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Abstract

Chronic exposure of B-cells to metabolic stresses impairs their function and potentially induces apoptosis. Mitochondria
play a central role in coupling glucose metabolism to insulin secretion. However, little is known on mitochondrial responses
to specific stresses; i.e. low versus high glucose, saturated versus unsaturated fatty acids, or oxidative stress. INS-1E cells were
exposed for 3 days to 5.6 mM glucose, 25 mM glucose, 0.4 mM palmitate, and 0.4 mM oleate. Culture at standard 11.1 mM
glucose served as no-stress control and transient oxidative stress (200 uM H,O, for 10 min at day 0) served as positive
stressful condition. Mito-array analyzed transcripts of 60 mitochondrion-associated genes with special focus on members of
the Slc25 family. Transcripts of interest were evaluated at the protein level by immunoblotting. Bioinformatics analyzed the
expression profiles to delineate comprehensive networks. Chronic exposure to the different metabolic stresses impaired
glucose-stimulated insulin secretion; revealing glucotoxicity and lipo-dysfunction. Both saturated and unsaturated fatty
acids increased expression of the carnitine/acylcarnitine carrier CAC, whereas the citrate carrier CIC and energy sensor SIRT1
were specifically upregulated by palmitate and oleate, respectively. High glucose upregulated CIC, the dicarboxylate carrier
DIC and glutamate carrier GC1. Conversely, it reduced expression of energy sensors (AMPK, SIRT1, SIRT4), metabolic genes,
transcription factor PDX1, and anti-apoptotic Bcl2. This was associated with caspase-3 cleavage and cell death. Expression
levels of GC1 and SIRT4 exhibited positive and negative glucose dose-response, respectively. Expression profiles of energy
sensors and mitochondrial carriers were selectively modified by the different conditions, exhibiting stress-specific
signatures.

Citation: Brun T, Scarcia P, Li N, Gaudet P, Duhamel D, et al. (2013) Changes in Mitochondrial Carriers Exhibit Stress-Specific Signatures in INS-1E B-Cells Exposed
to Glucose Versus Fatty Acids. PLoS ONE 8(12): e82364. doi:10.1371/journal.pone.0082364

Editor: Kathrin Maedler, University of Bremen, Germany
Received July 5, 2013; Accepted October 22, 2013; Published December 12, 2013

Copyright: © 2013 Brun et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was supported by the State of Geneva, the Swiss National Science Foundation (310030B_135704 to P.M.), the Desirée and Niels Yde
Foundation (to P.M.), the Ministero dell’Universita e della Ricerca (MIUR), and the Italian Human ProteomeNet No. RBRNO7BMCT_009 (to F.P.). The funders had no
role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors declare that there is no duality of interest associated with this manuscript.
* E-mail: Thierry.Brun@unige.ch (TB); Pierre.Maechler@unige.ch (PM)

Introduction glucolipotoxicity concept proposes that high glucose and fatty
acids induce pleiotropic alterations associated with diabetes and
the metabolic syndrome. In this context, metabolic stresses could
lead to B-cell dysfunction and apoptosis. The molecular basis of
glucolipotoxicity is not clear, although it requires active nutrient
metabolism; in turn altering lipid partitioning, production of
h - reactive oxygen species (ROS), and mitochondrial dysfunction
exposure to elevated concentrations ‘of glucose and fatty acids [4] [13,14]. Mitochondria are both a major source of ROS and the
In contrast to the acute potentiation of GSIS by fatty acids, primary target of oxidative attacks [15,16]. Then, mitochondrial

prolonged incubation induces B-cell lipo-dysfunction characterized defects and oxidative stress might contribute to the diabetic state
by elevated basal insulin release and impaired glucose response. In [14,17].

most studies, unsaturated fatty acids (e.g. oleate) do not affect cell
viability [5-7], whereas saturated fatty acids (e.g. palmitate) may
promote ER stress and apoptosis [8—10]. The chronic effects of
palmitate on cell viability are inversely correlated with the
concentration of serum in the culture medium, ranging from
nontoxic [11,12] to highly toxic [8-10,12]. The cytotoxicity of
saturated fatty acids also depends on the duration of exposure and
concomitant high glucose concentrations [7]. The associated

In pancreatic B-cells, mitochondria participate to glucose-
stimulated insulin secretion (GSIS) by generating metabolic signals
[1] and by replenishing the tricarboxylic acid cycle (TCA) of its
intermediates [2]. Mitochondrial dysfunction impairs GSIS and
may promote B-cell death [3]. Such defects are favored by chronic

The present work aimed at identifying mitochondrial molecular
targets of the main metabolic stresses using INS-1E insulinoma
cells. These stresses include low and high glucose concentrations,
saturated and unsaturated fatty acids, and transient oxidative
stress. In this context, the mitochondrial carriers of the nuclear-
encoded Sl25 gene family are of particular interest since the
transport of a variety of metabolites across the inner mitochondrial
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membrane is ensured by these solute carriers. Tissue distribution
and molecular characterization of mitochondrial carriers have
been partially documented, as well as their role in metabolic
pathways [18,19]. Recently, several diseases caused by modifica-
tions of their genes were reported in humans, including the
carriers for citrate/isocitrate CIC (SLC2541), carnitine/acylcarni-
tine CAC (SLC25420), aspartate/glutamate AGC1 (SLC25412),
and glutamate GC1 (SLC25422) [20]. Regarding B-cells, we
reported that downregulation of GC1 or AGC1 reduces GSIS
[21,22]. Using pharmacological and siRNA approaches, similar
conclusions were raised for CIC, 2-oxoglutarate OGC (Slc25al1),
dicarboxylate DIC (Slc25a10), and inorganic phosphate PiC
(Sle25a3) [23-26]. The present study provides the first gene
expression profile of 22 mitochondrial carriers of the Slk25 gene
family in insulin-secreting cells, both in healthy and metabolically
stressed cells.

Materials and Methods

Cell culture and treatments

INS-1E B-cells, originally cloned in our laboratory [27,28] from
the parental rat INS-1 cell line [29], were grown in RPMI-1640
medium at 11.1 mM glucose supplemented with 10 mM HEPES,
5% (vol./vol.) heat-inactivated fetal calf serum (FCS), 2 mM L-
glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin, 1 mM
sodium pyruvate and 50 UM B-mercaptoethanol [28]. After 4 days
of pre-culture in 24-well plates (Falcon, OmniLab, Mettmenstet-
ten, Switzerland) or 78 cm? Petri dishes coated with polyornithine
(Sigma-Aldrich, St Louis, MO), cells were further maintained for 3
days at either 11.1 mM glucose (G111, control) or exposed to
different glucose concentrations: low 5.6 mM (G5.6) and high
25 mM (G25). Cells were also treated with 0.4 mM palmitate
(saturated fatty acid C16:0; Palm) or with 0.4 mM oleate
(unsaturated fatty acid C18:1; Olea) in the presence of 0.5%
BSA at G11 in RPMI-1640 medium supplemented with 5% FCS
as detailed previously [5,30]. Stock solutions of fatty acids
(palmitate and oleate; Sigma-Aldrich) bound to BSA were adjusted
to 10 mM fatty acids using 1.8 mM fatty acid-free BSA before
storage at —20°C under nitrogen. As positive stressful condition,
INS-1E cells were exposed to a single transient oxidative stress
(200 uM H5O, for 10 min) at the end of the pre-culture period
according to the dose and time course established previously [16].
INS-1E cells exposure to each kind of stresses was performed
strictly in parallel.

