising and even so in the juvenile
population. Obesity is highly associated with increased risk for developing T2DM. The
development has been related to elevated fasting concentrations of the pancreatic islet hormones
insulin and glucagon as well as to an increase in plasma lipids that occurs during obesity.
Specifically, research has indicated that chronic exposure to high levels of saturated free fatty
acids cause dysfunction in islet alpha- and beta-cells. Fatty acids can affect islet cells by various
mechanisms one of which is the G-protein coupled receptor FFAR1/GPR40. The role of the
receptor in the effects of fatty acids on pancreatic islet-cell function is not clear. The aim of this
thesis was to clarify the role of FFAR1 in how fatty acids, and more specifically the long-chain
saturated fatty acid palmitate, affect insulin and glucagon secretion.

In children and adolescents with obesity elevated fasting levels of insulin and glucagon were
positively correlated with lipid parameters. Specifically, plasma triglycerides and free fatty
acids were positively correlated with insulin and glucagon at fasting as well as with visceral
adipose tissue volume. Elevated glucagon levels at fasting were associated with worsening
of glucose tolerance in the same population. In in vitro studies of isolated human islets
palmitate stimulated basal insulin and glucagon secretion as well as mitochondrial respiration
at fasting glucose levels. The effect was mediated by FFAR1 and fatty acid beta-oxidation.
At higher glucose concentrations the receptor was involved in the potentiation of insulin
secretion from isolated human islets and insulin-secreting MIN6 cells. Furthermore, we found
that the effects of palmitate on hormone secretion were associated with enhanced mitochondrial
respiration mediated by FFAR1 Gαq signaling and PKC activity as well as increased intracellular
metabolism induced by the fatty acid. When islets were exposed to palmitate for long time
periods and in the presence of FFAR1 antagonist, normalized insulin and glucagon secretion
during culture and insulin response to glucose after culture were observed. In MIN6 cells chronic
palmitate treatment increased mitochondrial uncoupling irrespective of FFAR1 involvement.
However, FFAR1 antagonism during palmitate exposure resulted in elevated respiration and
reduced apoptosis.

In conclusion, children and adolescents with obesity have elevated fasting concentrations of
insulin and glucagon that correlate with free fatty acids and fatty acid sources. High glucagon
levels are linked to worsening of glucose tolerance in these subjects. In vitro the combination
or synergy of FFAR1 activation and intracellular metabolism caused by palmitate is decisive
for both the short-term enhancement effects and the negative chronic effects on insulin and
glucagon secretion.
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Introduction 

Obesity in humans 
Obesity develops when energy is stored at a greater rate than expended. 
Through human history starvation has been a bigger health risk than obesity. 
Therefore, physiology is programmed and very well equipped to store ener-
gy mainly as fat depots. With excessive fat mass there are changes in adipo-
cyte size and number [1]. Adipose tissue consists of different compartments 
that can expand, where the expansion of some are particularly associated 
with negative health effects [2]. For example, increase in visceral adipose 
tissue (VAT) is coupled with negative health effects more than subcutaneous 
adipose tissue [3]. In recent decades the role of adipose tissue has been clari-
fied by examining hormones, adipokines or metabolites released by adipo-
cytes, which can mediate messages to other parts of the body about the size 
and physiological state of adipose tissue [2]. Thus, there is constant signaling 
and crosstalk between the central nervous system, the intestinal tract, the 
pancreas and adipose tissue about energy status. The diagnosis or definition 
of obesity is commonly done by body mass index (BMI). The interval or 
span of BMI is derived from longitudinal studies that found that certain BMI 
spans were more correlated with worsening of health parameters [4]. Some 
of the negative effects of obesity and its duration on health are cardiovascu-
lar with coronary artery disease and stroke, hypertension and type 2 diabetes 
mellitus (T2DM) [5]. 

The prevalence of childhood obesity has increased during the past dec-
ades [6, 7]. Since most children with obesity remain obese as adults the in-
crease translates into a similar rise in adult obesity rates. Obesity developing 
already at young age implicates longer duration of obesity exposure, which 
is anticipated to lead to aggravated development of co-morbidities.  

Obesity in children and adolescents is important to study in order to in-
vestigate the etiology and in order to define ways of intervention. Research-
ing childhood obesity also provides a unique opportunity to study early obe-
sity and its progression, in most cases in drug-naïve subjects. In contrast, 
adults with obesity have usually a long exposure period with co-morbidities 
already developed that make it difficult to distinguish causes from conse-
quences of obesity [8, 9]. 
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Obesity-related type 2 diabetes mellitus 
T2DM is caused by insufficient insulin signaling and glucose uptake leading 
to hyperglycemia (accompanied by hyperosmolarity), which causes dysfunc-
tion of metabolism and, if left untreated, tissue damage [10, 11]. While obe-
sity related T2DM is a disease, where glucose control is lost, in the earlier 
phases of obesity the subjects have in most cases normal glucose tolerance 
(NGT) but altered lipid metabolism. Obesity has been related to both dys-
function in the pancreatic islets of Langerhans [12], which secrete insulin 
and glucagon, and other tissues that respond to those hormones, such as adi-
pocytes, hepatocytes and myocytes [13]. In the islets of Langerhans the glu-
cagon-secreting alpha- (20-35% of mass) and insulin-secreting beta-cells 
(60-80% of mass) are located together with other endocrine cells. The other 
cells include the pancreatic polypeptide secreting PP-cells, ghrelin-secreting 
epsilon-cells and the somatostatin secreting delta-cells. The delta-cells are 
considered important paracrine regulators of alpha- and beta-cell hormone 
secretion [14]. The dynamic and complex interplay of the different cell types 
in the islets is one of the aspects that make them important to study. Islets 
are spherical structures consisting of about 1000 cells each and there are 
about 1 million islets in the pancreas contributing to about 2% of the total 
mass of the organ [15, 16].  

The islets have an important task of maintaining plasma glucose levels 
within a narrow range and signaling storage or release of energy substrates 
for adequate organ function. Insulin is the main hormone signaling storage 
and growth to other tissues and facilitates the uptake of nutrients and most 
importantly of glucose. In addition to aiding cells in the uptake of glucose 
for fuel purposes and stimulating adipogenesis, insulin has an important role 
in avoiding abnormal elevations in glucose concentrations, which otherwise 
could be detrimental for organ function.  

Glucagon on the other hand prevents glucose concentrations from becom-
ing too low, which decreases glucose availability for cells. Glucagon there-
fore has a more catabolic function and is important during fasting [17]. The 
prohormone of glucagon is also expressed in the intestine and central nerv-
ous system, where it is cleaved to different peptide sequences that form hor-
mones that also are involved in energy homeostasis [18]. Under normal cir-
cumstances elevation of glucose has opposite effects on the secretion of in-
sulin and glucagon from the beta- and alpha-cells. In T2DM patient eleva-
tion of glucose paradoxically stimulates both hormones [19].  

When beta-cells fail to meet the increased demand for insulin during obe-
sity with resulting hyperglycemia, manifestations of beta-cell dysfunction 
include elevated basal insulin secretion, loss of glucose responsiveness and 
eventually cell death [20]. The enhanced activity of alpha-cells in obesity 
elevates basal glucagon secretion with enhanced liver glucose output, which 
further enhances the increasing insulin demand [21]. Studies on the patho-
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genesis of T2DM have found that many genes carrying risk for developing 
T2DM are genes connected with the islet-cells [12, 22]. This implies that 
vulnerability to the disease is related to islet-cell function, which is evident 
especially in obesity, where the insulin need is increased [23]. 

Metabolism, free fatty acids and pancreatic islet 
hormone secretion in obese subjects 
Obesity is accompanied by alterations in metabolism, plasma hormonal lev-
els and kinetics as well as sensitivity of target tissues that all may contribute 
to increase the risk of developing T2DM [23-25]. Increased nutritional in-
take results in many changes in human physiology. The increase in adipose 
tissue, which leads to rise in energy storage in the form of triglycerides, is 
often accompanied by a state of dyslipidemia with elevated levels in plasma 
free fatty acids (FFAs), triglycerides and the ratio between low and high 
density lipoproteins [26].  

Elevated levels of insulin and glucagon are seen in individuals with obesi-
ty and elevated basal or fasting levels of insulin are associated with in-
creased risk of developing T2DM [27, 28]. The fuel surplus signals to store 
the extra energy and the insulin response can be interpreted as to accommo-
date this signal. The simultaneously accentuated levels of glucagon are, 
however, counterintuitive since the hormone is catabolic and the main posi-
tive regulator of gluconeogenesis. Adding more glucose to the already nutri-
tient rich plasma enhances the demand on the beta-cells. Therefore, hyper-
glucagonemia is proposed to play a role in the development of obesity-
related T2DM [29, 30]. Intervention of glucagon signaling by antibodies or 
other means has shown promising results [31, 32]. The regulation of gluca-
gon secretion is complex and there are worries that lowering of glucagon 
secretion induces compensatory alpha-cell hyperplasia as has been observed 
in animal models [33-35]. These initial attempts to counteract glucagon se-
cretion illustrate the necessity to have good understanding of the causality of 
hyperglucagonemia during obesity. Better understanding of underlying caus-
es of hyperglucagonemia would allow us to evaluate biological targets of 
intervention, that are likely to successfully lower glucagon secretion without 
interfering with other important physiology. Measuring metabolites, that are 
elevated in obesity and studying how they regulate pancreatic islet hormone 
secretion, can be an important step in developing preventive or treatment 
interventions.  

