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Abstract
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Free fatty acid (FFA) levels are increased in many obese subjects. High FFA levels stimulate
the pancreatic beta-cells but have negative long-term effects. In obese children with high FFA
levels circulating insulin concentration is high early in life but decline with age precipitating
the development of type 2 diabetes mellitus (T2DM). The present study aims at preventing
this development of T2DM by defining underlying mechanisms of insulin hypersecretion. Such
mechanisms will be identified by studying regulation of insulin secretion from human pancreatic
islets and human EndoC-BHI1 cells exposed to elevated FFA levels.

We found that elevated concentrations of FFAs acutely stimulate insulin from human
pancreatic islets at fasting blood glucose level, with mono-unsatured being more potent than
saturated fatty acids. Enhanced secretion was associated with increased glycolytic flux and
mitochondrial respiration. Continued exposure to elevated palmitate levels for up to 2 days
accentuated insulin secretion, whereas 7 days’ exposure caused secretory decline. Metformin
prevented insulin hypersecretion from human islets treated with palmitate for 2 days by
decreasing mitochondrial metabolism. In islets exposed to palmitate for 7 days metformin
improved insulin secretion by enhancing calcium binding protein sorcin levels and thereby
reducing ER stress and apoptosis. Downregulation of sorcin had negative effects on insulin
secretion, mitochondrial metabolism and ER stress in human islets and EndoC-BH1 cells.
Specific cellular pathways involved in insulin hypersecretion and secretory decline were
identified by microarray expression analysis and subsequent bioinformatics in human islets
cultured with palmitate for 0, 4, 12 hours, 1, 2, and 7 days.

In conclusion, beta-cells respond to elevated levels of FFAs by initially augmenting insulin
release followed by declining secretory levels after prolonged exposure. Metformin normalizes
these secretory aberrations. Specific signaling pathways and proteins including sorcin contribute
to the secretory alterations induced by palmitate. When developing strategies for prevention of
T2DM in obese children with elevated FFA levels, metformin should be considered as well as
novel strategies involving sorcin and the identified specific pathways.
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Introduction

The free fatty acid (FFA) concentration varies widely in the circulation from
hour to hour [1]. Fluctuations in FFA concentration are meal-related with rises
during the fasting state [1], when the FFAs function as the main energy source.
Such FFA fluctuations affect multiple cellular functions including regulation
of insulin release in the pancreatic beta-cells [2, 3]. Elevated fasting FFA lev-
els are an independent risk factor for incident type 2 diabetes mellitus (T2DM)
[4-6]. We have observed a wide range in fasting FFA levels in young obese
children [7], which may explain why meta-analysis failed to show a clear as-
sociation between adiposity and plasma FFA levels [8]. Among the obese chil-
dren we observed that those with high FFA levels have accentuated insulin
responses compared with lean controls [7]. In obese adolescents with high
FFA levels the high insulin levels were replaced by lower levels both at fasting
and during oral glucose tolerance test (OGTT) [7]. Importantly, first phase
insulin secretion was delayed [7], which is a hallmark of T2DM development
[9]. In the isolated human islets these characteristics were replicated by ex-
posing the islets for elevated FFA levels for different time periods [7, 10].
Underlying cellular mechanisms for islet insulin hypersecretion have not been
defined, however. We have proposed that obese children that demonstrate ac-
centuated insulin secretory responses early in life are more prone to develop
complications [7]. Consequently, normalizing insulin secretion in these chil-
dren may be a way to prevent them from developing T2DM [11, 12].

This thesis aims at identifying mechanisms that underlie the regulation of
insulin secretion from human beta-cells after short- and long-term exposure to
FFAs, with special focus on mechanisms of insulin hypersecretion studied in
human islets and human derived EndoC-BH1 cells.
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Background

Obesity

Obesity is defined as a chronic, relapsing disease process [13]. Obesity in
childhood and adolescence is becoming increasingly prevalent worldwide
[14]. In some of these subjects, impaired metabolic profile is already observed
during childhood and often lasts for the whole lifespan if no intervention is
carried out [14, 15]. This poses an increasing future health problem of prem-
ature chronic metabolic diseases such as hypertension, cardiovascular diseases
and T2DM as well as their related complications [16, 17]. In the state of
chronic excess energy, fat mass accumulates with the enlargement of the fat
cells and increase in the cell number to adapt to the extra fat storage [18, 19].
Ectopic fat distribution in non-adipose tissues, with infiltration and activation
of macrophages, occurs once beyond the maximal storage capacity of the ad-
ipocytes. When reaching this state increased release of pro-inflammatory cy-
tokine such as tumor necrosis factor alpha (TNF alpha) and interleukin 6 (IL-
6), and metabolites such as FFAs from the adipocytes are observed, which can
generate impaired tissue function and metabolic damage [20].

Type 2 diabetes mellitus

T2DM is characterized by chronic hyperglycemia with disturbances of carbo-
hydrate, fat and protein metabolism resulting from defects in insulin secretion,
and/or insulin action [21]. As T2DM can promote long-term damage, dysfunc-
tion and failure of various organs, it is a cause of significant mortality and
morbidity [21, 22]. Global prevalence is increasing, which has been coupled
to rise in obesity [23]. Even though not all obese subject develop T2DM, ex-
cessive weight is one of the strongest predictors of the disease [13]. The inter-
actions between these two diseases are complex but one proposed linking fac-
tor is the increased circulating concentrations of non-esterified FFAs [7, 23].
Evidence suggests that T2DM in youth is different from adults and has unique
features, such as a more rapidly progressive decline in beta-cell function and
accelerated development of diabetes complications [24, 25]. Therefore, it’s
very important to understand the early pathogenesis of childhood obesity, and
to design effective prevention strategies.
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Human pancreatic islets

