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Aralar/AGC1/Slc25a12, the mitochondrial aspartate-glutamate carrier expressed in neurons, is the regulatory component of the NADH
malate-aspartate shuttle. AGC1 deficiency is a neuropediatric rare disease characterized by hypomyelination, hypotonia, developmental
arrest, and epilepsy. We have investigated whether b-hydroxybutyrate (bOHB), the main ketone body (KB) produced in ketogenic
diet (KD), is neuroprotective in aralar-knock-out (KO) neurons and mice. We report that bOHB efficiently recovers aralar-KO neu-
rons from deficits in basal-stimulated and glutamate-stimulated respiration, effects requiring bOHB entry into the neuron, and pro-
tects from glutamate excitotoxicity. Aralar-deficient mice were fed a KD to investigate its therapeutic potential early in development,
but this approach was unfeasible. Therefore, aralar-KO pups were treated without distinction of gender with daily intraperitoneal
injections of bOHB during 5d. This treatment resulted in a recovery of striatal markers of the dopaminergic system including dopa-
mine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC)/DA ratio, and vesicular monoamine transporter 2 (VMAT2) protein. Regarding
postnatal myelination, myelin basic protein (MBP) and myelin-associated glycoprotein (MAG) myelin proteins were markedly
increased in the cortices of bOHB-treated aralar-KO mice. Although brain Asp and NAA levels did not change by bOHB administra-
tion, a 4-d bOHB treatment to aralar-KO, but not to control, neurons led to a substantial increase in Asp (3-fold) and NAA
(4-fold) levels. These results suggest that the lack of increase in brain Asp and NAA is possibly because of its active utilization by the
aralar-KO brain and the likely involvement of neuronal NAA in postnatal myelination in these mice. The effectiveness of bOHB as a
therapeutic treatment in AGC1 deficiency deserves further investigation.
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tate-glutamate carrier; mitochondrial disorders

Significance Statement

Aralar deficiency induces a fatal phenotype in humans and mice and is associated with impaired neurodevelopment, epilepsy,
and hypomyelination. In neurons, highly expressing aralar, its deficiency causes a metabolic blockade hampering mitochon-
drial energetics and respiration. Here, we find that bOHB, the main metabolic product in KD, recovers defective mitochon-
drial respiration bypassing the metabolic failure in aralar-deficient neurons. bOHB oxidation in mitochondria boosts the
synthesis of cytosolic aspartate (Asp) and NAA, which is impeded by aralar deficiency, presumably through citrate-malate
shuttle. In aralar-knock-out (KO) mice, bOHB recovers from the drastic drop in specific dopaminergic and myelin markers.
The bOHB-induced myelin synthesis occurring together with the marked increment in neuronal NAA synthesis supports the
role of NAA as a lipid precursor during postnatal myelination.
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Introduction
Aralar/AGC1 is an electrogenic mitochondrial transporter that
extrudes aspartate (Asp) from the mitochondria to the cytosol in
exchange for glutamate, and, as the regulatory component of the
malate-aspartate shuttle (MAS), plays a crucial role in the trans-
fer of NADH from the cytosol into the mitochondria. AGC1 is
expressed in all excitable tissues and, in the CNS, is mainly or
exclusively restricted to neurons (Ramos et al., 2003; Berkich et
al., 2007; Xu et al., 2007; Pardo et al., 2011). The absence of
Aralar-MAS induces a decrease in mitochondrial respiration in
neurons but not in astrocytes (Gómez-Galán et al., 2012;
Llorente-Folch et al., 2013a; Juaristi et al., 2017). Aralar-knock-
out (KO) mice have a short life expectancy [as they die around
postnatal day (PND)20–PND22] and develop motor-coordina-
tion deficits from PND12 onward, prominent hypomyelination
throughout the CNS, epilepsy, and pronounced deficits in Asp
and NAA levels in brain and in cultured neurons (Jalil et al.,
2005). Besides, aralar-KO mice show hyperactivity, anxiety-like
behavior, hyperreactivity, and a failure in the nigrostriatal dopa-
minergic system (Llorente-Folch et al., 2013b).

