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Themitochondrial aspartate-glutamate carrier isoform 1 (AGC1) catalyzes a Ca2+-stimulated export of aspartate
to the cytosol in exchange for glutamate, and is a key component of themalate-aspartate shuttle which transfers
NADH reducing equivalents from the cytosol to mitochondria. By sustaining the complete glucose oxidation,
AGC1 is thought to be important in providing energy for cells, in particular in the CNS and muscle where this
protein is mainly expressed. Defects in the AGC1 gene cause AGC1 deficiency, an infantile encephalopathy
with delayed myelination and reduced brain N-acetylaspartate (NAA) levels, the precursor of myelin synthesis
in the CNS. Here, we show that undifferentiated Neuro2A cells with down-regulated AGC1 display a significant
proliferation deficit associated with reduced mitochondrial respiration, and are unable to synthesize NAA
properly. In thepresence of high glutamine oxidation, cellswith reducedAGC1 restore cell proliferation, although
oxidative stress increases and NAA synthesis deficit persists. Our data suggest that the cellular energetic deficit
due to AGC1 impairment is associated with inappropriate aspartate levels to support neuronal proliferation
when glutamine is not used asmetabolic substrate, andwe propose that delayedmyelination in AGC1 deficiency
patients could be attributable, at least in part, to neuronal loss combined with lack of NAA synthesis occurring
during the nervous system development.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The mitochondrial aspartate-glutamate carrier (AGC) catalyzes the
unidirectional export of mitochondrial aspartate in exchangewith cyto-
solic glutamate plus a proton across the innermitochondrial membrane
[1]. Stimulated by cytosolic calcium [1,2], AGC is a fundamental
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component of the malate-aspartate shuttle (MAS) which is the main
biochemical pathway to transfer NADH reducing equivalents from the
cytosol to mitochondria along with the glycerol-3-phosphate shuttle.
These processes occur in the various cell types with different efficiency
and are indispensable for the complete aerobic oxidation of glucose,
preserving the cellular redox statewith higher energy yield and efficient
ATP production. In humans, AGC exists as two isoforms, AGC1 and AGC2
encoded by SLC25A12 and SLC25A13 genes, respectively [1]. Both iso-
forms share very similar substrate specificity and affinities, although
AGC2 show higher transport rates than AGC1 [1]. Mutations in AGC1
and AGC2 are associated with two human diseases [3]. AGC1 defi-
ciency is a severe infantile-onset encephalopathy with epilepsy,
global developmental delay, abnormalmyelination, and reduced cerebral
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N-acetylaspartate (NAA) content [4,5]. Defects in AGC2 cause adult-onset
type 2 citrullinemia [6]. The twodisorders have very different clinical pic-
tures related to the higher expression of AGC1 and AGC2 in brain and
liver, respectively [7], and are both associatedwith impairedMAS activity
[4,8]. However, biochemical hallmarks of these pathologies appeared not
merely linked to a bioenergetic deficit. In type 2 citrullinemia, the loss of
aspartate efflux from mitochondria due to AGC2 transport defects in-
duces a liver-specific impairment of argininosuccinate synthetase, a cyto-
solic enzyme of the urea cycle [6]. Furthermore, hypomyelination in
AGC1 deficiency could be secondary to reduced levels of neuronal-gener-
ated NAA [5], a precursor for myelin synthesis produced from aspartate
and acetyl-CoA by the enzyme aspartate-N-acetyltransferase [9]. Should
this evidence demonstrate the physiological role of AGC, AGC isoforms
(AGCs) might potentially act as crucial means to supply aspartate from
mitochondria for biosynthetic purposes, with respect of the specific func-
tion of the cells where the two isoforms are expressed. However, a de-
tailed description of the relative contribution of AGCs in the various
tissues is still elusive. This is particularly true in the brainwhere a contro-
versial expression pattern of AGCs has been hitherto depicted: AGC1 is
generally thought to be the main isoform in neurons [10–11], where
AGC2 is likewise expressed, although only in restricted brain areas and
at low levels [12]. In glial cells, conflicting results did not clarify the ex-
pression profile of AGCs in astrocytes [13–16], whereas both isoforms
have been reported to be expressed in oligodendrocytes and oligoden-
drocyte progenitors [17]. The clinical manifestations in AGC1 deficiency
suggest that AGC1 should have a predominant role at least in discrete
brain cells most likely during brain development.

In the present study, AGC1 was identified as the sole AGC isoform in
proliferatingmouse neuroblastomaNeuro2A (N2A) cells, while AGC2 is
present only during differentiation. Consistently with the importance of
AGC in MAS, we showed that AGC1 down-regulation is detrimental to
the survival of undifferentiated N2A cells when exclusively fed with
substrates producing NADH in the cytosol. By contrast, addition of glu-
tamine rescued the proliferation of N2A cells with reduced AGC1: in
these cells, we demonstrated increased glutamine oxidation accompa-
nied by higher mitochondrial ROS production, strongly suggesting the
activation of adaptive mechanisms which might favor the generation
of substrates supporting proliferation, such as aspartate [18], otherwise
impeded by AGC1 inactivation. Furthermore, we demonstrated that
NAA levels in undifferentiated N2A neuroblastoma cells are strongly
reduced if AGC1 is down-regulated, a defect that can be ascribed not
only to insufficient aspartate, but also to the limited pyruvate oxidation
subsequent toMAS impairmentwhich prevents the formation of appro-
priate acetyl-CoA levels for NAA synthesis.

2. Materials and methods

2.1. Cell culture and reagents

Neuro2A cells were purchased from ATCC-LGC Standards (Italy) and
cultured at 37 °C in a humidified atmospherewith 5% CO2 in high glucose
DMEM (D6546 SIGMA - Italy) supplemented with 10% fetal bovine
serum, 50 U of penicillin G/ml and 50 μg of streptomycin sulfate. In this
study, cells were used between #3 and #20 passages. Unless otherwise
indicated, cell incubations in minimal growth medium were accom-
plished by using Minimal Essential Medium (MEM, M5650 SIGMA -
Italy). Cell counting was performed using the Scepter™ Automated Cell
Counter (MerckMillipore, Germany) according to the manufacturer's in-
structions, in parallel to trypan blue visualization to exclude significant
differences in live/dead trypsinized cells ratio among the tested cells.

2.2. AGC1-silencing shRNA design and lentiviral construct generation for
stable transduction of N2A cells.

Two shRNA cassettes 5′-TGCTTGTTCGAAAGATCTATAGCTCGAGC
TATAGATCTTTCGAACAAGCTTTTT-3′ and 5′-TGCTTGCAGACCTATATAA
TGCCTCGAGGCATTATATAGGTCTGCAAGCTTTTT-3′ were designed as a
hairpin-loop structure from the mouse Slc25a12 cDNA sequence
encoding AGC1 protein according to the guidelines described in
http://sirna.wi.mit.edu/ [19] and AgeI/EcoRI cloned into the pLKO.1 vec-
tor (Sigma - Italy), as previously described [20]. In parallel, a mismatch
shRNA 5′-TACAACCAACGCACGCTAATCTCGAGATTAGCGTGCGTTGGT
TGTTTTTT-3′ was cloned into the same vector to generate unsilencing
control plasmid. The resulting constructs were sequenced and used to
transfect HEK293T cells with the Lentiviral Packaging mix (SIGMA -
Italy) according to the manufacturer's instructions for the recombinant
generation of control LVshMM, and AGC1-silencing LVshAGC1.1 and
LVshAGC1.2 lentiviral particles. 4 days after transfection, cell condi-
tioned media containing the virus were harvested, their titer estimated
and used for the transduction. N2A cells were transduced with the
recombinant LVshMM and LVshAGC1 particles at a viral titer of ∼5
plaque-forming units/ml for 24 h at 37 °C and treated with 1 μg/ml
puromycin for stable selection.