Human pancreatic islets, scattered throughout the whole pancreas, constitute
approximately 1-2% of the pancreatic mass and receive 10-15% of its blood
flow [26]. At least five hormone-producing cell types make up the complex
micro-organs of the pancreatic islets of Langerhans: beta-cells (50-60%) pro-
ducing insulin with the effect of lowering glucose concentrations, alpha-cells
(20-30%) secreting glucagon with glucose-elevating action, delta-cells
(~10%) secreting somatostatin as a potent inhibitor of glucagon and insulin
release, gamma-cells (~5%) secreting pancreatic polypeptide, and epsilon-
cells (~3%) producing ghrelin [26, 27]. These cells are randomly distributed
throughout the human islets, which is different from murine islets where clear
topographical separation of beta and alpha-cell mass are observed [27]. In ad-
dition, small amounts of connective tissues, nerve fibers, pericytes, vessels
and endothelial cells and blood cells including macrophages can also be found
in human pancreatic islets [28].

Free fatty acids and insulin secretion

Insulin, the only glucose-lowering hormone in the body, is secreted from pan-
creatic beta-cells and carefully regulated by a variety of factors including nu-
trients such as glucose and FFAs available in the circulation [29]. Glucose is
the main regulator of insulin secretion [30]. During fasting, when glucose con-
centration is low, and exercise, when large amounts of glucose are required,
FFAs function as the main energy source for most of the tissues in the body
expect for the brain [31-33]. FFAs in the circulation display differences in
chain length (short-, medium-, and long-chain FFAs) and degrees of saturation
(saturated and unsaturated FFAs) [34, 35]. The relationships between FFAs
and beta-cell function have long been addressed both in vitro and in vivo but
with mixed results. Reduction of plasma FFA levels both in isolated rat islets
and humans severely impairs glucose-stimulated insulin secretion (GSIS) [2,
3, 36], implying that the presence of certain levels of FFAs is essential for
GSIS. Effects of high concentrations of FFAs in vitro and in vivo depend on
the exposure period. In vitro short exposure of beta-cells and islets to elevated
FFA levels stimulates insulin secretion [37-40]. Prolonged exposure inhibits
insulin secretion and impairs beta-cell function and induces apoptosis [41-43].
These patterns were supported by in vivo studies carried out in healthy sub-
jects, where a short-term lipid infusion increased insulin secretion, while this
effect disappeared when the infusion was prolonged [44-47]. Obese non-dia-
betic subjects are susceptible to long-term inhibitory effect of high FFA levels
[44].
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The mechanisms underlying acute stimulation of insulin secretion by fatty
acids are both via intracellular metabolism [37, 48, 49] and membrane recep-
tors [50, 51]. Fatty acid metabolism is mainly controlled by substrate supply.
Fasting and starvation (low glucose levels) lead to elevated FFA levels and
thus increased fatty acid oxidation [33, 52, 53]. During oxidation fatty acids
are converted to long-chain acyl-CoA (LC-CoA) and enter the mitochondria
for energy production [52]. Increased intracellular adenosine triphosphate
(ATP) production results in closure of ATP-sensitive K* channels, depolari-
zation of the plasma membrane, opening of voltage-dependent Ca®" channels,
and Ca’" triggering of insulin granule exocytosis, similar to GSIS [54, 55]. On
the other hand, at high glucose levels, malonyl-CoA derived from glucose me-
tabolism inhibits fatty acid oxidation by allosteric inhibition of carnitine pal-
mitoyltransferase I (CPT-1), thereby increasing the cytosolic LC-CoA for sig-
naling purposes [56]. The synthesis of lipid signaling molecules such as di-
acylglycerol (DAG) and phospholipids due to triglyceride/fatty acid cycle is
also important for exocytosis [56]. In addition, exogenous FFAs affect beta-
cells by acting as ligands for the G-protein-coupled receptor GPR40 (FFAR1)
[50, 51]. Fatty acid binding to the receptor leads to the activation of phospho-
lipase C (PLC)-mediated hydrolysis of phosphatidylinositol 4,5-bisphosphate
(PIP,) into DAG and inositol (3,4,5)-trisphosphate (IP;), which respectively
activate protein kinase C (PKC) and mobilize Ca*" from the endoplasmic re-
ticulum (ER), thus stimulating insulin secretion [57].

Pancreatic islets chronically exposed to high concentrations of FFAs show
impaired insulin secretory response to glucose stimulation [7, 10, 43], which
is one of the main features of T2DM [58]. The underlying mechanisms have
been extensively studied. Chronic palmitate exposure impairs beta-cell func-
tion by inhibiting insulin biosynthesis [59, 60], inducing mitochondrial un-
coupling [61], inhibiting exocytosis by disrupting the coupling between Ca*"
channels and insulin granules [62], depletion of stored insulin [63] and inhi-
bition of glucose metabolism [64]. The production of reactive oxygen species
(ROS) and ceramides [65] and the induction of ER stress [66-70] and apopto-
sis [70, 71] in beta-cells have also been implicated in palmitate-induced beta-
cell dysfunction and death.