Insulin secretion assay, protein and DNA measurements

Insulin secretion assay was performed over a 30 min stimulation
period as detailed previously [28]. Total cellular insulin content
and secreted insulin were quantified by radioimmunoassay (Linco
Research Inc., St. Charles, MO) using rat insulin as standard.
Levels of protein were determined by Bradford assay (Pierce,
Rockford, IL). DNA quantification was determined by UV
absorbance at 460 nm using Hoechst 33258 (Molecular Probes,
Eugene, OR) as fluorochrome. DNA extracted from INS-1E cells
were used to establish the standard curves. Fluorescence
measurements were monitored in a fluorometer (Fluostar Optima,
BMG Technologies, Offenburg, Germany).

Apoptosis measurements

INS-1E cells were seeded (10* cells/well) in 24-well plates and
treated as described above. Apoptosis was quantified using the Cell
Death Detection ELISA™™YS kit (Roche Diagnostics, Basel,
Switzerland) according to the manufacturer’s instructions. Alter-
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natively, cell death was estimated by CASPASE 3 cleavage
activation by immunoblotting (see below).

Mito-array using TagMan Micro Fluidic Cards

We designed a molecular screening array (Mito-array) based
on pre-loaded micro fluidic card Real Time PCR system,
allowing analysis of 60 selected genes. Two independent Mito-
array experiments with the same culture conditions were
performed and for each experiment, each culture condition was
done in triplicate. For this experimental design, statistics have
been performed on the mean values obtained from the triplicates
for each independent experiment. INS-1E cells were cultured
(3.0x10° cells/dish) for 4 days before exposure to the various
stress conditions for 3 days. Then, total RNA was extracted with
TRIzol reagent (Invitrogen), treated with DNAse at 37°C for
30 min, and 5 pg cDNA of each sample was synthetized using
Gene Amp kit (Applied Biosystem, Life Technologies Corpora-
tion, CA). Gene expression analysis was performed by pre-loaded
TagMan Low Density Array (LDA). Samples were analyzed
using the ABI Prism 7900HT Real time PCR system (Applied
Biosystems). Each line of the LDAs was loaded with 100 ng
single-stranded ¢cDNA and TagMan Gene Expression Master
Mix (Applied Biosystems) before cycling (50°C for 2 min, 94°C
for 10 min, 97°C for 30 sec, and 59.7°C for 1 min). The 18S
gene was used as stable housekeeping gene; 18S Ct values
showing no statistic differences between conditions (Ctt mean of
all samples was 13.356 with SD=0.8917). Quantification of
relative gene expression was performed according to the
comparative method g AAC [31], with the ACt of INS-1E cells
cultured at G11 as reference values. In the comparative method
Q—AACt: 2—[ACt(sampl(‘) —ACt(calihrat()r)]y where ACt (sample) =Ct
(sample) — Ct (reference gene) and Ct stands for the threshold
cycle, ie. the PCR cycle number at which emitted fluorescence
exceeds 10 times the SD of baseline emissions. For the reference
value, AACt=0 and 2°=1. For the cells grown under different
culture conditions, the value of 2~ *4% indicates the fold change
in mRNA values relative to G11 values (calibrator) normalized to

18S.

Immunoblotting

After the culture (3.0x10° cells/dish) and stress period of 3
days, protein extracts from total INS-1E cells and isolated
mitochondria were prepared as described [16]. Proteins from
total cells (18 pg/lane) and mitochondria (9 pg/lane) were
separated by 10-12% SDS-PAGE before transfer onto polyviny-
lidene fluoride membrane. The membrane was blocked with
polyvinyl alcohol and then probed overnight at 4°C with: rabbit
polyclonal antibodies against AMPK, cleaved CASPASE-3
(1:1000 dilution, Cell Signaling Technology, Danvers, MA),
AGCI (1:7500, provided by J. Satrustegui, University of Madrid),
AGC2 (1:5000, [32]), GC1 (1:5000, [21]), CAC, CIC and DIC
(1:10000, provided by F. Palmieri, University of Bari); mouse
monoclonal antibodies against SIRT1 (1:1000), ACTIN
(1:200000, Chemicon-Millipore, Zug, Switzerland), TUBULIN
(1:100000, Sigma-Aldrich) and 5 subunits of OXPHOS complexes
(1:15000, MitoSciences, Eugene, OR); goat polyclonal antibodies
against SIRT4 (1:1000, Abcam Inc., Cambridge, MA), PGCla,
TFAM, UCP2 (1:1000, Santa Cruz Biotechnology, Santa Cruz,
CA) and PDX1 (1:50000, provided by C. Wright, Vanderbilt
University). After washing, the membrane was incubated 1 h at
RT with secondary horseradish peroxidase-conjugated anti-rabbit,
anti-mouse or anti-goat antibodies IgG (1:10000, Amersham
Biosciences, UK) according to primary antibodies. Proteins were
visualized by chemiluminescence (ECL #RPN2135, Amersham),
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analyzed with the ChemiDoc XRS System (Bio-Rad, Hercules, Results
CA) and bands were quantified with Scion Image software (Scion

Corporation, Frederick, MD). Effects of metabolic stresses on cell function
In order to compare the chronic effects of different metabolic
Cytoscape stresses in parallel and their respective contribution to B-cell
Gene and protein data obtained from Mito-array and immu- dysfunc.tion,. expression  of key components of GSIS  was
noblotting were analyzed by integrating knowledgebase (Uni- determined in INS-1E cells. Because INS-1E cclls: are normally
ProtKB/Swiss-Prot/neXtProt) data [33] with differential sub- cultured at 11.1 mM glucose, the effects of metabolic stresses were
cellular expression information to establish associations between compared to this standard culture con.dition (Gl 1), considered as
genes and proteins. Visualization of relationships between genes safe glucose level for these cells. Insulin secretlo'n from GI11 cells
was drawn with the Cytoscape software version 2.8.2 [34]. (Figure S1) evoked by 15 mM glucose was stimulated 3.0-fold

versus basal release. Culturing cells at low (G5.6) and high (G25)
glucose concentrations during 3 days did not modify basal release
but reduced GSIS by 53% and 57% uversus corresponding G11
control, respectively (1.8-fold response for both conditions). As
expected [30], cells exposed to palmitate (Palm) and oleate (Olea)
increased basal insulin release (+120% and +139%, respectively).
Palmitate and oleate treated cells responded to 15 mM glucose,
with 2.1-fold (Palm) and 1.7-fold (Olea) increases in insulin release.
GSIS was markedly reduced in INS-1E cells after oxidative stress
(Hy0y) compared to G11 control [16].

