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The SLC25 carrier familymediates solute transport across the
inner mitochondrial membrane, a process that is still poorly
characterized regarding both the mechanisms and proteins
implicated. This study investigated mitochondrial glutamate
carrier GC1 in insulin-secreting �-cells. GC1 was cloned from
insulin-secreting cells, and sequence analysis revealed hydrop-
athy profile of a six-transmembrane protein, characteristic of
mitochondrial solute carriers. GC1was found to be expressed at
the mRNA and protein levels in INS-1E �-cells and pancreatic
rat islets. Immunohistochemistry showed that GC1 was present
in mitochondria, and ultrastructural analysis by electron
microscopy revealed inner mitochondrial membrane localiza-
tion of the transporter. Silencing of GC1 in INS-1E �-cells,
mediated by adenoviral delivery of short hairpin RNA, reduced
mitochondrial glutamate transport by 48% (p < 0.001). Insulin
secretion at basal 2.5mM glucose and stimulated either by inter-
mediate 7.5 mM glucose or non-nutrient 30 mM KCl was not
modified by GC1 silencing. Conversely, insulin secretion stim-
ulated with optimal 15 mM glucose was reduced by 23% (p <
0.005) in GC1 knocked down cells compared with controls.
Adjunct of cell-permeant glutamate (5 mM dimethyl glutamate)
fully restored the secretory response at 15 mM glucose (p <
0.005). Kinetics of insulin secretion were investigated in peri-
fused isolated rat islets. GC1 silencing in islets inhibited the
secretory response induced by 16.7 mM glucose, both during
first (�25%, p< 0.05) and second (�33%, p< 0.05) phases. This
study demonstrates that insulin-secreting cells depend on
GC1 for maximal glucose response, thereby assigning a phys-
iological function to this newly identified mitochondrial glu-
tamate carrier.

Functions of mitochondria require regulated flux of mole-
cules across the twomembranes surrounding thematrix.Mito-
chondrial solute carriers (SLC25) are a large family of nuclearly
encoded membrane-embedded proteins that promote solute
transport across the inner mitochondrial membrane (1–4).

The human genome contains 48members of the SLC25 family,
among them about 30 have been identified and characterized
biochemically (1, 5–8). In particular, very little is known on
solute carrier proteins transporting metabolites, such as gluta-
mate. The two isoforms of the glutamate carrier GC1 and GC2
(encoded by SLC25A22 and SLC25A18, respectively) catalyze
the transport of glutamate across the inner mitochondrial
membrane, either by proton co-transport or in exchange for
hydroxyl ions. To date, one human pathology has been associ-
ated with GC1, exhibiting a correlation between GC1mutation
and neonatal myoclonic epilepsy (9). Of interest, the high Km
isoform GC1 was shown to be expressed in different tissues,
especially in the brain, liver, and pancreas (10). Despite the
importance of these studies, we still lack subcellular localiza-
tion and demonstration of the physiological function of gluta-
mate carriers. The elevated expression levels in the pancreas
triggered our interest, given that the glutamate pathway has
been highlighted over the last years in the endocrine pancreas
in general and the �-cell in particular (11). Still, the putative
mechanisms responsible for mitochondrial glutamate trans-
port have not yet been characterized in specialized tissues such
as insulin-secreting cells. Only two carriers involved in mito-
chondrial shuttles have been shown to play an important role in
the control of insulin secretion, i.e. the aspartate/glutamate car-
rier (AGC1 or Aralar1) (12) and the citrate/isocitrate carrier
(13).
It is well founded thatmitochondrialmetabolism is crucial in

pancreatic �-cells by generating signals involved in metabo-
lism-secretion coupling (14). Upon glucose stimulation, gener-
ation of ATP throughmitochondrial activation leads to the clo-
sure of ATP-sensitive K� channels and depolarization of the
plasma membrane (15). This, in turn, induces the opening of
voltage-dependent calcium channels resulting in elevation of
cytosolic Ca2� (16). Ca2� is necessary but not sufficient for the
full development of the insulin secretory response (17). Other
messengers have been proposed to contribute to stimulation of
insulin exocytosis, such as protein kinases A and C, long chain
acyl-CoAs, nucleotides, and glutamate (18). The involvement
of the latter amino acid was deduced from experiments per-
formed under conditions of intracellular [Ca2�] clamped at
permissive concentrations, during which intracellular provi-
sion of glutamate directly stimulated insulin exocytosis (19–
21). Based on these results, it was proposed that glutamate
could act downstream of mitochondrial function, participating
in the coupling of glucose metabolism to insulin secretion (21).
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The importance of the glutamate pathway for �-cell function is
illustrated in transgenic mice (named �Glud1�/�) with condi-
tional�-cell-specific deletion of themitochondrial enzyme glu-
tamate dehydrogenase, resulting in about 40% reduction of glu-
cose-stimulated insulin secretion (22). The exact role of
glutamate in �-cell function is still debated as the glutamate
pathway might raise insulin release by participating in the
amplifying pathway (19–21) and/or by relaying signals of pro-
tein abundance to mitochondria (23–25). In both models, glu-
tamate should be transported in and out of themitochondria by
some putative mitochondrial carrier that remains to be identi-
fied in�-cells.Overall, better characterization ofmitochondrial
glutamate handling will contribute to our comprehension of
mechanisms implicated in the control of insulin secretion.
In this study, we identified glutamate carrier GC1 as being

expressed in the inner mitochondrial membrane of insulinoma
INS-1E cells as well as in primary rat islets. Adenovirus-medi-
ated knockdown of GC1 by shRNA2 demonstrated physiologi-
cal functionality of GC1 in insulin secretion.