Mitochondrial function in beta-cells

Proper function of mitochondria in beta-cells is important for insulin secretion
in face of nutrition stimuli [72]. Mitochondria not only generate ATP as the
energy source for insulin secretion, which is regulated by mitochondrial Ca*"
[73], but also synthesize metabolites coupling nutrient sensing to insulin gran-
ule exocytosis [74]. Metabolism-secretion coupling depends on respiration.
An estimated 98% of beta-cell ATP production depends on mitochondrial ox-
idative processes [75]. Respiration is increased during nutrient stimulation
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[76]. Results from beta-cell lines depleted of mitochondrial DNA and patients
with mitochondrial diabetes showed impaired mitochondrial protein synthesis
involved in the respiratory chain, concomitant with loss of glucose-induced
increase of intracellular Ca*" and insulin secretion [77, 78]. Furthermore, the
metabolic imbalance caused by chronic hyperlipidemia severely affects mito-
chondrial metabolism, leading to the development of impaired GSIS in T2DM
[79]. Exposure of pancreatic islets to a high concentration of fatty acids not
only stimulates respiratory-chain activity but also stimulates expression of un-
coupling protein 2 (UCP2) and production of ROS [61]. Beta-cells are prone
to oxidative damage because they express limited levels of antioxidant en-
zymes [80]. Compared with non-diabetic individuals, pancreatic beta-cells
from T2DM subjects showed alteration of mitochondrial morphology and
function including impaired GSIS, increased UCP2 expression, lower ATP
production, decreased metabolic enzymes, dysregulation of Ca>” homeostasis,
and decreased expression of oxidative phosphorylation genes [81-83].

ER stress in beta-cells

The ER is the place where membrane and secretory proteins are synthesized
and folded [84]. ER is also responsible for several important cellular functions
such as Ca”" storage and cell signaling [84]. The main task of the pancreatic
beta-cells is to secrete insulin, which represents approximately 50% of the to-
tal protein synthesized [69]. Therefore, to meet the high demand of folding
and processing of newly synthesized insulin, beta-cells have a highly devel-
oped ER [69, 84]. Only properly folded proteins can be transported from the
rough ER to the Golgi apparatus. When unfolded or misfolded proteins are
synthesized due to the imbalance between protein folding demand and ER ca-
pacity, they are accumulated in the ER lumen and then the unfolded protein
response (UPR) also known as ER stress occurs [85]. In order to protect
against ER stress, the UPR can be activated by three ER stress sensors PKR-
like ER kinase (PERK), Inositol Requiring 1 (IRE1), and Activating Tran-
scription Factor 6 (ATF6) [85]. The UPR attenuates protein translation to al-
leviate ER stress and restores ER homeostasis by relieving the load on the ER
and inducing ER chaperones, ER-associated degradation, and ER expansion
[68, 85]. The UPR is an adaptive response but also promotes apoptosis in the
fate of conditions when ER stress is prolonged or exaggerated [67]. Metabolic
stress like obesity, when excess nutrients such as FFAs can persistently induce
insulin secreted from beta-cells, causes a disruption of the ER homeostasis
and leads to ER stress [69, 85]. In line with this, in vitro studies indicate that
saturated FFAs induce ER stress in beta-cells and contributes to beta-cell
death [70, 86, 87].
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Calcium binding protein, sorcin

Sorcin (soluble resistance-related calcium-binding protein), a 22-kDa Ca*'-
binding protein belonging to the penta EF-hand family [88], was first identi-
fied in multidrug-resistant cells [89, 90]. Sorcin is widely expressed in a vari-
ety of mammalian tissues including heart, skeletal muscles, neurons, and pri-
mary mouse islets [91, 92]. It is localized in the cytosolic and membranous
compartments e.g., ER and mitochondria [93]. Sorcin is involved in and con-
trolling Ca”“ homeostasis and regulating the activity of several Ca*" transport-
ers [91, 94]. Studies in mouse islets showed that sorcin plays a role in linking
beta-cell lipotoxicity to ER calcium and ER stress, representing a mechanism
for dysregulation of beta-cell function under conditions of metabolic stress
[92]. Sorcin modulates mitochondrial Ca** handling [95]. However, the func-
tion of sorcin in mitochondrial function has not been defined in beta-cells.

Metformin

Metformin (1, 1-dimethylbiguanide hydrochloride), derived from guanidine,
is a historic drug as its link to glucose-lowering effect can be traced back to
the 18th century [96]. Metformin was first introduced to clinical use to treat
patients with T2DM in 1957 and has been widely used over many decades
[96]. Currently, metformin is the first-line treatment for patients with newly
diagnosed T2DM due to a variety of clear benefits [97-99]. In patients with
T2DM, metformin treatment reduces fasting insulin concentrations, amelio-
rates insulin resistance, and does not increase the risk of hypoglycemia or
weight gain [97-99]. Lipid-lowering effects and potential cardiovascular ben-
efits were evident at least in some obese individuals [100, 101]. Many studies
showed that metformin is connected to prevention or delay of T2DM onset in
persons who are at increased risk [102, 103]. Some epidemiological studies
also provided evidence that metformin can reduce cancer incidence and mor-
tality [104]. Therefore, recently metformin is increasingly introduced for treat-
ment of obese children and adolescents with or without T2DM [105-108]. The
drug is found to be both effective and safe in obese children due to its benefi-
cial effects on body mass index (BMI) and various metabolic outcomes as
observed in adults including fasting glucose, fasting insulin, and insulin re-
sistance [105-108].

Even though metformin has been used for some decades, the mechanisms
ofits action are still not fully clarified. It is a complex drug with multiple sites
of action and multiple molecular mechanisms [109, 110]. Metformin has been
extensively studied in vitro in relation to its beneficial effects on different or-
gans [111-113]. Physiologically, it is widely reported that metformin acts on
the liver via AMPK-dependent and independent mechanisms to lower glucose
production [110, 114], and on the gut to increase glucose utilization [115],
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GLP-1 secretion [116] and alter the microbiome [117, 118]. However, the ef-
fects of metformin on beta-cells remain unclear. It is reported that metformin
restores insulin secretion from human and mouse islets and rat insulinoma
cells altered by chronic exposure to high levels of FFAs [119-121] or glucose
[122]. It is not known if metformin affects insulin hypersecretion from human
islets induced by palmitate.
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Aims

The overall aim of the work presented in this thesis is to define and explore
possible mechanisms underlying the short- and long-term effects of free fatty
acids (FFAs) on insulin secretion from human pancreatic islets and EndoC-
BH1 cells. The specific aims of the studies are:

1.
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To evaluate the ability of long-chain FFAs to acutely stimulate insulin
secretion from isolated human pancreatic islets at fasting glucose concen-
trations and to explore the role of mitochondrial-dependent and independ-
ent mechanisms in this action.

