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Abstract

Background and aim

Fatty acids acutely stimulate GLP-1 secretion from L-cells in vivo. However, a high fat diet
has been shown to reduce the density of L-cells in the mouse intestine and a positive corre-
lation has been indicated between L-cell number and GLP-1 secretion. Thus, the mecha-
nism of fatty acid-stimulated GLP-1 secretion, potential effects of long-term exposure to
elevated levels of different fatty acid species, and underlying mechanisms are not fully
understood. In the present study, we sought to determine how long-term exposure to satu-
rated (16:0) and unsaturated (18:1) fatty acids, by direct effects on GLP-1-producing cells,
alter function and viability, and the underlying mechanisms.

Methods

GLP-1-secreting GLUTag cells were cultured in the presence/absence of saturated (16:0)
and unsaturated (18:1) fatty acids (0.125 mM for 48 h, followed by analyses of viability and
apoptosis, as well as involvement of fatty acid oxidation, free fatty acid receptors (FFAR1)
and ceramide synthesis. In addition, effects on the expression of proglucagon, prohormone
convertase 1/3 (PC1/3), free fatty acid receptors (FFAR1, FFARS), sodium glucose co-
transporter (SGLT) and subsequent secretory response were determined.

Results

Saturated (16:0) and unsaturated (18:1) fatty acids exerted opposing effects on the induc-
tion of apoptosis (1.4-fold increase in DNA fragmentation by palmitate and a 0.5-fold reduc-
tion by oleate; p<0.01). Palmitate-induced apoptosis was associated with increased
ceramide content and co-incubation with Fumonisin B1 abolished this lipo apoptosis. Ole-
ate, on the other hand, reduced ceramide content, and—unlike palmitate—upregulated
FFAR1 and FFARS, evoking a 2-fold increase in FFAR1-mediated GLP-1 secretion follow-
ing acute exposure to 0.125 mmol/L palmitate; (p<0.05).
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Conclusion/Interpretation

Saturated (16:0), but not unsaturated (18:1), fatty acids induce ceramide-mediated apopto-
sis of GLP-1-producing cells. Further, unsaturated fatty acids confer lipoprotection, enhanc-
ing viability and function of GLP-1-secreting cells. These data provide potential mechanistic
insight contributing to reduced L-cell mass following a high fat diet and differential effects of
saturated and unsaturated fatty acids on GLP-1 secretion in vivo.

Introduction

Glucagon-like peptide-1 (GLP-1) has a central role in type 2 diabetes (T2D) due to its potenti-
ating effects on insulin secretion and the successful use of GLP-1 analogs in T2D therapy.
GLP-1 is synthesized from the preproglucagon gene (Gcg) in a subset of enteroendocrine cells
(EECs), denominated L-cells. The L-cells are found scattered in the intestinal epithelium with
increasing numbers towards the distal ileum and colon, representing in totality < 1% of the
epithelial cells. L-cells are polarized, exhibiting an apical surface with microvilli in contact
with the lumen, and a basolateral surface from which secretory vesicles exocytose [1]. GLP-1
secretion is stimulated by nutrient intake (carbohydrates, proteins, and fats) and potentiates
glucose-stimulated insulin secretion (GSIS)-i.e. the incretin effect. In addition to its insulino-
tropic effects, GLP-1 also stimulates -cell proliferative and anti-apoptotic pathways, exerts
protective effects on cardiomyocytes, reduces insulin resistance, while also inhibiting glucagon
release, gastric emptying, and food intake [2].

Reduced plasma GLP-1 levels have been observed in T2D, but also with increased BMI and
obesity independent of T2D [3, 4]. Continuous administration of GLP-1 to T2D patients
restores GSIS and normalizes glycemia [2]. However, due to rapid degradation by Dipeptidyl
peptidase— 4 (DPP-4), stable analogs of GLP-1 such as exendin-4 and liraglutide, as well as
DPP-4 inhibitors such as sitagliptin, have been developed for T2D therapy.

Today’s incretin therapy has achieved great success and arguably constitutes the best avail-
able pharmaceutical intervention for the treatment of T2D. However, enhancing endogenous
GLP-1 production is a novel avenue of incretin therapy, and would avoid potential deleterious
effects of long term treatment with GLP-1 agonists on beta cell function [5], and offer many
advantages to current incretin therapy. I.e. GLP-1 would be released by its native route directly
into the portal vein—where regulatory GLP-1-sensitive glucose sensors are expressed—prior
to hepatic passage [6]. Further, the pulsatile nature of endogenous GLP-1 secretion would be
maintained [7], which may prevent GLP-1 resistance [8].

Potentiating endogenous incretin secretion requires detailed knowledge and understanding
of the regulation of GLP-1-producing L-cells. Increased BMI and obesity are characterized by
increased levels of circulating free fatty acids and hyperlipidemia. Studies on the effects of lip-
ids and fatty acids on the function of GLP-1-secreting cells reveal that generation of long-
chain fatty acids greater than C10 is a critical step for fat-induced stimulation of GLP-1 secre-
tion in humans [9, 10]. Further, differential effects and mechanisms have been identified for
stimulation by different fatty acid species, where vascular vs. luminal exposure is also indicated
to be of importance [11].

Recently, focus has also been given to the possible alteration of L-cell mass in diabetic sub-
jects and its implication for the endogenous incretin response. Reports have indicated that L-
cell mass can be regulated by external stimuli [12, 13]. Short chain fatty acids have been indi-
cated to increase L-cell mass [14], and a high fat diet (HFD) has been shown to reduce the
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density of L-cells in the distal parts of the mouse intestine [15, 16], where differential direct
effects of different fatty acid species on the viability of GLP-1-producing cells have been
reported [17], but the mechanisms remain unknown. Importantly, an increased L-cell number
has also been associated with increased GLP-1 secretion [18]. Collectively these data support
the possibility of modulating L-cell density to enhance endogenous GLP-1 secretion.