2.3. Immunoblotting

Total cell extracts or mitochondrion-enriched fractions obtained
with Potter-Elvehjem homogenization and serial centrifugations were
lysed in RIPA buffer, solubilized in the presence of 10 mM Tris/HCl
pH 6.8, 2% SDS, 5% β-mercaptoethanol and subjected to 15% SDS-poly-
acrylamide gel for subsequent western blot analysis. AGC1, AGC2,
UCP2,α-actin and NFL antibodies were purchased from Santa Cruz Bio-
technology, Inc. (Dallas, TX USA). AAC antibody was purchased from
Mitoscience (Eugene, OR USA). Caspase 3 and PARP-1 antibodies were
purchased from Cell Signaling Technology (Danvers, MA USA). Home-
made antibodies raised in rabbit against mitochondrial carriers for
dicarboxylates (DIC), citrate (CIC), glutamate (GC), phosphate (PiC)
and 2-oxoglutarate/malate (OGC) were used. Densitometric analyses
were accomplished by using the Image Lab™ Touch software (Bio-Rad
Laboratories, CA USA).

2.4. Mitochondrial carriers transport activity measurements

30 μg of isolated mitochondria from N2A cells were solubilized
(0.5 mg/ml) in a buffer containing 3% TX-114, 1 mM EDTA, 10 mM
PIPES, pH 7.0 for 45 min on ice, and reconstituted in liposomes, as pre-
viously described [21]. Transport measurements at 25 °C were initiated
by adding radioactive substrates at the indicated concentrations to
liposomes reconstituted with mitochondrial extracts containing
20mMunlabeled substrates and terminated by adding 10mMpyridoxal
5′-phosphate and 8mMbathophenanthroline, according to the inhibitor-
stopmethod [1,22]. The incorporated radioactivitywas quantified by a LS
6500 liquid scintlilation counter (Beckman Coulter, CA USA).

2.5. Measurements of oxygen consumption (OCR) and extracellular acidifi-
cation rates (ECAR)

OCR and ECARwere simultaneouslymeasuredwith XF96 Extracellular
Flux analyzer (Seahorse Bioscience, MA USA). Respiration parameters
were also determined through the high resolution O2k respirometer
(OROBOROS Instruments, Austria). In Seahorse experiments, 25.000
cells/well were washed three times with unbuffered XF base medium
(Seahorse Bioscience, MA USA) without added substrates and then incu-
bated for 1 h in humidified incubator at 37 °C in the presence of unbuf-
fered XF base medium supplemented with 1 g/l glucose + 1 mM
pyruvate or 5 mM lactate ± 2 mM glutamine. After incubation, basal
OCR/ECAR were recorded three times for total 12 min prior to the se-
quential injections of 2 μM oligomycin, as inhibitor of ATP synthase
(three measurements for total 25 min), 0.2 μM FCCP, as mitochondrial
uncoupler (three measurements for total 25 min), and 1 μM antimycin
A + 1 μM rotenone, as mitochondrial respiratory chain inhibitors (three
measurements for total 25 min). In O2k oxygraphy experiments, 1 × 10
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[6] cells were trypsinized and the cell suspension, treated for 1 h in the
same incubationmedia used for Seahorse experiments,was subsequently
subjected to sequential addition of the above mentioned reagents. OCR
were measured as previously described [23–25].

2.6. Aequorin and luciferase luminescence measurements

N2A cells were transiently transfected with plasmids carrying the
coding sequence of recombinant aequorins selectively targeted to the
cytosol (cytAEQ) ormitochondria (mtAEQmut), and of the recombinant
luciferase targeted to mitochondria (mtLuc) [2]. Transfected cells were
incubated for 1 h at 37 °C with KRB supplemented with 1 mM CaCl2,
1 g/l glucose, 1 mM pyruvate and 2 mM glutamine (+5 μM
coelenterazine for aequorins reconstitution). Cells were subsequently
perfused in the same buffer (+20 mM luciferin for luciferase assays)
in a purpose-built luminometer where they were stimulated with
1 mM ATP. Aequorin experiments were terminated by lysing the cells
in a hypotonic solution with 0.1 mM digitonin and 10 mM CaCl2, and
light output was collected and calibrated in [Ca2+], as previously
described [26]. In luciferase assays, data are expressed as mtLuc light
output percentage of cells before agonist stimulus.

2.7. Cell fluorescence analysis

Measurements of intracellular reactive oxygen species were per-
formed by loading cells with 5 μM 5-(and-6)-chloromethyl-2′,7′-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA; Life
Technologies, C-6827) for 20 min at 37 °C, and green fluorescence of
cells was analyzed with a Tali® Image-Based Cytometer. Mitochondrial
hydrogen peroxide levels were measured in N2A cells cultured on
24mm glass coverslips and transfectedwith the ratiometric fluorescent
probe with mitochondrial localization pHyPer-dMito (mt-HyPer) [27].
After 24 h expression, cells were maintained in KRB supplemented
with 1 mM CaCl2 and the indicated carbon sources, and placed in an
open Leyden chamber on a 37 °C thermostated stage. 494/406 nm exci-
tation filters and a 500-nm long-pass beam splitter were used, and an
image pair was obtained in every 200 ms with a ×40 objective. For a
ratiometricmeasurement, at the end of eachmeasurement, the efficien-
cy of the probe was ascertained by adding H2O2 as reference. Fluores-
cence data were expressed as emission ratios. The experiments were
performed on a Cell^R Olympus multiple wavelength high-resolution
epi-fluorescence microscope. Mitochondrial inner membrane potential
(Ψm) was measured by loading the cells with 20 nM tetramethyl rho-
damine methyl ester (TMRM; Life Technologies, T-668) for 30 min at
37 °C. Images were taken on an inverted Nikon LiveScan Swept Field
Confocal Microscope (SFC) Eclipse Ti equipped with NIS-Elements mi-
croscope imaging software (Nikon Instruments). TMRM fluorescence
intensities (exc. 560 nm; emis. 590–650 nm) were imaged every 5 s
with a fixed 20 ms exposure time. At the end of the experiments, 10
μM FCCP was added after 240 acquisitions to completely collapse the
Ψm and to subtract the non-mitochondrial TMRM fluorescence, as
previously described [28].