To investigate how metformin influences increased insulin secretion after
short-term and decreased insulin secretion after long-term exposure of iso-
lated human islets to elevated levels of FFA palmitate and to explore un-
derlying mechanisms.

To explore the link between sorcin levels and insulin secretion, ER stress
and mitochondrial respiration from palmitate-treated human islets and hu-
man EndoC-BHI1 cells.

To identify biological events preceding the failure of beta-cells in fatty
acid-treated human islets by using human transcriptome array in isolated
human islets exposed to fatty acid palmitate for various time periods.



Material and Methods

Human pancreatic islet culture

Human pancreatic islets were obtained from brain-dead and non-diabetic do-
nors from the Nordic Network for Clinical Islet Transplantation (Uppsala Uni-
versity Hospital, Uppsala, Sweden) and from Prodo Laboratories (Prodo La-
boratories, Inc., CA). Human islets were cultured in CMRL medium at 37°C
in humidified air containing 5% CO,. Ethical permission to use human islets
isolated from donors has been obtained from the Regional Ethical Review
Board in Uppsala (EPN number 2010/006; date: 2010-02-10). Experiments
were started within 10 days after islet isolation.

EndoC-BHI cell culture

EndoC-BH1 cells are a human beta-cell line generated from human fetal pan-
creatic buds transduced with a lentiviral vector expressing SV40LT and fur-
ther grafted into SCID mice [123]. EndoC-BH1 cells have physiological char-
acteristics resembling primary human beta-cells [124, 125]. Cells were grown
on 1% extracellular matrix gel and 2 pg/mL fibronectin coated culture vessels
and cultured in DMEM containing 5.5 mM glucose, 2% fatty acid free bovine
serum albumin (BSA) fraction V (Roche Diagnostics, Mannheim, Germany),
and supplemented with other compounds as previously described [124].

Sorcin shRNA down-regulation

The short hairpin RNA (shRNA) of sri was used to inhibit sorcin expression
for both human islets and EndoC-BH]1 cells and was administered with lenti-
viral transduction particles SHCLNV VSV-G (Mission transduction particles,
Sigma Aldrich). Non-target sShRNA control plasmid DNA (Sigma Aldrich)
was administrated as negative control. Based on the estimated reduced sorcin
expression palmitate treatment was started four days after initiation of trans-
fection.
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Fatty acid and metformin preparation and treatment

Fatty acids were prepared as previously described [126]. Briefly, 100 mM
stock solutions containing palmitate, stearate, or oleate (all from Sigma Al-
drich) were prepared by dissolving fatty acids in 50% ethanol. Stock solution
of palmitoleate (Sigma Aldrich) was prepared in 100% ethanol to a concen-
tration of 200 mM. The stock solution was then diluted in incubation medium
containing 0.5% fatty acid-free BSA to a final concentration of 0.5 mM for
human islet treatment. The final concentration of 1.5 mM palmitate with 2%
fatty acid-free BSA was prepared for treatment of EndoC-BH1 cells. FFA was
allowed to complex with BSA at 37 °C for at least 30 min. Metformin (Sigma
Aldrich) was prepared in 2 mM stock in distilled water and diluted in incuba-
tion medium to a final concentration as stated.

Insulin secretion measurements

Human islets were hand-picked and placed into a perifusion chamber for
perifusion experiments, or culture plates for static incubation. In perifusion
experiments, islets were perifused for 60 min at 37 °C in KRBH buffer sup-
plemented with different components (paper I: 0 or 5.5 mM glucose with 0.5%
FFA-free BSA; papers II-1V: 2 mM glucose with 0.1% BSA). Samples were
collected every 5 min for 20 min at the same concentration of glucose, fol-
lowed by another 20 min perifusion with the same buffer containing 0.5%
FFA-free BSA and 0.5 mM palmitate (16:0), palmitoleate (16:1), stearate
(18:0), or oleate (18:1), or with 10 uM triacsin C (Sigma Aldrich) to inhibit
long-chain fatty acyl CoA synthetase or 10 uM DC260126 (Tocris Bioscience,
Bristol, UK) to inhibit FFAR1/GPR40 signaling, respectively (paper I), or
containing 0.1% BSA and 20 mM glucose (paper 1I-1V). The perifusates were
collected for 20 min. The perifusion rate was 170 pl/min and collected
perifusates were used to measure the amounts of secreted insulin.

For static incubation, human pancreatic islets were statically incubated for
60 min in KRBH buffer supplemented with or without 5.5 mM glucose in the
presence of 0.5% FFA-free BSA, then changed to the same glucose- and BSA-
containing buffer supplemented with 0.5 mM of the different fatty acids for
20 min (paper I). For EndoC-BH1 cells, glucose was changed from 1 mM after
120 min to either 1 or 20 mM in KRBH with 0.1% BSA for another 60 min.
Aliquots of the buffer were collected for insulin measurement.