Plasma long-chain FFA, or non-esterified fatty acid (NEFA) as they are 
also named, concentrations are elevated in obese subjects. FFAs have been 
proposed to play a role in the pathogenesis of T2DM by affecting both islet-
cells functionally and thereby their hormonal output [36-40], as well as hor-
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mone sensitivity of target tissues [41]. FFAs show diurnal rhythms and in 
obesity there are reports of less FFA fluctuations and suppression during 
insulin elevation, which could enhance the effect of the higher total levels 
observed in obesity [42]. FFAs have been shown to stimulate basal insulin 
secretion [43], which as mentioned is associated with increased risk for de-
veloping T2DM [27]. There is also evidence that long-term elevation of 
FFAs can negatively affect glucose responsiveness of beta-cells [36]. They 
have also been shown to be very important for proper insulin response to 
glucose during fasting [44].  

Despite the fact that glucagon levels are elevated in obesity it is not clear 
if lipid parameters are only associated with glucagon secretion during obesi-
ty or if there is a more direct relationship [45]. A positive correlation be-
tween fat mass and both insulin and glucagon levels has been demonstrated 
in humans [46]. However, research on animals and humans, where FFAs 
have been acutely removed or added, points to inverse relationship between 
glucagon secretion and free fatty acids [47, 48]. Other studies, where lipid 
rich meals are ingested, point to a stimulatory effect of fatty acids on gluca-
gon secretion and even suggest lipids can induce alpha-cell dysfunction 
similar as in T2DM [49, 50]. 

While most studies have not focused much on the type of fatty acid, there 
is evidence that saturated long-chain fatty acids are more associated with 
negative health effects compared with unsaturated fatty acids [51-53]. The 
most abundant saturated long-chain FFA in plasma is the 16-carbon palmi-
tate and studies have suggested that palmitate has detrimental effects on 
cellular function [54-56]. In contrast, the monounsaturated counterpart pal-
mitoleate is associated with improved insulin sensitivity and lipid parame-
ters, and lowering of inflammation [57, 58]. The most compelling evidence 
for the difference in effects of fatty acids and their saturation and chain 
length has come from in vitro studies, which provide an opportunity to study 
those differences in more detail and depth [59]. 

Free fatty acids in cellular function and hormone 
secretion from pancreatic islets 
FFAs can serve as substrates for adenosine triphosphate (ATP) production, 
messenger moieties for signaling processes, and as important components in 
cellular organs such as membranes [60, 61]. During starvation or low glu-
cose levels FFAs can both be metabolized into ketone bodies or transferred 
directly into mitochondria for oxidative phosphorylation as acyl-CoAs [62]. 
In states of fuel overload excess metabolites are turned into FFAs and stored 
as triglycerides and utilized as a complementary energy source to glucose. 
FFAs interact with cells by being cleaved from triglycerides by lipoprotein 
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lipase or directly as FFAs transported by albumin as they can enter cells by 
protein transporters such as Cluster of Differentiation 36 (CD36) or by diffu-
sion [63]. Inside the cells FFAs are usually turned into long-chain acyl-CoAs 
or metabolized to other lipid species [64]. Another way that FFAs interact 
with cells is by binding to G-protein coupled receptors on the plasma mem-
brane [65]. 

Fatty acid G-protein coupled receptors 
Cells are able to communicate with each other by sending and receiving 
signals, which include hormonal signals from distant endocrine cells, para-
crine signals from neighboring cells or autocrine sensing of signals emitted 
from the same cell. Cell surface or transmembrane receptors on the plasma 
membrane provide cells with the means of sensing different ligands in their 
environment with relevant signaling cascades, without specific uptake of the 
respective ligands. There are different types and subtypes of transmembrane 
receptors such as G-protein coupled, receptor tyrosine kinases and ion chan-
nel receptors. G-protein coupled receptors (GPCRs), or seven transmem-
brane receptors as they are also named, are influential on cell function. In 
addition they have proven to be suitable targets for drug development. In-
deed, a high percentage of marketed medicines target GPCRs [66]. 

In the early 2000s there was much progress in the deorphanization of or-
phan GPCRs. Interestingly, some of the orphan GPCRs bind fatty acids of 
different species. At least four different FFA receptors (GPR40, GPR41, 
GPR43 and GPR120) were identified and a fifth that binds fatty acid amides, 
lysophosphatidylcholine or acyl-glycerols (GPR119) [67-69]. GPR40 or free 
fatty acid receptor 1 (FFAR1) as it was named, has its highest expression 
profile in pancreatic islets and studies found that it specifically binds medi-
um- to long-chain fatty acids and that its activation increased insulin secre-
tion [70-72]. Other tissues, where it is also expressed, include the enteroen-
docrine region [73], central nervous system [74], certain cancer types [75], 
osteoclasts [76] and monocytes [70]. GPR119 is mainly expressed in the 
pancreas and intestine [77]. GPR41 and GPR43 or free fatty acid receptor 2 
and 3 (FFAR2, FFAR3), which bind short chain fatty acids and acetate, are 
expressed in various organs and tissues [78, 79]. GPR120 or FFAR4 is ex-
pressed in the intestine, adipose tissue and pancreatic islets, where it report-
edly binds long-chain fatty acids and has higher affinity for unsaturated spe-
cies [67, 80, 81]. Interestingly, some of these receptors are expressed in the 
same cell-type and reported to have synergistic effects [82]. 

Free fatty acids and insulin and glucagon secretion 
Insulin and glucagon are mostly connected with regulation of carbohydrate 
metabolism. It is, however, possible that their importance for sensing and 
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regulating lipid metabolism is equally important. Although the islets are 
primarily known as responders to alterations in glucose levels, there is 
accumulative evidence that they are highly influenced by FFAs and lipid 
species. In cellular models mechanisms of action of such effects can be 
defined. Studies on the effects of FFAs on islet hormone secretion are 
important in this regard and have demonstrated the complexity of hormone 
secretion from the islets of Langerhans. 

Acute effects of elevated FFA levels 
Insulin is the major regulator of fuel uptake and anabolism and secretion of 
the hormone from pancreatic beta-cells is mainly regulated by fuel substrates 
[83]. Short-term exposure to FFAs in vitro amplifies insulin secretion 
whereas long-term exposure leads to diminished insulin secretion, cellular 
insulin content and increased apoptosis [84-86]. The same phenomenon has 
been demonstrated in vivo, where long-term infusion of lipids decreased and 
short-term infusion increased insulin secretion during intravenous glucose 
tolerance tests in healthy subjects [87]. The effect of FFAs on glucagon se-
cretion in humans is not as well understood [18]. In rodent cell models stim-
ulatory effects during acute exposure followed by a decline after long-term 
exposure have been reported [47, 88-90]. 

During fasting in the presence of low glucose, FFA utilization by mito-
chondria maintains adequate ATP production and insulin secretion [91]. In 
the same manner as elevated glucose levels affect insulin secretion, FFAs 
can also do so by elevating the ATP/ADP ratio, which closes the plasma 
membrane KATP channels, depolarizes the membrane and opens voltage-
dependent Ca2+ channels [92, 93]. The subsequent increase in intracellular 
Ca2+ results in exocytosis of insulin granules [94]. Besides direct effects on 
oxidative production of ATP, other indirect effects of FFA metabolism can 
cause increased energy expenditure and stimulate insulin secretion by accel-
erating the glycerolipid/FFA cycle [95]. When glucose levels are elevated it 
is reported that it is accompanied by a rise in intracellular FFA species due 
to inhibition of fatty acid beta-oxidation by a product of the glycolytic path-
way, malonyl-CoA [96]. These FFA species mainly arise from esterification 
of long-chain acyl-CoAs into triglycerides or diacylglycerols (DAGs) with 
further metabolism leading to phosphatic acid and other metabolites impli-
cated in potentiation of insulin secretion [96-101]. Signaling via 
phospholipase C (PLC) and protein kinase C (PKC) is in large part mediated 
via lipid molecules such as phospholipids and fatty acids. There are different 
ways how intracellular fatty acid derived lipids can enhance insulin secre-
tion. Such mechanisms include increasing intracellular Ca2+ concentrations 
by enhanced endoplasmic reticulum (ER) Ca2+ release and by activating L-
type Ca2+ channels. There are also reports of fatty acids directly stimulating 
insulin secretion by affecting the insulin granules [102-105]. 
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Effects of FFAs on glucagon secretion are less clear. Most in vitro studies 
have as mentioned found strong stimulatory effects of FFAs on glucagon 
secretion from rodent cell lines or islets [47, 88-90]. How FFAs affect basal 
glucagon secretion in human islets has not been defined, however. One of 
the proposed mechanism is that FFAs affect somatostatin secretion that nor-
mally has a paracrine control of alpha-cell secretion [14]. Additionally, stud-
ies have found increased activity of L-type Ca2+ channels and elevation of 
intracellular Ca2+ concentrations in the effects of FFAs on glucagon secre-
tion [106]. With the discovery of FFA signaling via GPCRs, the role of FFA-
mediated signaling in islet-cells is currently being reevaluated. 