EXPERIMENTAL PROCEDURES

Cell Culture—Clonal INS-1E cells (26), derived from the
parental rat insulinoma INS-1 cell line, were cultured in a
humidified atmosphere with 5% CO2 in complete RPMI 1640
medium supplemented with 5% heat-inactivated fetal calf
serum, 1mM sodiumpyruvate, 50�M2-mercaptoethanol, 2mM

glutamine, 10 mM HEPES, 100 units/ml penicillin, and 100
�g/ml streptomycin. Rat islets were isolated from adult male
Wistar rats by collagenase perfusion (27) and cultured in com-
plete RPMI 1640 medium. HEK 293 cells were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 5% fetal
calf serum and the penicillin/streptomycin antibiotics.
Expression Analysis of GC1 in INS-1E Cells and Rat Islets—

Total RNA was extracted from INS-1E cells and rat islets, and
the reverse transcription was performed using 2 �g of total
RNA, mediated by the enzyme SuperScript II (Invitrogen). The
PCR program for cDNA was as follows: initial denaturation
step at 94 °C for 2 min, 40 cycles of denaturation at 94 °C,
annealing at 60 °C, and elongation at 72 °C, for 1 min each. A
final elongation step of 7 min at 72 °C allowed extension of
truncated product to full length. PCRs were performed using
TaqDNA polymerase (Amersham Biosciences) with 1.5 �M

concentrations of each primer. Several primers designed from
the mice GC1 ortholog (accession number AK010193) were
tested, and multiple PCRs followed by sequencing were per-
formed to determine the putative open reading frame for rat
GC1. With the resulting sequence, we designed primers flank-
ing the open reading frame, to obtain the full-lengthGC1 cDNA
fragment. The forward and reverse primers used for the ampli-
fication of the open reading frame were as follows: 5�-GGC
CTG ACT CCT GCT TCA CTT GGT GTA A-3� and 5�-GGC
CTG GGG TTC TTG CAG CAG-3�. As positive control, we
used primers designed to amplify the housekeeping gene cyclo-
philin (5�-GGTCAACCCCACCGTGTTCT-3� and 5�-TGC-

CATCCAGCCACTCAGTCT for sense and antisense primer
sequence, respectively).Negative control PCRswere performed
with GC1 primers on INS-1E and rat islet RNA that were not
reverse-transcribed (�RT).
shRNA Design and Adenovirus Generation—Two small

interfering RNA constructs were designed from the rat GC1
cDNA sequence as a hairpin-loop structure using the Ambion
website tool (small interfering RNATarget Finder). These con-
structs were tested by cloning into a pSilencer plasmid, and
their potency was assessed by performing Lipofectamine
(Invitrogen)-mediated transfection and immunoblotting. The
most efficient shRNA cassette (5�-GCTGGCTGCTAATGAC-
TTCTTCAAGAGAGAAGTCATTAGCAGCCAGCTTTTT-
TGGAA-3� and 5�-CGTTCCAAAAAAGCTGGCTGCTAAT-
GACTTCTCTCTTGAAGAAGTCATTAGCAGCCAGCG-
GCC-3�), along with the U6 promoter, was excised. Klenow
reaction was performed to create blunt ends, and the resulting
insert was then subcloned in a promoterless recombinant ade-
novirus that was previously opened with SwaI. The resulting
construct was first sequenced to check for the occurrence of
mutations prior to co-transfection using the calcium-phos-
phatemethod inHEK293 cells alongwith the adenovirusDNA-
terminal protein complex. Ten days after transfection, the cell
lysate was used to infect cells in 24-well plates, and the adeno-
viral DNA was extracted from the cells and analyzed by DNA
digestion with ClaI and EcoRI to check for the presence of the
insert and for its orientation, respectively. The virus was then
amplified and purified as described previously (12).
Adenovirus-mediatedTransduction—Unlessotherwisemen-

tioned, adherent cultures of INS-1E cells were transduced with
recombinant adenoviruses at a viral titer of �30 plaque-form-
ing units/ml for 1 h at 37 °C, and experiments were performed 4
days after transduction. An empty adenoviral construct used at
the same titer served as control and was referred to as Empty
control. Transduction of rat islets was performed on the day of
isolation at a titer of 60 plaque-forming units/ml for 90 min, as
determined previously for efficient islet cell transduction (12,
27). As for INS-1E cells, experiments were performed 4 days
post-transduction.
Mitochondrial Isolation—Cells seeded in 15-cm Petri dishes

(106 cells/dish) were transduced with Empty and AdshGC1
adenoviruses 4 days before fractionation. The cells were then
washed with ice-cold phosphate-buffered saline, collected by
scraping in 250 mM sucrose, 20 mM Tris/HCl, pH 7.4, supple-
mented with 0.5% BSA. Mitochondria were fractionated by
Potter-Elvehjem homogenization and serial centrifugations as
described previously (28). The mitochondrial pellet was resus-
pended in lysis buffer for immunoblotting analysis.
Immunoblotting and Immunoprecipitation—For detec-

tion of GC1 at the protein level, an antibody directed against
rat GC1 was raised in a rabbit using the peptide sequence
CDVVKTRLQSERGVN corresponding to amino acids 246–
261 as synthetic antigen (Eurogentec, Seraing, Belgium).
Generation of the antiserumwas performed using a standard
immunization program. After four serial injections of the
peptide, blood was taken at different time points, with the
final bleeding 3 months after the first peptide injection.
Serum resulting from the final bleeding was first tested by

2 The abbreviations used are: shRNA, short hairpin RNA; BSA, bovine serum
albumin; RT, reverse-transcribed; FCCP, carbonyl cyanide p-trifluorome-
thoxyphenylhydrazone; PIPES, 1,4-piperazinediethanesulfonic acid.
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enzyme-linked immunosorbent assay, and the condition
that was used for GC1 detection was optimized by testing
different dilutions of the anti-GC1 serum. Serum obtained
from the blood sample that was taken before immunization
was referred to as preimmune and used in our experiments
as a background control for GC1 immunodetection.
The specificity of the antiserum raised against GC1 was

tested using recombinant GC1 and GC2 proteins that were
expressed and purified as described previously (10). Purified
GC1 and GC2 isoforms at different concentrations were sub-
jected to a 15% SDS-PAGE and then transferred onto nitrocel-
lulose membrane. Incubation with GC1 antiserum was per-
formed overnight at 4 °C in blocking buffer (12) containing the
anti-GC1 antiserum (1:1000). The following day, the mem-
brane was probed for 2 h at room temperature with donkey
anti-rabbit IgG antibody (1:5000) conjugated to horseradish
peroxidase (ECL, Amersham Biosciences), and GC1 protein
was revealed by chemiluminescence (Pierce).
Similar immunoblotting protocol was performed to deter-

mine the expression of GC1 in different protein extracts from
INS-1E cells. Therefore, total cell extracts or mitochondrion-
enriched fractions were first lysed in a buffer containing 0.1 M