After secretion assessment, islets or cells were washed with DPBS and
lysed for measurement of intracellular insulin content and protein content. In-
sulin was measured by enzyme-linked immunosorbent assay (ELISA) as pre-
viously described [127] and total protein content was measured by DC protein
assay (Bio-Rad, California, USA).
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Measurements of oxygen consumption and extracellular
acidification rates

The dynamic changes of oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) from isolated human pancreatic islets and EndoC-
BH1 cells were measured simultaneously by Extracellular Flux Analyzer
XFe96 (Seahorse Bioscience, MA, USA), using non-invasive and optical flu-
orescent biosensor [128]. OCR is an indicator of mitochondrial respiration,
and ECAR is largely the result of glycolysis. Mitochondrial function was as-
sessed by serial injections of different compounds that specifically target com-
ponents of the electron transport chain to reveal key parameters of metabolic
function. The compounds, oligomycin (Sigma Aldrich), FCCP (Sigma Al-
drich), and a mix of rotenone (Sigma Aldrich) and antimycin A (Sigma Al-
drich), are sequentially injected to measure ATP-coupled and proton leak res-
piration, maximal respiration, and non-mitochondrial respiration, respectively
[129].

Human islets were pre-incubated with assay medium (Seahorse Bioscience)
supplemented with 0.5% BSA and 0.5 mM different FFAs (paper 1), or di-
rectly transferred from the treatment medium (paper II and III), in the presence
or absence of 5.5 mM glucose (pH adjusted to 7.4) for 1 hour at 37 °C in the
air before insert into the machine for real-time measurement, followed by se-
rial injection of the different compounds. All OCR measurements were cor-
rected for non-mitochondrial OCR. Data of human islets were normalized to
total islet area calculated by the Image J software (National Institutes of
Health, USA) from pictures (40x) taken with camera (Olympus, Tokyo, Ja-
pan) mounted onto an inverted Olympus CKX41 microscope (Olympus). Re-
sults from EndoC-BH1 cells were normalized to total protein content meas-
ured by DC protein assay.

Sample preparation for protein profiling

Expression of specific proteins in human islets and EndoC-BH1 cells was de-
termined by western blot analysis. Samples were prepared by washing the hu-
man islets with DPBS, followed by sonication in the lysis buffer. Then the
samples were electrophoresed and transferred onto PVDF-membrane (Bio-
Rad). Immunoblotting was performed with primary antibodies against phos-
pho-AMPKa (Cell Signaling, 1:500), AMPKa (Cell Signaling, 1:1000), phos-
pho-elF2a (Cell Signaling 1:500), CHOP/GADDI153 (Santa Cruz 1:500),
cleaved caspase-3 (Cell Signaling, 1:500), sorcin (Thermo Fisher Scientific,
1:500), and B-actin (Cell Signaling, 1:1000) and secondary antibody, mouse
anti-rabbit IgG-HRP (Santa Cruz, 1:1000). Immunoreactive bands were de-
tected by enhanced chemiluminescence (ECL) detection kit (Amersham Bio-
sciences GE, Little Chalfont, UK) and imaged with ChemiDoc XRS+ (Bio-
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Rad). Signals were quantified with Image Lab 4.0.1 (Bio-Rad). Quantitative
analysis of bands densities was normalized to B-actin unless otherwise stated.

Human transcriptome array analysis

To understand the involvement of biological pathways and molecular mecha-
nisms in time-dependent changes of GSIS from human islets after palmitate
exposure, the high-throughput sequencing of human transcriptome, human
transcriptome array (HTA) was applied in this study. Human transcriptome
array has been designed to interrogate all transcript isoforms in the human
transcriptome with >6 million probes targeting coding transcripts, non-coding
transcripts, and exon-exon junctions. The array allows to estimate the unbi-
ased abundance of a transcript and the analysis of differential exon usage be-
tween sample groups [130]. After palmitate treatment for 0, 4, 12 hours, 1, 2,
and 7 days, 50 human islets were individually collected for each time point
and washed with PBS three times. mRNA was isolated using mRNA isolation
kit (Macherey-Nagel, Duren, Germany). RNA concentration was measured
with ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington,
DE) and RNA quality was evaluated using the Agilent 2100 Bioanalyzer sys-
tem (Agilent Technologies Inc, Palo Alto, CA). Total RNA, 100 nanograms
from each sample, was used to generate amplified and biotinylated sense-
strand cDNA from the entire expressed genome according to the GeneChip®
WT PLUS Reagent Kit User Manual (P/N 703174 Rev 1 Affymetrix Inc.,
Santa Clara, CA). GeneChip® ST Arrays (GeneChip® Human Transcriptome
Array (HTA) 2.0) were hybridized for 16 hours in a 45 °C incubator, rotated
at 60 rpm. According to the GeneChip® Expression Wash, Stain and Scan
Manual (PN 702731 Rev 3, Affymetrix Inc., Santa Clara, CA) the arrays were
then washed and stained using the Fluidics Station 450 and finally scanned
using the GeneChip® Scanner 3000 7G. The HTA array covers almost 68000
genes of which 27000 are annotated.

Microarray data analysis and KEGG pathway
enrichment analysis

The raw data was normalized in Expression Console, provided by Affymetrix
(http://www.affymetrix.com), using the robust multi-array average (RMA)
method as previously described [131, 132]. Genes with more than 1.3-fold
change after palmitate exposure compared to untreated islets were defined as
differentially expressed genes (DEGs). DEGs were selected for bioinformatics
analysis. KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway over-
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representation analysis was done using ConsensusPathDB (http://consen-
suspathdb.org/) [133]. In the further analysis, DEGs in the pathways of inter-
est were manually annotated using literature survey and UniProt database. Re-
sults for Gene’s expression are expressed as mean + SD. KEGG pathway over-
representation analysis in ConsensusPathDB was carried out using input gene
lists that were compared to functional modules derived from KEGG pathway
definitions. A p-value cut-off of < 0.01 and a minimum overlap with the input
list of two genes were used. The calculated p-value reflects the significance of
the observed overlap between an input gene list and a module's members, as
compared to random expectations. Therefore, small p-values indicate that of
the genes in the input list, more are present in a module (pathway) than would
be expected by chance alone and this may indicate dysregulated pathways
[134].