Statistical analysis

All data were analyzed with the IBM SPSS Statistics 19.0
software (SPSS, Chicago, IL). Statistical tests between each stress
condition and the control G11 values were performed using one-
way ANOVA analysis followed by Dunnet post hoc test. Results
are presented as mean = SEM. A P value lower than 0.05 was
considered statistically significant.
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Figure 1. Secretory responses and insulin/DNA/protein contents of INS-1E cells after stress exposure. INS-1E cells were exposed for 3
days to different culture conditions: 5.6 mM glucose (G5.6), 25 mM glucose (G25), 0.4 mM palmitate (Palm), 0.4 mM oleate (Olea). Culture at 11.1 mM
glucose (G11) served as no stress (negative control) and transient oxidative stress at day 0 (200 uM H,O, for 10 min) served as acute stress (positive
control). At day 3, cells were washed and insulin secretion was measured at basal 2.5 mM (Basal, white bars) and stimulatory 15 mM glucose
concentrations (Stimul., black bars) following a 30 min incubation period. (A) Insulin and (B) DNA (white bars), protein (black bars) contents at the end
of the culture period. (C) Secretory responses were normalized to DNA content. Values are means * SEM of 6 independent experiments, each done in
duplicate. *P<0.05, **P<<0.01, ***P<<0.005 versus corresponding G11 controls; # P<<0.05, ## P<0.01, ### P<0.005 versus corresponding basal
secretions.

doi:10.1371/journal.pone.0082364.g001
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Insulin content was decreased by 35% in G25 cells and was range of 3-4% [30]. As opposed to G5.6, G25 induced marked
increased by 135% in cells exposed to oleate (Olea), compared to increase in cell death (4.9-fold versus G11), similar to oxidative
G11 controls (Figure 1A). INS-1E cells exposed to different stresses stress effects (5.4-fold versus G11) [16]. Lipotoxicity associated with
for 3 days exhibited lower DNA and protein contents, reflecting a apoptosis is regularly observed with saturated fatty acids [8-10],

reduction in cell number (Figure 1B), except for G25 cells. When whereas unsaturated fatty acids promote mostly impairment of
insulin secretion was normalized to DNA contents, in other words GSIS [5-7]. In cultured cells and isolated islets, fatty acid
by cell number, we observed similar inhibition of GSIS versus G11 treatments triggering apoptosis have usually been performed in the

control cells: =39% in G5.6, —40% in G25, —27% in Palm, —43%  presence of low FCS (1%) or even the absence of serum. When
in Olea and —60% in HyO, (Figure 1C). In the case of cells exposed cultured with standard higher FCS concentrations (5-10%), longer

to fatty acids and oxidative stress, these reduced fold responses were incubation periods are required to observe cytotoxic effects
mainly explained by elevated basal insulin release (+196% in Palm, [11,12]. We chose to perform all treatments at 5% FCS in order
+220% in Olea, +165% in HyOg versus G11 control basal release; to investigate the intrinsic effects of saturated versus unsaturated
Flggre 1C). Incidentally, thf:se d‘ata confirmed that _11-1 mM 15 the fatty acids without changing the standard culture conditions. In
optimal gh'lcose concentration {o_r INS-1E culture in terms of cell accordance with previous reports [7,30], oleate did not increase
number (Figure 1B) and GSIS (Figure 1C). cell death. In our hands, palmitate did not induce significant
cytotoxicity, as confirmed by assessment of CASPASE 3 cleavage
Effects of metabolic stresses on cell viability and stress (Figure 2B, C). High glucose and oxidative stress promoted
response pathways apoptosis (4.1-fold cleaved CASPASE 3 in G25 and 2.8-fold in
To investigate whether the observed B-cell dysfunction was HyOy versus G11 control). Interestingly, oxidative stress induced a
associated with cytotoxic effects in our culture conditions, cell decrease in ACTIN levels, commonly used as loading control,
death was quantified at the end of the 3 days of stress exposure. whereas TUBULIN levels were not affected. We also examined
Control G11 cells exhibited basal apoptotic rate (Figure 2A), in the the expression profile of genes involved in stress response
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Figure 2. Apoptosis and expression profile of genes involved in stress response pathways after stress exposure. (A) Cell death of INS-
1E cells cultured without stress at 11.1 mM glucose concentration (G11, control) or exposed to different culture conditions listed in legend of figure 1.
Data are shown as means = SEM of 4 independent experiments. (B) Representative immunoblotting showing levels of the cleaved CASPASE 3,
TUBULIN and ACTIN from treated INS-1E cells. (C) Quantitative analysis of band densities normalized to TUBULIN from immunoblots as shown in (B) is
presented as means *= SEM of 4 independent experiments. Results are expressed as protein levels normalized to the control value of G11. (D)
Transcript levels normalized to those of 18S and expressed as changes versus value of G11. The BclxL and Bcl2 genes encode antiapoptotic proteins;
the Hspa5, Ddit3 and Xbp1 genes encode the endoplasmic reticulum stress related proteins BIP, CHOP and XBP1, respectively; the cytosolic isoform
Sod1, the matrix isoform Sod2 (superoxide dismutase) and Cat (catalase) genes encode antioxidative enzymes. Results are means = SEM of 2
independent experiments done in triplicate. ¥*P<<0.05, **P<<0.01, ***P<<0.005 versus G11 controls.

doi:10.1371/journal.pone.0082364.g002
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Figure 3. Expression of key energy sensors and transcription factors in INS-1E cells after stress exposure. Transcript levels of (A) redox
state-related genes (the sirtuins Sirt1 and Sirt4), the catalytic subunit of AMPK encoded by Prkaa2 gene, the cAMP-responsive acetylase CREB binding
protein Crebbp and (B) transcription factors were quantified as described for figure 2D. Results are means = SEM of 2 independent experiments done
in triplicate. (C) Representative immunoblotting showing levels of the energy sensors SIRT1, SIRT4, AMPK, PGC1a and the transcription factors PDX1
and TFAM from INS-1E cells under different experimental conditions. (D) Quantitative analysis of relative band densities normalized to TUBULIN as
shown in (C) is presented as means * SEM of at least 4 independent experiments. Results are expressed as protein levels normalized to G11 values.
*P<0.05, **P<<0.01, ***P<<0.005 versus G11 controls.

doi:10.1371/journal.pone.0082364.g003

pathways, such as unfolded protein response (UPR) and antiox- insulin expression, and the nuclear receptor Pparo. regulating fat
idant defenses. Treatment of cells with G5.6 for 3 days enhanced metabolism (Figure 3B). Interestingly, the mirror image was
anti-apoptotic Bel2 expression (Figure 2D), along with decreased induced by G5.6, indicating that glucose dose-dependently
expression of UPR genes (Hspa5/BIP, Ddit3/CHOP, Xbpl) and regulated this set of genes in INS-1E cells. We extended this
increased mitochondrial superoxide dismutase Sod2 mRNA. G25 analysis at the protein level and found that SIRTI1, SIRT4,
lowered Bel2 expression, without changing UPR and antioxidant AMPK, and PDXI1 were decreased in glucotoxic conditions
markers. Palmitate and oleate increased the mRNA levels of the (Figure 3C, D). In conditions inducing lipo-dysfunction, only