2.8. Metabolite determinations by mass spectrometry

For metabolite quantification, LVshMM-N2A and LVshAGC1-N2A
cells were starved for 1 h in KRB without carbon sources and subse-
quently incubated in Minimum Essential Medium Eagle (MEM)
(Sigma M5650) supplemented with 1 g/l glucose, 5 mM lactate, and
with or without 2 mM glutamine. After the indicated incubation
times, conditionedMEMand cellswere harvested, extractedwithmeth-
anol/water (50–50), and the aqueous phasewas centrifuged at 13,000 g
for 20 min at 4 °C to precipitate the protein fraction. A Quattro Premier
mass spectrometer with an Acquity UPLC system (Waters - Italy) was
used for electrospray ionization LC-MS/MS analysis in themultiple reac-
tion monitoring (RMR) mode, as previously described [20]. The MRM
transitions in the negative-ion mode were m/z 190.95 N 110.89 for cit-
rate,m/z 116.88 N 73.20 for succinate,m/z 115.07 N 71.31 for fumarate,
m/z 132.95 N 115.20 for malate, m/z 144.9 N 101.10 for 2-oxoglutarate,
and m/z 174.1 N 88.0 for NAA. The MRM transitions in the positive-ion
mode were m/z 134.16 N 73.76 for aspartate, m/z 148.20 N 83.80 for
glutamate, m/z 90.00 N 44.24 for alanine, and m/z 308.28 N 179.02
for reduced glutathione. Calibration curves of standards were used for
metabolites quantifications.

2.9. Respiratory chain complex analysis

Mitochondrial respiratory chain complex and citrate synthase activi-
tiesweremeasured inpermeabilized cells using aCary 50 spectrophotom-
eter (Agilent Technologies Santa Clara, CA USA), as previously described
[29] with some modification. The NADH-ubiquinone oxidoreductase ac-
tivity of complex I was measured quantifying the decrease in UV absor-
bance accompanying the oxidation of NADH. Any rotenone-insensitive
activity was measured. Succinate dehydrogenase/complex II activity was
measured following the reduction of 2.6-dichlorophenolindophenol
(DCPIP) at 600 nm after the addition of succinate. Complex II + III (succi-
nate cytochrome c reductase) activity wasmeasured following the reduc-
tion of oxidized cytochrome c at 550 nm coupled to succinate oxidation.
The activity of complex IV was carried out by evaluating the oxidation of
reduced cytochrome c at 550 nm. ATPase activity was measured at
340 nm by coupling the production of ADP to the oxidation of NADH via
pyruvate Kinase and lactate dehydrogenase. The reactionsweremeasured
for 2 min under controlled temperature, with a linear slope in the
presence or absence of inhibitor when present, and enzymatic activity of
each complex was normalized to that of citrate synthase.

3. Results

3.1. AGC1 is the only isoform of the mitochondrial aspartate/glutamate
carrier expressed in undifferentiated N2A cells

The impact of AGC1 on neuron function was investigated in mouse
brain-derived N2A cells previously reported as a reliable model to eval-
uate neuron proliferation, metabolism and differentiation [30–32]. In
agreement with Ramos and coworkers [13], WB analysis (Fig. 1A) per-
formed with N2A cells revealed the increasing expression of AGC1
after differentiationwith dibutiryl-AMPc. AGC2 isoformwas instead de-
tected at constant levels only after cell differentiation, thus suggesting
that in undifferentiated proliferating N2A cells MAS works uniquely in
the presence of AGC1. Therefore, we stably down-regulated AGC1 ex-
pression in N2A cells by using two lentiviral constructs (LVshAGC1-
N2A.1 and LVshAGC1-N2A.2) that individually allowed a ~75% reduc-
tion of AGC1 protein even after cell differentiation andwithout affecting
AGC2 expression, as compared to N2A cells stably transduced with a
lentiviral control construct (LVshMM-N2A) (Fig. 1B). It should be
noted that, due to space limit, in Fig. 1B, as well as in all other reported
results, only data referred to LVshAGC1-N2A.1 silenced cells are shown,
unless otherwise indicated, and similar results were also obtained with
LVshAGC1-N2A.2 silenced cells. As measured with mitochondrial ex-
tracts reconstituted in liposomes (Fig. 1C), AGC1 silencing in undifferen-
tiated LVshAGC1-N2A cells reduced both the aspartate/glutamate and
the glutamate/glutamate exchange activities by ~80% and ~50%, respec-
tively, when compared to those measured with mitochondria isolated
from control cells. On one side, these data demonstrated the efficiency
of silencing to knock down AGC1 activity, while on the other hand
they suggested the presence in N2A cells of alternative mitochondrial
proteins able to perform glutamate transport, such as themitochondrial
glutamate carrier (GC) isoforms [33] (see below). It is noteworthy that
AGC1 activity in LVshAGC1-N2A cells is basically similar to that revealed
in patients with AGC1 function dramatically reduced, but not totally
abolished [5].



Fig. 1. Down-regulation of AGC1 increases lactate release in conditioned medium of N2A cells. (A) N2A cells were treated with 1 mM dibutyryl-cAMP, as differentiating agent, and
harvested every 24 h for western blot analysis. 30 ∝g of cell lysate were used to react with antisera raised against the indicated proteins. Histogram graphs show the means ± SD of
the densitometric ratios between either AGC1 or AGC2 and β-actin from three independent experiments. *p b 0.05 vs undifferentiated cells. (B) N2A cells stably transduced with either
control LVshMM or LVshAGC1 construct were differentiated with 1 mM dibutyryl-cAMP and harvested every 24 h for western blot analysis. 30 ∝g of cell lysate were used to react
with antisera raised against the indicated proteins. The neurofilament light chain protein (NFL) was monitored to evaluate neuronal maturation. (C) Aspartate/glutamate and
glutamate/glutamate exchange activities were assayed in liposomes reconstituted with mitochondrial extracts from undifferentiated N2A cells stably transduced with control LVshMM
(white bars) or LVshAGC1 (black bars) construct. Transport was initiated by adding 50 μM [14C]aspartate (left panel) or 0.2 mM [14C]glutamate (right panel) to reconstituted
liposomes both preloaded with 20 mM glutamate. The reaction times were 15 min. Data are means ± SD from 4 independent experiments performed in triplicate. *p b 0.01 vs
LVshMM-N2A cells, one-way analysis with Bonferroni t-test. (D) Lactic acid was quantified in conditioned complete DMEM harvested from control LVshMM-N2A cells (white bars) or
LVshAGC1-N2A.1 and LVshAGC1-N2A.2 cells (black and grey bars). Conditioned media from undifferentiated cells were harvested after 24 h incubation; conditioned media from
differentiated cells were harvested 24 h after addition of 1 mM dibutyryl-cAMP. Values are the means ± SD from 3 independent experiments performed in triplicate. *p b 0.01;
**p b 0.05 vs LVshMM-N2A cells; one-way analysis with Bonferroni t-test.