Statistical analysis

All the other results are presented as means + SEM. Statistical analysis was
performed using GraphPad Prism Version 6.0c (GraphPad software, CA,
USA). Statistical significance was analyzed by using Student’s t-test analysis
or one-way ANOVA followed by Holm-Sidak multiple comparisons. P<0.05
was considered statistically significant.
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Results and Discussion

Acute effects of FFAs on human islets (paper I)

The opinion that long-chain FFAs acutely potentiate insulin secretion at high
glucose concentrations but have no or little effect on insulin secretion at low
glucose levels, with SFAs being more potent than MUFAs is generally ac-
cepted [38-40, 135]. However, in this study we found that short-term static
incubation of human islets with different long-chain FFAs at fasting glucose
levels enhanced insulin secretion. Also, degree of saturation of FFAs played
a positive role on insulin secreted with MUFAs being more potent than SFAs.
Given these discrepant findings from the previous reports, dynamic changes
of insulin secretion from human islets were assessed by perifusing the human
islets. The results were in line with the static findings. In addition, perifusion
data indicated that FFAs stimulated biphasic insulin secretion from human is-
lets [136], much like glucose. The rises in insulin secretion caused by SFAs
and MUFAs were accounted for by rises in both first and second phases of
insulin secretion.

Beta-cell mitochondrial metabolism is known to play a critical role in main-
taining nutrient-induced insulin secretion [137]. We therefore explored the
contribution of mitochondrial metabolism to the effects of SFAs and MUFAs
on insulin secretion. At fasting glucose concentrations FFAs significantly el-
evated OCR with MUFAs being more potent than SFAs, which was in line
with the insulin secretion data. And ECAR analysis reveals that higher oxygen
consumption rate (OCR) was observed in the presence of MUFAs compared
with SFAs, which was due to higher glycolysis. When glucose was omitted
from the medium introduction of FFAs did not affect OCR, supporting the
role of glycolysis on increased OCR induced by FFAs. In the absence of glu-
cose FFAs still stimulated insulin secretion from the islets although secretion
was reduced. The same pattern, with MUFAs being more potent than SFAs,
was detected in the absence of glucose. Contribution of mitochondria-inde-
pendent mechanisms to the reduced insulin secretion was then tested [138,
139]. When either intracellular metabolism or GPR40/FFARI1 signaling was
inhibited, FFAs no longer stimulated insulin secretion suggesting that these
two pathways are interrelated and act synergistically. Interestingly, whereas
OCR was reduced by approximately 10% in islets incubated in the absence of
glucose, insulin secretion was lowered by almost 60%. It seems that beta-cells
may efficiently use different sources for ATP generation [75] and, thereby

24



maintaining normal cell function. However, to efficiently enhance insulin se-
cretion glucose is required.

Chronic effects of palmitate on human islets and
EndoC-BHI cells

Metformin has beneficial effects on human islets chronically
treated with palmitate (paper 1)

Metformin is recommended as first-line oral drug in treatment of T2DM in
adults with clear benefits in relation to glucose metabolism and diabetes-re-
lated complications [97-99]. We therefore investigated whether metformin has
protective effects on isolated human islets treated with palmitate for 2 and 7
days resulting in hyper- and hypo-secretion of insulin, respectively. Palmitate
caused time-dependent changes in GSIS and insulin content as previously
demonstrated [7, 10]. Compared with control islets, GSIS was almost doubled
after treatment with the fatty acids for 2 days but halved after treatment for 7
days. Introduction of metformin during palmitate exposure restored insulin
secretion to the control levels both after 2 and 7 days. Insulin content was
reduced by 25% after 2 and 75% after 7 days’ exposure to palmitate, respec-
tively. Introduction of metformin had no effect on insulin content after 2 days’
exposure to palmitate but improved the level after 7 days’ exposure.
Palmitate enhances mitochondrial function [140]. In contrast, metformin
has been related to mild and transient inhibition of mitochondrial respiratory
chain and further reduction of ATP production [110, 111, 141, 142]. We there-
fore explored the role of the drug in mitochondrial metabolism in palmitate-
treated human islets. Metformin inhibited ATP-coupled OCR but not proton
leak OCR after 2 days’ palmitate exposure suggesting that reduced generation
of ATP production is a potential mechanism by which the drug attenuated
GSIS. However, 7 days’ exposure to palmitate with or without metformin had
no effect on OCR from human islets. AMPK phosphorylation is a sensitive
indicator of the cellular energy status [143]. As there was a change in ATP-
related mitochondrial respiration we investigated AMPK phosphorylation.
Surprisingly, addition of metformin had no effect on p-AMPK/AMPK ratio
after 2 days’ palmitate treatment. When human islets were cultured with pal-
mitate for 7 days p-AMPK/AMPK was reduced by ~50% compared with the
control islets. The addition of metformin in the presence of palmitate restored
this ratio to the control level after 7 days. The fact that changes in insulin
secretion from islet exposed to palmitate and metformin follow the changes in
AMPK phosphorylation after 7 but not 2 days suggests that this mechanism
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plays an important role in regulation of GSIS from human islets after pro-
longed exposure to the fatty acid.