Chronic effects of elevated FFA levels - cell models of increased FFAs 
during obesity 
When fatty acids are elevated for prolonged time-periods, negative effects on 
insulin secretion are observed. The metabolism of especially saturated FFAs 
has been put forth as contributing to cellular dysfunction [107]. The most 
abundant saturated long-chain FFA in plasma is as mentioned palmitate 
[108]. Chronic high palmitate levels have repeatedly been shown to induce 
negative effects on beta-cell function [59, 109-111]. Investigations have 
identified a number of different mechanisms for how fatty acids induce those 
effects, which include metabolic effects of palmitate and triglyceride metab-
olism [84, 112], formation of toxic ceramide species [113], reactive oxygen 
species (ROS) [114, 115], alterations in glucose metabolism [109, 115] and 
effects on NADPH content [116]. There is also evidence that palmitate-
induced metabolic changes not only diminish glucose responsiveness direct-
ly but also indirectly by inducing ER-stress and apoptosis [86, 112, 117, 
118]. 

Long-term studies of the effects of FFAs on glucagon secretion and al-
pha-cell function have indicated altered function and hypersecretion in ro-
dent cell lines. In one study palmitate and oleate culture was found to en-
hance the secretion of glucagon and reduce somatostatin secretion in re-
sponse to glucose [119]. A similar study on isolated rat islets found FFAs to 
induce glucagon hypersecretion [88]. They also found diminished expression 
of pancreatic and duodenal homeobox 1 (PDX1), a transcription factor im-
portant for beta- and delta-cell differentiation [88]. 

FFAR1 (GPR40) and islet function 
Fatty acids influence alpha- and beta-cells by interacting with GPCRs on the 
plasma membrane [70, 71]. FFAR1 activation by medium- to long-chain 
fatty acids and synthetic small molecule agonists is reported to signal via Gαq 

protein coupled signaling, which activates phospholipase C (PLC) with sub-
sequent hydrolysis of PIP2 into DAG and inositol triphosphate (IP3). It has 
been proposed that DAG and IP3 potentiate insulin secretion by activating 
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PKC, protein kinase D1 (PKD1) which affects remodeling of the actin cyto-
skeleton and by triggering of endoplasmic reticulum (ER) Ca2+ release [120, 
121]. The main conclusion of many of these studies was that FFAR1 signal-
ing potentiates the insulin response to elevated glucose concentrations and 
that it did not influence insulin secretion at low glucose concentrations [71]. 
As glucose stimulates insulin secretion in a biphasic manner it was found 
that FFAR1 mostly affects what is called the second phase of insulin secre-
tion [122, 123]. The reported glucose-dependency of the stimulatory effects 
of FFAR1 on insulin secretion promoted development of synthetic FFAR1 
agonists as potential therapeutic agents for the treatment of T2DM. Indeed, 
some have undergone clinical trials in humans with positive effects on glu-
cose control [124, 125]. 

There is evidence that FFAR1 not only influences insulin secretion but al-
so glucagon secretion, with the receptor being involved in enhanced gluca-
gon secretion from isolated rodent islets and alpha-cells mediated by rise in 
cytoplasmic Ca2+ [126, 127]. Interestingly, no effect on glucagon secretion 
was observed in human islets exposed to a FFAR1 synthetic agonist [128]. 

Animal and in vitro studies have implicated FFAR1 in the long-term neg-
ative effect of FFAs, which often are termed lipotoxicity [129-134]. Other 
studies have not found a common mechanistic role for FFAR1 in the nega-
tive effects of FFAs [135-137]. This maybe due to differences in culture 
conditions and/or species differences [136, 138]. There has been little or no 
research on the role of FFAR1 with this regard in human in vitro models. 

Metabolism and mitochondrial function in islet-cells  
For accurate sensing of fuel status in blood it is especially important that the 
metabolic machinery in pancreatic beta-cells is functioning properly. As 
mentioned above ATP-production affects insulin secretion together with 
other metabolic signaling molecules, indicating the importance of mitochon-
drial function in beta-cells [139, 140]. This was illustrated in a study show-
ing that beta-cells depleted of mitochondria were unable to respond to meta-
bolic changes with changes in insulin secretion [141]. It has been demon-
strated that beta-cells have highly uncoupled mitochondrial oxygen con-
sumption, meaning that there is a large proportion of the oxygen consumed 
not coupled to ATP-synthesis (also called proton leak) [142]. This makes it 
possible for beta-cells to burn and sense fuel-substrates without overproduc-
ing ATP and losing the ability to sense changes in ATP-levels.  

Alpha-cells are not as well understood with regard to influence of me-
tabolism on hormone secretion, which maybe due to the fact that alpha-cell 
models are not available to the same extent as beta-cell models. Glucose 
metabolism with ATP-generation is reported to close KATP channels in alpha-
cells, just like in beta-cells, but result in lower secretion of the hormone. 
This is proposed to be due to the fact that action potential generation in al-
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pha-cells is dependent on T-type Ca2+ channels and Na+ channels, which 
inactivate and cause decreased electrical excitability [143, 144]. In studies 
on rat alpha-cells dissociated from their neighboring beta- and delta-cells 
glucose stimulated glucagon secretion, however [145]. 

Studies have also found that mitochondrial ATP-generation plays a lesser 
role in the induction of glucagon secretion as a large portion of glucose utili-
zation in alpha-cells does not seem to result in glucose oxidation and mito-
chondrial ATP-generation [146, 147]. Investigations on alpha-cell stimulus 
secretion coupling have found pyruvate, amino acids and FFAs to increase 
secretion [18]. In the case of pyruvate the difference compared to glucose is 
proposed to be due to different expression of enzymes involved in pyruvate 
and lactate metabolism between the cells [147, 148]. Amino acids are pro-
posed to stimulate secretion by different means including their polar proper-
ties [18]. FFAs have as mentioned been shown to stimulate glucagon secre-
tion and have even been shown to do so when the plasma membrane is al-
ready depolarized, indicating that other or additional mechanism than ATP-
generation is present [106]. 

Studies on animal models of T2DM with high nutrient environment and 
isolated human islets exposed to elevated levels of nutrients have demon-
strated effects on beta-cell mitochondria structure and function [149-153]. A 
study on pancreatic islets from diabetic patients identified changes in mito-
chondrial protein expression and reduction in ATP levels. There was in-
creased expression of mitochondrial uncoupling protein 2 (UCP2), respirato-
ry chain complex 1 and ATP-synthase expression as well as increased mito-
chondrial volume without changes in total mitochondrial number [154]. The-
se studies have prompted the question if different mitochondrial fuel 
substrates are more or less capable of causing mitochondrial dysfunction. 
Interestingly, only 4 hour exposure to elevated FFAs caused fragmentation 
of mitochondria in a beta-cell line but elevated glucose concentrations alone 
for up to 24 hours had minor effects on fragmentation [155]. Another study 
focusing on differences between fuel metabolites in long-term exposure 
found elevated levels of pyruvate not to induce the same detrimental effects 
as elevated glucose, which induced unfavorable effects on mitochondrial 
metabolism and insulin secretion [156]. Investigating how elevated lipids or 
FFAs influence islet-cell metabolism and hormone secretion can lead to bet-
ter understanding of the cellular events leading to altered hormone secretion 
during obesity and T2DM development. 
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Aim 

The aim of this thesis was to define mechanisms by which high concentra-
tions of free fatty acids, as observed in obese subjects, affect secretion of 
insulin and glucagon using cellular models and translating them to the in 
vivo situation in obese children and adolescents. 
 
Specifically, the aim was to elucidate the role of FFAR1 in both the short- 
and long-term effects of palmitate on insulin and glucagon secretion.  
 
 
Specific aims by paper: 
 
I: Examine the role of the FFAR1 signaling pathway in the acute and long-
term effects of palmitate on GSIS and insulin content of isolated human is-
lets. 

 
II: Investigate the effects of fatty acid metabolism and FFAR1 signaling on 
mitochondrial function. 
 
III: Examine how chronically elevated FFA levels affect glucagon, insulin 
and also somatostatin secretion from isolated human islets at fasting glucose 
concentrations with special focus on the role of FFAR1. 
 
IV: Delineate mechanisms for fasting hyperglucagonemia by studying asso-
ciations between fasting glucagon concentrations and plasma lipid parame-
ters in children and adolescents with obesity. Investigate the ability of fatty 
acids to trigger glucagon secretion from isolated islets of Langerhans at fast-
ing glucose concentrations. 
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Methods 

Major aspects regarding the materials and methods used in the thesis are described below. 
For detailed descriptions of methods and materials used in the studies reference is made to 
the corresponding section in the respective papers. 