The association of reduced L-cell mass with obesity, insulin resistance, and defective incre-
tin response, provokes questions as to how fatty acids can modulate not only the function but
also the viability of L-cells. Non-adipose tissue accumulation of triglycerides (steatosis) is an
indicator of lipid overload and hyperlipidemia in humans and animal models, and associated
with impaired insulin signaling and lipotoxicity [19]. Triglyceride accumulation in tissue and
triglycerides themselves are most likely inert in terms of lipotoxicity [20, 21]. However, non-
adipose tissue has a limited capacity for triglyceride storage and fatty acids channeled to other
metabolic fates, such as production of reactive oxygen species (ROS) or ceramide, are indi-
cated to mediate the lipotoxic effects. Carnitine acyltransferase I (CPT-1) mediated mitochon-
drial fatty acid uptake enables fatty acid oxidation generating ROS as a natural byproduct.
Hyperlipidemia and increased fatty acid oxidation may increase ROS to dangerous levels with
detrimental effects on cell survival and function. Also the generation of lipid metabolites such
as ceramide, composed of sphingosine and a fatty acid, resulting from breakdown of sphingo-
myelin and complex sphingolipids, or through de novo synthesis., have been shown to be
mediating lipotoxic effects in some cell types. In addition to this, GLP-1 secreting cells express
fatty acid receptors like FFAR1 indicated to be involved in the secretory response of GLP-1
secreting cells in response to fatty acids. However, the more long term effects of continuous
activation of FFAR1 following a high fat diet and hyperlipidemia is not well understood.

Recent research has elucidated many aspects of fatty acid-stimulated secretion, but more
detailed knowledge is needed, especially with regards to the effects of long term exposure to
fatty acids in terms of viability as well as function. Consequently, we sought to determine the
mechanisms mediating lipoapoptosis of GLP-1-producing cells and the roles of different fatty
acid species in viability and function, aiming to further elucidate the molecular regulation of
GLP-1-producing cells in health and disease.

Materials and methods
Cell culture and in vitro exposure

As a model of enteroendocrine L-cells, GLUTag cells—an immortalized murine enteroendo-
crine cell line expressing the proglucagon gene and secreting the glucagon-like peptides [22]—
were used. GLUTag cells recapitulate the response of primary intestinal L-cells to physiological
and pharmacological GLP-1 secretagogues [23, 24] and constitute one of the best models of
the L-cell.

The GLP-1-secreting GLUTag cell line (source: glucagon-producing enteroendocrine cell
tumor that arose in transgenic mice generated on an out-bred CD-1 background) [24], gra-
ciously donated by Dr. Neil Portwood at Karolinska Institutet, Solna, Sweden, and originally
from Dr. Daniel J. Drucker, Mount Sinai Hospital, Samuel Lunenfeld Research Institute,
University of Toronto, Canada, was cultured in DMEM (Thermo Fisher Scientific, Waltham,
MA) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific), 5.5 mM
glucose, 10,000 U/ml penicillin and 10,000 pg/mL streptomycin sulfate (Thermo Fisher Scien-
tific) under 5% CO,.

Primers and antibodies were purchased from: Tocris Bioscience, Bristol, United Kingdom
(GSK 650394) and ChemBo Pharma Co., Ltd. (EMD638683) ceramide Ab (Enzo Life Sciences,
Inc.). FFAR1 antagonist GW1100/371830 was purchased from Albiochem, EMD Millipore.
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The activator of protein kinase C 12-O-tetradecanoylphorbol-13-acetate (TPA), adenylate
cyclase activator forskolin, CPT1 inhibitor etomoxir, and the ceramide synthase inhibitor
Fumonisin B1 were purchased from Sigma Aldrich.

Palmitate (sodium palmitate, Sigma Aldrich) / Oleate (Sigma Aldrich) exposure media was
supplemented with 2% FBS (ThermoFisher Scientific), 5.5mM glucose (Sigma Aldrich, 10,000
U/ml penicillin and 10,000 pg/mL streptomycin sulfate (Thermofiher Scientific, Invitrogen,
Inc.), in addition to 0.44% bovine serum albumin (BSA, fatty acid free) (Roche Diagnostics
GmbH, Germany) The fatty acid was incubated with the BSA supplemented medium for a
minimum of 40 min at 37 degrees to ensure binding of fatty acid to BSA and cells were washed
twice with 2% FBS, 5.5 mM glucose media prior to exposure to Palmitate/Oleate in Palmitate/
Oleate exposure media. Palmitate was dissolved in 50% ethanol during heating to 70°C. Con-
trol cells were given vehicle with equal amounts of ethanol as the palmitate exposed cells (final
concentration of ethanol: 0.12%).

Caspase-3 activity assay

GLUTag cells were plated (at a density of 250,000 cells/ml) and grown in 6-well plates for 24 h.
Cells were then washed twice with low serum medium (2% FBS, 5.5 mM glucose) prior to
treatment with 0.125 mM palmitate in the presence or absence of indicated concentrations of
Fumonisin B1, GW1100, or Etomoxir in 2% FBS and 5.5 mM glucose for an additional 48 h.
Caspase-3 activity assay kit (Cell Signaling Technology, Inc., Danvers, MA) was used accord-
ing to the manufacturer’s instructions. Briefly, this caspase-3 colorimetric assay is based on the
hydrolysis of a substrate by caspase-3, resulting in the release of a fluorescent product. Fluores-
cence (excitation/emission ~342/441 nm) was measured using appropriate excitation and
emission filters or settings.

Fluorescence was normalized against the protein concentration of the individual well (see
below).

Protein assay

GLUTag cells were washed twice with phosphate-buffered saline (PBS) and lysed on ice in a
RIPA lysis buffer containing 150 mM NaCl, 20 mM Tris, 0.1% SDS, 1% Triton X-100, 0.25%
Na-deoxycholate, 1 mM Na3;VO,, 50 mM NaF, 2 mM EDTA and Protease inhibitor cocktail
(Sigma Aldrich) for 30 min. Samples were clarified by centrifugation, supernatants were trans-
ferred to new tubes and the total protein concentration was determined with Bio-Rad DC pro-
tein assay (method of Lowry [25], using BSA as a standard [Bio-Rad Laboratories, Hercules,
CA)).

Hormone secretion

GLUTag cells were plated at a density of 180,000 cells/ml and grown in 6-well plates for 24-48
h. Cells were then treated with palmitate/oleate at indicated doses for an additional 48 h.
Immediately after the 48 h incubation, the medium was discarded and the cells were washed
with pre-warmed glucose-free KRBH buffer/0.2% BSA, followed by a 30 min pre-incubation
with the same buffer. Cells were then treated for 30min with/without 0.25 mM palmitate in
pre-warmed glucose-free KRBH buffer/0.2% BSA. For a subset of experiments, the 30 min
palmitate treatment was preceded by a 10min pre-incubation with indicated concentrations
of GW1100. Immediately after the incubation with palmitate, the buffer was collected in tubes
on ice. GLP-1 content in medium/buffer was analyzed using a total GLP-1 ELISA (Cat. #
EZGLP1T-36K, Millipore Corporation) according to the manufacturer’s instructions. GLP-1
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results were normalized by total protein in the individual wells (see above). All experiments
were performed in duplicates and repeated > three times to assess the consistency of results.