1425E. Profilo et al. / Biochimica et Biophysica Acta 1863 (2017) 1422–1435
The effect of reduced AGC1 activity on the transfer of the NADH re-
ducing equivalents from the cytosol to mitochondria was then tested
by measuring lactic acid secreted by N2A cells grown in complete
DMEM (Fig. 1D). As expected, after 24 h incubation the lactic acid re-
leased in the conditioned DMEM harvested from undifferentiated
LVshAGC1-N2A cells was from 70% to 120% higher than that of control
cells, while in media from differentiated LVshAGC1-N2A cells, lactic
acid was ~40% more than in medium from differentiated LVshMM-
N2A cells (Fig. 1D). Since the down-regulation of AGC1 inhibitsMAS ac-
tivity, these data suggested that LVshAGC1-N2A cells consume glucose
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preferentially in the cytosol, thus increasing the production of lactate
from glycolysis-derived pyruvate, which regenerates NAD+. Further-
more, the contemporary expression of AGC2 may only partially com-
pensate the AGC1 deficit after cell differentiation.

3.2. Down-regulation of AGC1 inhibits proliferation and mitochondrial res-
piration of N2A cells

Given that no difference in the proliferation of LVshAGC1-N2A and
LVshMM-N2A cells cultured in complete rich DMEM was observed
(data not shown), an altered glucose metabolism in AGC1-silenced
cells suggested that LVshAGC1-N2A growth was sustained by alterna-
tive utilization of other metabolites. Therefore, N2A cells were cultured
for several days in minimal growthmedia (MEM) containing glucose in
combination with other substrates for neurons, such as lactate or pyru-
vate in the presence or absence of glutamine [34] (Fig. 2A). LVshAGC1-
N2A and control LVshMM-N2A cell number was not significantly
different when grown in the presence of glucose with either pyruvate
or lactate supplemented with glutamine, with the exception of the
first measurements at 24 h and 48 h. Interestingly, when MEMwas de-
prived of glutamine, LVshAGC1-N2A cells failed to proliferate at the
same rate of control cells. In particular, in the presence of glucose and
pyruvate LVshAGC1-N2A cell number was markedly lower than that
Fig. 2. Glutamine deprivation reduces proliferation of N2A cells with down-regulated AGC1. (
grown in MEM supplemented with 1 g/l glucose + 1 mM pyruvate or 5 mM lactate ± 2 mM
Automated Cell Counter (Merck Millipore, Germany). Data are means ± SD from five in
corresponding time point; one-way analysis with Bonferroni t-test. (B) Relative quantitative a
(black columns) incubated 1 h in MEM supplemented with 1 g/l glucose + 1 mM pyruvate o
cleaved PARP1 (upper panel) and 17 kDa cleaved caspase-3 (lower panel) proteins versus β
incubated with the same medium; **p b 0.05 compared to LVshAGC1-N2A cells incubated with
of LVshMM-N2A cells, while in the presence of glucose and lactate
LVshAGC1-N2A cells started to die after 24–36 h of incubation. It should
be also noted that N2A cells were unable to grow in MEM when only
glucose was added (data not shown). As shown in Fig. 3A and B, the
measurements of cell respiration parameters in the presence of the
above mentioned substrates revealed a diminished respiratory capacity
of N2A cells with impaired AGC1 activity in the absence of glutamine.
More in the detail, the basal (routine) respiration of LVshAGC1-N2A
cells incubated for 1 h with minimal medium supplemented with glu-
cose plus either pyruvate or lactate was ~25% and ~45% decreased, re-
spectively, when compared to control LVshMM-N2A cells, as in part
previously described for intact cortical neurons with deficient AGC1
[10]. On the other hand, no difference in basal respiration of both cell
types was found when glutamine was added to the medium (Fig. 3A
and B). Moreover, the absence of glutamine in the incubation medium
caused a significant decrease in both mitochondrial Electron Transfer
System (ETS) capacity, i.e., maximal respiration with FCCP, and ATP
turnover of LVshAGC1-N2A cells (Fig. 3A and B). To verify whether bio-
energetic deficits and the reduced proliferation of LVshAGC1-N2A cells
could be associatedwith higher cell mortality, in the same experimental
conditions we estimated the cleavage of PARP1 and Caspase 3 proteins
(Fig. 2B), as markers of an occurring apoptotic process [35,36]. After
1 h incubation in MEM supplemented with glucose and either pyruvate
A) Cell count for LVshMM-N2A (white squares) and LVshAGC1-N2A (black squares) cells
glutamine. Cells were detached at the indicated times and counted using the Scepter™
dependent time courses. *p b 0.001 compared to control LVshMM-N2A cells at the
nalysis of apoptotic markers in LVshMM-N2A cells (white columns) and LVshAGC1-N2A
r 5 mM lactate ± 2 mM glutamine. Data are means ± SD of relative densities of 89 kDa
-tubulin from 3 independent western blots. *p b 0.01 compared to LVshAGC1-N2A cells
the same medium without glutamine; one-way analysis with Bonferroni t-test.



Fig. 3. Glutamine deprivation inhibits mitochondrial respiration in N2A cells with down-regulated AGC1. Oxygen consumption rates (OCR) were measured with XF96 extracellular flux
analyzer (SeaHorse) (A) and O2k oxygraph (Oroboros) (B) in LVshMM-N2A and LVshAGC1-N2A cells incubated for 1 h in base medium supplemented with 1 g/l glucose + 1 mM
pyruvate or 5 mM lactate ± 2 mM glutamine. N2A cells were exposed to sequential additions of 2 μM oligomycin, 0.2 μM FCCP, and 1 μM antimycin A + 1 μM rotenone. In Seahorse
experiments, OCR data are mean values ± SD from three independent experiments each including 5–6 replicates per cell type; *p b 0.01 compared to LVshAGC1-N2A.1 and
LVshAGC1-N2A.2 cells at the corresponding time point; one-way analysis with Bonferroni t-test; maximal respiration data with FCCP have been expressed as percentage of values
compared with those of LVshMM-N2A cells incubated in the absence of glutamine, *p b 0.01. In O2k oxygraph measurements, data are means ± SD from three independent
experiments performed in duplicates; *p b 0.01 as compared to LVshMM-N2A cells incubated with the same medium.
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or lactate, LVshAGC1-N2A cells displayed a dramatic increase of both
apoptotic markers, as compared to control LVshMM-N2A cells. Notably,
in the presence of glutamine, the apoptosis in LVshAGC1-N2A cells,
while still enhanced, was significantly reduced. All together these data
suggested a role of glutamine to sustain mitochondrial respiration and
cell viability in undifferentiated N2A cell when AGC1 levels are
impaired.