ER chaperon protein Hspa5/BIP and the antioxidant enzyme oleate treatment affected energy sensing by downregulation of
Sod2, suggesting specific protective responses according to the Sirt4, Crebbp and Ppard and upregulation of SIRT1. In agreement
nature of fatty acids. There was no change in mRNA levels of  with previous report [16], oxidative stress decreased expression of
Ddit3/CHOP and Xbpl (Figure 2D), two transcription factors Tfam and Ppargclo. (PGClay), two factors responsible for mito-
mediating ER stress-induced apoptosis [35,36], consistent with chondrial biogenesis, providing validation of our Mito-array data
preserved cell viability. Oxidative stress caused a drastic reduction (Figure 3B). This observation was substantiated at the protein level

in the expression profile of genes involved in stress responses (Figure 3C, D) showing lower levels of PGCla and TFAM.
(Figure 2D). Overall, high glucose promoted cell death and mainly Additionally, immunoblotting revealed novel targets of oxidative
affected anti-apoptotic pathway through down-regulation of Bcl2, stress including SIRT1 and SIRT4. Expressions of AMPK and

recapitulating characteristics of glucotoxicity; whereas fatty acids PDXI1 were not altered by HyO, treatment, indicating selective
induced lipo-dysfunction. effects induced by oxidative stress. Taken together, data show that
glucose regulated key transcription factors and energy sensors,

Expression of energy sensors and transcription factors both at the mRNA and protein levels, while fatty acids affected
Expression of essential B-cell genes were repressed by high very modestly the transcriptional machinery and the energy

glucose (G25); such as the NAD-dependent sirtuin Sut4 and the sensing capacity.
catalytic subunit of AMP-activated protein kinase Prkaa2
(Figure 3A), the transcription factors Mafa and Pdx! involved in
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Figure 4. Expression profile of genes implicated in glucose metabolism in INS-1E cells after stress exposure. Transcript levels of genes
encoding (A) cytosolic and (B) mitochondrial proteins were quantified as described in figure 2D. (A) The genes Glut2 (glucose transporter 2), Gck
(glucokinase), Gépdh (glucose-6-phosphate dehydrogenase) and Mdh1 (malate dehydrogenase 1) encode cytosolic proteins; (B) the genes Mdh2, Pc
(pyruvate carboxylase), Pdhal, Pdhb (pyruvate dehydrogenase subunit alpha and beta, respectively), Pdk1, Pdk2 (pyruvate dehydrogenase kinase 1
and 2), Cs (citrate synthase) and Glud1 (glutamate dehydrogenase 1) encode mitochondrial enzymes. Results are means = SEM of 2 independent
experiments done in triplicate. *P<<0.05, **P<0.01, ***P<<0.005 versus G11 controls.

doi:10.1371/journal.pone.0082364.9g004

Expression profile of genes implicated in glucose
metabolism

Next, we analyzed the expression of key genes for B-cells
encoding cytosolic and mitochondrial proteins involved in glucose
sensing. CGompared to G11, G5.6 and G25 induced an inverse
glucose dose response expression of glucokinase (Gck), pyruvate
carboxylase (F¢), pyruvate dehydrogenase kinase (Pdk2) and
glutamate dehydrogenase (Glud!I) (Figure 4A, B). Consistent with
moderate effects induced by fatty acids on the transcription
factors, only oleate (not palmitate) slightly decreased mRNA levels
of Pc and Pdk2 (Figure 4B). In a previous study, Pc was shown to be
down-regulated by both palmitate and oleate in the Min6 B-cell
line [37]. Oxidative stress caused a selective repression of genes
encoding for cytosolic glucose-6-phosphate dehydrogenase G6pdh
and for mitochondrial malate dehydrogenase AMdh2, citrate
synthase Cs, Pe, Pdkl (Figure 4A, B). Our results show that
chronic exposure to high glucose caused a selective downregula-
tion of cytosolic and mitochondrial enzymes involved in glucose
metabolism.

Expression of mitochondrial respiratory chain subunits
and associated carriers

In order to document the expression profile of the mitochon-
drial machinery, both in healthy and stressed cells, we analyzed

PLOS ONE | www.plosone.org

transcript and protein levels of carriers of the Sic25 gene family in
INS-1E cells. Among the 27 Slk25 genes analyzed by the Mito-
array, we identified 22 mitochondrial carriers being expressed at
mRNA level (Figures 5 to 7 and S2). Genes with Ct values equal or
higher than 35 were considered below physiological levels and
were not included in the final analysis. These include the
uncoupling proteins UCP1 (Slc25a7) and UCP3 (Slc25a9), the
glutamate carrier GC2 (Sc25a18), the oxodicarboxylate carrier
(Slc25A21) and the solute carrier Sle25a54. Mitochondrial carriers
can be grouped according to their cellular functions [18,19].
Several carriers are associated with ATP production or uncoupling
function. None of the metabolic stresses changed expression of
mitochondrial respiratory chain subunit IV Cox5a or OXPHOS
associated carriers, i.e. inorganic phosphate carrier Pic and ADP/
ATP carriers AACT (Sle25a4) and AAC2 (Sle25a5) (Figure SA).
Immunoblotting confirmed preservation at the protein level of the
respiratory chain complex subunits (Figure 5B, C). By contrast,
oxidative stress reduced Coxba mRINA levels as well as ND6FB8
(complex I) and FeS (complex II) protein levels. Interestingly, we
observed a specific decrease in UCP2 (Sl25a8) protein levels
secondary to oxidative stress.

December 2013 | Volume 8 | Issue 12 | e82364
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Expression of mitochondrial solute carriers responsible
for metabolite transport

The second group of Sl25 mitochondrial carrier family
mediates solute transport across the inner mitochondrial mem-
brane. The regulation of expression of this family is still poorly
characterized, in particular under metabolic stresses. We first
assessed the expression of solute carriers known to be involved in
GSIS [21-26,32,38], both at the mRNA (Figure 6A) and protein
levels (Figure 6B, C). G25 up-regulated protein levels of the
citrate/isocitrate carrier CIC, the dicarboxylate carrier DIC, and
the glutamate carrier GC1 (Figure 6B, C), whereas corresponding
mRNA levels were unchanged (Figure 6A). Lower GC1 observed
at G5.6 indicates that glucose dose-dependently regulated
glutamate transport. At the protein level, solute carriers remained
unchanged in INS-1E cells exposed to fatty acids, with the
exception of CIC being up-regulated after palmitate treatment.
Oxidative stress caused a marked decrease of GC1.