RNA extraction, cDNA synthesis, and quantitative RT-PCR

GLUTag cells were lysed and RNA extracted using Aurum total RNA mini kit (Cat # 7326820)
(BioRad Laboratories) according to the manufacturer’s instructions. cDNA was synthesized
for qPCR using iScript™ cDNA synthesis kit (BioRad Laboratories) according to the manufac-
turer’s instructions. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA expression
was used as an internal control. A one-step RT-PCR kit with SYBR Green (iScript™ one-step
RT-PCR kit with SYBR® Green) (BioRad Laboratories) was used for real-time quantitative
RT-PCR. This kit utilizes iScript RNase H+ reverse transcriptase and hot-start iTaq DNA
polymerase.

For each sample, the mRNA level of each target gene relative to GAPDH was estimated by
calculating the DeltaCt, or ACt (Ctryrgee Gene— Ctgappn) and then converting to 274C Tg
compare mRNA levels between experimental groups, the ratio of the average 2" for each
treatment group relative to the control group (27**“") was determined for each gene.

Primers were designed using Invitrogen custom primer design software (Invitrogen, Inc).
The primer list and specifications are given in S1 Table.

Western blot analysis

GLUTag cellular protein was extracted using RIPA lysis buffer containing 150 mM NaCl, 20
mM Tris, 0.1% SDS, 1% Triton X-100, 0.25% Na-deoxycholate, 1 mM Na;VO,, 50 mM NaF, 2
mM EDTA and Protease inhibitor cocktail (Sigma Aldrich) for 30 min on ice. Samples were
clarified by centrifugation, the supernatants were transferred to new tubes and the total protein
concentration was determined with Bio-Rad DC protein assay using BSA as a standard (Bio-
Rad). Equal amounts of protein were then mixed with reducing SDS-PAGE sample buffer,
boiled for 5 min and proteins were separated by SDS-PAGE. Samples were electrophoresed on
a 10% polyacrylamide gel under denaturing conditions, followed by transfer to PVDF mem-
brane (Bio-Rad Laboratories). Membranes were blocked with 5% milk in PBS-T; primary
(over-night at 4°C) and secondary (1 hour at RT) antibody incubations were performed in the
same buffer, with three 10-min washes in PBS-T intervening. The anti phospho-p38 was pur-
chased from Abcam, Cambridge, UK (cat# ab195049), and the totp38 and B-actin antibodies
were from Santa Cruz, Biotechnology, CA (cat # sc-3533 and sc-47778). Horseradish peroxi-
dase-conjugated secondary antibodies (1:5,000) (Santa Cruz Biotechnology, CA) and ECL
(enhanced chemiluminescence) (ThermoFisher Scientific) reagents were used to detect pro-
teins. Images and quantifications were obtained using Molecular Imager ChemiDoc XRS with
Quantity One Software v. 4.6.5 (Bio-Rad Laboratories).

Detection of intracellular reactive oxygen species (ROS)

GLUTag cells were plated at a density of 180,000 cells/ml and grown in 6-well plates for 24-48
h. Cells were then treated with palmitate/oleate as described above at the indicated doses for
an additional 6 h or 48 h. Intracellular ROS levels were measured using Image-iT LIVE Green
Reactive Oxygen Species Detection Kit (Molecular Probes, Life Technologies Europe BV) as
previously described [14] using a fluorogenic marker, 5-(and-6)-carboxy-2’,7'-dichlorodihy-
drofluorescein diacetate (carboxy-H2DCFDA), that is cleaved in the presence of ROS.
Accordingly, following incubation with indicated concentrations of palmitate/oleate, the
cells were then washed with KRBH buffer prior to adding 25 uM carboxy-H2DCFDA to each
well. Following 30 minute incubation at 37°C, excess probe was removed by washing the cells
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again with KRBH bulffer. Cells were then lysed in PBS containing 1% Triton X-100. Carboxy-
DCEF fluorescence in cell lysates was detected at an excitation/emission wavelength of 495/529
nm using a microplate reader (SpectraMax M2, Molecular Devices). Fluorescence was normal-
ized against the protein concentration of the individual well.

Detection of intracellular ceramide

Immunocytochemistry. GLUTag cells were grown on 20 pl/cm” coverslips coated with
poly-L-lysine (Sigma Aldrich). Following treatment with 0.125 mM palmitate/oleate in low
serum medium (2% FBS, 5.5 mM glucose) for the indicated times, cells were washed with PBS,
and 4% paraformaldehyde (Sigma Aldrich) added, followed by incubation with 1% BSA in
PBS-T for 30 min to block unspecific binding and an over-night incubation at 4°C with pri-
mary ceramide monoclonal antibody (MID 15B4 from Enzo Life Sciences). Cells were washed
in PBS and incubated with 2% BSA in PBS for 30 min at room temperature (to avoid non-spe-
cific hydrophobic interactions), followed by a 1.5 h incubation at room temperature with sec-
ondary anti-mouse ALEXA Fluor 488 Ab (1:500 dilution in PBS + 2% BSA). After washing,
cells were incubated with 0.5 ug/ml Hoechst (Sigma Aldrich) for 1 min, washed and mounted
on glass slides using Polyvinyl alcohol mounting medium with DABCO™, antifading, Sigma
Aldrich). Edges of the cover glass were sealed with clear nail polish and slides stored in dark at
4°C pending analysis.

Fluorescence measurement. GLUTag cells were grown in 96-well plates. The procedure
for immunocytochemistry was followed, and immediately after incubation with the secondary
antibody (anti-mouse ALEXA Fluor 488), fluorescence in the wells was measured at an excita-
tion/emission wavelength of 495/519 nm, using a microplate reader (SpectraMax M2, Molecu-
lar Devices).

Propidium iodide staining and flow cytometry

GLUTag cells were plated at a density of 180,000 cells/ml and grown in 6-well plates for 24-48
h. The cells were then cultured for 48 h with or without 0.125 mM palmitate + 0.5% BSA. Cell
numbers and viability were determined by incubation with 5 pg/ml propidium iodide for 10
min, followed by trypsinization and flow cytometry analysis using a FacsCalibur instrument
(Becton-Dickinson).

Statistical analyses

Comparisons between multiple groups were made by a one-way ANOVA. Student-Newman-
Keul’s post hoc test was used. Comparisons between control and single treatment groups were
made using two-tailed Student’s t-test. P<0.05 was deemed statistically significant.