EDTA, 0.1 M EGTA, �-mercaptoethanol, 20% Triton X-100
diluted in Tris/HCl, pH 7.4, supplemented with 1 mM phenyl-
methylsulfonyl fluoride and subjected to a 15% SDS-polyacryl-
amide gel. Immunoblotting analysis was performed as de-
scribed previously.
Where mentioned, immunoblotting analyses were per-

formed following an additional step used for clearance of
unspecific proteins recognized by the preimmune serum. Spe-
cifically, immunoprecipitation was performed on cell extracts,
and the resulting supernatant was subjected to immunoblot-
ting. For immunoprecipitation, cells were lysed at 4 °C in a
buffer containing 10 mM Tris/HCl, pH 7.6, 150 mM NaCl, 1%
TritonX-100, 0.1% SDS, 2mMEDTA, 1% sodiumdeoxycholate,
and protease inhibitors (RIPA buffer). A total of 600 �g of pro-
teins were incubated overnight with 20 �l of preimmune anti-
serum under agitation at 4 °C. This was performed as an addi-
tional pre-clearing step to prevent unspecific binding of
proteins to A/G-Sepharose beads. Immune complexes were
precipitated with the beads and washed extensively before col-
lecting supernatants. The resulting supernatants were incu-
bated with 10 �l of anti-GC1 serum overnight at 4 °C. The fol-
lowing day, immune complexes were again precipitated, and
after five serial washes, complexes were dissociated at 95 °C for
5 min with Laemmli loading buffer, and the supernatant was
collected for immunoblot analysis.
Immunohistochemistry—INS-1E cells were seeded on poly-

ornithine-treated glass coverslips 3 days prior to infection with
empty or AdshGC1 viruses. Four days post-transduction, cells
were incubated with Mitotracker, fixed with cold methanol,
and permeabilized as described previously (29). The slides were
then incubated with anti-GC1 and preimmune sera (1:500)
overnight at 4 °C. The following day, after several washes with
phosphate-buffered saline, samples were exposed to secondary
antibody goat anti-rabbit IgG fluorescein isothiocyanate (1:200,
Chemicon AP132F, Temecula, CA) for 1 h at room tempera-
ture. Coverslipswere thenmounted on glass slides, and samples

were analyzed using a �63 objective in Axiocam microscope
(Zeiss, Zürich, Switzerland). Acquisition times were kept the
same between groups according to channels to compare signal
intensities.
ImmunoelectronMicroscopy—Pellets of control andAdshGC1-

transduced INS-1E cells, either total or mitochondrial
enriched, were washed twice in 0.1 M phosphate buffer, before a
60-min fixation at room temperature in 4% paraformaldehyde
or a 5-min fixation in 4% paraformaldehyde plus 0.1% glutaral-
dehyde, followed by a 55-min fixation in 4% paraformaldehyde
alone (all fixatives diluted in 0.1 M phosphate buffer, pH 7.4).
The samples were then frozen and thin-sectioned with an
EMFCS cryo-ultramicrotome (Leica). The sections were
mounted on parlodion-coated copper grids and incubated as
described (30, 31). Briefly, the glutamate transporter GC1 was
immunolabeled for 1 h at room temperature using the GC1-
specific antiserum, diluted 1:40–50. Antigen-antibodies com-
plexeswere revealed after a 20-min incubation at room temper-
ature with either 15 nm gold particles coated with protein A or
a goat anti-rabbit IgG serum coupled to 10 nM gold particles
(British Biocell International, Cardiff,Wales) diluted 1:10. In all
incubations, controls included exposure of the sections to
either the preimmune serum, as well as incubations with only
the protein A-coated gold particles or the gold-conjugated goat
antibodies.
NAD(P)H Measurements—NAD(P)H generation was as-

sessed in Empty and AdshGC1-transduced cells stimulated
with 15mMglucose, after stabilization of the signal for 10min in
Krebs-Ringer bicarbonate HEPES buffer (KRBH, containing in
mM: 135 NaCl, 3.6 KCl, 10 HEPES, pH 7.4, 5 NaHCO3, 0.5
NaH2PO4, 0.5 MgCl2, 1.5 CaCl2). NAD(P)H recordings were
performed using a thermostated plate reader (Fluostar Optima,
BMGLabtechnologies, Offenburg, Germany), and autofluores-
cence was measured using excitation and emission filters set at
340 and 470 nm, respectively. NAD(P)H autofluorescence was
normalized over a 10-min stimulation period by setting the flu-
orescence at 100% for cells maintained in basal 2.5 mM glucose.
Mitochondrial Membrane Potential—Mitochondrial mem-

brane potential (��m) was measured using the fluorescent
probe rhodamine-123 as described previously (26). INS-1E cells
were cultured in 24-well plates and isolated islets in 96-well
plates and maintained in KRBH with 2.5 mM glucose supple-
mented sequentially during the recording with the indicated
substrates, and then 1 �M of the protonophore carbonyl cya-
nide p-trifluoromethoxyphenylhydrazone (FCCP) was added.
Cytosolic ATP Measurements—Cytosolic ATP levels were

monitored in a thermostated plate reader (Fluostar Optima) on
control and AdshGC1-treated cells in the presence of 100 �M