Expression of the mitochondrial carriers and genes
involved in lipid metabolism

Finally, we studied the expression of genes implicated in lipid
pathways. G25 induced a 3.2-fold increase in the lipogenic enzyme
acetyl-CoA carboxylase Acaca/ ACC mRNA [39], whereas tran-
script levels of the free fatty acid receptor 1 Ffarl//GPR40 and the

PLOS ONE | www.plosone.org

mitochondrial carnitine O-palmitoyltransferase 2 (pt2 were
reduced (Figure 7A). Interestingly, the inverse transcriptional
changes were observed at G5.6, showing glucose dose-dependent
regulation of Ffarl and Cpt2. Exposure to fatty acids did not
change transcripts of lipogenic genes (Figure 7A). We measured
both mRNA and protein levels of carnitine/acylcarnitine carrier
CAC, the rate-limiting mitochondrial transporter of fatty acids for
B-cell oxidation. There was a trend for glucose dose-dependent
decrease in CAC expression, whereas palmitate significantly
increased mRINA levels of Cac. At the protein level, CAC was
induced by palmitate and oleate (Figure 7B, C). The results show
that fatty acids up-regulated CAC expression, whereas glucose
slightly repressed CAC.

Discussion

The respective contribution of the different diabetes-associated
stresses to dysfunction and death of insulin-secreting cells remains
unclear. In particular, can we identify stress-specific signatures for
high glucose concentrations (glucotoxicity), saturated or unsatu-
rated fatty acids (lipotoxicity and/or lipo-dysfunction) and
oxidative stress? Here, we explored molecular targets potentially
specific to, or shared by, different metabolic stresses investigated
side-by-side in highly standardized conditions on INS-1E cells.
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Characterization of mitochondrial carriers over the last decades observation was the increased expression of the sirtuins SIRT1
demonstrated their implication in numerous metabolic pathways and SIRT4 in G5.6. As sirtuin activity depends on NAD"/NADH
and their alteration in several diseases. The role of some ratio, they are sensitive to the cellular redox state and serve as
mitochondrial carriers in metabolism-secretion coupling has been energy sensors [44,45]. SIRT1 is mainly found in the nucleus
substantiated only recently (reviewed in [40]). Figure 8 shows the where it acts as a transcriptional activator via deacetylation
identified 22 mitochondrial carriers being expressed in INS-1E activity. In the B-cell, the main SIRT1 targets are HNF-1a and
cells, as well as their transcriptional regulation after stress exposure PDXI1. SIRT4 is located in the mitochondrial matrix and
(Figure S3). regulates glutamate dehydrogenase 1 (Gludl/GDH) activity [46].

Here, we observed glucose-dependent regulation of SIRT1 and
Mitochondrial markers of low glucose SIRT4, suggesting a sequence of events in which chronic low

Both hypo- and hyperglycemia alter the coupling of glucose glucose increases SIRT1 level, inducing Pdx! and possibly Mafa.
metabolism to insulin secretion, induce the loss of B-cell This in turn might promote expression of Glut2, Geck, Pe, and
differentiation, and increase the rate of cell death [4]. Similarly, insulin. Therefore, INS-1E cells adapted to hypoglycemic condi-
in vitro exposure to either low or high glucose markedly impairs rat tion, partially preserving their phenotype. Another novel finding
B-cell function and survival [41]. Figures 8A and 9A summarize was the observed glucose-dependent regulation of mitochondrial

the transcriptome and proteome in G5.6, i.e. low glucose levels for carriers CIC, DIC, AGC2 and GCl1 at the protein level. At G5.6,
INS-1E cells although above hypoglycemia threshold. The only GC1 was down-regulated, conferring to this glutamate carrier

glucose-dependent regulation of insulin expression is primarily a specific signature and target of hypoglycemic conditions. In B-
mediated by the transcription factors PDX1 and MAFA, both cells, glutamate acts downstream of mitochondrial function,
being induced by G5.6 at transcript level. PDX1 and MAFA are participating in the coupling of glucose metabolism to insulin
also master regulators of genes implicated in B-cell function; such secretion [19,47]. Glutamate metabolism is tightly controlled by
as the glucose transporter Glut2, the glucose sensor glucokinase activities of mitochondrial enzymes and carriers (reviewed in [48]),

and the pyruvate carboxylase [42,43]. Consistently, the two latter in particular GDH and GCl1, while AGCI is mainly involved in
genes were up-regulated in G5.6 (Figure 8A). A striking transamination reactions of the malate-aspartate shuttle [40]. GC1
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is present in insulin-secreting cells and inhibition of its activity tic generation of mitochondrial metabolites, such as citrate and
decreases glutamate transport and GSIS [21]. In G5.6, GCl glutamate, along with elevation of NADH and NADPH through
protein levels were markedly reduced compared to control cells. shuttle activities [54,55]. Malate transport by DIC is a critical

One can speculate that down-regulation of GC1 in hypoglycemic shuttle component for NADPH production mediated by pyruvate
conditions could reduce glutamate transport and GSIS similarly to cycling, participating to GSIS [25]. CIC-mediated pyruvate—
GCl1 silencing. Overall, G5.6 induced down-regulation of 4 genes isocitrate cycling also plays an important role in GSIS [23,56].
and up-regulation of 20 genes at mRINA level, protein levels of CIC is essential for cytosolic malonyl-CoA and fatty acid synthesis
SIRT1 and SIRT# being increased and of GC1 being decreased, and also for cytosolic NADPH production. Because CIC requires

providing a stress-specific signature to hypoglycemic conditions cytosolic malate as a counter-substrate for citrate and isocitrate

(Figure 9B). export out of mitochondria, expression of CIC and DIC could be

similarly regulated by glucose. Accordingly, we observed parallel

Mitochondrial markers of glucotoxicity up-regulation of CIC, DIC and GC1 by G25. G25 also modified

In line with previous results [49-51], chronic exposure of INS- the redox-dependent sirtuins, both nuclear SIRT1 and mitochon-

1E cells to G25 decreased GSIS and insulin content, altered drial SIRT4, as well as the AMPK protein. Figure 9B summarizes
differentiation via decreased expression of PDX1 and Mafa, and the stress-specific signature for hyperglycemic conditions.

induced CASPASE 3 cleavage and cell death. Chronic high
glucose modifies transcript levels of metabolic enzymes and Mitochondrial markers of saturated and unsaturated fatty
transcription factors [39,51,52]. Recent proteomic analyzes acids

provided new insights into changes induced by glucotoxicity It is generally accepted that saturated fatty acids, such as
[50,53], although mitochondrial alterations are still poorly palmitate, promote lipotoxicity that may result into apoptosis,
characterized. Interestingly, inverse transcriptional changes were whereas unsaturated fatty acids, such as oleate, induce PB-cell
observed in G25 wersus G5.6, indicating that glucose dose- dysfunction characterized by elevated basal insulin release and
dependently regulated a specific set of genes in INS-1E cells impaired GSIS [8,30,57]. Here, we observed that palmitate and
(Figures 8B and 9A). Chronic exposure to high glucose may oleate treatments in the presence of standard FCS concentration
saturate the TCA cycle and respiratory chain, favoring cataplero- increased the basal more than the stimulated release of insulin,
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resulting in blunted glucose response. This is consistent with a
recent study in INS-1 832/13 cells exposed to palmitate for 48h,
showing preserved cell viability and insulin content along with
impaired GSIS [11]. Incubation with palmitate in the absence or
reduced concentrations of FCS (1%) promotes cell death [8-10].
Here, with standard 5% FCS no significant cytotoxic effects were
observed. Thus, the lipo-dysfunction developed by INS-1E cells is
similar to the ones reported for primary islets and mouse
insulinoma [58,59], as well as for islets from patients with type 2
diabetes [60]. Palmitate (Figure 8C) and oleate (Figure 8D)
modestly modified the transcriptional machinery, the energy
sensing capacity, and the mitochondrial carriers. However, we
identified specific targets according to the nature of the fatty acids
(Figure 9A, B). Indeed, the protein levels of CIC and SIRT1 were
specifically up-regulated by respectively palmitate and oleate.
SIRT3 has been reported to reduce palmitate-induced oxidative
stress in kidney cells [61]. In skeletal muscles of diabetic mice,
SIRT3 expression is reduced, increasing oxidative stress and
altering insulin signaling [62]. Recently, islets and parental INSI
cells were shown to express SIRT3 that was down-regulated

PLOS ONE | www.plosone.org
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following exposure to cytokines, indicating a protective role in
inflammatory conditions [63].