In humans, Aralar/AGC1 deficiency causes the rare dis-
ease “global cerebral hypomyelination” (OMIM #612949,
also named early infantile epileptic encephalopathy 39), a
neurodevelopmental disease that matches aralar-KOmice pheno-
type, as it is characterized by severe hypomyelination, hypotonia,
neurodevelopmental arrest, and seizures (Wibom et al., 2009; Falk
et al., 2014; Kavanaugh et al., 2019; Pfeiffer et al., 2020). The first
patient described for Aralar/AGC1 deficiency initiated a treatment
with ketogenic diet (KD) at the age of 6 and for at least 19months.
At this time, the response of this affected patient to the treatment
was reported to be dramatic (Dahlin et al., 2015), presenting a
clear improvement in psychomotor development and resumed
myelination.

KD has a high fat content (80–90%) with little but sufficient
protein, and a drastic reduction in carbohydrates content that
leads to a switch from glucose to ketogenic metabolism. KD con-
tains both long-chain fatty acids (LCFA) and medium-chain fatty
acids (MCFA), which give rise to ketone bodies (KBs) in the
liver, increasing the KB: glucose ratio in circulation. KD has been
proved to be beneficial in patients with pharmaco-resistant epi-
lepsy (Klepper et al., 2007; Kossoff et al., 2009; Villeneuve et al.,
2009; Kessler et al., 2011) and, interestingly, in several metabolic
disorders like GLUT-1 deficiency (Alter et al., 2015) and MPC-1
deficiency (Vanderperre et al., 2016). Indeed, it has also been
proposed as a therapeutic diet in several neurologic diseases as
Alzheimer’s disease (Van der Auwera et al., 2005), amyotrophic
lateral sclerosis (Zhao et al., 2006), Huntington’s disease (Ruskin
et al., 2011), autism (Ruskin et al., 2013), Parkinson’s disease
(VanItallie et al., 2005), and as previously mentioned in two
patients with Aralar/AGC1 deficiency (Dahlin et al., 2015;
Pfeiffer et al., 2020).

Similarly, the administration in vivo of b -hydroxybutyrate
(bOHB), the main metabolic product of KD, has been shown to
have the same anticonvulsant and neuroprotective properties as
KD (for review, see Maalouf et al., 2009). Understanding the spe-
cific role of bOHB in the effects of KD has a special interest in
Aralar/AGC1 deficiency because only KB, but not KD lipids, are
metabolized by neurons (Thevenet et al., 2016). Therefore, this
work is focused on the study of the therapeutic potential of both
KD and bOHB administered early in development to aralar-de-
ficient mice. However, it was not possible to complete a KD
treatment on aralar-KO mice. On the other hand, our study
demonstrates bOHB to be highly effective to rescue reduced

basal and agonist-stimulated mitochondrial respiration in
aralar-KO neurons bypassing the metabolic failure imposed by
Aralar/MAS deficiency. Importantly, bOHB treatment to
aralar-KO mice recovered deficiencies both in specific dopami-
nergic markers and in postnatal myelin synthesis in this mouse
model.

Materials and Methods
Animals
Mice with a mixed SVJ129 x C57BL/6 genetic background carrying
a decifiency for Aralar/AGC1/Slc25a12 expression [aralar wild-type
(WT); heterozygous, aralar1/�; and KO], were obtained from Lexicon
Pharmaceuticals Inc (Jalil et al., 2005). All mice used were aged-matched
littermates from aralar1/� breeding pairs, without distinction of gender.
Mice were housed in a humidity-controlled and temperature-controlled
room on a 12/12 h light/dark cycle, receiving water and food ad libitum.
All animal procedures were approved by the corresponding institutional
ethical committee (Center of Molecular Biology Severo Ochoa) and
Autónoma University (CEEA-CBMSO-23/159), and were performed in
accordance with Spanish regulations (BOE 67/8509–12, 1988) and
European regulations (EU directive 86/609, EU decree 2001–486),
reporting followed the ARRIVE Guidelines. All efforts were made to
minimize the number of animals used and their suffering.