3.3. Down-regulation of AGC1 alters mitochondrial Ca2+ homeostasis in
N2A cells

AGCs are Ca2+-stimulated carriers that allow higher mitochondrial
pyruvate oxidationwhen [Ca2+] increases in the cytosol [10]. Therefore,
we simultaneously measured the extracellular acidification rate (ECAR)
and OCR of N2A cells challenged by ATP that elicits IP3-mediated
Fig. 4. Enhanced Ca2+-dependent mitochondrial response in stimulated N2A cells with do
extracellular flux analyzer (SeaHorse) in LVshMM-N2A or LVshAGC1-N2A.1 or LVshAGC1-N
pyruvate + 2 mM glutamine and stimulated with 1 mM ATP at the indicated time. ECAR and
± SD from three independent experiments each including 5–6 replicates per cell type; *p b

point; one-way analysis with Bonferroni t-test. (C) [Ca2+] were measured in N2A cells tr
mitochondria (left panel) of LVshMM-N2A and LVshAGC1-N2A cells. Cells were perfused w
20 mM HEPES, pH 7.4) supplemented with 1 mM CaCl2, 1 g/l glucose, 1 mM pyruvate and 2
following measurements: for LVshMM-N2A cells, [Ca2+]c peak values, 1.01 ± 0.11 μM, n = 2
values, 1.20 ± 0.15 μM, n = 20; [Ca2+]m peak values, 17.5 ± 3.11 μM, n = 20. (D) Relative in
microscopy in LVshMM-N2A and LVshAGC1-N2A cells incubated for 1 h in base medium
glutamine. Cells were loaded with 20 nM TMRM for 30 min at 37 °C and fluorescence inten
after 6 acquisitions to induce the Ca2+ release from the intracellular stores. Data are means ±
three independent experiments; *p b 0.001 compared to LVshMM-N2A cells. (E) ATP-depen
mtLuc and incubated for 1 h in KRB supplemented with 1 mM CaCl2, 1 g/l glucose, 1 mM pyru
and challenged with 1 mM ATP. Data are expressed as percentage of mtLuc light output incre
of the following results: for LVshMM-N2A cells, 18.1 ± 3%, n = 20 of the prestimulatory value
mobilization of Ca2+ from intracellular stores [37]. ECAR significantly
decreased in stimulated LVshMM-N2A cells when compared to that of
LVshAGC1-N2A cells independently whether either glucose and pyru-
vate (Fig. 4A) or glucose and lactate (not shown) ± glutamine were
used as incubation substrates. Surprisingly, in the same experimental
conditions, the expected increase of OCR after ATP stimulation was vir-
tually the same in both control and AGC1 silenced N2A cells (Fig. 4B).
ECAR data confirmed that in the presence of higher [Ca2+]c, mitochon-
drial pyruvate consumption underlying cell respiration cannot be
boosted when MAS is deficient [10] and suggest that glutamine supply
does not modify the mitochondrial Ca2+-stimulated pyruvate metabo-
lism. On the other hand, OCRmeasurements suggested that in undiffer-
entiated N2A cells with reduced AGC1, additional factors might
maintain a high respiration rate when intracellular Ca2+ signals are
triggered. As measured with Ca2+-sensitive recombinant aequorins
wn-regulated AGC1. ECAR (A) and OCR (B) were simultaneously measured with XF96

2A.2 cells incubated for 1 h in base medium supplemented with 1 g/l glucose + 1 mM
OCR were normalized to basal values before agonist stimulation and expressed as means
0.05 compared to two separate LVshAGC1-N2A cell cultures at the corresponding time
ansiently expressing recombinant aequorins targeted to the cytosol (right panel) or
ith Krebs-Ringer buffer (KRB: 135 mM NaCl, 5 mM KCl, 1 mM MgSO4, 0.4 mM KH2PO4,
mM glutamine, and challenged with 1 mM ATP. Shown traces are representative of the
0; [Ca2+]m peak values, 9.51 ± 2.41 μM, n = 20; for LVshAGC1-N2A cells, [Ca2+]c peak
creases of Δψm after Ca2+-releasing agonist stimulation were measured by fluorescence
supplemented with 1 g/l glucose, either 1 mM pyruvate or 5 mM lactate, and 2 mM
sities were imaged every 5 s with a fixed 20 ms exposure time. ATP 100 μM was added
SD of TMRM percentage intensities normalized to values before agonist stimulation in

dent luminescence was measured in LVshMM-N2A and LVshAGC1-N2A cells expressing
vate and 2 mM glutamine. In the luminometer, cells were perfused in the same medium
ase from cells normalized to the prestimulatory values. Shown traces are representative
; for LVshAGC1-N2A cells: 28.8 ± 5%, n = 20.
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(Fig. 4C), in both stimulated control and AGC1-silenced N2A cells ex-
pressing cytosolic aequorin (cytAEQ), [Ca2+]c peaks were virtually the
same. Instead, LVshAGC1-N2A cells expressing the mitochondrially
targeted aequorin (mtAEQmut) showed a two-fold increased mito-
chondrial Ca2+ accumulation as compared to control LVshMM-N2A
cells. Remarkably, the higher mitochondrial Ca2+ uptake resulted sup-
ported by a more elevated mitochondrial membrane potential (Δψm)
in response to the agonist (Fig. 4D), and accompanied by a significant
enhancement of the Ca2+-induced mitochondrial ATP synthesis in si-
lenced LVshAGC1-N2A cells (Fig. 4E). All together these results indicat-
ed that in cells with down-regulated AGC1 a stronger activation of the
mitochondrial Ca2+-dependent pyruvate, isocitrate and 2-oxoglutarate
Fig. 5. Relative metabolite content in N2A cells with down-regulated AGC1. Media from LVsh
incubation with MEM supplemented with 1 g/l glucose, 5 mM lactate and 2 mM glutamine. M
of glutamine (E and F). Glutamine (A and C) and glutamate (E) levels in MEM, and the tot
glutathione, 2-oxoglutarate, succinate, fumarate, L-malate and citrate (B, D and F) were d
preparations, *p b 0.05 compared with LVshMM-N2A cells, one-way analysis with Bonferroni t
dehydrogenases may take place [37], thus in turn further stimulating
the mitochondrial metabolic machinery.

3.4. Metabolomic analysis of AGC1-silenced N2A cells reveals an increased
consumption of TCA cycle intermediates

Taken together, our data suggested that AGC1-silenced N2A cells
might adapt their metabolism to stimulate mitochondrial activity, in
particular by strengthening bothmitochondrial Ca2+-sensitivity and glu-
tamine oxidation. By LC-MS/MS analysis, we studied whether increased
glutamine expenditure occurs in N2A cells with down-regulated AGC1.
As shown in Fig. 5A and C, the uptake of glutamine in LVshAGC1-N2A
MM-N2A and LVshAGC1-N2A cells were harvested after 1 h (A and B) and 6 h (C and D)
edia and cells were also harvested after 1 h incubation with the same medium deprived
al cell pools of L-glutamate, L-glutamine, L-aspartate, L-asparagine, L-alanine, reduced
etermined by mass spectrometry. Error bars represent the SD of three independent
-test.
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cells wasmarkedly increased compared to LVshMM-N2A cells (~25% and
~15%, after 1 h and 6 h incubation, respectively). Consequently, the rela-
tive glutamine content in LVshAGC1-N2A cells was higher than in control
cells, although not significantly (Fig. 5B and D). These data indicated that
glutamine is not only efficiently imported, but also highly consumed by
N2A cells when AGC1 is silenced. Interestingly, when cells were deprived
of glutamine (Fig. 5E), LVshAGC1-N2A took ~50% more glutamate from
the culturemediumand the intracellular glutamate contentwas ~50% re-
duced (Fig. 5F), as compared to control cells. By extending our analysis to
other amino acids and TCA cycle intermediates, after 1 h incubation,
LVshAGC1-N2A cells showed a significant increase of intracellular alanine
which is consistent with reduced mitochondrial pyruvate oxidation [38],
and marked decrease of aspartate as well as of 2-oxoglutarate, succinate,
fumarate and malate, but not of citrate, as compared to LVshMM-N2A
cells (Fig. 5B and F). Similar results were obtained when measurements
were performed after 6 h incubation in medium containing glutamine
with the only exception for alanine content which appeared restored to
values similar to those of control cells (Fig. 5D). Therefore, although in
the presence of inhibited pyruvate oxidation, N2A cells with low AGC1
activity appear able to consume at a higher rate the TCA cycle intermedi-
ates downstream of glutamate deamination [39].