beetle luciferin (Promega Corp., Madison, WI). The day before
the experiment, cells were transduced with the AdCAG-Lucif-
erase viral construct enabling expression of the ATP-sensitive
bioluminescent probe luciferase (26, 32). Changes in lumines-
cence, reflecting cytosolic ATP levels, were monitored at basal
2.5 mM glucose before stimulation during 20 min with 15.5 mM

glucose followed by the addition of the mitochondrial poison
azide (2 mM).
Cellular Ca2� Levels—Cytosolic Ca2� changes were moni-

tored as detailed previously (33) in cells preincubated for 90
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min with 2 �M Fura-2AM (Teflab, Austin, TX) in KRBH at
37 °C and then washed before the experiment. Ratiometric
measurements of Fura-2 fluorescence were performed in a
plate reader fluorimeter (FluostarOptima)with filters set at 510
nm for excitation and 340/380 nm for emission.
Glutamate Transport Activity—Isolated mitochondria from

transduced INS-1E cells (0.5mg/ml)were solubilized in a buffer
containing 3% Triton X-114, 1 mM EDTA, 20 mM Na2SO4, and
10 mM PIPES, pH 7.0, for 30 min at 0 °C (34). 20 �g of solubi-
lized mitochondria were reconstituted into liposomes in the
presence of L glutamate or L-aspartate (35). External substrate
was removed from proteoliposomes on Sephadex G-75 col-
umns, pre-equilibrated with 50 mM NaCl, 1 mM EDTA, and 10
mM PIPES, pH 7.0. Transport at 25 °C was started by the addi-
tion of L-[U-14C]glutamate (10) or L-[U-14C]aspartate (36) and
terminated by addition of 15mMpyridoxal 5�-phosphate and 10
mM bathophenanthroline (35). In controls, the inhibitors were
added at the beginning together with the external substrate.
Finally, the external substrate was removed, and the radioactiv-
ity in the proteoliposomes was measured. The experimental
values were corrected by subtracting control values (35).
Insulin Secretion Assay on INS-1E Cells—Secretory re-

sponses to the indicated secretagogues were tested in INS-1E
cells transduced with Empty control and AdshGC1 viruses.
Before the experiments, cells weremaintained for 2 h in 2.5mM

glucose RPMI 1640 medium. Cells
were then washed and preincubated
for 30 min in glucose-free KRBH
containing 0.1% BSA as insulin car-
rier. Finally, cells were stimulated
for 30 min in KRBH-BSA with
increasing glucose concentrations
(basal 2.5 mM, intermediate 7.5 mM,
and optimal 15 mM glucose) (26).
Cells were also exposed to 15 mM

glucose in the presence of 5 mM di-
methyl glutamate for rescue tests.
Non-nutrient-stimulated insulin re-
lease was evoked by the calcium-
raising agent KCl (30 mM) at basal
2.5 mM glucose. Insulin concentra-
tions weremeasured using radioim-
munoassay kits (Linco Research, St.
Charles, MO).
Insulin Secretion Assay on Rat

Islets—Islet perifusions were car-
ried out as described (27) using 10
hand-picked islets per chamber of
250 �l volume at 37 °C (Brandel,
Gaithersburg, MD). The KRBH-
BSA flux was set at 0.5 ml/min, and
fractions were collected every min
after a 30-min washing period at
basal 2.8 mM glucose. Basal 2.8 mM

glucose was kept for 20 min and
then raised to 16.7 mM for 20 min.
First and second phases of insulin
secretion were analyzed as minutes

1–5 and 6–10 after glucose stimulation (16.7mM), respectively.
Quantification of insulin release over phase periods was
expressed as area under the curves.
Statistics—Unless otherwise indicated, data are the means �

S.E. of at least three independent experiments, each performed
in quadruplicate. Differences between groups were assessed by
the Student’s t test for paired data and by one-way analysis
followed by Bonferroni t test as mentioned.

RESULTS

Detection of GC1 in INS-1E �-Cells and Rat Islets—We first
investigated the expression of GC1 in insulin-secreting cells.
This was achieved both in rat insulinoma INS-1E cells and iso-
lated rat pancreatic islets. To this end, primers designed from
mouse GC1 cDNA sequence were chosen to amplify rat cDNA
from both INS-1E and rat islets. PCR bands revealed an open
reading frame of 978 bp in length (Fig. 1A). Although expres-
sion of the glutamate carrier GC2 isoformwas previously found
to be low in the whole pancreas (10), we checked messenger
levels by quantitative RT-PCR. GC2 expression was undetect-
able in INS-1E cells as opposed to positive control obtained
from rat brain mRNA (data not shown).
BLAST analysis against the human and mouse GC1

sequences gave similarity scores of 96 and 98%, respectively. In
addition, BLAST analysis against the rat genome data base

FIGURE 1. GC1 expression analysis in INS-1E �-cells and rat islets. A, RT-PCR analysis on cDNA from INS-1E
cells and rat islets using primers designed to amplify the open reading frame of GC1 and cyclophilin as house-
keeping gene. M, 50-bp marker; lane 1, negative control (i.e. PCR mix without enzyme); lane 2, GC1 in INS-1E
cDNA; lane 3, GC1 in INS-1E cDNA minus RT; lane 4, GC1 in rat islet cDNA; lane 5, GC1 in rat islet cDNA minus RT;
lane 6, cyclophilin in INS-1E cDNA; lane 7, cyclophilin in rat islet cDNA. B and C, evaluation of the specificity of
GC1 antiserum. Purified recombinant isoforms GC1 (0.5, 1.0, and 2 �g) and GC2 (1.5, 3.0, and 6.0 �g) were
loaded on 15% SDS-PAGE. Proteins were visualized by Coomassie staining (B) and then transferred onto nitro-
cellulose membrane for immunodetection with the GC1 antiserum (C). D, immunoblot analysis of GC1 expres-
sion following SDS-PAGE 15% protein separation using 40 �g of proteins per lane. Mit, INS-1E mitochondrion-
enriched fractions; TCE, INS-1E total cell extracts. E, immunoblot following an immunoprecipitation using
preimmune serum. GC1 expression in INS-1E cells transduced either with control Empty adenovirus or with
AdshGC1 to test efficiency of the shRNA construct was analyzed.
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revealed 100% homology with the INS-1-derived sequence,
which corresponds to one of the BACs NW_001084774 of the
rat genome library. These results show that this newly identi-
fied gene corresponds to the rat GC1, and the 100% sequence
similarity confirms sequence conservation and accuracy. Bioin-
formatics analysis showed that the sequenced GC1 exhibited
the main characteristics of all mitochondrial solute carriers, i.e.
hydropathy profile of a six-transmembrane protein and the
presence of a 3-fold repeated signature motif (data not shown).
Detection of GC1 at the protein level was performed with an