Cohort study  
Cohort description 
The study design was a two-center cross-sectional study carried out at the 
Uppsala University Hospital in Uppsala, Sweden, and at Paracelsus Medical 
University Hospital in Salzburg, Austria. All study subjects were part of the 
Beta-cell Function in Juvenile Type 2 Diabetes and Obesity (Beta-JUDO) 
cohort. Children and adolescents with overweight or obesity (n=147) were 
recruited from the obesity clinics at the respective center and lean controls 
(n=43) were recruited through advertisement and local schools in Uppsala 
and Salzburg. All examinations and procedures were harmonized between 
the centers. Height was measured with a stadiometer and weight with a digi-
tal scale. The age- and sex-adjusted body mass index, i.e. the BMI standard 
deviation score (BMI SDS) was calculated according to the WHO 2006-
2007 growth reference. Waist and hip circumference was measured to the 
nearest cm by a flexible tape. Children and adolescents were classified as 
prepubertal, pubertal or postpubertal according to Tanner stage or, when not 
available, by locally derived cutoffs for testosterone and assessment of 
growth charts for height. Ethical permission for examinations and proce-
dures were obtained from the Regional Ethical Review Board in Uppsala, 
Sweden (EPN numbers 2010/036; 2010-03-19 and 2012/318; 2012-10-24) 
and Salzburg, Austria (2012/1544). 

Blood sampling and analyses 
Blood was sampled through a patent venous catheter, inserted after applica-
tion of an anesthetic patch to the skin (EMLA, AstraZeneca, London, UK). 
Plasma glucose and triglycerides were measured at hospital laboratories at 
each center according to local protocols. In the Salzburg Paracelsus Medical 
University Hospital laboratory, plasma concentrations of triglycerides and 
glucose were analyzed on the COBAS Modular System (Roche Diagnostics, 
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Rotkreuz, Switzerland) using enzymatic photometric or glucose oxidase 
methods. In the Uppsala University Hospital laboratory, plasma concentra-
tions of triglycerides and glucose were analyzed on the Architect system 
(Abbott Diagnostics, Abbott Park, IL, USA) using a photometric test or glu-
cose dehydrogenase method. Validation of analyses between hospital labs 
was done by reference blood samples. Plasma insulin and glucagon was ana-
lyzed centrally by specific sandwich ELISAs (Mercodia, Uppsala, Sweden). 
Blood samples used for the analysis of insulin, glucagon and FFAs were 
immediately centrifuged at 4°C and plasma aliquoted and stored in a biobank 
at -80°C until analyses. All analytes were measured in fasting blood and in 
addition, glucose was measured during an oral glucose tolerance test 
(OGTT).  

Free fatty acid analysis 
A sample of 100 µl plasma was vortexed thoroughly with a 60 µl mixture of 
internal standards (3.33 µg/ml of nonanoic acid (C9:0) 3.33 mg/ml, 16.66 
µg/ml of heptanoic acid (C17:0), and 3.33 µg/ml of tricosylic acid (C23:0)). 
Plasma lipids were extracted with 2 ml of organic solvent mixture (isopropa-
nol: heptane: 1 M hydrochloric acid (40:10:1, v/v/v)) by vortexing for 30 
min. During the extraction, lipids need to be protected against oxidation by 
adding 0.05 mg/ml butylated hydroxytoluene to the organic solvent mixture. 
The samples were incubated at room temperature for 10 min. One ml of wa-
ter was added to the samples and the plasma lipids were extracted into 2 ml 
of heptane. Another lipid extraction step was performed by adding 1 ml of 
heptane. The heptane phase was dried under nitrogen gas and the dried lipids 
were redissolved in 100 µl of heptane. The sample was stored at -20°C until 
Ultra-Performance Convergence Chromatography (UPC2) analysis. 

FFAs were analyzed with UPC2 (Waters ACQUITY® UPC2™, Milford, 
MA) coupled with tandem MS (XEVO® TQ-S, Milford, MA). The analysis 
was performed with an Acquity UPC2 HSS C18 column (100 mm 3.0 mm, 
1.8 µm at 40 °C, Waters, Milford, MA, USA). The mobile phase A is 
99.99% pure compressed CO2. Methanol containing 0.1% formic acid was 
used as the co-solvent.  

Oral glucose tolerance test 
After fasting overnight, subjects underwent a standard OGTT, as previously 
described [157]. Briefly, subjects drank a glucose solution at a dose of 1.75 g 
glucose/kg body weight, maximum 75 g glucose. Blood samples were drawn 
at time-points -5, 5, 10, 15, 30, 60, 90 and 120 min from glucose ingestion. 
Impaired fasting glucose (IFG), impaired glucose tolerance (IGT) and T2D 
was determined by fasting and/or 2-h OGTT plasma glucose, according to 
WHO criteria.  
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Magnetic resonance imaging  
A subset of subjects from the cohort with overweight or obesity (n=90) and 
lean controls (n=15) underwent quantification of visceral (VAT) and subcu-
taneous (SAT) adipose tissue volume as well as liver (LFF) and pancreatic 
(PFF) fat fractions by magnetic resonance imaging as previously described 
[158]. In brief, 1.5 T clinical MRI systems (Philips Medical System, Am-
sterdam, Netherlands) were used. Water-fat imaging techniques were used 
throughout. All MRI-scans were performed after a light meal and in close 
time proximity to the OGTT, in most cases on the same day. The volumes 
were determined using a fully automated segmentation method. The method 
uses a filtering technique to separate VAT from SAT [159].  

Cell studies 
Cell culture 
Isolated human islets  
Isolated human islets were obtained from brain-dead otherwise healthy indi-
viduals from the Uppsala University Islet Transplantation Unit and from the 
Islet Prodo Lab Inc. (Irvine, CA, USA). Human islets were cultured in 
CMRL 1066 medium (Gibco, Thermo Fisher, Waltham, MA, USA) contain-
ing 5.6 mmol/l glucose and supplemented with 10% fetal bovine serum 
(Gibco, Thermo Fisher, Waltham, MA, USA) and 0.5 % fatty acid free bo-
vine serum albumin (BSA, fraction V, Roche Diagnostics, Basel, Switzer-
land), which was defined as control conditions. Ethical permission for the 
use and for the procedures and protocols involved in handling of human 
islets isolated from healthy individuals was obtained from the Regional Ethi-
cal Review Board in Uppsala, Sweden (EPN number 2010/006; 2010-02-
10). All procedures involving islets were carried out in accordance with the 
aforementioned approval as well as in compliance with respective local 
guidelines and regulations.  

MIN6 cells 
MIN6 cells were originally developed from a mouse insulinoma by targeted 
expression of the SV40 T antigen gene in transgenic mice [160]. The cells 
are generally considered a good model for the study of beta-cell function in 
vitro because of their good insulin secretory response to glucose and their 
susceptibility to the lipotoxic effects of palmitate. Cells were cultured in 
Dulbecco’s Modified Eagle medium (DMEM) containing 25 mM glucose 
and supplemented with 10% FBS. 
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EndoC-betaH1 cells 
EndoC-betaH1 cells are a human beta-cell line developed from fetal pancre-
atic buds by SV40 T antigen transduction and further expansion in mice 
[161]. EndoC-betaH1 cells offer the opportunity to study human beta-cell 
biology, which can differ from rodent beta-cell biology [162]. Cells were 
cultured in DMEM in Dulbecco’s Modified Eagle medium (DMEM) con-
taining 5.6 mM glucose and supplemented with 2 % BSA as previously de-
scribed [161]. 

Palmitate-BSA conjugate preparation  
Palmitate was prepared in 100 mM 50% ethanol stock solutions and diluted 
in culture media to a final concentration of 0.5 mM. The media contained 
0.5% (weight) fatty acid free BSA. The FFA and protein were allowed to 
conjugate for 30 min at 37°C.  

FFAR1 antagonists and agonists   
The role of FFAR1 in islet cell biology was addressed by using FFAR1 an-
tagonists ANT203, ANT825 and DC260126 [131, 163, 164] and agonists 
TAK-875 and GW9508 [72, 128]. 

Down-regulation of FFAR1 by short hairpin RNA  
The short hairpin RNA (shRNA) of FFAR1 (Sigma Aldrich) was used to 
inhibit expression of FFAR1 in MIN6 cells and human islets. Non-
mammalian shRNA control plasmid DNA (Sigma Aldrich) was used as a 
negative control. For transfection of human islets commercially available 
lentiviral particles pseudotyped with an envelope G glycoprotein from Ve-
sicular Stomatitis Virus (VSV-G), containing shRNA targeting FFAR1, were 
used to enhance transfection (SHCLNV, Mission transduction particles, 
Sigma Aldrich).  

Measurement of FFAR1 protein and mRNA level  
Total mRNA was isolated from islets or cells using NucleoSpin® RNA 
(Macherey-Nagel, Duren, Germany) and reversely transcribed into cDNA 
with SuperScript™ III First-Strand Synthesis System for RT-qPCR (Invitro-
gen, Carlsbad, CA, USA). The real-time PCR was performed in 10 µL vol-
ume using Dynamo Capillary SYBR Green qPCR kit (Thermo Scientific, 
Waltham, MA, USA). FFAR1 mRNA level was normalized to the reference 
gene β-actin using the following formula: target amount = 2-ΔΔCt, where 
ΔΔCt = [Ct (GPR40 KO) − Ct (β-actin KO)] − [Ct (GPR40 control) − Ct (β-
actin control) [165]. Total FFAR1 protein amount in samples of lysed islets 
was measured by a commercial Human FFAR1/GPR40 Sandwich ELISA 
(LS-F8454, LifeSpan BioSciences, WA, USA) according to the manufactur-
er´s instructions. 
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Short-term exposure of cells to palmitate 
The acute effects of palmitate on islet-cell function were studied by exposing 
human islets, EndoC-betaH1 cells or MIN6 cells to 0.5 mM palmitate in the 
presence or absence of FFAR1 antagonists/agonist for time periods of 0.5 - 2 
hours. During this treatment insulin secretion, oxygen consumption rate and 
metabolic activity were measured. 