Results

Palmitate and oleate exert opposing effects on the formation of reactive
oxygen species, activation of the mitogen-activated protein kinase p38
and viability of GLP-1-producing cells

As we and others have previously shown—and analogous to its effect on insulin producing -
cells—palmitate exerts lipotoxic effects and induction of apoptosis in GLP-1-producing cells
[17, 26, 27]. This effect is indicated to be aggravated by simulated hyperglycemia, as co-incuba-
tion of palmitate with 11 mM glucose slightly but significantly increased caspase-3 activation
(18.5£5.95 percent increase) as compared to palmitate alone.
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To determine if the lipotoxic mechanisms are specific to high ambient concentrations of
long chain saturated fatty acids, GLUTag cells were exposed to equimolar concentrations of
palmitate (16:0) or the monounsaturated fatty acid, oleate (18:1). Our results demonstrate
that palmitate increases—while oleate decreases caspase-3 activity (Fig 1A) and DNA
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Fig 1. Palmitate and oleate exert opposing effects on the formation of reactive oxygen species, activation of the mitogen-
activated protein kinase p38 and viability of GLP-1-producing cells. 0.125 mM oleate significantly decreases—while 0.125 mM
palmitate significantly increase—caspase-3 activation (A) and DNA fragmentation (B) in GLUTag cells following a 48h incubation. Co-
incubation of 0.125mM palmitate with 0.125mM Oleate abolishes palmitate induced caspase-3 activity (C) and DNA fragmentation (D).
ROS production in GLP-1-secreting cells after 48 h (E) and phosphorylation of the ROS-sensitive kinase p-38 following 8h (F) is
increased in response to 0.125mM palmitate, but not in response to 0.125mM Oleate. Bars represent mean + SEM for n = 3-6
independent experiments analyzed in duplicates. Comparisons between groups were made by a one-way ANOVA, and Student-
Newman-Keul’s post hoctest. *, p<0.05; ***, p<0.001 compared with control cells. #, p<0.05 compared with palmitate-treated cells.

https://doi.org/10.1371/journal.pone.0177605.9001
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fragmentation (Fig 1B) following a 48 h incubation. Furthermore, a co-incubation of palmitate
with equimolar concentrations of oleate abolishes palmitate-induced caspase-3 activity (Fig
1C) and DNA fragmentation (Fig 1D).

As we have previously shown that palmitate induced lipotoxicity is mediated, at least in
part, by increased production of ROS and activation of the ROS-sensitive mitogen-activated
kinase p38 [27], we also evaluated ROS production and p38 phosphorylation in response to
oleate. However, neither palmitate induced ROS production, nor activation of the ROS-sensi-
tive kinase p38, is replicated by oleate (Fig 1D and 1E).

Palmitate-induced lipotoxicity in GLP-1-producing cells is dependent on
the formation of ceramide

GLUTag caspase-3 activation, and cell viability were assessed following exposure to palmitate
in the presence/absence of the carnitine palmitoyltransferase-1 (CPT-1) inhibitor etomoxir,
inhibiting mitochondrial fatty acid uptake and thus fatty acid oxidation. Our results demon-
strate that co-incubation with etomoxir does not significantly alter caspase-3 activation or via-
bility following a 48 h exposure to palmitate (Fig 2A and 2B). Similarly, co-incubation with
GW1100—a reversible antagonist of the palmitate activated FFAR1 receptor—failed to alter
the effects of palmitate on caspase-3 activity and viability (Fig 2C and 2D). However, palmitate
—but not oleate—leads to a rapid increase of ceramide in GLP-1-producing cells as deter-
mined by immunocytochemistry (Fig 2E), as well as fluorescence measurements (Fig 2F). Fur-
ther, co-incubation with the ceramide synthase inhibitor Fumonisin B1—known to block
ceramide formation resulting from both de novo synthesis and the salvage pathway of ceramide
synthesis—counteracts the induction of caspase-3 activity and reduced viability (Fig 2G and
2H) following a 48 h incubation with palmitate.

Oleate, but not palmitate, increases the expression of G protein-coupled
receptor FFAR1 mRNA and amplifies the acute secretory response of
GLP-1 producing cells to fatty acids

To determine the effects of long term exposure to elevated levels of fatty acids on the function
of GLP-1-producing cells, we determined the expression of proglucagon, the sodium glucose
transporter (SGLT) involved in the secretory response of GLP-1-secreting cells to glucose, and
the fatty acid receptors FFARI (GPR40) and FFAR3 (GPR43) involved in the response to fatty
acids and linked to GLP-1 secretion [28], following exposure to 0.125 mM palmitate/oleate for
6h,24hand 48 h.

Our results indicate no significant effects on SGLT expression in response to either fatty
acid (Fig 3A and 3B). Further, palmitate downregulates the expression of proglucagon, FFAR
1 (GPR40) and FFAR3 (GPR43) after 48h (Fig 3A), whereas oleate increases the expression of
proglucagon after 24h, and of FFAR1 (GPR40) and FFAR3 (GPR43) mRNA following 48h
(Fig 3B). Interestingly, GLP-1 secretion in response to 0.5 mM palmitate also increases two-
fold in cells cultured in the presence of oleate for 48 h, i.e. palmitate induces a two-fold
increase in GLP-1 secretion from untreated cells versus a four-fold increase in secretion from
oleate pre-treated cells (Fig 3C). Thissecretory effect of palmitate is indicated, in accordance
with what has previously been reported [29, 30], to be mediated by FFAR1 (Fig 3D).

Discussion

This study demonstrates differential effects of saturated (16:0) and unsaturated (18:1) fatty
acids on GLP-1-secreting cell viability and function. The present findings provide novel data

PLOS ONE | https://doi.org/10.1371/journal.pone.0177605 May 16,2017 8/14


https://doi.org/10.1371/journal.pone.0177605

o @
@ . PLOS | ONE Effects of fatty acids on GLP-1-producing cells

>
w

250 300
c
N
NS -
S 200 * = 250
o o
2 * 2 200
> 10 =
2 & 150
8% 100 .
3= < 100
%3 ol
© “‘: 50 ]
% T 50
88
0 0
0.125mM Palmitate - + + - 0.125mM Palmitate - + +
1uM Etomoxir - - + + 1uM Etomoxir - - + +
250 250
£ *
2 % =
2 200 = 200 *
5 8
g * * 2
= 150 = 150
g z
= =
S5 100 2 100
Q& £
g8 £
g2 50 n 50
o 9 o
RN
o
0 0
0.125mM Palmitate - + + + - - 0.125mM Palmitate - + + -
1uM GW1100 - - + - + - 1uM GW1100 - - + +
5uM GW1100 - - - + - +