antibody directed against the peptide sequence corresponding
to amino acids 246–261 of GC1. First, specificity of GC1 anti-
serum was assessed by immunoblotting using purified recom-
binant GC1 and GC2 isoforms on SDS-PAGE (Fig. 2, B and C).
Coomassie staining showed bothGC1 andGC2 bands (Fig. 2B),
although GC1 antiserum detected only the GC1 isoform (Fig.
1C), thereby demonstrating its specificity.
Next, expression of GC1 in both INS-1E total cell extracts

and mitochondria-enriched fractions was evaluated. Immuno-
blotting revealed an immunoreactive bandwithin the predicted
GC1 size range between molecular mass markers 25 and 36
kDa. This band was markedly enriched in mitochondrial prep-
arations compared with total cell extracts (Fig. 1D). In contrast,
faint unspecific bands observed at sizes not compatible with
GC1 were lower in mitochondrial fractions compared with
total cell extracts. Similar unspecific bands were also revealed
using preimmune serum (data not shown). To test if such extra
bands were indeed unspecific, i.e. recognized by preimmune

serum, we performed an additional preclearing step whereby
cell extracts were subjected to an immunoprecipitation using
preimmune serum. The resulting supernatant was used to run
an immunoblot with GC1 antiserum showing a unique 32-kDa
band identified as GC1 protein (Fig. 1E).
To reduceGC1 expression, INS-1E cells were treatedwith an

adenovirus construct (AdshGC1) designed to down-regulate
GC1. Cells analyzed by immunoblotting 4 days after AdshGC1
transduction exhibited reduced expression of the identified
GC1 protein compared with cells treated with control empty
adenovirus (Fig. 1E). Incidentally, this maneuver further
assessed the specificity of the antiserum. Densitometry analysis
indicated a reduction of�70% inGC1protein levels 4 days after
AdshGC1 treatment. Mitochondrial membrane protein half-
life is poorly characterized, with an estimate of about 24 h (37).
One can extrapolate that 4 days after transduction with
AdshGC1 less than 90% of the initial GC1 protein pool should
be left, giving an approximate efficiency of 60% for shRNA-
mediated knockdown. Silencing of GC1 did not induce com-
pensatory GC2 expression as this latter isoform remained
undetectable by quantitative RT-PCR (data not shown).
Cellular andUltrastructural Localization ofGC1—Immuno-

fluorescence studies were conducted in INS-1E cells for subcel-
lular localization of GC1 (Fig. 2). Incubation of fixed cells with
preimmune serum or with only secondary antibody exhibited
weak background staining. Conversely, keeping fluorescence
gain of function at the same level, GC1 antiserum gave rise to a
strong signal exhibiting mitochondrial pattern. The anti-GC1

FIGURE 2. Localization of GC1 at the cellular level by immunofluorescence. Immunolocalization of GC1 in INS-1E cells by staining mitochondria using
Mitotracker (A, D, and G) and GC1 using GC1 antiserum (H) plus fluorescein isothiocyanate-conjugated secondary antibody (B, E, and H). Preimmune serum was
used as negative control (E). A–C, control INS-1E cells without GC-1 antiserum. D–F, control INS-1E cells using preimmune serum. G–I, control INS-1E cells.
Images are representative of 5– 6 independent experiments.
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and Mitotracker signals superimposed, revealing mitochon-
drial localization of the newly identified protein. However,
resolution obtained with immunofluorescence did not allow

ultrastructural localization within
mitochondria, i.e. mitochondrial
matrix versus inner or outer mito-
chondrial membranes.
In this perspective, electron mi-

croscopy analysis was performed to
nail down GC1 localization within
cell compartments. INS-1E sections
incubated with GC1 antiserum re-
vealed consistent labeling of numer-
ous mitochondria (Fig. 3A), which
was restricted to the innermitochon-
drial membrane and/or the matrix.
We also observed staining within
insulin secretory granules and ques-
tioned its specificity. Omission of
the first antibody (data not shown)
and incubation of sections with
the preimmune serum (Fig. 3B)
abolished mitochondrial labeling,
although secretory granule labeling
persisted. This indicates the speci-
ficity of the GC1 antiserum toward
mitochondrial localization (Fig. 3B).
Similar observations were made
in mitochondria-enriched INS-1E
sections (Fig. 3C). Down-regulation
of GC1 by adenovirus-mediated
shRNA (AdshGC1) markedly re-
duced anti-GC1 signals in cells
analyzed by electron microscopy
(Fig. 3D).
NAD(P)HMeasurements andMi-

tochondrial Membrane Potential—
In �-cells, glucose-induced increases
in NAD(P)H aremainly derived from
mitochondrial activation. Exposure
of control INS-1Ecells to stimulatory
15 mM glucose increased NAD(P)H
levels (Fig. 4A). In cells transduced
withGC1shRNAconstruct glucose-
induced elevations of NAD(P)H
were not modified as both Empty
and AdshGC1 exhibited the same
profile. To determine whether over-
all mitochondrial activation would
be affected by GC1 down-regula-
tion, we measured mitochondrial
membrane potential. In control
cells transduced with the Empty
virus,mitochondrialmembranewas
hyperpolarized by raising the glu-
cose from basal 2.5 to 15 mM (Fig.
4B). Further addition of the prot-
onophore FCCP (1�M) resulted in a

rapid depolarization, reflecting dissipation of the proton gradi-
ent. A similar profile was observed in cells transduced with the
GC1shRNA construct. Glycolysis can be bypassed by the use of