Long-term exposure of human islets and MIN6 cells to palmitate 
The long-term effects of palmitate on cell function were studied by exposing 
human islets to 0.5 mM palmitate for 6 hours, 1, 2, 4 and 7 days or MIN6 
cells to 0.5 mM palmitate for 48 hours. FFAR1 antagonists/agonist were 
included or not during culture. The fatty acid and FFAR1 antagonists/agonist 
were removed before measuring the effect of different culture conditions on 
insulin secretion, oxygen consumption rate, apoptosis and mtDNA copy. 

Hormone secretion  
Human islets were collected and placed into either a perifusion chamber for 
perifusion experiments, or a culture vesicle for longer incubations where 
media was collected after culture for hormone measurements. In perifusion 
experiments buffers with different compositions were pumped into the 
chamber and subsequently collected in time fractions for hormone measure-
ment yielding a kinetic representation of hormone secretion. Islets were ini-
tially perifused for 1 hour at 37°C with a buffer set to pH 7.4 containing 
base-line conditions [86]. Subsequently, samples were collected in the same 
conditions the next 20 minutes in 5-minute fractions as the baseline. This 
was followed by another 20-60 min perifusion with the buffer now contain-
ing experimental conditions. When assessing glucose-stimulated insulin 
secretion (GSIS), glucose concentrations were raised from 2 to 20 mM (pa-
per I) and from 5,5 to 11 mM (paper IV). After perifusion, islets were 
washed with phosphate buffer saline (PBS) and lysed for measurements of 
hormone and protein content. Insulin was measured by competitive ELISA 
as previously described [166] (paper I and II), and with commercial ELISA 
kits from Mercodia (paper III, IV). Glucagon (Mercodia AB, Uppsala Swe-
den) and somatostatin (Peninsula labs, San Carlos, CA, USA) were also 
measured by ELISA. Glucagon, insulin and somatostatin content was nor-
malized to total protein content as measured by the DC protein assay (Bio-
Rad Laboratories, Hercules, CA, USA).  

In MIN6 cells GSIS was measured after culture by incubating the cells for 
1 hour at 37°C in buffer containing 2 mM glucose. Subsequently, the buffer 
was changed to the same type of buffer containing either 2 or 20 mM glu-
cose. After incubation at 37°C for 30 min, aliquots of the buffer were col-
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lected for insulin measurements. Lysates were used for measurements of 
insulin and protein content. 

Studies on metabolism 

Oxygen consumption rate measurements 
Mitochondrial function was determined by measuring oxygen consumption 
rate (OCR) in the Extracellular Flux Analyzer XF96e, which is a static mod-
el with kinetic fluorescence measurements [167]. Inhibitor of ATP-ase oli-
gomycin, inhibitor of complex 1 rotenone and complex 3 antimycin were 
used to test mitochondrial function. Whereas addition of oligomycin gives 
estimation of the amount of respiration that is coupled to ATP-synthase, the 
addition of rotenone and antimycin post oligomycin blocks all mitochondrial 
respiration and gives estimation of the total OCR of the mitochondria. Esti-
mates of total mitochondrial OCR and the degree of uncoupling and/or the 
amount of ATP-coupling/proton leak can be calculated. All measurements 
were corrected for non-mitochondrial OCR by subtracting the non-
mitochondrial portion of OCR from the total OCR. 

Mitochondrial function was determined in MIN6 cells, EndoC-betaH1 
and human islets at pH 7.4 in XF assay media (modified DMEM). About 75 
000 MIN6 cells and 60 000 EndoC-BetaH1 were seeded in each well of a 
Seahorse cell culture plate, with 5-10 replicate wells per treatment condition. 
For measurements of OCR in human islets, 10-15 islets were individually 
picked to avoid non-islet structures and placed into each well of the same 
plate, with 6-10 replicate wells per condition. To examine the contribution of 
glucose to OCR, glycolysis was inhibited by the addition of 100 mM 2-
deoxy glucose. To examine FFA contribution to OCR, fatty acid beta-
oxidation was inhibited by the addition of the carnitine palmitoyl transferase 
1 (CPT1) inhibitor etomoxir or the alpha-keto thiolase inhibitor trimeta-
zidine. To study Gαq protein-coupled receptor signaling, the M3 muscarinic 
acetylcholine receptor agonist carbachol or the PKC inhibitor chelerythrine 
were used. 

Glucose utilization measurements  
Glucose utilization in MIN6 cells was determined by addition of 2 µCi d-[5-
3H]glucose into the treatment media. The amount of [3H]OH formed during 
2 hour exposure represents the relative amount of glucose that was utilized 
[168], and was determined by a liquid-scintillation spectrometer.  

Palmitate accumulation and oxidation measurements 
MIN6 cells were cultured in 24-well plates in media containing 0.5 mM 
palmitate and 2 µCi [3H]palmitate in the absence or presence of FFAR1 ago-
nist/antagonist for 48 hours. Subsequently, cells were lysed with H2O and 
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collected for measurements of the level of accumulated palmitate. In a paral-
lel experiment, [3H]palmitate was present during the initial 24 hours but not 
the following 24 hours. Media from the latter 24-hour culture were collected 
for estimation of the level of oxidized palmitate.  

Apoptosis measurements  
Apoptosis in MIN6 cells was measured by the Cell Death Detection 
ELISAPLUS Kit (Roche, Mannheim, Germany), according to the manufactur-
er's instructions. The ELISA measures cytoplasmic oligonucleosomes that 
increase after apoptosis-associated DNA degradation. Apoptosis, determined 
by optical density, was correlated to total protein determined by the DC Pro-
tein Assay (BioRad, Hercules, CA, USA) in separate experiments. 

Analysis of results  
Analysis of cohort study 
Differences between groups was tested by Student’s t-test in case of normal-
ly distributed data or Mann-Whitney U-test in case of non-normally distrib-
uted data. Normality was tested by Shapiro-Wilk test. Differences between 
the study groups in the distribution of categorical variables were tested by 
the chi-square test. Subjects were divided into quartiles of fasting plasma 
glucagon concentrations. Differences in anthropometric measurements, body 
fat compartments and plasma lipids among quartiles of fasting plasma glu-
cagon concentrations were tested by one-way ANOVA with a post hoc Fish-
er’s LSD test comparing quartile 1 to quartile 4. In case of non-normally 
distributed data, the Kruskal-Wallis test with post hoc Dunn’s test was used. 
Associations of fasting plasma glucagon with anthropometric measurements, 
body fat compartments and plasma lipids were further tested by multiple 
linear regressions including and thus adjusting for age, sex and family histo-
ry of diabetes. In case of failure to satisfy the assumptions of normality and 
homogeneity of variance, analysis was performed on log-transformed data. 
Standardised coefficients are denoted as β and unstandardized coefficients 
are denotes as B throughout. Due to the study population consisting of two 
separate groups of BMI rather than a continuum, the groups were analysed 
separately.  

Analysis of cell studies 
For comparison between groups in cell studies the paired Student’s t-test, 
repeated measures or ordinary one-way ANOVA (with Bonferroni´s or Fish-
er´s post hoc tests) were used respectively. P < 0.05 was considered statisti-
cally significant. All analysis and figure presentation was done with Graph 
Pad Prism software, version 6 (San Diego, CA, USA). 
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Results and discussion 

Elevated fasting insulin, glucagon and lipid levels in 
children and adolescents with obesity 
Obese children and adolescents had higher fasting plasma insulin and gluca-
gon levels compared to lean controls (paper IV). The highest quartile group 
of fasting plasma glucagon also had the highest plasma insulin and higher 
prevalence of impaired glucose tolerance than those in the lowest quartile of 
glucagon. The fact, that fasting glucagon levels are positively correlated with 
impaired glucose tolerance in the current and other studies involving pediat-
ric obesity [169-171], supports the hypothesis that elevated glucagon levels 
contribute to the development of T2DM. 

Plasma triglycerides, and total FFAs at fasting were highest in individuals 
in the quartile with highest plasma glucagon who also had the highest insu-
lin. Positive correlations between all FFA species measured and glucagon 
was found, except for palmitoleate. Palmitate showed the greatest difference 
(54%) between lean controls and those with obesity (paper IV). Since tri-
glycerides can be cleaved locally by lipoprotein lipase yielding FFAs, in-
cluding in islets, triglycerides most likely contribute to FFA exposure of 
islet-cells. Association between plasma triglycerides and glucagon has pre-
viously been observed in adults with obesity and varying degrees of glucose 
intolerance [172]. 