Both fatty acids increased expression of CAC, an effect also
observed in Min6 cells [37]. CAC catalyzes transport of
acylcarnitine into mitochondria and is part of the carnitine shuttle
system, also comprising CPT1 and CPT?2, and is rate-limiting for
B-oxidation [19]. Fibrates induce Cac expression by binding to
PPARa, a transcription factor known as a lipid sensor [64]. Up-
regulation of PPARa protects INS-1E cells from oleate-induced
dysfunction, preserving the glucose response and promoting fatty
acid turnover [30]. The present data indicate that CAC can be up-
regulated without necessarily requiring increased expression of
PPARa, for instance by fatty acid-induced activation of existing
PPARa.

Conclusion

In the context of diabetes in general and B-cell dysfunction in
particular, various conditions have been proposed to trigger
damages of insulin-secreting cells. Among them, chronic high
glucose, fatty acids, and oxidative attacks are currently highlighted
as the main stressors. However, published studies typically describe

December 2013 | Volume 8 | Issue 12 | e82364
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one single or combined stress conditions. The present study
compared these different stressors individually in the same
experimental set, revealing specific molecular targets of cell
injuries. This approach identified mitochondrial stress-specific
signatures.
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Supporting Information

Figure S1 Secretory responses of INS-1E cells after
stress exposure. INS-1E cells were exposed for 3 days to
different culture conditions: 5.6 mM glucose (G5.6), 25 mM
glucose (G25), 0.4 mM palmitate (Palm), 0.4 mM oleate (Olea).
Culture at 11.1 mM glucose (G11) served as no stress (negative
control) and transient oxidative stress at day 0 (200 uM HyO, for
10 min) served as acute stress (positive control). At day 3, cells
were washed and insulin secretion was measured at basal 2.5 mM
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1

(Basal, white bars) and stimulatory 15 mM glucose concentrations
(Stimul., black bars) following a 30 min incubation period. Values
are means * SEM of 6 independent experiments, each done in
duplicate. *P<<0.05, **P<<0.01, ***P<<0.005 versus corresponding
G11 controls; # P<0.05, ## P<0.01, ### P<0.005 versus
corresponding basal secretions.

(TTF)

Figure S2 Expression profile of various carriers of the
Slc25 gene family in INS-1E cells cultured 3 days under
different stress conditions. Transcript levels in INS-1E cells
cultured without stress at 11.1 mM glucose concentration (G11,
control) or exposed to different experimental conditions as
described in Methods. Transcript levels were normalized to those
of 18S. The relative quantification of the genes of interest is given
as mRNA levels normalized to the control value of G11. Results
are means = SEM of 2 independent experiments done in
triplicate. ¥*P<<0.05, **P<0.01, ***P<<0.005 versus G11 controls.
(TIF)

Figure 83 Transcriptome and proteome from INS-1E
cells cultured 3 days after transient oxidative stress. The
schemes provide a global view of the expression of the 60 genes at
transcript (node core) and protein (node border) levels. The
expressed genes were grouped using the Cytoscape software
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according to their protein subcellular localization (from the
databases UniProtKB/SwissProt and neXtProt); plasma mem-
brane (PM), cytoplasm, nucleus, mitochondrial inner membrane,
matrix, endoplasmic reticulum (ER), and peroxisome. Node shape:
rectangles represent transporters or receptors, circles are enzymes
or stress proteins, octagons show energy related sensors, round
rectangles transcription factors, and hexagons carriers. Colors
reflect changes in expression levels versus G11 controls: green and
red for significant (P<<0.05) down- and upregulation, respectively.
Dark green: levels<<0.5; light green: levels >0.5 but <0.8; pink:

References

1. Maechler P, Li N, Casimir M, Vetterli L, Frigerio F, et al. (2010) Role of
mitochondria in beta-cell function and dysfunction. Adv Exp Med Biol 654:
193-216.

2. Cline GW, Lepine RL, Papas KK, Kibbey RG, Shulman GI (2004) 13C NMR
isotopomer analysis of anaplerotic pathways in INS-1 cells. J Biol Chem 279:
44370-44375.

3. Supale S, Li N, Brun T, Maechler P (2012) Mitochondrial dysfunction in
pancreatic beta cells. Trends Endocrinol Metab 23: 477-487.

4. Bensellam M, Laybutt DR, Jonas JC (2012) The molecular mechanisms of
pancreatic beta-cell glucotoxicity: recent findings and future research directions.
Mol Cell Endocrinol 364: 1-27.

5. Brun T, Assimacopoulos-Jeannet F, Corkey BE, Prentki M (1997) Long-chain
fatty acids inhibit acetyl-CoA carboxylase gene expression in the pancreatic
beta-cell line INS-1. Diabetes 46: 393-400.

6. Frigerio F, Chaffard G, Berwaer M, Maechler P (2006) The antiepileptic drug
topiramate preserves metabolism-secretion coupling in insulin secreting cells
chronically exposed to the fatty acid oleate. Biochem Pharmacol 72: 965-973.

7. El-Assaad W, Buteau J, Peyot ML, Nolan C, Roduit R, et al. (2003) Saturated
fatty acids synergize with elevated glucose to cause pancreatic beta-cell death.
Endocrinology 144: 4154-4163.

8. Macdler K, Spinas GA, Dyntar D, Moritz W, Kaiser N, et al. (2001) Distinct
effects of saturated and monounsaturated fatty acids on beta-cell turnover and
function. Diabetes 50: 69-76.

9. Kharroubi I, Ladriere L, Cardozo AK, Dogusan Z, Cnop M, et al. (2004) Free
fatty acids and cytokines induce pancreatic beta-cell apoptosis by different
mechanisms: role of nuclear factor-kappaB and endoplasmic reticulum stress.
Endocrinology 145: 5087-5096.

10. Maris M, Robert S, Waclkens E, Derua R, Hernangomez MH, et al. (2013) Role
of the saturated nonesterified fatty acid palmitate in beta cell dysfunction.
J Protecome Res 12: 347-362.