3.5. Changes in mitochondrial protein activity are associated with higher
ROS generation in AGC1-silenced N2A cells

Mass spectrometry data prompted us to investigate the activity of
members of the mitochondrial carrier family that may potentially
lower or increase the concentration of TCA cycle intermediates in
anaplerosis and/or cataplerosis [40]. As shown in Fig. 6A, the expression
ofmitochondrial carriers CIC, GC, AAC andDIC resulted unvaried in both
LVshMM-N2A and LVshAGC1-N2A cells. The mitochondrial UCP2 carri-
er, a mitochondrial exchanger of aspartate with other C4 metabolites
[20], appeared somewhat reduced in LVshAGC1-N2A cells, although
not significantly. Most notably, N2A cells with reduced AGC1 revealed
a striking increase in both expression and transport activity of themito-
chondrial carriers for phosphate (PiC) and 2-oxoglutarate/malate
(OGC), the latter participating together with AGC in the MAS [22]. It
should be noted that similar changes in mitochondrial carrier expres-
sion profile occurred in cells grown with minimal growth medium
(data not shown). Furthermore, we investigated whether the mito-
chondrial respiratory chain was affected by AGC1 silencing. The activity
of mitochondrial respiratory chain complexes II, II + III, IV and ATP syn-
thase were not significantly different in both LVshMM-N2A and
LVshAGC1-N2A cells. By contrast, a significant decrease in complex I ac-
tivity in LVshAGC1-N2A cells was found (Fig. 6B). Since increased pro-
duction of hydroxyl radicals has been ascertained in mitochondrial
pathologies with complex I deficiency [41,42] and is a recurrent cause
of neuronal loss [43,44], ROS generation in both cytosol and mitochon-
dria of AGC1-silenced N2A cells was measured (Fig. 6C). We detected a
more pronounced mitochondrial ROS generation in LVshAGC1-N2A
cells compared to control cells grown in complete rich DMEM. To better
understand whether ROS production was dependent on substrate sup-
ply, mtHyper ratiometric fluorescence was measured in cells incubated
in minimal growth medium. When N2A cells were supplemented with
glucose plus either pyruvate or lactate, there was no significant differ-
ence in the high ROS synthesis between LVshAGC1-N2A and LVshMM-
N2A cells. By contrast, the addition of glutamine to the medium signifi-
cantly mitigated mitochondrial ROS production in control cells, but, im-
portantly, not in LVshAGC1-N2A cells which appeared subjected to
higher oxidative stress in each tested condition. As a result, these data
suggested a protective role of glutamine against ROS synthesis in mito-
chondria that lacks in N2A cells with knocked-down AGC1.

All together these data denote that undifferentiated N2A cells with
low AGC1 activity may survive only by adapting their metabolism,
expending more glutamine with the deleterious consequence of
increasing oxidative stress. By interpreting OCR and HPLC/MS data
(Figs. 3A, B and 5), higher glutamine utilization by AGC1-silenced N2A
cells would both enforce the Krebs cycle and provide metabolites for
biosyntheses and cell proliferation. In our hypothesis (see Fig. 7 and
discussion), in the absence of an efficient AGCwhich provides aspartate
in the cytosol, glutamine may represent an alternative source for this
amino acid essential in proliferating cells [18,45].

3.6. Impaired AGC1 activity inhibits N-acetylaspartate synthesis in N2A
cells

Aspartate along with acetyl-CoA is required for the synthesis of N-
acetylaspartate (NAA) by the neuronal aspartate N-acetyltransferase
(ANAT) [9,46,47]. NAA is the precursor of myelin lipids in the brain
and is severely reduced in patients affected by AGC1 deficiency where
AGC1 activity is either absent [4] or significantly inhibited [5]. Indeed,
N2A cells with silenced AGC1 revealed a striking deficit of NAA content
compared to control cells, whichwas not rescued even when cells were
incubated with glutamine for longer time (6 h) (Fig. 8). These data sug-
gested that aspartate produced in N2A cells with reduced AGC1 might
be preferably utilized for proliferation process. However, it could be
also argued that AGC1 activity impairment, which in turn inhibits pyru-
vate oxidation in N2A mitochondria, might generate insufficient levels
of acetyl-CoA to participate in ANAT reaction, thus unable to synthesize
appropriate NAA levels.

4. Discussion

Recent advances in bioenergetics studies have emphasized a crucial
role for mitochondria in the proper development of the nervous system
[48,49]. The significant number of neurological pathologies associated
with inbornmitochondrial dysfunctions in humans [50,51] further sug-
gests the primary importance of the correct fulfilment of bioenergetic
processes in order to sustain healthy brain maturation. Brain energetic
metabolism is primarily based on glucose oxidation, and mitochondria
emerge as central organelles to allow the metabolic changes underpin-
ning neuronal and glial cells function in the different stages of brain
differentiation [52]. In particular, it has been recently demonstrated
that improved bioenergeticswith increasedmitochondrial activity is re-
quiredwhen neuronal differentiation takes place [48]. Neurons normal-
ly oxidize almost exclusively glucose through the combined activity of
glycolysis and TCA cycle for subsequent ATP synthesis [53]. Further-
more, although controversial and highly debated, evidence supports
the existence of the astrocyte-neuron lactate shuttle, where the glu-
cose-derived lactate released from astrocytes is taken up and oxidized
by neurons as an additional or alternative energy substrate [54–56].
Oxidation of either glucose- or lactate-derived pyruvate in neurons re-
quires the correct transfer of NADH reducing equivalents from the cyto-
sol to mitochondria. Therefore, being the malate/aspartate NADH
shuttle the main redox shuttle system in brain [53,57,58], the activity
of Ca2+-regulated AGC isoforms becomes crucial for healthy brain func-
tions. However, the relative contribution of AGC1 and AGC2 in themod-
ulation of bioenergetics and mitochondrial metabolism in neurons and
other brain cells has not yet been fully elucidated. As an example, sever-
al studies have so far depicted a controversial expression pattern of AGC
in neurons,where AGC1 is thought to be themain isoform andAGC2 has
been shown to be expressed only at low levels in discrete brain regions
[12]. In the present study, we have identified in undifferentiatedmouse
brain-derived N2A cells, a neuronal cell model expressing uniquely
AGC1. In our hands, diversely to AGC1, AGC2 is virtually undetectable
in proliferatingN2A cells,whereas both AGC isoforms are simultaneous-
ly expressed when cells are committed to complete differentiation
(Fig. 1A). This experimental evidence suggested that AGC1 might have
an irreplaceable energetic function during N2A cell proliferation, while
AGC2 could be recruited to sustain increasedmitochondrial bioenerget-
ics in the subsequent stages of neuronal differentiation. Indeed, when
pyruvate or lactate where used with glucose as the sole respiratory