FIGURE 3. Localization of GC1 at the ultrastructural level by electron microscopy. A, immunolabeling of
INS-1E cells using GC1 antiserum. B, immunolabeling of INS-1E cells using preimmune serum as negative
control. C, immunolabeling on mitochondrial preparation from INS-1E cells using GC1 antiserum. D, AdshGC1-
mediated GC1 down-regulation in INS-1E cells 4 days prior to immunodetection using GC1 antiserum. Arrows
point to insulin granules revealing labeling observed with both preimmune (B) and GC1 antiserum (A). Bar, 200
nm in A and B, 180 nm in C and D.
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the mitochondrial substrate pyruvate. Stimulation of mito-
chondrial hyperpolarization with 1 mM pyruvate revealed no
difference between Empty and AdshGC1-transduced cells (Fig.
4C). In addition, we tested the effect of themitochondrial F1F0-
ATP synthase inhibitor oligomycin (1 �g/ml). Amplitudes and
kinetics of the response to oligomycin were similar in Empty
and AdshGC1-transduced cells (Fig. 4D), indicating preserved
coupling between proton transport andATP generation. These

results indicate that the activation
of the electron transport chain was
not modified by GC1 silencing.
Cellular ATP and Cytosolic Cal-

cium Levels—Cellular ATP gener-
ation, monitored in cells express-
ing luciferase, showed a sustained
increase when raising glucose from
2.5 to 15mM (Fig. 5A). This increase
was observed in both control and
cells treated with the GC1shRNA
construct, despite slight transient
reduction in GC1 knocked down
cells.
Elevation of cytosolic Ca2� is nec-

essary for stimulation of insulin exo-
cytosis, although it does not account
for the full development of the glu-
cose response. We checked if GC1
down-regulation would affect glu-
cose-evoked cytosolic Ca2� rises.
As shown in Fig. 5B, this was not the
case as both control and AdshGC1-
treated cells similarly responded to
15 mM glucose stimulation by rais-
ing cytosolic free Ca2� to similar
levels. Taken together, these results
show that GC1 silencing did not
affect mitochondrial activation as a
whole and preserved the triggering
pathway leading to Ca2� elevation.
Glutamate Transport Activity—

We tested the activity of the mito-
chondrial glutamate carrier GC1 in
mitochondrial extracts from INS-
1E cells by assaying the rate of
the [14C]glutamate/glutamate ex-
change in reconstituted liposomes
(10). As shown in Fig. 6A, the uptake
of radioactive L-glutamate in lipo-
somes reconstituted with mito-
chondrial extract from AdshGC1-
transduced cells was markedly
reduced as compared with lipo-
somes reconstituted with the mito-
chondrial extract from Empty con-
trol cells (17.6 � 2.4 versus 34.0 �
4.0 nmol of glutamate/mg of pro-
tein, respectively, p 	 0.001).

Because glutamate/glutamate ex-
change can also be catalyzed by the mitochondrial aspartate/
glutamate carrier (12, 36), we measured the rates of glutamate/
aspartate and aspartate/aspartate exchanges, which are solely
mediated by aspartate/glutamate carrier, under the same
experimental conditions. In liposomes reconstituted with
mitochondrial extracts fromGC1shRNA construct and control
cells, the [14C]glutamate/aspartate exchange was 5.7 � 0.8 and
6.0 � 0.7 nmol/mg protein, respectively (Fig. 6B). In the same

FIGURE 4. Effect of GC1 down-regulation on NAD(P)H generation and mitochondrial membrane poten-
tial. INS-1E cells were transduced with Empty adenovirus as control or AdshGC1 to down-regulate GC1 and
used 4 days later. A, NAD(P)H autofluorescence was monitored in INS-1E-transduced cells that were stimulated
with 15.5 mM glucose for 10 min. Data are the mean � S.E. of five independent experiments. The mitochondrial
membrane potential was monitored using rhodamine-123 fluorescence in cells that were first exposed to basal
2.5 mM glucose, and mitochondrial membrane hyperpolarization was then elicited by addition of 15.5 mM

glucose (B), 2 mM pyruvate (Pyr) (C), and 1 �g/ml oligomycin (D). Control depolarization was assessed with the
uncoupler FCCP. Values are means � S.E. of three independent experiments. No stim, no stimulation.

FIGURE 5. Effect of GC1 down-regulation on cellular ATP and cytosolic calcium levels. A, cytosolic ATP,
assessed by bioluminescence, was monitored in transduced cells expressing luciferase. Cells were stimulated
with 15 mM glucose (Glc) and for 20 min 2 mM NaN3 was added as an inhibitor of the respiratory chain. Values
are means � S.E. of five independent experiments. B, cytosolic calcium concentrations were monitored as
Fura-2 fluorescence. Calcium rises were induced by switching from basal 2.5 mM to stimulatory 15 mM glucose.
Values are means � S.E. of three independent experiments. *, p 	 0.05 versus Empty.
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liposomes, the [14C]aspartate/aspartate exchange was 8.0� 1.4
and 7.7 � 1.3 nmol/mg protein, respectively (Fig. 6D). Further-
more, the [14C]aspartate/glutamate exchangewas 3.8� 0.2 and
3.7 � 0.2, respectively (Fig. 6C). Therefore, the values of the
glutamate/aspartate and aspartate/aspartate exchanges are
similar betweenAdshGC1-transduced and control cells in con-
trast to the values of the glutamate/glutamate exchange.