11. Malmgren S, Spegel P, Danielsson AP, Nagorny CL, Andersson LE, et al. (2013)
Coordinate changes in histone modifications, mRNA levels, and metabolite
profiles in clonal INS-1 832/13 beta-cells accompany functional adaptations to
lipotoxicity. J Biol Chem 288: 11973-11987.

12. Maestre I, Jordan J, Calvo S, Reig JA, Cena V, et al. (2003) Mitochondrial
dysfunction is involved in apoptosis induced by serum withdrawal and fatty acids
in the beta-cell line INS-1. Endocrinology 144: 335-345.

13. El-Assaad W, Joly E, Barbeau A, Sladek R, Buteau J, et al. (2010)
Glucolipotoxicity alters lipid partitioning and causes mitochondrial dysfunction,
cholesterol, and ceramide deposition and reactive oxygen species production in
INS832/13 ss-cells. Endocrinology 151: 3061-3073.

14. Li N, Frigerio F, Maechler P (2008) The sensitivity of pancreatic beta-cells to
mitochondrial injuries triggered by lipotoxicity and oxidative stress. Biochem
Soc Trans 36: 930-934.

15. Maechler P, Jornot L, Wollheim CB (1999) Hydrogen peroxide alters
mitochondrial activation and insulin secretion in pancreatic beta cells. J Biol
Chem 274: 27905-27913.

16. Li N, Brun T, Cnop M, Cunha DA, Eizirik DL, et al. (2009) Transient oxidative
stress damages mitochondrial machinery inducing persistent beta-cell dysfunc-
tion. J Biol Chem 284: 23602-23612.

17. Lu H, Koshkin V, Allister EM, Gyulkhandanyan AV, Wheeler MB (2010)
Molecular and metabolic evidence for mitochondrial defects associated with
beta-cell dysfunction in a mouse model of type 2 diabetes. Diabetes 59: 448-459.

18. Palmieri F, Pierri CL, De Grassi A, Nunes-Nesi A, Fernie AR (2011) Evolution,
structure and function of mitochondrial carriers: a review with new insights.
Plant J 66: 161-181.

19. Palmieri I (2013) The mitochondrial transporter family SLC25: identification,
properties and physiopathology. Mol Aspects Med 34: 465-484.

20. Palmieri I (2008) Diseases caused by defects of mitochondrial carriers: a review.
Biochim Biophys Acta 1777: 564-578.

21. Casimir M, Lasorsa FM, Rubi B, Caille D, Palmieri F, et al. (2009)
Mitochondrial glutamate carrier GC1 as a newly identified player in the control
of glucose-stimulated insulin secretion. J Biol Chem 284: 25004-25014.

22. Casimir M, Rubi B, Frigerio I, Chaffard G, Maechler P (2009) Silencing of the
mitochondrial NADH shuttle component aspartate-glutamate carrier AGC1/
Aralarl in INS-1E cells and rat islets. Biochem J 424: 459-466.

PLOS ONE | www.plosone.org 12

Stress-Specific Signatures in INS-1E B-Cells

levels >1.2 but <1.5; red: levels >1.5. Border colors: black no
change in protein level; grey not tested.

(T1F)

Author Contributions

Conceived and designed the experiments: TB FP PM. Performed the
experiments: TB PS NL DD. Analyzed the data: TB PS NL DD PG PM.
Contributed reagents/materials/analysis tools: PG. Wrote the paper: TB
PM.

23. Joseph JW, Jensen MV, Ilkayeva O, Palmieri F, Alarcon C, et al. (2006) The
mitochondrial citrate/isocitrate carrier plays a regulatory role in glucose-
stimulated insulin secretion. J Biol Chem 281: 35624-35632.

24. Odegaard ML, Joseph JW, Jensen MV, Lu D, Ilkayeva O, et al. (2010) The
mitochondrial 2-oxoglutarate carrier is part of a metabolic pathway that
mediates glucose- and glutamine-stimulated insulin secretion. J Biol Chem 285:
16530-16537.

25. Huypens P, Pillai R, Sheinin T, Schaefer S, Huang M, et al. (2011) The
dicarboxylate carrier plays a role in mitochondrial malate transport and in the
regulation of glucose-stimulated insulin secretion from rat pancreatic beta cells.
Diabetologia 54: 135-145.

26. Nishi Y, Fujimoto S, Sasaki M, Mukai E, Sato H, et al. (2011) Role of
mitochondrial phosphate carrier in metabolism-secretion coupling in rat
insulinoma cell line INS-1. Biochem J 435: 421-430.

27. Janjic D, Maechler P, Sekine N, Bartley C, Annen AS, et al. (1999) Free radical
modulation of insulin release in INS-1 cells exposed to alloxan. Biochem
Pharmacol 57: 639-648.

28. Merglen A, Theander S, Rubi B, Chaffard G, Wollheim CB, et al. (2004)
Glucose sensitivity and metabolism-secretion coupling studied during two-year
continuous culture in INS-1E insulinoma cells. Endocrinology 145: 667-678.

29. Asfari M, Janjic D, Meda P, Li G, Halban PA, et al. (1992) Establishment of 2-
mercaptoethanol-dependent differentiated insulin-secreting cell lines. Endocri-
nology 130: 167-178.

30. Frigerio F, Brun T, Bartley C, Usardi A, Bosco D, et al. (2010) Peroxisome
proliferator-activated receptor alpha (PPARalpha) protects against oleate-
induced INS-1E beta cell dysfunction by preserving carbohydrate metabolism.
Diabetologia 53: 331-340.

31. Agrimi G, Di Noia MA, Marobbio CM, Fiermonte G, Lasorsa FM, et al. (2004)
Identification of the human mitochondrial S-adenosylmethionine transporter:
bacterial expression, reconstitution, functional characterization and tissue
distribution. Biochem J 379: 183-190.

32. Rubi B, del Arco A, Bartley C, Satrustegui J, Maechler P (2004) The malate-
aspartatec NADH shuttle member Aralarl determines glucose metabolic fate,
mitochondrial activity, and insulin secretion in beta cells. J Biol Chem 279:
55659-55666.

33. Gaudet P, Argoud-Puy G, Cusin I, Duek P, Evalet O, et al. (2013) neXtProt:
Organizing Protein Knowledge in the Context of Human Protecome Projects.
J Proteome Res 12: 293-298.

34. Cline MS, Smoot M, Cerami E, Kuchinsky A, Landys N, et al. (2007)
Integration of biological networks and gene expression data using Cytoscape.
Nat Protoc 2: 2366-2382.

35. Karaskov E, Scott C, Zhang L, Teodoro T, Ravazzola M, et al. (2006) Chronic
palmitate but not oleate exposure induces endoplasmic reticulum stress, which
may contribute to INS-1 pancreatic beta-cell apoptosis. Endocrinology 147:
3398-3407.

36. Cnop M, Foufelle F, Velloso LA (2012) Endoplasmic reticulum stress, obesity
and diabetes. Trends Mol Med 18: 59-68.

37. Busch AK, Cordery D, Denyer GS, Biden TJ (2002) Expression profiling of
palmitate- and oleate-regulated genes provides novel insights into the effects of
chronic lipid exposure on pancreatic beta-cell function. Diabetes 51: 977-987.