Metformin has been shown to attenuate palmitate-induced ER stress and
apoptosis in human islets [120]. In our study, after 2 days’ exposure of human
islets to palmitate, there were no changes in the expression level of pro-apop-
totic markers of the ER stress response, phosphorylated eIF2a and CHOP, and
apoptotic marker, cleaved caspase-3. After 7 days’ palmitate treatment, the
markers of ER stress and apoptosis were upregulated and normalized when
metformin was included during culture. Proper activation of adaptive path-
ways of ER stress can protect beta-cells from palmitate-induced ER stress and
apoptosis [144]. Therefore, we also measured the levels of sorcin, a Ca*"bind-
ing protein that relocates calcium from the cytoplasm to the ER and, in such
way, protects cells from ER stress [92, 145]. The substantial increase of sorcin
after 2-day palmitate culture of human islets reflects an adaptation against pal-
mitate-induced ER stress. But this compensatory effect failed in a long-term
period resulting in upregulation of ER stress makers. The introduction of met-
formin during palmitate culture delayed the development of ER stress and, as
a result, the adaptive effects were also postponed. Our data indicate that the
reduction in ER stress and apoptosis by metformin treatment may contribute
to restoration of insulin secretion and intracellular insulin content from human
islets after 7 days’ culture with palmitate.

Sorcin counteracts lipotoxicity in palmitate-exposed human beta-
cells (papers II and IIT)

Sorcin has been linked to the protective ability against ER stress (paper 1I). To
further test the proposed explanation of rise in sorcin levels found in paper II,
sorcin expression in human islets and EndoC-BH1 cells was inhibited by
shRNA. Human islets and EndoC-BH1 cells were cultured in the absence and
presence of palmitate for 2 days. Sorcin expression, GSIS, mitochondrial res-
piration, and glycolysis were induced by palmitate but ER stress and apoptosis
were not affected. When sorcin was knocked down palmitate-induced upreg-
ulation of sorcin was reduced, which led to reduction in GSIS, mitochondrial
respiration and glycolysis but rise in ER stress and apoptosis.

Sorcin modulates mitochondrial Ca®" handling and plays a critical role in
the mitochondrial antiapoptotic pathways [95]. The relationship of sorcin to
mitochondrial respiration was also explored in this study and, for the first time,
we showed that there is a positive association between expression level of
sorcin and mitochondrial metabolism. As the mitochondria are the major site
of oxidative metabolism and mitochondrial Ca*" plays an important role in
ATP synthesis [73, 146], we assumed that increased sorcin expression after
short-term palmitate treatment may increase mitochondrial Ca*", thereby in-
creasing mitochondrial respiration and at the same time, play an antiapoptotic
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role. Sorcin also modulates ER Ca*" levels with implications for cytoplasmic
Ca”" levels [92]. Palmitate depletes ER Ca*" levels [70], which is suggested to
be counteracted by upregulation of sorcin. We found that silencing sorcin in
the presence of palmitate accentuates ER stress, which is consistent with other
studies showing that sorcin overexpression increased ER Ca®" stores from
mouse and human islets [92]. Silencing of sorcin activated ER stress and apop-
tosis [92]. RNA sequencing study showed that there is a significant positive
correlation between s7i mRNA levels and GSIS in both diabetic and non-dia-
betic islets, and a tendency toward lower sorcin levels in islets from patients
with T2DM versus islets obtained from healthy subjects [92, 147]. One of the
interesting findings of the current study is the apparent inhibition of GSIS and
insulin secreted from the culture medium after sorcin silencing in human islets
and EndoC-BH1 cells regardless of presence of palmitate treatment. This is in
agreement with other studies carried out in sorcin silenced MING6 cells and
overexpressed mouse and human islets, where intracellular Ca®" was changed
[92, 148]. The observed decrease in GSIS in our shRNA beta-cell models is
most likely secondary to the decrease in glucose-induced intracellular Ca**
fluxes [149].

We identified that rise in sorcin expression was necessary for rise in mito-
chondrial metabolism and insulin secretion and prevention of ER stress and
apoptosis in palmitate-exposed human islets and human EndoC-BH]1 cells. We
propose that sorcin upregulation in response to palmitate increases mitochon-
drial respiration and protects beta-cells from ER stress, thus playing a role in
palmitate potentiated GSIS.

Protective and deleterious pathways identified by
transcript profiling of palmitate-exposed human islets
(paper 1V)

Mechanisms underlying impaired GSIS from beta-cells exposed to long-term
FFAs have been intensively studied [41-43, 150]. Such impaired GSIS may
explain the development of obesity-related T2DM [7, 151, 152]. To protect
beta-cells from lipotoxicity and to further develop strategies to revert islet dys-
function, identifying early biological events triggered by the chronic fatty acid
exposure is important. Therefore, in human islets exposed to palmitate we in-
troduced early time points 1 hour, 4 hours and 1 day, in addition to 2 and 7
days (Paper II). Compared with control islets, GSIS was not changed after 4
hours but gradually increased reaching the maximal level after 1 day and then
decreased to 70% of control level after 7 days. Intracellular insulin content
was not changed up to 1 day’s culture with palmitate but gradually decreased
to approximately 75 and 30% of control level after 2 and 7 days, respectively.
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To gain insights into biological events potentially underlying this develop-
ment in GSIS genome-wide analysis of gene expression by Affymetrix
HTAZ2.0 in isolated human islets exposed to fatty acid palmitate for the differ-
ent time periods was performed. DEGs were defined as change in gene ex-
pression more than 1.3-fold after palmitate treatment compared with control
human islets. We found 903 unique genes to be differentially expressed in at
least one of the culture time points. All DEGs were mapped onto KEGG path-
ways and enrichment analysis was performed yielding 15 significantly en-
riched pathways related to human islet biology in at least one culture time
point.