Fig. 6. Activities of mitochondrial carriers and respiratory chain complexes in N2A cells with down-regulated AGC1. (A) Mitochondrial carrier levels and activities in undifferentiated
AGC1-silenced N2A cells. The expression of mitochondrial ADP/ATP carrier (AAC), dicarboxylate carrier (DIC), citrate carrier (CIC), glutamate carrier (GC), uncoupling protein 2
(UCP2), phosphate carrier (PiC), 2-oxoglutarate/malate carrier (OGC) and β-ATPase were determined by densitometric analysis on western blots performed on mitochondrial extracts
from LVshMM-N2A (white bars) and LVshAGC1-N2A cells (black bars). The left panel shows representative images of three independent experiments performed with antibodies
specific for the indicated proteins and relative intensity of protein bands are shown in the central panel (mean values ± SD, n = 3, *p b 0.01 compared to LVshMM-N2A
mitochondria). The right panel shows the activities of the [14C]ATPext/ATPint, [14C]aspartateext/phosphateint, [33P]phosphateext/phosphateint and [14C]2-oxoglutarateext/malateint
exchanges catalyzed by AAC, UCP2, PiC and OGC proteins, respectively, and assayed in liposomes reconstituted with the mitochondrial extracts of LVshMM-N2A or LVshAGC1-N2A
cells. Transport was initiated by adding 0.1 mM of the indicated radiolabeled substrates to proteoliposomes preloaded with 20 mM of the indicated internal substrates. Data are means
± SD, n = 3, *p b 0.01 compared to liposomes reconstituted with LVshMM-N2A mitochondrial extracts, one-way analysis with Bonferroni t-test. (B) Mitochondrial respiratory chain
complex activities in undifferentiated AGC1-silenced N2A cells. Activities of the indicated complexes in LVshMM-N2A (white bars) or LVshAGC1-N2A cells (black bars) were
determined by spectrophotometry and related to citrate synthase (C.S.) activity which resulted unvaried in both cell types. Data are means ± SD, n = 3, *p b 0.01 compared to
LVshMM-N2A cells, one-way analysis with Bonferroni t-test. (C) Cytosolic and mitochondrial hydrogen peroxide was measured in LVshMM-N2A (white bars) and LVshAGC1-N2A cells
(black bars) loaded with 5 μM CM-H2DCFDA (left panel) or expressing the ratiometric H2O2-sensitive mt-HyPer protein (central and right panel). Measurements were performed in
cells in complete rich DMEM (left and central panel) or incubated 1 h in MEM with 1 g/l glucose, 1 mM pyruvate or 5 mM lactate ± 2 mM glutamine. Data are means ± SD, n = 3, *p
b 0.01, **p b 0.05 compared to LVshMM-N2A cells, one-way analysis with Bonferroni t-test.
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Fig. 7. Down-regulation of AGC1 in N2A cells impairs the malate/aspartate NADH shuttle and mitochondrial pyruvate oxidation. Glutamine oxidation generates energy by stimulating a
partial TCA cycle and promotes an alternative pathway for the synthesis of aspartate which is indispensable for nucleic acid, protein and NAA synthesis. Dashed lines indicate inhibited
pathways. In the present scheme, phosphate-activated glutaminase (PAG) is assumed to be localized on the external side of the inner mitochondrial membrane [71]. GDH, glutamic
dehydrogenase; OGC, 2-oxoglutarate/malate carrier; MPC, pyruvate carrier; GC, glutamate carrier; LDH, lactic dehydrogenase; cMDH, cytosolic malic dehydrogenase; cAST and mAST,
cytosolic and mitochondrial aspartic transaminase; ALT, alanine transaminase.
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substrates, AGC1 impairment brings undifferentiatedN2A cells to an en-
ergetic deficit (Fig. 3A and B)whichmay underlie the boosted apoptotic
processes compromising normal cell viability (Fig. 2A and B) [59]. This is
particularly true when lactate is used. The oxidation of this substrate
Fig. 8. Down-regulation of AGC1 reduces the content of N-acetylaspartate in N2A cells.
Relative N-acetylaspartate concentrations were determined by mass spectrometry in
LVshMM-N2A and LVshAGC1-N2A cells harvested after 1- or 6-h incubation with MEM
supplemented with 1 g/l glucose, 5 mM lactate and 2 mM glutamine. Error bars
represent the SD of four independent preparations; *p b 0.01 compared to LVshMM-
N2A cells, one-way analysis with Bonferroni t-test.
generates in neurons an additional quota of cytosolic NADH [60]
which cannot be correctly re-oxidized in mitochondria with impaired
AGC1, thus further unbalancing the cellular redox state. Conversely,
we observed that even in the absence of functional MAS, the addition
of glutamine to the cellular medium apparently re-establishes a normal
bioenergetic profile of N2A cells, as shown in terms of basal respiration,
ATP turnover and mitochondrial respiration capacity, and restores cell
survival. It has been documented that in hypoglycemic conditions
neurons actively use glutamine and in turn glutamate as alternative
fuels to sustain energy production by entering the TCA cycle at the
level of 2-oxoglutarate dehydrogenase [61]. Accordingly, our data dem-
onstrated that undifferentiated N2A cells with down-regulated AGC1
scarcely oxidize pyruvate, but have a higher disposition to take and con-
sume glutamine (Fig. 5). As expected, glutamine consumption appears
not to interfere with pyruvate oxidation, since higher lactate synthesis
occurs in AGC1-silenced N2A cells either grown in rich medium with
glutamine (Fig. 1D) or stimulated with the Ca2+-releasing agonist ATP
even in the presence of glutamine (see ECAR changes in Fig. 4A), i.e.
when pyruvate oxidation is maximized [10]. According to our data, it
could be suggested that in the brainwith impaired AGC1 [4,5], neuronal
progenitors could survive only if appropriate glutamine concentrations
are available. It should be noted that astrocytes supply glutamine to
neurons [62] by a process called glutamate-glutamine cycle where
part of the neuronally released glutamate is converted by the astrocyt-
ic-specific enzyme glutamine synthase (GS) to glutamine which is
then transferred back to neurons. Moreover, through aerobic glycolysis,
astrocytes carry out net synthesis of glutamate and glutamine, aswell as
of TCA cycle intermediates and related derivatives whose traffic to neu-
rons has been demonstrated [63]. To our knowledge, the consequences
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of AGC1 impairment in astrocytes have not yet been evaluated exhaus-
tively and negative effects on their intense oxidativemetabolism, and in
turn on neuron nourishment, cannot be excluded, thus further
compromising the correct neuronal maturation process [16,64].