Effects of GC1 Down-regulation
on Insulin Secretion in INS-1E
�-Cells—As shown in Fig. 7, INS-1E
cells were assayed for secretory
responses 4 days after adenoviral
transduction. Cells were incubated
for a 30-min stimulatory period at
basal, intermediate, and high glu-
cose concentrations (2.5, 7.5, and 15
mM glucose). Non-nutrient induced
secretion was stimulated by depo-
larizing concentrations of KCl (30
mM KCl at basal 2.5 mM glucose).
The secretory responses in control
conditions revealed expected glu-
cose dose response with a 3.1-fold
increase upon 15 mM glucose con-
centrations compared with basal
release (p 	 0.001). In cells treated
with the GC1shRNA, there were
no differences at basal or intermedi-
ate glucose levels. However, the
response to 15 mM glucose was
reduced by 23%comparedwith con-
trol INS-1E cells (p 	 0.005). The
response to KCl measured in con-
trol cells (2.2-fold, p 	 0.05) was
similar in GC1shRNA-treated cells.
These results showed that reduced

GC1 expression blunted insulin secretion evoked by optimal
glucose concentration.
To test if the observed reduction of the secretory responses

could be attributed to lower provision of glutamate to the cyto-
solic compartment, we tested glucose-stimulated insulin secre-
tion in cells loaded with exogenous glutamate in the form of a
cell membrane-permeable precursor (Fig. 7). Addition of diem-
ethyl glutamate is known to potentiate the secretory response at
intermediate glucose concentrations, although it is not additive
to the action of optimal glucose (20). The presence of dimethyl
glutamate (5 mM) restored the secretory response evoked by 15
mM glucose in cells silenced for GC1 (p 	 0.005). These data
show that directmodifications of cellular glutamate pools, con-
tributed by GC1, impact on glucose-stimulated insulin secre-
tion (Fig. 7).
Effects of GC1 Down-regulation on Insulin Secretion in Iso-

lated Rat Islets—In accordance with mRNA analysis (Fig. 1A),
GC1 was expressed at the protein level in rat islets and effi-
ciently down-regulated following treatment with AdshGC1
adenovirus (Fig. 8A). Similarly to INS-1E cells, knockdown of
GC1 did not inhibit glucose-induced mitochondrial hyperpo-
larization (Fig. 8B).
Kinetics of insulin secretion profiles were determined by per-

forming perifusion experiments on pancreatic islets transduced
4 days prior to analysis with either Empty or GC1shRNA
viruses (Fig. 8C). Control islets exhibited characteristic biphasic
response to 16.7 mM glucose with a transient 8.0-fold increase
in insulin secretion when switching from basal to high glucose,
followed by sustained secretory response. AdshGC1 trans-

FIGURE 6. Glutamate transport activity in INS-1E cells with down-regulation of GC1. Glutamate and aspar-
tate transport activities were assayed in reconstituted liposomes of mitochondrial extracts derived from INS-1E
cells transduced 4 days before the experiment with control Empty adenovirus (white bars) or AdshGC1 (black
bars) to down-regulate GC1. Transport was started by adding 1 mM [14C]glutamate (A and B) or 0.05 mM

[14C]aspartate (C and D) to reconstituted liposomes containing 20 mM glutamate (A and C) or 20 mM aspartate
(B and D). The reaction time was 3 min. Data are means � S.E. from five independent experiments performed
in triplicate. *, p 	 0.001 versus Empty control, one-way analysis followed by Bonferroni t test.

FIGURE 7. Insulin secretion in INS-1E cells with down-regulation of GC1.
INS-1E cells were transduced with Empty adenovirus as control or AdshGC1 to
down-regulate GC1 and used 4 days later. Insulin secretion was measured
over a 30-min incubation period at basal 2.5 mM, intermediate 7.5 mM, and
stimulatory 15 mM glucose (Glc) concentrations. Provision of cell-permeant
glutamate was performed at 15 mM glucose by the addition of 5 mM dimethyl
glutamate (metGlut). Non-nutrient insulin release was tested at 30 mM KCl in
the presence of basal 2.5 mM glucose. Values are means � S.E. *, p 	 0.05; **,
p 	 0.001 versus basal glucose; §, p 	 0.005 versus corresponding control
(Empty virus); #, p 	 0.005 versus AdshGC1 15 mM glucose; one-way analysis
followed by Bonferroni t test.
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duced islets responded to stimulatory glucose, although the
amplitude of the secretory response was blunted during both
first (�25%, p 	 0.05) and second phases (�33%, p 	 0.05), see
Fig. 8D. These results are consistent with those obtained in the
�-cell line INS-1E, i.e. GC1 knockdown reduces glucose-stim-
ulated insulin secretion but does not affect basal release.

DISCUSSION

This study ascribes for the first time a physiological role to
the mitochondrial glutamate carrier GC1. GC1 (SLC25A22)
was previously reported to be expressed at high levels in
brain, liver, and pancreas (10). Here, we show that GC1 is
expressed in pancreatic islets and insulin-secreting �-cells as
assessed by both immunoblotting and immunohistochemistry.
Ultrastructural analysis showed that the GC1 glutamate trans-
porter is localized in mitochondria of the INS-1E �-cells. In
particular, the distribution of the immunolabeling observed by

electron microscopy indicated a matrix and/or inner mem-
brane location of the transporter, consistent with the position
of the immunogenic epitope in a matrix loop of GC1. The level
of labeling was not high, in agreement with the limited levels of
the cognate protein, a hallmark of mitochondrial carriers (38).
Silencing of the protein, mediated by shRNA, markedly
reduced GC1 expression. Bioinformatics analysis revealed that
the sequence cloned from �-cells qualifies as a member of the
mitochondrial solute carrier family SLC25.
Silencing of GC1 reduced glutamate transport, although it

did not affect electron transport chain as judged by a lack of
effect on mitochondrial membrane potential. This suggests
that activation of the electron transport chain secondary to
glucose metabolism is not dependent on glutamate transport
through the mitochondrial membrane. Importantly, knock-
down of GC1 inhibited the insulin secretion stimulated by
optimal glucose concentrations, although the triggering