In children and adolescents with obesity there was a positive correlation 
between VAT and glucagon levels but no correlation between SAT and glu-
cagon levels. In adult males correlation has been observed between VAT, 
triglycerides and fasting insulin, and glucagon levels [173]. Two studies on 
central obesity and kidney function demonstrated an association between 
abdominal obesity and plasma glucagon concentrations in adults, which is in 
line with the findings of this thesis [174, 175]. Interestingly, in the earlier 
study, total FFAs were measured, which were substantially higher in the 
group with central obesity. 

Rapid increase or removal of FFAs has been coupled to decreased gluca-
gon secretion [47, 48]. This may be influenced by the fact that acute addition 
or removal of FFA species will have strong effects on insulin secretion and 
other islet paracrine signals, which then can affect glucagon secretion [18]. 
When lipid rich meals are ingested and plasma lipids likely increase more 
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transiently, stimulatory effects of FFAs on glucagon secretion are observed 
[49, 50].  

Since the study is cross sectional we can only describe the association and 
not address causality. The association between lipids and glucagon levels in 
obesity could also be driven by other metabolites or parameters that stimu-
late glucagon secretion and are concomitantly elevated in obesity. 

 Glucagon secretion in response to raised FFA levels can in healthy sub-
jects be observed during long periods of fasting to secure glucose levels by 
enhanced gluconeogenesis [176, 177]. One can speculate that in obesity the 
alpha-cells chronically receive signals, such as elevated FFA levels, which 
are normally received only during fasting. Such a scenario would then con-
tribute to cell dysfunction and development of T2DM.  

Simultaneous palmitate stimulation of insulin and 
glucagon secretion via FFAR1  
To further investigate associations between lipids and insulin and glucagon 
levels observed in vivo, we tested the effects of FFAs on alpha- and beta-
cells in vitro. The relationship found in children and adolescent between 
fatty acid sources and the dual increase in insulin and glucagon secretion 
was also present in isolated human islets. In experiments at fasting glucose 
levels the addition of FFA palmitate to the culture induced a concomitant 
increase in both insulin and glucagon release (paper III, IV). After 48 hour 
culture, the effect on secretion was still present when islets were perifused 
with 5.5 mM glucose in absence of palmitate (paper IV).  

Further analyses of 24 hour exposure to palmitate showed that this in-
crease in hormone secretion could not be accounted for by decreased soma-
tostatin secretion as it was also elevated during palmitate culture (paper III). 
In contrast, in a previous study glucagon hypersecretion and decreased so-
matostatin secretion were observed from palmitate-treated mouse islets in 
response to increased glucose concentrations [119]. In contrast, we investi-
gated the effect on basal secretion of islet hormones during culture including 
somatostatin secretion (paper III). When we studied the glucagon response to 
glucose stimulation (paper IV) we did not measure somatostatin secretion, 
however. Interestingly, a study on perifused human pancreas found glucagon 
capable of inducing somatostatin secretion [178] .  

Our studies were on intact islets and it is therefore difficult to interpret 
these findings with regard to mechanism of action on the separate islet cell 
types. By decreasing FFAR1 levels or antagonizing the receptor during cul-
ture, secretion of all three hormones was decreased demonstrating the influ-
ence of the receptor in the effects of palmitate on secretion of all three hor-
mones whether direct or indirect. Decreased hormone secretion of the three 
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hormones was also observed when fatty acid beta-oxidation was inhibited by 
etomoxir, indicating an additional role for oxidative phosphorylation in the 
effects of FFAs.  

In islets GSIS caused about 4-fold increase in secretion (paper I). When 
palmitate was present during GSIS, it was further enhanced 3-fold. Investi-
gations with FFAR1 antagonists indicated that FFAR1 was at least responsi-
ble for circa 50% of the amplification by palmitate (paper I). It was mostly in 
the second phase or later time points of GSIS that the effect of FFAR1 an-
tagonist was present (paper I). Insulin secretion from islets in the presence of 
a FFAR1 agonist alone resulted in a 1.4-fold increase in GSIS compared to 
the aforementioned 3-fold increase by palmitate (paper I). The results indi-
cate that at least half of the potentiation of GSIS by palmitate was mediated 
by activation of FFAR1 in human islets. The metabolic or non-FFAR1 de-
pendent effects of palmitate must have also contributed together with 
FFAR1 signaling since a small molecule agonist, which reportedly has more 
activity than FFAs at the receptor [179], had less potentiation ability. These 
findings are in agreement with conclusions from another study, namely that 
receptor activation is necessary but not sufficient for the potentiation of insu-
lin secretion by FFAs [135]. 

In isolated human islets the addition of palmitate enhanced insulin secre-
tion both at high (20 mM) and fasting (5.5 mM) glucose concentrations. The 
increase in secretion in both cases was mediated in large part via FFAR1 as 
secretion was markedly attenuated, when the receptor was antagonized or 
down-regulated (paper I, III). The consensus from many studies on how 
FFAs affect insulin secretion from beta-cells has been that FFAs only poten-
tiate insulin secretion at elevated glucose levels [122, 180]. The same find-
ings of dependency of high glucose concentrations were often reported with 
regard to effects of FFAR1 [71]. The findings of the studies included in this 
thesis do not fit with this view. A potential reason for this discrepancy may 
be that most of the research on islet-cells has been done in rodent cells or 
islets. There are species differences between rodents and humans when it 
comes to the pancreatic islets [15]. One important difference when it comes 
to glucose is the different fasting glucose levels in rodents (around 7-10 
mM) and humans (around 5 mM) and the different expression of glucose 
transporters in beta-cells with predominantly GLUT2 in rodents and GLUT1 
and GLUT3 in humans [181-183]. Despite the aforementioned discrepancy 
there are studies on rodent cells that have found FFAs to increase the basal 
secretion of insulin at lower glucose levels [85]. 

As pointed out before, the elevated basal or fasting insulin secretion tone 
is a strong risk factor for developing T2DM. The general view is that this is 
due to insulin resistance, where fatty acids may be one of the mediators of 
resistance. Fittingly, a direct relationship between fasting fatty acids and 
insulin secretion has been described in vivo [43]. In the study FFAs were 
measured during euglycaemic–hyperinsulinaemic clamp to estimate steady 



 31 

state FFA levels. The results showed that FFAs were positively related to 
insulin secretion, when measured during OGTT and that this correlation was 
independent of sex, obesity, insulin sensitivity and glucose tolerance status 
[43]. The authors concluded that FFAs exert a tonic regulation on insulin 
secretion. The results of this thesis and other studies indicate that glucagon 
levels at fasting also correlate with circulating FFA levels and glucose toler-
ance [45]. From our in vitro studies we identify a mechanistic way of how 
FFAs could elevate the basal secretion of both hormones via FFAR1. The 
fact that we found FFAR1 to also influence glucagon secretion at lower or 
fasting glucose levels could mean that obese individuals with high FFAs 
have a higher glucagon tone, i.e. raised glucagon secretion, with resulting 
increased glucose output and therefore burden on the beta-cells. These find-
ings are from in vitro studies and need to be further investigated in vivo, 
however.  

FFAR1 stimulation of insulin and glucagon secretion is 
associated with enhanced mitochondrial respiration 
which is dependent on Gαq signaling and PKC activation 
In the presence of palmitate mitochondrial OCR in human islets, EndoC-
betaH1 cells and MIN6 cells was elevated. This was true at both high (paper 
II) and fasting (paper III) glucose concentrations. The increase in OCR was 
largely mediated by FFAR1 as evident when the receptor was antagonized 
during palmitate exposure (paper II, III). Further investigation indicated that 
this increase was not mediated solely by oxidative phosphorylation of palmi-
tate and that it was more a general effect on mitochondrial OCR at higher 
glucose concentrations (paper II). At fasting glucose concentrations fatty 
acid beta-oxidation contributed more to the increase in respiration as inhibi-
tors of fatty acid beta-oxidation trimetazidine and etomoxir lowered respira-
tion as well as insulin and glucagon secretion (paper III). This is not surpris-
ing as elevated glucose levels are reported to inhibit beta-oxidation via mal-
onyl-CoA and therefore other fuel substrates including FFAs are likely rela-
tively more abundant and available at lower glucose concentrations. Taken 
together the results indicate that palmitate, at least in part via FFAR1 signal-
ing, enhances mitochondrial oxygen consumption. Receptor activation ap-
pears to increase mitochondrial activity in general as FFAR1 agonists to 
some extent also increase respiration, although modestly compared to palmi-
tate (paper II).  

When we investigated how palmitate was more efficient compared to a 
FFAR1 agonist in this effect on mitochondrial metabolism, we found that 
palmitate but not FFAR1 agonists initiated intracellular metabolism, which 
acted in synergy with the enhancement of respiration by FFAR1 signaling.  
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This was evident at high glucose concentrations where palmitate enhanced 
glucose utilization in MIN6 cells irrespective of whether the receptor was 
blocked or not (paper II). At lower glucose concentrations the fatty acid it-
self was a fuel source for the enhancement of mitochondrial activity in hu-
man islets and EndoC-betaH1 cells (paper III).  