Neuronal cell culture
Neuronal cultures were obtained from embryonic day (E)15–E16 mouse
embryos as previously described (Ramos et al., 2003; Pardo et al., 2006),
from crosses between SVJ129 x C57BL/6 aralar1/� mice, and embryonic
tissue samples were preserved for genotype determination of each
embryo as previously described for aralar (Jalil et al., 2005). Neurons
were maintained in a serum-free B27, glutaMAX, and antibiotics supple-
mented neurobasal medium (NB; Invitrogen) until day in vitro (DIV)9
for experimentation. Neurons represented.80% of the total cell popula-
tion (Ramos et al., 2003; Pardo et al., 2006).

KD and bOHB treatments
For all the in vivo experiments, crosses between SVJ129 x C57BL/6
aralar1/� mice were set. Aralar1/� pregnant mothers were fed a stand-
ard diet (SD) or KD from the day they were crossed or 5 d after delivery.
SD consisted of 4% fat, 60.5% carbohydrate, and 18% protein and
offered a metabolizable energy of 16.95MJ/kg (Safe-Diets, U8404610R);
KD consisted of 79.2% fat, 6.3% carbohydrate, and 8% protein and
offered a metabolizable energy of 31.6MJ/kg (SSniff, E15149-30). For
the experiments performed with bOHB, intraperitoneal injections of ve-
hicle (i.e., 0.9% NaCl) or 290mg/kg/d bOHB (DL-b -hydroxybutyric
acid sodium salt, Sigma-Aldrich) were performed to WT and aralar-
KO litters from PND12 to PND16. Gross abnormalities, body
weight, and growth were checked for each pup. On PND17, pups
were killed, and brains were extracted for dissection of cerebral
regions and its preservation at �80°C.

Measurement of cellular oxygen consumption
Oxygen consumption rate (OCR) in intact neurons was measured using
Seahorse XF24 Extracellular Flux Analyzer (Agilent) as previously
described (Llorente-Folch et al., 2013a). Primary cortical neurons were
maintained in NB (25 mM glucose) until DIV9–DIV10, or were precon-
ditioned during 48 h in glucose-free NB A medium (NB-A; Invitrogen)
supplemented with 5 mM glucose, B27, glutaMAX, and antibiotics. Cells
were equilibrated with bicarbonate-free low-buffered DMEM (without
pyruvate, L-lactate, glucose, glutamine, and calcium) supplemented with
2.5 mM glucose and 2 mM CaCl2 for 1 h before XF assay. Treatments
with 5 mM bOHB, 5 mM acetoacetate (AcAc), 1 mM AR-C155858 (AR-
C1) or 20 mM dimethylfumarate (DMF) were performed as detailed in
figure legends. Sequential addition of medium or 50 mM glutamate
(Glu50), 6 mM oligomycin (Oli), 0.5 mM 2,4-dinitrophenol (DNP), and 1
mM rotenone/1 mM antimycin (R/A) were performed when indicated.
Basal O2 consumption, O2 consumption linked to ATP synthesis (ATP-
linked), non-ATP linked O2 consumption (H1-leak), mitochondrial
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uncoupled respiration (MUR), and nonmitochondrial O2 consumption
parameters were determined (Qian and Van Houten, 2010; Brand and
Nicholls, 2011). Protein from each well was extracted with 0.1% NP-40
PBS solution and quantified with BCA protein assay kit (ThermoFisher),
and data were normalized from protein concentration. Non-mitochon-
drial OCR was subtracted to OCR values and normalized from basal
values.

Measurement of cytosolic pH
Cytosolic pH was measured in neurons with the fluorescent probe 2’,7’-
bis(2-carboxyethyl)�5(6)-carboxy-fluorescein (BCECF-AM; Invitrogen).
At DIV9, neurons were incubated during 30min at 37°C in HEPES-buf-
fered control salted solution (HCSS; 137 mM NaCl, 1.25 mMMgSO4, 10 mM

HEPES, 3 mM KCl, 2 mM NaHCO3, 2 mM CaCl2, and 1% BSA, pH 7.4),
supplemented with 2.5 mM glucose, and containing 0.12 mM BCECF-AM
and 0.025% pluronic F.127 (Invitrogen). After a 20-min wash in HCSS,
BCECF fluorescence was imaged ratiometrically using alternate excitation
at 450 and 490nm, and a 530-nm emission filter with a Neofluar 40�/0.75
objective in an Axiovert 75 M microscope (Zeiss). When appropiate, neu-
rons were pretreated with 1 mM AR-C1 for 20min, and 5 mM bOHB was
added during cytosolic pH imaging. Images were acquired with the
Aquacosmos 2.5 software (Hamamatsu). The ratio of fluorescence intensity
at 450nm (F450) and 490nm (F490), (F450/F490) was calculated for single cell
analysis of cytosolic pH.