Paimitate

N
o
o

N
o
o

Ceramide content -
Fluorescent intensity (A.u.)
a = o
8 5 3
*

0

0.125mM Palmitate - +
0.125mM Oleate - - +

®
o

200

g

Caspase-3 activity / ug protein
(% of control)
*
Pl positive cells (% of control)
8 8
*
|

150

o
o

100

50

0 0
0.125mM Palmitate - + + - 0.125mM Palmitate - + + -
1uM Fumonisin - - + + 1uM Fumonisin - - + +
Fig 2. Palmitate-induced lipotoxicity in GLP-1-producing cells is dependent on the formation of ceramide. Co-
incubation of 0.125mM palmitate with etomoxir did not significantly alter caspase-3 activation (A) or viability (B) after 48
h. Similarly, co-incubations of 0.125 mM palmitate and FFAR1 antagonist GW1100 did not alter palmitate induced
caspase-3 activity (C) or viability (D). GLUTag cells were stained using Hoechst (blue) and a ceramide monoclonal
antibody (green) following exposure to 0.125mM palmitate and 0.125mM oleate for 6h (E), where 0.125mM palmitate—
but not 0.125mM oleate—increasedthe number of ceramide positive GLUTag cells as assessed by detection of
fluorescence proportional to the number of positive cells (F). Co-incubation of 0.125mM palmitate with Fumonisin B1
significantly attenuate palmitate induced caspase-3 activity (G) and reduced viability (H) following 48 h. Bars represent

PLOS ONE | https://doi.org/10.1371/journal.pone.0177605 May 16,2017 9/14


https://doi.org/10.1371/journal.pone.0177605

@° PLOS | ONE

Effects of fatty acids on GLP-1-producing cells

mean + SEM for n = 3 independent experiment analyzed in duplicates. Comparisons between groups were made by a
one-way ANOVA, and Student-Newman-Keul’s post hoctest. *, p<0.05 compared with control cells. #, p<0.05
compared with palmitate-treated cells.
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in support of a role for ceramide synthesis in palmitate-mediated apoptosis of GLP-1-produc-
ing cells. Specifically, our data show that long-term treatment with palmitate increases cer-
amide production, caspase-3 activity, DNA fragmentation and cell death in GLP-1-producing
cells, whereas oleate exerts opposing effects. In addition, oleate—but not palmitate—upregu-
lates FFAR1 (GPR40) / FFAR3 (GPR43) mRNA expression and enhances the subsequent
FFAR1-mediated secretory response of GLP-1-producing cells.

In agreement with effects on insulin-producing B-cells, short-term exposure of GLP-1-pro-
ducing cells to fatty acids has previously been shown to increase GLP-1 secretion without
affecting cell viability [26, 31]. Further, lipids are well-recognized stimuli of GLP-1 secretion in
humans[32, 33].

However, many of the studies investigating effects of fatty acids on GLP-1 secretion have
focused on acute effects, and rendering decreased L-cell mass following a high fat diet, and the
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Fig 3. Oleate, but not palmitate, increases the expression of G protein-coupled receptor FFAR1 mRNA and
amplifies the acute secretory response of GLP-1 producing cells to fatty acids. Whereas 0.125 mM palmitate
significantly reduced GLUTag proglucagon and FFAR1 (GPR40) / FFAR3 (GPR43) mRNA expression after 48h (A), oleate
exposure significantly increased the expression of proglucagon/ FFAR 1 (GPR40) and FFAR3 (GPR43) mRNA after 24h /
48h respectively (B). GLP-1 secretion in response to 0.5 mM palmitate was increased 2-fold following a 48h exposure to
0.125mM oleate (C). Comparisons between groups were made by a one-way ANOVA, and Student-Newman-Keul’s post
hoc test. Bars represent mean + SEM. *, p<0.05; ***, p<0.001 compared with controls. #, p<0.05 compared with palmitate-
treated cells.

https://doi.org/10.1371/journal.pone.0177605.9g003

PLOS ONE | https://doi.org/10.1371/journal.pone.0177605 May 16,2017 10/14


https://doi.org/10.1371/journal.pone.0177605.g002
https://doi.org/10.1371/journal.pone.0177605.g003
https://doi.org/10.1371/journal.pone.0177605

@° PLOS | ONE

Effects of fatty acids on GLP-1-producing cells

reduced GLP-1 plasma levels that have been observed in association with increased BMI, insu-
lin resistance and T2D, it can be hypothesized that toxic effects of chronic hyperlipidemia, i.e.
induction of lipotoxicity, similar to those observed in insulin-producing B-cells both directly
and indirectly—through potential reduction in L-cell mass—impairs L-cell secretory capacity,
as well as the ability of the surviving L-cells to compensate.

In accordance with the presence of such mechanisms, we have previously shown that—
albeit acute exposure stimulates secretion—long term exposure to elevated levels of palmitate
induces ROS-dependent lipotoxic effects [26, 27, 34]. The present findings indicate that this
lipotoxicity is mediated by ceramide synthesis and specific to the long chain saturated fatty
acids (16:0), and thus not replicated by long term exposure to elevated levels of long-chain
unsaturated fatty acids (18:1). These findings are in agreement with previously reported differ-
ential effects of saturated and unsaturated fatty acids on cell viability [17]. However, herein we
demonstrate that this difference is maintained following extended exposure to the fatty acids
and we demonstrate increased caspase-3 activity and DNA fragmentation, indicating differ-
ences in induction of apoptosis leading to the impaired cell viability. Further, our data suggest
that increased B-oxidation is not the main mechanism underlying ROS-mediated lipoapopto-
sis in GLP-1-producing cells. Although we fail to see a significant effect of palmitate in the
presence of CPT-1 inhibition, the increased basal caspase-3 activity under these conditions
may mask the effect of palmitate, as there is no significant effect of CPT-1 inhibition on cas-
pase-3 activity or viability following long term palmitate exposure. However, further studies
and characterization of fatty acid oxidation in response to saturated (16:0) and unsaturated
(18:1) fatty acids in this cell type are necessary to rule out any contribution of increased fatty
acid oxidation in palmitate mediated apoptosis. However, the involvement of ceramide syn-
thesis in the induction of apoptosis indicated from the present studies aligns well with what
has been reported for other cell types and ROS-mediated lipotoxicity. Specifically, T2D and
defective insulin secretion are associated with products generated from saturated fatty acids,
whereas unsaturated fatty acids have been shown to exert protective effects. Although the exact
mechanisms underlying these observations remain elusive, ceramide synthesis resulting in
increased ROS production [35] [36] and oxidative damage [37] is implicated in the induction
of lipotoxicity in various cell types. The present study indicates that similar mechanisms may
be involved in saturated fatty acid-induced apoptosis of GLP-1-producing cells, whereas long
term exposure to elevated levels of unsaturated fatty acids reduces ceramide content and ROS
production.