When metabolism in islets of FFAR1 knock-out mice was measured, the 
conclusion in one study was that it did not affect islet-cell metabolism [184]. 
In another study in the INS-1E beta-cell line, the authors reported that palmi-
tate affected FFA/glycerolipid cycling and glucose utilization via metabolic 
and FFAR1 pathways [122], which is in line with the findings of our study. 

FFAs activate FFAR1 and enhance insulin secretion via downstream Gαq 
signaling [120]. In addition, recent reports indicate that GPCRs can have 
what is called biased signaling and such a phenomenon has been described 
for FFAR1 [185]. To verify the involvement of Gαq signaling pathway in 
mitochondrial respiration we investigated if the same signaling pathway 
activated by another Gαq-coupled receptor could enhance OCR in cells incu-
bated with palmitate and the antagonist to FFAR1. The agonist of the M3 
muscarinic acetylcholine receptor carbachol also signals via Gαq. Indeed, 
carbachol increased OCR effectively in the presence of palmitate and the 
FFAR1 antagonist and to a lesser extent with palmitate alone (paper II). 
Solely adding carbachol did not have as strong an effect on oxygen con-
sumption compared to when administered together with the combination of 
palmitate and the FFAR1 antagonist, confirming the previous findings of 
synergistic dual effects of palmitate as a metabolite and receptor ligand. 
Taken together this indicates a general mechanism for Gαq signaling on mi-
tochondrial respiration, which seems to depend on metabolism and fuel sub-
strate availability and merits further studies.  

Another downstream target of Gαq signaling is protein kinase C. In line 
with the previous findings inhibition of the enzyme by chelerythrine lowered 
OCR in palmitate-treated cells. Blocking FFAR1 did not decrease OCR to 
the same extent in cells exposed to chelerythrine, indicating involvement of 
PKC in this effect (paper II). In support of our findings with respect to the 
role of PKC for mitochondrial respiration, the enzyme has been reported to 
play an active role in respiration of other cell types than beta-cells [186, 
187]. Recently another study further explored the importance of PKC for 
mitochondrial respiration in beta-cells. In line with our findings, PKC was 
found to mediate important coordinated effects on mitochondrial respiration 
and insulin secretion [188]. 
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FFAR1 plays a role in the long-term effects of palmitate 
on hormone secretion 
In human islets long-term culture in the presence of fasting glucose and ele-
vated palmitate levels caused time-dependent alterations in GSIS and reduc-
tion in insulin content. Co-treatment with FFAR1 antagonist improved both 
insulin secretion in response to glucose and cellular insulin content post cul-
ture. The same pattern was observed in MIN6 cells and confirmed by 
shRNA-mediated down-regulation of the receptor (paper I). Co-culture with 
the FFAR1 agonist TAK-875 accentuated the negative effects of palmitate 
on GSIS and total insulin content after 7-day exposure (paper I). Treatment 
of human islets with the FFAR1 agonist in the absence of extracellular pal-
mitate showed a tendency to improve GSIS and cellular insulin content and 
had no negative effects on its own (paper I).   

Long-term culture of human islets in the presence of palmitate resulted in 
hypersecretion of insulin and glucagon at fasting glucose levels, where 
FFAR1 antagonism lowered the secretion of both hormones (paper III). Still 
palmitate significantly enhanced basal hormone secretion of both insulin and 
glucagon at later time points of the 7-day culture including when FFAR1 
was blocked. Thus, there are other factors in the effects of fatty acids in ad-
dition to FFAR1 that have long-term influence on basal hormone secretion 
(paper III).  

Antagonising FFAR1 during chronic palmitate exposure decreased apop-
tosis in MIN6 cells (paper I). This has been observed in other in vitro studies 
and been reported to stem from reduced phosphorylation of the stress kinases 
JNK and p38 MAPK [133], NADPH oxidase activity [132], superoxide for-
mation [189] and ER stress [131]. Others have come to opposite conclusions 
from in vitro studies [135] and some even found that activation of FFAR1 
with synthetic agonists during palmitate exposure can protect the cells from 
the lipotoxic effects of palmitate [137, 190]. The discrepancy could arise 
from differences in cell species and/or culture conditions. One example is  a 
study where the lipotoxic condition was in fact glucolipotoxic with concomi-
tant elevation of glucose [135]. With regard to favourable effects of addi-
tional FFAR1 agonism to the already enhanced activation by palmitate [137, 
190], we as mentioned found negative effects in our study on human islets, 
where addition of TAK-875 further decreased GSIS and insulin content (pa-
per I). As receptor pharmacology is complicated and the receptor reportedly 
has multiple binding sites with reports of allosterism [191] and biased ago-
nism [185], it is possible that some of the synthetic agonist compounds, 
which alone act as strong agonists, could serve as antagonists to palmitate or 
modulators of receptor signaling. One such example is rosiglitazone, which 
is a weak or partial agonist to FFAR1 but serves as an antgonist to palmitate 
at the receptor [65, 189].  
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When FFAR1 was antagonised during long-term palmitate exposure, we 
found evidence for altered metabolism in MIN6 cells (paper II). Cells treated 
with palmitate and the antagonist had more intracellular accumulated fatty 
acids post culture and less beta-oxidation during culture (paper I). This may 
be caused by enhanced oxygen consumption in palmitate-exposed cells 
compared to cells exposed to palmitate and FFAR1 antagonist, as we found 
was the case when cells were acutely exposed to the fatty acid (paper II).  

Even though basal mitochondrial OCR in palmitate-treated cells after 48 
hour culture was similar to OCR in non-treated cells, the ATP coupling effi-
ciency, or the ratio between ATP-coupled and proton leak OCR, was consid-
erably decreased (paper II). The reduction in ATP-coupling of mitochondrial 
respiration as induced by long-term exposure to palmitate could affect insu-
lin secretion. It has previously been reported that in beta-cells proton leak 
across the mitochondrial membrane plays an essential role in the regulation 
of ATP/ADP ratio and increased levels of uncoupling protein 2 (UCP2) can 
impair GSIS [192, 193]. In our study antagonism of FFAR1 did not improve 
ATP-coupling efficiency. However, it enhanced the total ATP-coupled respi-
ration and decreased apoptosis post culture, which was associated with par-
tially preserved GSIS (paper II). This indicates that part of the effects of 
palmitate on ATP-coupled respiration was mediated by intracellular metabo-
lism and not by receptor activation. 

The effect of palmitate on FFAR1 protein showed an initial rise followed 
by a relative decline (paper III). The relative decline could be the result of 
chronic basal stimulation of the receptor and negative feedback. In one study 
islets from T2DM patients had decreased expression of FFAR1 [194]. Lower 
FFAR1 protein levels could lead to suboptimal GSIS in the same individuals 
even at low FFA concentrations as it was recently reported that beta-cells 
release FFAs to the extracellular space and especially at higher glucose lev-
els [195]. In this way FFA release by beta-cells could serve as an autocrine 
signal in the lipid amplification pathway of GSIS.  

 Many studies including the ones in this thesis (paper I-III) have demon-
strated that antagonizing or silencing FFAR1 in the presence of high fatty 
acid levels can delay or divert the lipotoxic effects of fatty acids [129-133, 
196]. Studies on animals with both knockout and antagonism models have 
come to different conclusions on FFAR1 with regards to its role in the de-
velopment of glucose intolerance ands its feasibility as a drug target [134, 
138, 197]. It is important to distinguish between antagonism of FFAR1 dur-
ing obesity as a preventive mean versus treatment for T2DM. The former 
situation is what was tested in our study (paper I-III) and is potentially a 
good preventive strategy to combat T2DM development in individuals with 
high FFAs. This view was shared by other researchers, who have studied the 
role of FFAR1 in animal models of obesity [130, 198]. Since FFAR1 is ex-
pressed in other tissues and is for example important for GLP-1 secretion 
from the intestine, such preventive antagonism could potentially be obtained 
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by using a weak partial agonist. As with many drug targets the off target 
effects can be significant as indicated by the discontinuation of the develop-
ment of FFAR1 agonist TAK-875 due to concerns of adverse liver effects 
[199]. 

In our studies activation of FFAR1 by synthetic non-fuel agonists did not 
have negative effects on cell function (paper I, II). Synthetic FFAR1 agonists 
have been shown to increase insulin secretion and thereby improve glycemic 
control in subjects with or models of T2DM [122, 199]. The reason for this 
difference between synthetic and the endogenous ligands of FFAR1 could be 
that the latter activate both receptor signaling and intracellular metabolism. 
Due to this the effects on secretion and mitochondrial respiration are more 
potent especially at lower or fasting glucose concentrations. This may have 
implications on ROS generation, protein synthesis and feedback mecha-
nisms.  

Taken together there is evidence that although synthetic non-fuel FFAR1 
agonists can stimulate insulin secretion and may be helpful for the treatment 
of T2DM the same receptor might be involved in the events leading up to 
worsening of beta-cell function in chronic high fatty acid conditions [130, 
134, 164, 196]. Therefore a scenario might be present in obese subjects with 
chronically high FFA levels, where increased basal secretion of insulin and 
glucagon leads to simultaneous enhanced lipogenesis and liver glucose out-
put. Eventually basal or fasting levels of insulin could become so high that 
raising them further in response to elevated glucose levels is not possible for 
the beta-cells and results in loss of glucose control.  