Cellular viability assay
Primary cortical neurons maintained in NB (25 mM glucose) were
treated with 5 mM bOHB for 30min (acute treatment) or once every
24 h for 96 h (chronic treatment). At DIV9, neurons were changed to
Eagle’s MEM and treated for 5min with a glutamate concentration (10–
25 mM) predetermined to give around 50% killing of neurons. Then cells
were rinsed and maintained in fresh NB (25 mM glucose) for 24 h until
calcein/propidium iodide (CA/PI) viability assay; 5 mM bOHB was pres-
ent during glutamate stimulation and in the subsequent fresh media.
Neurons were loaded with 1 mM calcein-AM (Invitrogen, wavelength ex-
citation/emission 494/517 nm) and 2 mM PI (Sigma-Aldrich, wavelength
excitation/emission 536/617 nm) for 5min at 37°C, as previously
described (Mattson et al., 1995). Images were captured with 40� objec-
tive with an inverted microscope AF6000 LX (Leica), and cells counts
were determined in triplicate using ImageJ software.

3-(4,5-dimethylthiazol-2-yl)�2,5-diphenyltetrazolium bromide salt solu-
tion (MTT) reduction assay
Primary neuronal cultures maintained in NB (25 mM glucose) were sup-
plemented with 5 mM bOHB once every 24 h from DIV5 to DIV9.
Then MTT reduction capacity of neurons was assessed through their
incubation with 0.5mg/ml MTT (Sigma-Aldrich) during 1 h at 37°C.
After a PBS rinse, reduced formazan products were solved in dimethyl-
sulfoxide (DMSO), and absorbance at 540 nm was measured with
FLUOstar optima microplate reader (BMG Labtech). Data are presented
as percentage of basal condition inWT neurons.

Quantitative real-time PCR
Primary cortical neurons were supplemented with 5 mM bOHB once
every 24 h from DIV5 to DIV9 and lysed in guanidinium thiocyanate
(TRIzol; Sigma-Aldrich). After a 10-min incubation with added chloro-
form, samples were centrifuged 15min at 13,000 rpm at 4°C. The RNA
transparent phase was mixed with isopropanol and incubated for 2 h at
�20°C. After centrifugation, pellets were washed in 80% ethanol, dried
and solved in DNase and RNase free ultrapure water (Invitrogen). DNA
residues were eliminated with DNase I recombinant RNase-free (Roche,
04-716-728-001) after a 30-min incubation at 37°C. Retrotranscription
was performed with cDNA Reverse Transcription kit (Thermo Fisher
Scientific). cDNA was amplified with Fast SYBR MasterMix probe
(Thermo Fisher Scientific) in the ABI Prism 7900HT sequence detection
system (Thermo Fisher Scientific) at the Genomics and Massive
Sequencing Facility (CBMSO–UAM). The primers used for amplifying
the target genes were: mouse PPARGC1A (59-TGTCACCACCG
AAATCCT-39; 59-CCTGGGGACCTTGATCTT-39) and mouse b -actin
(59-CTAAGGCCAACCGTGAAAAG-39; 59-ACCAGAGGCATACAGG

GACA-39) as a housekeeping gene. Valid Prime expression (Tataa
Biocenter, A106S25) was checked in all the samples and no significant
gDNA expression was obtained. The relative expression of genes were
calculated using the 2�DDCt Livak comparative method (Schmittgen and
Livak, 2008).