Notwithstanding a rapid turnover of the EECs in the intestine, reports have indicated that
L-cell mass can be regulated by external stimuli [12, 13] and the direct impact of fatty acids on
GLP-1-producing cell viability demonstrated herein further supports that direct effects of
luminal/vascular fatty acids on intestinal L-cells may modulate L-cell mass and thus endoge-
nous GLP-1 secretion from EECs.

We also demonstrate that long term exposure to fatty acids alters the secretory responsive-
ness of GLP-1 producing cells. Specifically, we demonstrate increased transcription of FFAR1
and enhanced FFARI-dependent GLP-1 secretion following long term treatment with unsatu-
rated fatty acid (18:1), which may indicate a potential mechanism whereby unsaturated fatty
acids exert more potent stimulatory effects on GLP-1-producing cells. However, this is specu-
lative and further studies are needed to clarify if unsaturated fatty acids upregulate functional
FFARI expression, the role for FFAR1-induced GLP-1 secretion in humans, and the involve-
ment of such potential alterations in the subsequent secretory response of the cells.

The simultaneous up-regulation of both FFAR1 and FFAR3 in response to oleate observed
is in line with studies showing the existence of bicistronic mRNA encoding FFAR1 and FFAR3
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[38]. Germane to the data presented here, FFAR3 ligands have also been indicated as potential
positive regulators of L-cell mass [13].

In conclusion, the present study provides novel data on molecular mechanism underlying
differential effects of an unsaturated (18:1) and a saturated (16:0) fatty acids on the induction
of apoptosis and lipotoxicity in GLP-1-producing cells. Such effects could potentially contrib-
ute to the observations of reduced GLP-1 plasma levels in obese and diabetic patients, indi-
rectly impeding the ability of the B-cell to compensate for insulin resistance through increased
insulin secretion. In addition, these effects prompt further assessment of whether dietary fatty
acid composition and diets rich in long chain unsaturated fatty acid may be an approach to
enhance L-cell mass and GLP-1 secretion. Ultimately, understanding the molecular mecha-
nisms underlying the effects of fatty acids on L-cell mass and function may lead to an increased
understanding of the natural unfolding of polygenic T2D, identification of novel signaling
pathways, and potential new targets for enhancing endogenous GLP-1 secretion.

Supporting information

S1 Table. Primer list.
(PDF)

Acknowledgments

This work was graciously funded by the Mats Kleberg Foundation, Folksam Research grants,
Tore Nilsons Stiftelse and Fredrik & Ingrid Thurings Siftelse.

Author Contributions
Conceptualization: CK.

Data curation: KT SN XW CK.
Formal analysis: KT SN XW CK.
Funding acquisition: CK.
Investigation: KT SN XW CK.
Methodology: XW CK.

Project administration: CK.
Resources: CK.

Supervision: CK.

Validation: CK XW.
Visualization: CK.

Writing - original draft: CK.
Writing - review & editing: KT SN XW CK.

References

1. Kieffer TJ, Habener JF. The glucagon-like peptides. Endocr Rev. 1999; 20(6):876—-913. https://doi.org/
10.1210/edrv.20.6.0385 PMID: 10605628

PLOS ONE | https://doi.org/10.1371/journal.pone.0177605 May 16,2017 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177605.s001
https://doi.org/10.1210/edrv.20.6.0385
https://doi.org/10.1210/edrv.20.6.0385
http://www.ncbi.nlm.nih.gov/pubmed/10605628
https://doi.org/10.1371/journal.pone.0177605

@° PLOS | ONE

Effects of fatty acids on GLP-1-producing cells

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Meier JJ, Nauck MA. Glucagon-like peptide 1(GLP-1) in biology and pathology. Diabetes Metab Res
Rev. 2005; 21(2):91-117. hitps://doi.org/10.1002/dmrr.538 PMID: 15759282

Muscelli E, Mari A, Casolaro A, Camastra S, Seghieri G, Gastaldelli A, et al. Separate impact of obesity
and glucose tolerance on the incretin effect in normal subjects and type 2 diabetic patients. Diabetes.
2008; 57(5):1340-8. https://doi.org/10.2337/db07-1315 PMID: 18162504

Rask E, Olsson T, Soderberg S, Johnson O, Seckl J, Holst JJ, et al. Impaired incretin response after a
mixed meal is associated with insulin resistance in nondiabetic men. Diabetes Care. 2001; 24(9):1640—
5. PMID: 11522713

van Raalte DH, Verchere CB. Glucagon-Like Peptide-1 Receptor Agonists: Beta-Cell Protection or
Exhaustion? Trends Endocrinol Metab. 2016; 27(7):442-5. https://doi.org/10.1016/j.tem.2016.04.009
PMID: 27160799

Burcelin R, Da Costa A, Drucker D, Thorens B. Glucose competence of the hepatoportal vein sensor
requires the presence of an activated glucagon-like peptide-1 receptor. Diabetes. 2001; 50(8):1720-8.
PMID: 11473030

Balks HJ, Holst JJ, von zur Muhlen A, Brabant G. Rapid oscillations in plasma glucagon-like peptide-1
(GLP-1) in humans: cholinergic control of GLP-1 secretion via muscarinic receptors. J Clin Endocrinol
Metab. 1997; 82(3):786—-90. https://doi.org/10.1210/jcem.82.3.3816 PMID: 9062483

Baggio LL, Kim JG, Drucker DJ. Chronic exposure to GLP-1R agonists promotes homologous GLP-1
receptor desensitization in vitro but does not attenuate GLP-1R-dependent glucose homeostasis in
vivo. Diabetes. 2004; 53 Suppl 3:5205-14.

Beglinger S, Drewe J, Schirra J, Goke B, D’Amato M, Beglinger C. Role of fat hydrolysis in regulating
glucagon-like Peptide-1 secretion. J Clin Endocrinol Metab. 2010; 95(2):879-86. https://doi.org/10.
1210/jc.2009-1062 PMID: 19837920

Lindgren O, Carr RD, Deacon CF, Holst JJ, Pacini G, Mari A, et al. Incretin hormone and insulin
responses to oral versus intravenous lipid administration in humans. J Clin Endocrinol Metab. 2011;
96(8):2519-24. https://doi.org/10.1210/jc.2011-0266 PMID: 21593115

Christensen LW, Kuhre RE, Janus C, Svendsen B, Holst JJ. Vascular, but not luminal, activation of
FFAR1 (GPR40) stimulates GLP-1 secretion from isolated perfused rat small intestine. Physiol Rep.
2015; 3(9).