In neuronsMAS is not only crucial for NADH transfer from cytosol to
mitochondria, but also to allow the export of TCA cycle derivatives to-
wards the cytosol via metabolite exchange processes [65,66 and refs.
therein]. This is indispensable when biosynthetic processes occur and
intermediates such as oxoglutarate, malate and oxaloacetate (OAA)
are diverted away from theTCA cycle to supply the otherwise consumed
amino and keto acid pools in the cytoplasm. In this context, anaplerotic
reactions are essential. However, anaplerotic enzymes, such as pyruvate
carboxylase andmalic enzyme, would be of scarce utility without mito-
chondrial pyruvate oxidation, and appear to be abundant in astrocytes,
while absent in neurons [66–68]. If this is the case also in proliferating
undifferentiated neurons, exchange activity of the mitochondrial trans-
porters involved in MAS would represent a potential preferential path
to move intermediates required for biosynthesis. As a consequence,
AGC1 impairment inN2A cellsmay result in unbalancing the integration
of cytosolic keto and amino acid pools, in particular aspartate. Aspartate
is essential for many cell processes since it participates in protein and
nucleotide syntheses, and is the main metabolic product of respiration
in proliferating cells, as recently reported [18,45]. Importantly, gluta-
mine oxidation by neurons results in massive formation of aspartate
[69,70]. Nevertheless, since the main site of aspartate production is
the mitochondrial matrix [18], the absence of functional AGC1 in N2A
cells proliferating with glutamine would make the inner mitochondrial
membrane inaccessible for aspartate exit unless other transporters in-
tervene. To our knowledge, themitochondrial UCP2 is the only alterna-
tive candidate to transport aspartate out ofmitochondria [20]. However,
our data reveal that in mitochondria from AGC1-silenced N2A cells, as-
partate transport catalyzed byUCP2 appears not to compensate the dra-
matic reduction of aspartate/glutamate exchange activity (compare
Figs. 1C and 6A). Conversely, we show that N2A cells respond to AGC1
reductionwith augmented expression and activity of bothmitochondri-
al PIC and OGC. Increased PIC levels could be required to sustain mito-
chondrial ATP synthesis rates, as for example measured when cells
were triggered with Ca2+-releasing agonists (Fig. 4E). Overexpression
of OGC could be interpreted on one side as a biochemical adaptation
to sustain theweakenedMAS activity. On the other side, in the presence
of glutamine supply, increased OGC might diversely favor the exit of C4
metabolites from the TCA cycle, specificallymalate (Fig. 7). Inmitochon-
dria, glutamine-derived glutamate [71,72] is converted to 2-
oxoglutarate by both glutamic dehydrogenase (GDH) and aspartic
transaminase (AST). 2-Oxoglutarate entering into a partial TCA cycle
generates energy and furnishes OAA for the formation of aspartate by
AST, as well [61]. In our hypothesis, in AGC1 deficient N2A cells, fueled
2-oxoglutarate oxidation favors increased OCR, but impeded efflux of
mitochondrial aspartate may in turn inhibit the amination of exceeding
OAA by mitochondrial AST. As a result, the augmented mass of C4 TCA
intermediates following glutamine oxidation may generate additional
mitochondrial malate which could be released in the cytosol by
overexpressed OGC whose bidirectional transport activity is not
constrained by themitochondrial membrane potential [65]. In the cyto-
sol, oxidation of malate by MDH may both produce further lactate and
generate OAA which subsequently aminated by cytosolic AST would
complete an alternative path for aspartate synthesis in the cytosol.
However, the adaptation mechanism boosted by glutamine oxidation,
although preserving cell proliferation, appears to lead AGC1 deficient
cells to the metabolic sequela of higher oxidative stress (Fig. 6C), most
likely due to the observed lower activity of respiratory complex I, a
well-known site of ROS production [41] whichmay inaccurately handle
the flux of NADH generated by glutamine oxidation. The reduced aspar-
tate content revealed in proliferating AGC1-silenced cells (Fig. 5), could
therefore be interpreted as a high utilization of this amino acid for pro-
tein and nucleotide synthesis purposes during cell growth and division
[18]. In addition, the required aspartate synthesismight likely be less ef-
ficient in AGC1-silenced cells than in normal cells, and therefore other
aspartate-requiring cellular processes may be disadvantaged. This may
explain the reduced NAA synthesis measured in AGC1 deficient N2A
cells (Fig. 8). NAA is formed from aspartate and acetyl-CoA by the neu-
ron-specific aspartateN-acetyltransferase (Asp-NAT). NAA is thought to
be a molecule carrying acetyl groups for the formation of myelin lipids
in oligodendrocytes. Reduced NAA content is observed in patients
with AGC1 deficiency who suffer of hypomyelination and cerebral vol-
ume loss [4,5]. Indeed, in AGC1 deficient cells, NAA production might
be compromised by the limited availability of both Asp-NAT reagents.
Pyruvate oxidation is the main source of acetyl-CoA. In particular,
when exceeding pyruvate oxidation occurs, the additionalmitochondri-
al citrate produced in the TCA cycle is exported out in the cytosol and
then cleaved by citrate lyase, thus providing acetyl-CoA for biosynthetic
purposes. Therefore, it could be suggested that when AGC1 is
inactivated, the subsequent MAS impairment impedes efficient pyru-
vate oxidation [10] and may prevent the formation of appropriate ace-
tyl-CoA levels for NAA synthesis. In this case, ketone bodies or amino
acids, such as leucine, bypassing the metabolic block caused by AGC1
deficit, would provide a direct source of acetyl-CoA [73] which in the
presence of appropriate aspartate levels could rescue NAA synthesis.
This hypothesis is consistentwith the recently reported case of a patient
affected by AGC1 deficiency who has been successfully treated with a
ketogenic diet leading to clear improvement of psychomotor develop-
ment and restored myelination [74]. However, we did not measure
any significant change in citrate levels in AGC1 deficient N2Acells and
further experiments are needed to clarify whether the normal levels
of this metabolite coincide with sufficient supply of acetyl-CoA for
NAA synthesis. In addition, our data do not allowdiscerningwhether re-
duced pyruvate oxidation inhibits NAA synthesis in mitochondria or
cytosol.

5. Conclusions

Together our results allow us to hypothesize a pivotal function of
AGC1 in the needs of undifferentiated neurons, not only bymaintaining
a balanced energy metabolism through correct pyruvate oxidation, but
also by warranting appropriate provision of crucial biosynthetic metab-
olites in the cytosol, in particular aspartate and acetyl-CoA. In view of
further experimentation to be performedwith human cell models, for in-
stance with AGC1 activity comparable to that observed in AGC1-silenced
N2A cells [5], our results demonstrate that loss of AGC1 is incompatible
with undifferentiated neuron proliferation and NAA synthesis. Further-
more, compensatory pathways, such as increased glutaminolysis and
alternative aspartate biosynthesis are most likely induced to allow the
survival of dividing neurons, and their investigation may be crucial to
clarify the metabolic changes occurring in developing brain with AGC1
deficiency.
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