Amino acids and monoamines quantification
Mice on PND17 were killed by decapitation and brain regions were im-
mediately dissected according to Carlsson and Lindqvist (1973) and Itier
et al. (2003). Tissue samples were preserved at �80°C. Striatum samples
were sonicated in 6 vol (weight/volume) of 0.4 N perchloric acid (PCA)
for deproteinization and then centrifuged at 10,000 � g at 4°C for
20min. Amino acids were determined by HPLC, as previously described
(Perucho et al., 2015). Fluorescence detection was accomplished with
Jasco detector (FP-2020) at 240 and 450nm for excitation and emission
wavelengths, respectively. Amino acids were identified by their retention
times, and their concentrations were calculated by comparison to cali-
brated amino acid external standard solutions (1.5mM). Dopamine (DA)
and their metabolites were measured from supernatants by HPLC with
an ESA Coulochem detector, according to Mena et al. (1984) with minor
modifications. The chromatographic conditions were as follows: a col-
umn ACE 5 C18, 150� 4.6 mm (UK); a citrate/acetate buffer 0.1 M, pH
3.9 with 10% methanol, 1 mM EDTA, and 1.2 mM heptane sulfonic acid,
flow rate 1 ml/min. The detector voltage conditions were D1 (10.05 V),
D2 (�0.39 V), and the guard cell (10.40 V). Monoamine levels were
identified by their retention time and the amounts calculated against
calibrated external standard solutions (0.6mM).

Asp andN-acetyl-Asp (NAA) determination with HPLC-MS
In vivo-treated animals were killed at PND17, and their brains were
halved for the determination of Asp and NAA. Primary cortical neurons
treated with or without 5 mM bOHB for 96 h were rapidly rinsed in
ultrapure milliQ water. Brain and neuronal samples were placed on dry
ice and extraction buffer (i.e., methanol:chloroform:water, in a propor-
tion of 700:200:50) was immediately added (1:9 volume/weight in brain
tissue and 300ml per million of neurons). Samples were homogenized,
incubated 15min on ice, centrifuged 10min at 13,000 rpm, 4°C, and
supernatants were preserved. Half-volume of extraction buffer was
added to the pellets and the resultant supernatants after centrifugation
were collected together with the first ones. Pellets were employed for
protein quantification by BCA protein assay kit (ThermoFisher). HPLC-
MS determinations were conducted in lyophilized supernatants by SIDI
from Universidad Autónoma de Madrid in HPLC 1200 Series with Triple
Quadrupolo 6410 mass detector. The chromatographic conditions were as
follows: Ace 5AQ, C18, 5mm, 250� 4.6 mm ID column; two mobile phases
(A: H2O milliQ1 0.1% formic acid or B: acetonitrile1 0.1% formic acid)
injected at 0.4 ml/min at different times to create a gradient; ESI1/�; dry-
ing gas temperature: 325°C; drying gas flux: 12min; nebulizer: 45psi; capil-
lary:14500 V/�4500 V.

Western blotting
Cortical brain samples from in vivo-treated mice were sonicated in iced-
cold lysis buffer (20 mM Tris-HCl, 10 mM AcK, 1 mM EDTA, and 0.25%
NP-40; pH 7.4) freshly supplemented with 1 mM DTT, protease inhibi-
tors [1 mM phenylmethylsulfonyl fluoride (PMSF), Fluka; and 1 mM

iodoacetamide, Merck], and phosphatase inhibitors (phosSTOP, EDTA-
free, Roche). Lysis buffer supplemented with 0.75% Na2CO3 was added
to striatal pellets obtained after amino acid extraction, in a proportion of
1:9 versus initial tissue weight. Protein lysates (30mg) were resolved by
PAGE-SDS (10% polyacrylamide), and proteins were transferred to
nitrocellulose membranes (GE HealthcareProtran 0.2, GE Healthcare
Life Sciences). Blocking was performed in 5% (w/v) dry skimmed milk
(Sveltesse, Nestle) in Tris-buffered saline [10 mM Tris-HCl (pH 7.5), 150
mM NaCl plus 0.05% (v/v) Tween 20] for 1 h at room temperature (RT).
Membranes were incubated overnight at 4°C with primary antibodies
against myelin-associated glycoprotein (MAG; monoclonal, 1:1000;
Santa Cruz Biotechnology), myelin basic protein (MBP; monoclonal,
1:1000; Bio-Rad), vesicular monoamine transporter 2 (VMAT2; polyclo-
nal, 1:500; Millipore), DA and cAMP-regulated phosphoprotein
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(32 kDa; DARPP-32; polyclonal, 1:5000; Millipore), and b -actin
(1:5000; monoclonal; Sigma-Aldrich). Horseradish peroxidase (HRP)-
conjugated secondary anti-rabbit (GARPO, 1:10,000; Bio-Rad) and anti-
mouse (HAMPO, 1:5000; Vector Laboratories) were incubated for 1 h at
RT. Signal detection was performed and enhanced with chemilumines-
cence substrate (Western lighting-ECL; PerkinElmer).