Four pathways were enriched prior to the decline of islet function defined.
All the metallothioneins (MTs) in the “Mineral absorption” pathway (enriched
at 4 hours) were elevated in the presence of palmitate after 4 hours’ exposure.
MTs regulate the intracellular level of free zinc, which is essential for the fun-
damental beta-cell functions including insulin biosynthesis and insulin storage
[153, 154]. Dysregulation or dysfunction of zinc-transporting proteins in vitro
[155] or polymorphisms in MT encoding genes in vivo [156] are related to
impaired insulin processing and glucose metabolism. Overexpression or ex-
ogenous introduction of MT preserved insulin production from beta-cells
[157, 158]. The “Aminoacyl-tRNA biosynthesis” pathway (enriched at 12
hours) was predicted based on 6 tRNA synthetases elevated after 12 hours of
palmitate exposure. Protein synthesis occurs in the cytosol and requires
tRNAs loaded with the appropriate amino acid [159]. Presumably, increased
levels of tRNA synthetases enhance insulin biosynthesis, which allows to
maintain insulin hypersecretion from palmitate-treated islets at this time point.
Thus, an initial transient increase in levels of MTs transcript and tRNA syn-
thetases in palmitate-treated human islets could be an adaptive mechanism to
support insulin synthesis during insulin hypersecretion. The “PPAR signaling
pathway” (enriched at 4 hours and 1 day) and the “Adipocytokine signaling
pathway” (enriched at 4 hours and 1 day) included elevated gene transcripts
with a function in fatty acid and glucose metabolism. The increased metabo-
lism and beta-oxidation of fatty acids are beneficial for beta-cells [160, 161].
The PPARI1 pathway plays a protective role in palmitate-treated beta-cells
[162]. Therefore, activation of these pathways may be an adaptive response to
fatty acid exposure.

The “TNF signalling pathway” was predicted based on 8 genes elevated
only after 1 and 2 days’ exposure to palmitate. Most transcripts in the “TNF
signalling” pathway encode chemokines, which can be synthesized and se-
creted by pancreatic beta-cells to recruit leukocytes into pancreatic tissues
[163]. Chemokines play a role in inflammatory responses and impair beta-cell
function [164]. Some chemokines promote beta-cell health, either by recruit-
ing specific immune cells or through direct effects on beta-cells, however
[165]. Furthermore, chemokines can also trigger pathway signaling by inter-
acting with receptors expressed on human islets [164, 166]. Activation of the
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“TNF signaling pathway” may contribute to insulin hypersecretion at these
earlier time points.

Three pathways were enriched both before (at time points 1 day and 2 days)
and after (at time point 7 days) the decline of islet function. The remaining
seven pathways were enriched only after 2 and/or 7 days of palmitate expo-
sure. The “Metabolism of xenobiotics by P450” pathway was the top pathway
after 1 and 2 days and the second top pathway after 7 days of palmitate expo-
sure. Decreased expression was observed of genes encoding the detoxification
enzymes that play a role in metabolism of fatty acids via omega-oxidation, a
process almost identical to xenobiotic detoxification [167, 168]. Dicarboxylic
acid, which are converted from FFAs in the ER during omega-oxidation [168],
enters mitochondria or peroxisomes for further metabolism via beta-oxidation
[169]. Omega-oxidation, therefore, is regarded as a rescue pathway that allows
to eliminate toxic levels of fatty acids that accumulate in the cells when the
main beta-oxidation pathway is overwhelmed [170]. The inhibition of the
“Metabolism of xenobiotics by P450” pathway in human islets upon pro-
longed palmitate exposure may therefore be an early deleterious event, caus-
ing accumulation of toxic amounts of fatty acids which contributes to islet
beta-cell failure.

These results propose that in palmitate-treated human islets, at early time
points, protective events, including upregulation of metallothioneins, tRNA
synthetases and fatty acid-metabolizing proteins, dominate over deleterious
events, including inhibition of fatty acid detoxification enzymes, which con-
tribute to enhanced GSIS. After prolonged exposure of islets to palmitate, the
protective events are outweighed by the deleterious events, which contribute
to impaired GSIS.
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Summary and Conclusions

Long-chain FFAs acutely induced insulin secretion from human pancre-
atic islets at physiologically fasting blood glucose level, with MUFAs be-
ing more potent than SFAs, and this effect is associated with increased
glycolytic flux and mitochondrial respiration.

Metformin prevents early insulin hypersecretion from chronically palmi-
tate-treated human islets by decreasing mitochondrial metabolism and im-
proves later decrease in insulin secretion by reducing ER stress and apop-
tosis.

Sorcin counteracts lipotoxicity in beta-cells exposed to palmitate involv-
ing insulin secretion, ER stress and mitochondrial respiration. Overex-
pression or activation of sorcin may be beneficial for beta-cells under met-
abolic stress.

In human islets treated with palmitate, protective events dominate over
deleterious events at early time points which contributes to potentiation of
GSIS whereas prolonged exposure impaired GSIS when protective events
are outweighed by the deleterious events.

In conclusion, isolated beta-cells respond to elevated levels of FFAs by ini-
tially augmenting insulin release followed by declining secretory levels after
prolonged exposure. Metformin normalizes these secretory aberrations. In the
islet beta-cell changes in specific signaling pathways and proteins including
sorcin contribute to these secretory manifestations. We propose the elevated
FFA levels in obese children may lead to insulin hypersecretion early in life
and precipitate secretory decline and T2DM later in life. When developing
strategies for prevention of T2DM in obese children with elevated FFA levels,
metformin should be considered as well as novel strategies involving sorcin
and the identified specific pathways.
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