Wichmann A, Allahyar A, Greiner TU, Plovier H, Lunden GO, Larsson T, et al. Microbial modulation of

energy availability in the colon regulates intestinal transit. Cell Host Microbe. 2013; 14(5):582-90.
https://doi.org/10.1016/j.chom.2013.09.012 PMID: 24237703

Everard A, Lazarevic V, Derrien M, Girard M, Muccioli GG, Neyrinck AM, et al. Responses of gut micro-
biota and glucose and lipid metabolism to prebiotics in genetic obese and diet-induced leptin-resistant
mice. Diabetes. 2011; 60(11):2775-86. https://doi.org/10.2337/db11-0227 PMID: 21933985

Petersen N, Reimann F, Bartfeld S, Farin HF, Ringnalda FC, Vries RG, et al. Generation of L cells in
mouse and human small intestine organoids. Diabetes. 2014; 63(2):410-20. https://doi.org/10.2337/
db13-0991 PMID: 24130334

Richards P, Pais R, Habib AM, Brighton CA, Yeo GS, Reimann F, et al. High fat diet impairs the function
of glucagon-like peptide-1 producing L-cells. Peptides. 2016; 77:21-7. https://doi.org/10.1016/j.
peptides.2015.06.006 PMID: 26145551

Kappe C, Zhang Q, Nystrom T, Sjoholm A. Effects of high-fat diet and the anti-diabetic drug metformin
on circulating GLP-1 and the relative number of intestinal L-cells. Diabetol Metab Syndr. 2014; 6:70.
https://doi.org/10.1186/1758-5996-6-70 PMID: 25028601

Hayashi H, Yamada R, Das SS, Sato T, Takahashi A, Hiratsuka M, et al. Glucagon-like peptide-1 pro-
duction in the GLUTag cell line is impaired by free fatty acids via endoplasmic reticulum stress. Metabo-
lism. 2014; 63(6):800—11. https://doi.org/10.1016/j.metabol.2014.02.012 PMID: 24680601

Sayers SR, Reimann F, Gribble FM, Parker H, Zac-Varghese S, Bloom SR, et al. Proglucagon Pro-
moter Cre-Mediated AMPK Deletion in Mice Increases Circulating GLP-1 Levels and Oral Glucose Tol-
erance. PLoS One. 2016; 11(3):e0149549. https://doi.org/10.1371/journal.pone.0149549 PMID:
27010458

Hagberg CE, Mehlem A, Falkevall A, Muhl L, Fam BC, Ortsater H, et al. Targeting VEGF-B as a novel
treatment for insulin resistance and type 2 diabetes. Nature. 2012; 490(7420):426—30. Epub 2012/10/
02. https://doi.org/10.1038/nature11464 PMID: 23023133

Listenberger LL, Han X, Lewis SE, Cases S, Farese RV Jr., Ory DS, et al. Triglyceride accumulation
protects against fatty acid-induced lipotoxicity. Proc Natl Acad Sci U S A. 2003; 100(6):3077—-82. Epub
2003/03/12. https://doi.org/10.1073/pnas.0630588100 PMID: 12629214

Unger RH. Lipotoxicity in the pathogenesis of obesity-dependent NIDDM. Genetic and clinical implica-
tions. Diabetes. 1995; 44(8):863-70. Epub 1995/08/01. PMID: 7621989

PLOS ONE | https://doi.org/10.1371/journal.pone.0177605 May 16,2017 13/14


https://doi.org/10.1002/dmrr.538
http://www.ncbi.nlm.nih.gov/pubmed/15759282
https://doi.org/10.2337/db07-1315
http://www.ncbi.nlm.nih.gov/pubmed/18162504
http://www.ncbi.nlm.nih.gov/pubmed/11522713
https://doi.org/10.1016/j.tem.2016.04.009
http://www.ncbi.nlm.nih.gov/pubmed/27160799
http://www.ncbi.nlm.nih.gov/pubmed/11473030
https://doi.org/10.1210/jcem.82.3.3816
http://www.ncbi.nlm.nih.gov/pubmed/9062483
https://doi.org/10.1210/jc.2009-1062
https://doi.org/10.1210/jc.2009-1062
http://www.ncbi.nlm.nih.gov/pubmed/19837920
https://doi.org/10.1210/jc.2011-0266
http://www.ncbi.nlm.nih.gov/pubmed/21593115
https://doi.org/10.1016/j.chom.2013.09.012
http://www.ncbi.nlm.nih.gov/pubmed/24237703
https://doi.org/10.2337/db11-0227
http://www.ncbi.nlm.nih.gov/pubmed/21933985
https://doi.org/10.2337/db13-0991
https://doi.org/10.2337/db13-0991
http://www.ncbi.nlm.nih.gov/pubmed/24130334
https://doi.org/10.1016/j.peptides.2015.06.006
https://doi.org/10.1016/j.peptides.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/26145551
https://doi.org/10.1186/1758-5996-6-70
http://www.ncbi.nlm.nih.gov/pubmed/25028601
https://doi.org/10.1016/j.metabol.2014.02.012
http://www.ncbi.nlm.nih.gov/pubmed/24680601
https://doi.org/10.1371/journal.pone.0149549
http://www.ncbi.nlm.nih.gov/pubmed/27010458
https://doi.org/10.1038/nature11464
http://www.ncbi.nlm.nih.gov/pubmed/23023133
https://doi.org/10.1073/pnas.0630588100
http://www.ncbi.nlm.nih.gov/pubmed/12629214
http://www.ncbi.nlm.nih.gov/pubmed/7621989
https://doi.org/10.1371/journal.pone.0177605

@° PLOS | ONE

Effects of fatty acids on GLP-1-producing cells

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Lee YC, Asa SL, Drucker DJ. Glucagon gene 5’-flanking sequences direct expression of simian virus 40
large T antigen to the intestine, producing carcinoma of the large bowel in transgenic mice. J Biol Chem.
1992; 267(15):10705-8. Epub 1992/05/25. PMID: 1587847

Brubaker PL, Schloos J, Drucker DJ. Regulation of glucagon-like peptide-1 synthesis and secretion in
the GLUTag enteroendocrine cell line. Endocrinology. 1998; 139(10):4108—14.