Statistical analysis
As a general rule, comparisons were planned between WT and aralar-
KO groups, and between vehicle-treated and bOHB-treated aralar-KO
groups. Vehicle-treated WT samples were considered as control group.
In vitro experiments were conducted in primary neuronal cultures
obtained from E15 to E16 embryos without gender consideration, and
sample sizes contained a minimum of three embryos coming from at
least two different primary cultures. Two-way ANOVA followed by post
hoc Bonferroni-corrected t tests were performed except for AR-C1 sea-
horse XF assay and Asp and NAA determinations, in which one-way
ANOVA followed by Newman–Keuls multiple comparison t test was
made. In vivo experiments were performed in brain samples obtained
from vehicle-injected and bOHB-injected WT and aralar-KO pups
killed at PND17, without gender consideration. One-way ANOVA
followed by post hoc Bonferroni-corrected t tests or Newman–Keuls
multiple comparison t test was performed. Data are presented as
mean 6 SEM; the sample size for each experiment is indicated in the
figure legends. Significance is presented as pp, 0.05, ppp, 0.01,
pppp, 0.001. All statistical analyses were performed using GraphPad
Prism v.5.01 for Windows.

Results
Metabolic effects of bOHB in neurons derived from aralar-
KOmice
KD was shown to ameliorate the Aralar/AGC1 deficiency-related
phenotype in a human patient (Dahlin et al., 2015), the first child
described with Aralar/AGC1 deficiency associated to global cere-
bral hypomyelination (Wibom et al., 2009). The diet was sup-
plied to the affected patient at an advanced developmental stage
when she was already six years old, and for at least 19months.
Also, KD reduces seizure frequency in a recently reported new
human case of Aralar/AGC1 deficiency (Pfeiffer et al., 2020).
Therefore, we assessed the therapeutic effectiveness of KD on the
neurodevelopment of aralar-deficient pups (Fig. 1). To that end,
KD was provided to the mothers of aralar-KO mice from one
week before and during pregnancy and lactation (KD from gesta-
tion; Fig. 1B,C), or to aralar1/� females with pups of five post-
natal days during lactation (KD at PND5; Fig. 1D–F). In both
cases, KD had negative effects on females and offspring. As KD
administration was not feasible for the aralar-KO mice, we
turned to the metabolic product of KD, bOHB.

The molecular mechanisms responsible for the beneficial
effects of KD in each situation such as epilepsy, neurotrauma,
genetic diseases as GLUT-1 deficiency or AGC1 deficiency
(Klepper et al., 2007; Maalouf et al., 2009; for review, see Lutas
and Yellen, 2013; Dahlin et al., 2015; Pfeiffer et al., 2020) need to
be determined. KD is mainly composed of triglicerides, and of
LCFA and MCFA which are metabolised mainly in liver giving
rise to KBs: acetone, AcAc, and bOHB. Whereas LCFA do not
cross the blood-brain barrier (BBB), and MCFA are only used by
astrocytes but not by neurons (Thevenet et al., 2016), KBs can be
efficiently oxidized by both neurons and astrocytes in brain
(Edmond et al., 1987). For this reason, we focused on bOHB,
the KB whose concentration maximally increases in blood during
KD and is readily used by neurons, the main brain cell type
expressing aralar (Ramos et al., 2003; Xu et al., 2007; Berkich et
al., 2007; Pardo et al., 2011).

We started by investigating the effects of acetoacetate (AcAc)
and bOHB on aralar-KO neurons as a first step toward a treat-
ment of aralar-KO mice. bOHB in blood attains 1–2 mM or
even higher concentrations (6–8 mM) during fasting or pro-
longed fasting, respectively, and reaches 5–7 mM in blood after
KD in a patient with Aralar/AGC1 deficiency (Newman and
Verdin, 2014; Dahlin et al., 2015). Therefore, primary neuronal
cultures were treated with 5 mM bOHB to assess its neuropro-
tective capacity in aralar-deficient neurons.