 
The findings of this thesis indicate that FFAs are important regulators of 
insulin and glucagon secretion and especially during obesity, where FFAs 
are elevated. A dual rise in the basal or fasting secretion of both hormones is 
a characteristic of obese children and adolescents with worsening of glucose 
control. Research at the cellular level puts FFAR1 forth as one of the key 
mediators of the dual hormone hypersecretion with accompanied enhanced 
mitochondrial metabolism. With regards to chronic effects of FFAs there is 
evidence produced in this thesis, and from other studies, that supports a role 
for FFAR1 in the mechanism of action behind saturated FFA impairment of 
islet-cell function.  
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Conclusions 

• In children and adolescents with obesity insulin and glucagon levels 
are elevated compared to in lean individuals and correlate with 
plasma triglycerides, FFAs and visceral adipose tissue. 

 
• FFAR1 contributes significantly to the stimulation of insulin and 

glucagon secretion by palmitate from isolated human islets at both 
elevated (insulin) and fasting glucose levels (both insulin and gluca-
gon). 

 
• Palmitate effects on insulin and glucagon secretion are associated 

with elevated mitochondrial respiration. The effects are mediated by 
intracellular metabolism and FFAR1 Gαq signaling and downstream 
PKC activity. 

 
• FFAR1 activation influences beta-cell metabolism and secretory ac-

tivity and can enhance the chronic lipotoxic effects of palmitate on 
insulin and glucagon secretion in vitro.  
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Sammanfattning på svenska 

Prevalensen av diabetes typ 2 (DT2) ökar fortfarande och även hos unga 
människor. Personer som lider av fetma har en högre risk att utveckla DT2. 
Utvecklingen har kopplats till ökade fastande plasmanivåer av de blod-
sockerreglerande hormonerna insulin och glukagon samt ökade nivåer av fria 
fettsyror. Forskning har särskilt indikerat att kronisk exponering av höga 
nivåer mättade fettsyror leder till dysfunktion i de Langerhanska öarnas alfa- 
och betaceller. Fettsyror kan påverka cellerna genom olika mekanismer och 
en av dessa är fettsyrornas bindning till den G-proteinkopplade receptorn 
FFAR1/GPR40. Receptorns uppgift vad gäller fria fettsyrornas effekt på 
Langerhans cellerna är oklar.  

Syftet med denna avhandling var att klargöra FFAR1:s roll i den omfat-
tande effekten som fria fettsyror har och specifikt klargöra effekten som den 
mättade fettsyran palmitat har på insulin- och glukagonfrisättning. 

Insulin- och glukagonfastenivåer var förhöjda och korrelerade med lipid-
parametrar i barn och ungdomar med fetma. Plasma triglycerider och fria 
fettsyror var positivt korrelerade med insulin och glukagon vid fasta så väl 
som med storleken av visceral fettvävnad. Förhöjda glukagonnivåer vid fasta 
var associerade med nedsatt glukostolerans i samma population.  

In vitro-studier gjorda på isolerade mänskliga pankreasöar visade att pal-
mitat stimulerade basal insulin- och glukagonfrisättning såväl som mitokon-
driell respiration vid glukosnivåer motsvarande fastenivåer. Effekten me-
dierades av FFAR1 och betaoxidation av fettsyror. Vid högre glukoskoncen-
trationer var receptorn involverad i potentiering av insulinfrisättning från 
isolerade mänskliga pankreasöar samt insulinfrisättande MIN6-celler. Des-
sutom visade resultaten att effekten av palmitat på hormonfrisättningen var 
associerad med förhöjd mitokondriell respiration medierad av FFAR1 och 
signallering via Gαq och PKC-aktivitet såväl som ökad intracellulär metabo-
lism inducerad av fettsyran. När pankreasöarna blev exponerade för palmitat 
under långa tidsperioder samt vid närvaro av en antagonist till FFAR1, ob-
serverades normaliserad insulin- och glukagonfrisättning och likaså observ-
erades insulinrespons till glukos efter behandling.  

I MIN6-celler ökade kronisk palmitatbehandling mitokondriell frikop-
pling oberoende av FFAR1. FFAR1-antagonism under palmitatbehandling 
resulterade i förhöjd respiration och minskad apoptos. 
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Sammanfattningsvis har barn och ungdomar som lider av fetma förhöjda 
fastande insulin- och glukagonnivåer som korrelerar med fria fettsyror och 
källor til fria fettsyror. Höga glukagonnivåer är kopplade till försämrad glu-
kostolerans hos dessa individer. In vitro är synergin mellan FFAR1-
aktiveringen och den intracellulära metabolismen orsakad av palmitat 
avgörande både för den tidiga ökningen samt den negativa kroniska effekten 
på insulin- och glukagonfrisättningen. 
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Ágrip á íslensku 

Algengi sykursýki af tegund 2 (SS2) hefur aukist síðastliðna áratugi og 
sérstaklega hjá ungu fólki. Offita er einn helsti áhættuþáttur fyrir myndun 
SS2. Þróun sjúkdómsins felur í sér há fastandi blóðgildi af brishormónunum 
insúlíni og glúkagoni ásamt aukningu í fríum fitusýrum. Rannsóknir hafa 
sýnt að langvarandi há þéttni sérstaklega mettaðra frírra fitusýra getur leitt til 
vanvirkni í alfa- og betafrumum Langerhans eyjanna í brisi sem seyta 
glúkagoni og insúlíni. Fríar fitusýrur hafa áhrif á frumur Langerhans eyjanna 
með ýmsum leiðum og er ein slík binding þeirra við G-próteintengda 
viðtakann Free fatty acid receptor 1 (FFAR1/GPR40). Hlutverk viðtakans í 
að miðla áhrifum frírra fitusýra á frumur í Langerhans eyjum hefur ekki 
verið rannsakað til hlítar.  

Markmið rannsókna þessarar ritgerðar voru að skilgreina hlutverk FFAR1 
í hinum víðtæku áhrifum frírra fitusýra og sérstaklega áhrifa mettuðu 
langkeðju fitusýrunnar palmítat á seytingu insúlíns og glúkagons.  

Í börnum og unglingum með offitu var jákvætt samband milli blóðþéttni 
hormónanna insúlíns og glúkagons og blóðgilda þríglýseríða og fitusýra, en 
einnig jákvætt samband milli hormónanna og fitumagns í kviðarholi. 
Glúkagon blóðgildi sýndu einnig jákvætt samband við versnandi 
blóðsykurstjórn í sama þýði.  

Rannsóknir á mennskum Langerhans eyjum in vitro sýndu að fitusýran 
palmítat jók seytingu á bæði glúkagoni og insúlíni við fastandi glúkósagildi 
ásamt því að auka súrefnisupptöku frumnanna. Áhrifin voru tengd virkni 
FFAR1 viðtakans og beta-oxun fitusýrunnar. Við hærri þéttni af glúkósa var 
virkjun FFAR1 á bakvið stóran hluta af áhrifum palmítat á aukningu insúlín-
seytingar í bæði MIN6 frumum og mennskum eyjum. Niðurstöður sýndu að 
áhrif palmítat á hormónaseytingu höfðu í för með sér aukningu í súrefni-
supptöku sem var miðluð af Gαq boðleiðum og sérstaklega af Prótein kínasa 
C ensíminu, en jafnframt efnaskiptum á fitusýrunni. Þegar Langerhans eyjar 
voru meðhöndlaðar með palmítat í lengri tíma ásamt antagonista FFAR1 
viðtakans, var insúlín og glúkagon seyting álík seytingu frá eyjum við 
staðalaðstæður í fjarveru fitusýrunnar. Eftir meðhöndlun sýndu eyjar og 
MIN6 frumur sem meðhöndlaðar voru með palmítat og antagonista FFAR1 
betri insúlínsvörun við glúkósahækkun og höfðu hærra hormónamagn inni í 
frumum eyjanna í samanburði við þær eyjar sem eingöngu voru 
meðhöndlaðar með palmítat.  
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Meðhöndlun á MIN6 frumum með palmítat jók hlutfall öndunar sem ekki 
leiðir til ATP-myndunar í hvatberum óháð því hvort antagonisti FFAR1 var 
hluti af ræktunaræti eða ekki. Aftur á móti leiddi blokkering á FFAR1, á 
meðan palmítat meðhöndlun stóð, til aukinnar súrefnisupptöku og lægri tíðni 
sjálfstýrðs frumudauða eftir meðhöndlun. 

Ályktun þessarar ritgerðar er sú að börn og unglingar með offitu hafi að 
jafnaði hærri blóðgildi af hormónunum insúlíni og glúkagoni. Blóðþéttni 
hormónanna sýnir jafnframt jákvæða fylgni við blóðþéttni frírra fitusýra og 
annarra uppspretta þeirra. Einnig hafa há blóðgildi af glúkagoni jákvæða 
fylgni við versnandi blóðsykurstjórn í sömu einstaklingum. In vitro eru það 
samverkandi áhrif virkjunar FFAR1 og aukning í efnaskiptum sem standa að 
baki bæði þeirri skammtíma aukningu og þeim neikvæðu langtíma áhrifum 
sem palmítat hefur á seytingu insúlíns og glúkagons. 
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