Drucker DJ, Jin T, Asa SL, Young TA, Brubaker PL. Activation of proglucagon gene transcription by pro-
tein kinase-A in a novel mouse enteroendocrine cell line. Mol Endocrinol. 1994; 8(12):1646-55. https://
doi.org/10.1210/mend.8.12.7535893 PMID: 7535893

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the Folin phenol reagent. J
Biol Chem. 1951; 193(1):265-75. Epub 1951/11/01. PMID: 14907713

Kappe C, Patrone C, Holst JJ, Zhang Q, Sjoholm A. Metformin protects against lipoapoptosis and
enhances GLP-1 secretion from GLP-1-producing cells. J Gastroenterol. 2013; 48(3):322-32. https://
doi.org/10.1007/s00535-012-0637-5 PMID: 22850868

Kappe C, Holst JJ, Zhang Q, Sjoholm A. Molecular mechanisms of lipoapoptosis and metformin protec-
tion in GLP-1 secreting cells. Biochem Biophys Res Commun. 2012; 427(1):91-5. https://doi.org/10.
1016/j.bbrc.2012.09.010 PMID: 22982676

Xiong Y, Swaminath G, Cao Q, Yang L, Guo Q, Salomonis H, et al. Activation of FFA1 mediates GLP-1
secretion in mice. Evidence for allosterism at FFA1. Mol Cell Endocrinol. 2013; 369(1-2):119-29.
https://doi.org/10.1016/j.mce.2013.01.009 PMID: 23403053

Edfalk S, Steneberg P, Edlund H. Gpr40 is expressed in enteroendocrine cells and mediates free fatty
acid stimulation of incretin secretion. Diabetes. 2008; 57(9):2280-7. https://doi.org/10.2337/db08-0307
PMID: 18519800

Guo DY, Li DW, Ning MM, Dang XY, Zhang LN, Zeng LM, et al. Yhhu4488, a novel GPR40 agonist, pro-
motes GLP-1 secretion and exerts anti-diabetic effect in rodent models. Biochem Biophys Res Com-
mun. 2015; 466(4):740-7. https://doi.org/10.1016/j.bbrc.2015.09.130 PMID: 26417688

Poreba MA, Dong CX, Li SK, Stahl A, Miner JH, Brubaker PL. Role of fatty acid transport protein 4 in
oleic acid-induced glucagon-like peptide-1 secretion from murine intestinal L cells. Am J Physiol Endo-
crinol Metab. 2012; 303(7):E899-907. https://doi.org/10.1152/ajpendo.00116.2012 PMID: 22871340

Thomsen C, Storm H, Holst JJ, Hermansen K. Differential effects of saturated and monounsaturated
fats on postprandial lipemia and glucagon-like peptide 1 responses in patients with type 2 diabetes. Am
J Clin Nutr. 2003; 77(3):605—-11. PMID: 12600850

Beysen C, Karpe F, Fielding BA, Clark A, Levy JC, Frayn KN. Interaction between specific fatty acids,
GLP-1 and insulin secretion in humans. Diabetologia. 2002; 45(11):1533—41. https://doi.org/10.1007/
s00125-002-0964-9 PMID: 12436337

Kappe C, Fransson L, Wolbert P, Ortsater H. Glucocorticoids suppress GLP-1 secretion: possible con-
tribution to their diabetogenic effects. Clin Sci (Lond). 2015; 129(5):405-14.

Villena J, Henriquez M, Torres V, Moraga F, Diaz-Elizondo J, Arredondo C, et al. Ceramide-induced for-
mation of ROS and ATP depletion trigger necrosis in lymphoid cells. Free Radic Biol Med. 2008; 44
(6):1146-60. https://doi.org/10.1016/j.freeradbiomed.2007.12.017 PMID: 18191646

Hu W, Ross J, Geng T, Brice SE, Cowart LA. Differential regulation of dihydroceramide desaturase by
palmitate versus monounsaturated fatty acids: implications for insulin resistance. J Biol Chem. 2011;
286(19):16596-605. https://doi.org/10.1074/jbc.M110.186916 PMID: 21454530

Iwai K, Kondo T, Watanabe M, Yabu T, Kitano T, Taguchi Y, et al. Ceramide increases oxidative dam-
age due to inhibition of catalase by caspase-3-dependent proteolysis in HL-60 cell apoptosis. J Biol
Chem. 2003; 278(11):9813-22. Epub 2003/01/04. https://doi.org/10.1074/jbc.M201867200 PMID:
12511568

Bahar Halpern K, Veprik A, Rubins N, Naaman O, Walker MD. GPR41 gene expression is mediated by
internal ribosome entry site (IRES)-dependent translation of bicistronic mMRNA encoding GPR40 and
GPR41 proteins. J Biol Chem. 2012; 287(24):20154—63. https://doi.org/10.1074/jbc.M112.358887
PMID: 22493486

PLOS ONE | https://doi.org/10.1371/journal.pone.0177605 May 16,2017 14/14


http://www.ncbi.nlm.nih.gov/pubmed/1587847
https://doi.org/10.1210/mend.8.12.7535893
https://doi.org/10.1210/mend.8.12.7535893
http://www.ncbi.nlm.nih.gov/pubmed/7535893
http://www.ncbi.nlm.nih.gov/pubmed/14907713
https://doi.org/10.1007/s00535-012-0637-5
https://doi.org/10.1007/s00535-012-0637-5
http://www.ncbi.nlm.nih.gov/pubmed/22850868
https://doi.org/10.1016/j.bbrc.2012.09.010
https://doi.org/10.1016/j.bbrc.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/22982676
https://doi.org/10.1016/j.mce.2013.01.009
http://www.ncbi.nlm.nih.gov/pubmed/23403053
https://doi.org/10.2337/db08-0307
http://www.ncbi.nlm.nih.gov/pubmed/18519800
https://doi.org/10.1016/j.bbrc.2015.09.130
http://www.ncbi.nlm.nih.gov/pubmed/26417688
https://doi.org/10.1152/ajpendo.00116.2012
http://www.ncbi.nlm.nih.gov/pubmed/22871340
http://www.ncbi.nlm.nih.gov/pubmed/12600850
https://doi.org/10.1007/s00125-002-0964-9
https://doi.org/10.1007/s00125-002-0964-9
http://www.ncbi.nlm.nih.gov/pubmed/12436337
https://doi.org/10.1016/j.freeradbiomed.2007.12.017
http://www.ncbi.nlm.nih.gov/pubmed/18191646
https://doi.org/10.1074/jbc.M110.186916
http://www.ncbi.nlm.nih.gov/pubmed/21454530
https://doi.org/10.1074/jbc.M201867200
http://www.ncbi.nlm.nih.gov/pubmed/12511568
https://doi.org/10.1074/jbc.M112.358887
http://www.ncbi.nlm.nih.gov/pubmed/22493486
https://doi.org/10.1371/journal.pone.0177605