Respiration of neurons in the presence of glucose in either ba-
sal non-stimulated conditions or in response to 50 mM glutamate
(Glu) is significantly impaired by the lack of Aralar-MAS as
determined by Seahorse OCR profiles (Llorente-Folch et al.,
2013a, 2016; Fig. 2A–H). Besides, pyruvate supply is able to fully
recover limited respiration in aralar-deficient neurons (Llorente-
Folch et al., 2013a, 2016); showing that the lack of Aralar-MAS
mainly prevents adequate glucose-derived pyruvate supply, pro-
ducing a metabolic limitation to mitochondria. In this context,
bOHB was provided as a likely energetic fuel to bypass Aralar/
MAS deficiency in neurons, which is directly metabolized within
the mitochondrial matrix. WT and aralar-KO neurons cultured
in NB media supplemented with 25 mM (Fig. 2) or 5 mM (data
not shown) glucose until DIV9 were subsequently switched to
2.5 mM glucose in the presence or absence of 5 mM bOHB for
30min, and then tested for basal and glutamate-stimulated respi-
ration (acute treatment). Figure 2A–D shows that acute bOHB
treatment tends to increase basal respiration in both aralar-KO
andWT neurons. We noted that acute bOHBmarkedly potenti-
ated glutamate-induced stimulation of respiration in aralar-KO
(Fig. 2C,D) but not in WT neurons (Fig. 2B,D). A chronic
bOHB treatment (48 h) to neurons (5 mM bOHB in the pres-
ence of 5 mM glucose) was then applied, before the switch to 2.5
mM glucose used for OCR analysis. A chronic treatment with
bOHB mimics in vivo conditions of KD. In this case, a marked
increase of basal OCR (from 6.686 0.42 nmol/min/mg to
10.546 0.82 in the presence of bOHB) was observed in aralar-
KO neurons along with a similar potentiation of glutamate-
stimulated respiration, whereas no effect was reported in WT
neurons (Fig. 2E–H). These results show a preferential effect of
chronic bOHB on glutamate-stimulated respiration of aralar-
KO as compared with control neurons, and even a specific effect
of acute bOHB on aralar-KO neurons which become able to
sustain 50 mM glutamate-stimulation of respiration to the same
levels as control neurons. We have also tested the effect of the
other major KB, AcAc, on Glu50-stimulated respiration of
aralar-KO neurons. Acute treatment (30min) with 5 mM AcAc
elicited smaller stimulation than bOHB (Fig. 2I,J). For this rea-
son, the study was focused on bOHB effects.

bOHB was also tested for neuroprotection against in vitro
glutamate excitotoxicity in primary neuronal cultures from WT
and aralar-KO embryos cultured in 25 mM glucose NB medium
(Fig. 2K). Neurons in nutrient-restricted MEM were exposed to
10–25 mM Glu during 5min after bOHB administration (acute,
30min; or chronic, 96 h). bOHB was present during Glu expo-
sure and 24 h after excitotoxic treatment until viability assay.
Basal and Glu-induced neuronal death was similar in both
WT and aralar-KO neurons (Fig. 2K), as previously reported
(Llorente-Folch et al., 2016). bOHB administration protected
from Glu-induced cell death in aralar-KO neurons in a
96.68% and 90.78% after acute and chronic treatments,
respectively. In agreement with that observed on neuronal res-
piration (Fig. 2A–H), bOHB exerted a preferential effect on
aralar-KO neurons.
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One of the mechanisms through which bOHB could be
exerting a neuroprotective effect is by allowing an improved re-
dox status in mitochondria. While NADH/NAD1 ratio is low in
aralar-KO brain mitochondria (Pardo et al., 2006) because of the
lack of MAS and limited pyruvate supply (Llorente-Folch et al.,
2013a), bOHB oxidation in mitochondria leads to the synthesis
of NADH, which is necessary to maintain mitochondrial oxida-
tive reactions and to produce mitochondrial NAD(P)H, through
nicotinamide nucleotide transhydrogenase (NNT; Nesci et al.,
2020). Accordingly, Figure 2L shows that bOHB increases MTT
reduction specifically in aralar-KO neurons, an indicative of an
increased level of NAD(P)H in these neurons which start from a
more oxidized mitochondrial redox balance.