FIGURE 8. Effects of GC1 down-regulation in isolated rat islets. Isolated rat islets were transduced with Empty adenovirus as control or AdshGC1 to
down-regulate GC1 and used 4 days later. A, immunoblot analysis of GC1 expression in isolated islets following SDS-PAGE 15% protein separation using 110
and 60 �g of proteins per lane prepared from two separate experiments (three in total). B, mitochondrial membrane potential was monitored using rhoda-
mine-123 fluorescence in isolated islets stimulated with 16.7 mM glucose (Glc) for 10 min and then depolarized with the uncoupler FCCP. Values are means �
S.E. of three independent experiments. C, insulin secretion profiles were determined by perifusion in response to stimulatory glucose. Transduced islets were
perifused with basal 2.8 mM glucose for 15 min and then stimulated with 16.7 mM glucose for 20 min. Data are means � S.E. of three independent experiments.
*, p 	 0.05 versus control (Empty virus) for corresponding time points, analyzed by Student’s t test. D, area under the curve derived from data shown in C and
normalized per min. The secretory profile was divided into three time frames as follows: basal (2.8 Glc), first phase (first 5-min period following exposure to 16.7
mM Glc), and second phase (from min-6 onward following exposure to 16.7 mM Glc). *, p 	 0.001 versus basal; §, p 	 0.05 versus corresponding control (Empty
virus).
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pathway leading to Ca2� elevation was preserved. The
degree of inhibition of glucose-induced exocytosis was sim-
ilar in INS-1E �-cells and pancreatic islets, i.e. in the range of
30% (23–33%, respectively). This is reminiscent of inhibition
reported previously in INS-1E cells and rat islets secondary to
overexpression of glutamate decarboxylase, used as a tool to
reduce cytosolic glutamate levels (39). Glutamate decarboxyl-
ase overexpression blunted glucose-induced glutamate rise and
inhibited the secretory response to high glucose by 31% in peri-
fused rat islets (39). More recently, we generated and charac-
terized �Glud1�/� transgenic mice with conditional �-cell-
specific deletion of the mitochondrial enzyme glutamate
dehydrogenase (22). Glutamate dehydrogenase knock-out
inhibited glucose-stimulated insulin secretion by about 40%,
showing that glutamate pathway is essential for the full devel-
opment of the secretory response, being sensitive in the upper
range of the physiological glucose concentrations (22).
Taken as a whole, past and present data indicate the quanti-

tative contribution of glutamate in the secretory response. In
agreement with these cell-based studies, transgenic mice with
targeted overexpression of glutamate decarboxylase in the
�-cells are glucose-intolerant, and their islets exhibit impaired
glucose-stimulated insulin secretion (40). Of note, using either
(i) glutamate decarboxylase overexpression to reduce the cyto-
solic glutamate pool (39), (ii) deletion of the glutamate-forming
enzyme glutamate dehydrogenase (22), and (iii) GC1 knock-
down to inhibit glutamate transfer between mitochondria and
cytoplasm (present data), only high glucose-induced insulin
release is lowered. In contrast, basal release, stimulation with
intermediate glucose, and the response to the Ca2�-raising
agent KCl are all preserved. Enlargement of the cytosolic gluta-
mate pool, contributed by mitochondrial metabolism, might
then serve as an amplifying messenger over the Ca2� signal at
high glucose levels.
To date, although the role of glutamate is debated (17), sev-

eral mechanisms of action have been proposed for glutamate as
a factor implicated in the control of insulin secretion. Among
them, there is evidence for glutamate being taken up by secre-
tory granules (19, 20), an observation correlating with expres-
sion of the vesicular glutamate transporters VGLUT1 and
VGLUT2 in insulin-secreting cells (41). Once inside the secre-
tory granule, glutamate could induce pH changes as reported in
secretory vesicles from pancreatic �-cells (42) and/or activate
metabotropic glutamate receptors mGlu5 that have been
shown to be expressed in secretory granules, therebymediating
insulin release (43). Alternative mechanisms for glutamate
action in insulin-secreting cells include activation of acetyl-
CoA carboxylase (44) and inhibition of protein phosphatase
enzymatic activities (45), as reversible protein phosphoryla-
tion/dephosphorylation cycles have been shown to play a role
in the rate of insulin exocytosis (46). All these proposed mech-
anisms of action require permissive levels of glutamate to be
reached in the cytosolic compartment.
Direct specific inhibition of glutamate transport across the

inner mitochondrial membrane decreased the efficiency of
insulin exocytosis in response to glucose. Noteworthy, both
first and second phases of the secretory response were reduced
upon GC1 silencing (Fig. 8). The amplifying pathway was orig-

inally considered as second phase-specific. However, this para-
digm has been recently revised, and amplifying signals are now
thought to be implicated in the first and second phases, acting
as additive signals on top of the triggering pathway (47). Stim-
ulation of �-cells with high glucose might result in rapid satu-
ration of the respiratory chain (48), favored both by important
glycolytic capacity because of high Km glucokinase and by low
lactate release, thereby driving most of glucose catabolic prod-
ucts intomitochondria. The resultingmassive activation favors
generation of mitochondrial products, such as citrate (49), glu-
tamate (50), GTP (51), and NADH (52). Saturated electron
transport chain would then promote export of metabolites out
of the mitochondria, a phenomenon well described in �-cells
and compensated by important activity of anaplerotic pathways
(11, 53). Suchmechanisms could signal high nutritional state to
the �-cell to adjust the rate of insulin release to levels greater
than the sole contribution of Ca2�-induced triggering pathway.

To conclude, this study identifies a new component of the
machinery responsible for proper control of insulin secretion. It
is remarkable that very little is known about mitochondrial sol-
ute carriers, in particular regarding those responsible for the
transport of metabolites. Here, the glutamate carrier GC1 is
assigned a physiological function, i.e. the control of insulin
secretion upon elevated glucose stimulation.
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