38. Bender K, Macchler P, McClenaghan NH, Flatt PR, Newsholme P (2009)
Opverexpression of the malate-aspartate NADH shuttle member Aralarl in the
clonal beta-cell line BRIN-BDI1 enhances amino-acid-stimulated insulin
secretion and cell metabolism. Clin Sci (Lond) 117: 321-330.

39. Brun T, Roche E, Kim KH, Prentki M (1993) Glucose regulates acetyl-CoA
carboxylase gene expression in a pancreatic beta-cell line (INS-1). J Biol Chem
268: 18905-18911.

40. Huypens PR, Huang M, Joseph JW (2012) Overcoming the spatial barriers of
the stimulus secretion cascade in pancreatic beta-cells. Islets 4.

41. Bensellam M, Van Lommel L, Overbergh L, Schuit FC, Jonas JC (2009) Cluster
analysis of rat pancreatic islet gene mRNA levels after culture in low-,
intermediate- and high-glucose concentrations. Diabetologia 52: 463-476.

42. Wang H, Brun T, Kataoka K, Sharma AJ, Wollheim CB (2007) MAFA controls
genes implicated in insulin biosynthesis and secretion. Diabetologia 50: 348-358.

43. Wang H, Maechler P, Ritz-Laser B, Hagenfeldt KA, Ishihara H, et al. (2001)
Pdx1 level defines pancreatic gene expression pattern and cell lineage

differentiation. J Biol Chem 276: 25279-25286.

December 2013 | Volume 8 | Issue 12 | e82364



44.

46.

47.

48.

49.

50.

52.

53.

54.

Vetterli L, Brun T, Giovannoni L, Bosco D, Maechler P (2011) Resveratrol
potentiates glucose-stimulated insulin secretion in INS-1E beta-cells and human
islets through a SIRT1-dependent mechanism. J Biol Chem 286: 6049-6060.

. Vetterli L, Maechler P (2011) Resveratrol-activated SIRTI1 in liver and

pancreatic beta-cells: a Janus head looking to the same direction of metabolic
homeostasis. Aging (Albany NY) 3: 444-449.

Ahuja N, Schwer B, Carobbio S, Waltregny D, North BJ, et al. (2007)
Regulation of Insulin Secretion by SIRT4, a Mitochondrial ADP-ribosyltrans-
ferase. J Biol Chem 282: 33583-33592.

Vetterli L, Carobbio S, Pournourmohammadi S, Martin-Del-Rio R, Skytt DM,
et al. (2012) Delineation of glutamate pathways and secretory responses in
pancreatic islets with beta-cell-specific abrogation of the glutamate dehydroge-
nase. Mol Biol Cell 23: 3851-3862.

Frigerio F, Casimir M, Carobbio S, Maechler P (2008) Tissue specificity of
mitochondrial glutamate pathways and the control of metabolic homeostasis.
Biochim Biophys Acta 1777: 965-972.

Wang H, Kouri G, Wollheim CB (2005) ER stress and SREBP-1 activation are
implicated in beta-cell glucolipotoxicity. J Cell Sci 118: 3905-3915.

Maris M, Ferreira GB, D’Hertog W, Cnop M, Waelkens E, et al. (2010) High
glucose induces dysfunction in insulin secretory cells by different pathways: a
proteomic approach. J Proteome Res 9: 6274-6287.

. Roche E, Farfari S, Witters LA, Assimacopoulos-Jeannet F, Thumelin S, et al.

(1998) Long-term exposure of beta-INS cells to high glucose concentrations
increases anaplerosis, lipogenesis, and lipogenic gene expression. Diabetes 47:
1086-1094.

Ravnskjaer K, Boergesen M, Dalgaard LT, Mandrup S (2006) Glucose-induced
repression of PPARalpha gene expression in pancreatic beta-cells involves PP2A
activation and AMPK inactivation. ] Mol Endocrinol 36: 289-299.

Coute Y, Brunner Y, Schvartz D, Hernandez C, Masselot A, et al. (2010) Early
activation of the fatty acid metabolism pathway by chronic high glucose
exposure in rat insulin secretory beta-cells. Proteomics 10: 59-71.

MacDonald MJ, Fahien LA, Brown LJ, Hasan NM, Buss JD, et al. (2005)
Perspective: emerging evidence for signaling roles of mitochondrial anaplerotic
products in insulin secretion. Am J Physiol Endocrinol Metab 288: E1-15.

PLOS ONE | www.plosone.org

13

56.

57.

58.

59.

60.

61.

62.

63.

64.

Stress-Specific Signatures in INS-1E B-Cells

. Bender K, Newsholme P, Brennan L, Maechler P (2006) The importance of

redox shuttles to pancreatic beta-cell energy metabolism and function. Biochem
Soc Trans 34: 811-814.

Jensen MV, Joseph JW, Ronnebaum SM, Burgess SC, Sherry AD, et al. (2008)
Metabolic cycling in control of glucose-stimulated insulin secretion. Am J Physiol
Endocrinol Metab 295: E1287-1297.

Xiao J, Gregersen S, Kruhoffer M, Pedersen SB, Orntoft TF, et al. (2001) The
effect of chronic exposure to fatty acids on gene expression in clonal insulin-
producing cells: studies using high density oligonucleotide microarray.
Endocrinology 142: 4777-4784.

Zhou YP, Grill VE (1994) Long-term exposure of rat pancreatic islets to fatty
acids inhibits glucose-induced insulin secretion and biosynthesis through a
glucose fatty acid cycle. J Clin Invest 93: 870-876.

Biden T]J, Robinson D, Cordery D, Hughes WE, Busch AK (2004) Chronic
effects of fatty acids on pancreatic beta-cell function: new insights from
functional genomics. Diabetes 53 Suppl 1: S159-165.

Porte D, Jr. (1991) Banting lecture 1990. Beta-cells in type IT diabetes mellitus.
Diabetes 40: 166-180.

Koyama T, Kume S, Koya D, Araki S, Isshiki K, et al. (2011) SIRT3 attenuates
palmitate-induced ROS production and inflammation in proximal tubular cells.
Free Radic Biol Med 51: 1258-1267.

Jing E, Emanuelli B, Hirschey MD, Boucher J, Lee KY, et al. (2011) Sirtuin-3
(Sirt3) regulates skeletal muscle metabolism and insulin signaling via altered
mitochondrial oxidation and reactive oxygen species production. Proc Natl Acad
Sci U S A 108: 14608-14613.

Caton PW, Richardson SJ, Kieswich J, Bugliani M, Holland ML, et al. (2013)
Sirtuin 3 regulates mouse pancreatic beta cell function and is suppressed in
pancreatic islets isolated from human type 2 diabetic patients. Diabetologia 56:
1068-1077.

Tacobazzi V, Convertini P, Infantino V, Scarcia P, Todisco S, et al. (2009)
Statins, fibrates and retinoic acid upregulate mitochondrial acylcarnitine carrier
gene expression. Biochem Biophys Res Commun 388: 643-647.

December 2013 | Volume 8 | Issue 12 | e82364