Molecular mechanisms involved in restoration of glutamate-
stimulated respiration by bOHB in aralar-KO neurons
bOHB is considered to be more than a fuel, since it has a variety
of signaling functions that might be involved in its overall meta-
bolic effects (Fig. 3A). bOHB activates a Gi/o-protein-coupled
receptor on the plasma membrane HCAR2/GPR109A, or may
directly modulate gene expression by chromatin remodeling

(Danial et al., 2013; Newman and Verdin, 2014; for review, see
Grabacka et al., 2016). Therefore, it is relevant to find out the
molecular mechanisms involved in bOHB neuroprotection of
aralar-KO neurons.

HCAR2, a Gi/o-protein-coupled receptor of the hydroxy car-
boxylic acid receptor family, is activated by extracellular space
metabolites resulting in reduced cAMP levels (Butcher et al.,
1968; Tunaru et al., 2003). bOHB is the main endogenous ligand
of this receptor (Offermanns et al., 2011). Human HCAR2 has
an EC50 for its substrates of ;700 mM, a concentration easily
attainable during fasting. HCAR2 expression in brain is re-
stricted to microglia and some sets of neurons, although more
studies are needed to identify the neuronal cell populations
expressing this receptor and its potential effects on neuronal
metabolic modulation (Offermanns and Schwaninger, 2015;
for review, see Katsu-Jiménez et al., 2017). To evaluate the role
of HCAR2 activation in bOHB effects in aralar-KO neurons,
we have used the synthetic HCAR2 ligand dimethylfumarate
(DMF), with immunomodulatory and neuroprotective effects
(Offermanns and Schwaninger, 2015; Graff et al., 2016; Peng et
al., 2016). As shown in Figure 3B–E, 48-h treatment with DMF

Figure 1. Effect of KD on mice. A, Experimental design of treatments with SD and KD in mice. Experimental design 1: aralar1/� mice were fed a SD or a KD during one week before gesta-
tion and during both gestation and lactation of the offspring. However, KD had unwanted consequences in females’ health, pregnancy, and number of offspring. B, Evolution of aralar1/�

females body weight fed a SD or KD during the in vivo experiment. C, Percentage of survival, pregnancy and births of aralar1/� females fed a KD at experimental day 30. Experimental design
2: females were fed a KD when pups were at PND5. However, despite delaying KD administration, most of the offspring from females fed a KD were rickety; aralar�/� pups did not survive
and a high percentage of aralar1/1 and aralar1/� siblings prematurely died. D, E, Evolution of individual offspring body weight under SD (D) and KD (E) from PND5 to PND28. F, Percentage
of survival of aralar1/1, aralar1/�, and aralar�/� mice at PND20 SD, standard diet; KD, ketogenic diet.
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had no effect either in basal or in glutamate-stimulated respira-
tion in WT and aralar-KO neuronal cortical cultures in vitro.
This was also the case for 30-min acute treatment with DMF
(data not shown). These results indicate that stimulation of respi-
ration by bOHB is not because of effects through HCAR2, as
DMF does not mimic the effects of bOHB.

KD increases mitochondrial mass in neuronal tissue
(Lauritzen et al., 2016), presumably through up regulation of
PGC1a, a master regulator of mitochondrial biogenesis. KD and

bOHB treatments increase mitochondrial functional compe-
tence via PGC1a in hippocampal tissue in vivo and in cultures in
vitro, respectively (Hasan-Olive et al., 2019). To analyze the
effects of bOHB on PGC1-a levels, bOHB (5 mM) was adminis-
trated for 96 h to cultured neurons. This treatment was found to
increase PGC1a mRNA levels in WT, but not in aralar-KO neu-
rons, in which PGC1a was markedly increased compared with
control ones (Fig. 3F). These results support the potential of
bOHB to induce an increase of PGC1a expression in neurons

Figure 2. Effects of b OHB on mitochondrial respiration and neuroprotection of aralar-KO primary neuronal cultures. Effects of 30-min preincubation with 5 mM b OHB on WT or aralar-KO
neurons maintained in 25 mM glucose NB until DIV9 (A–D), on basal respiration (A, OCR, nmol O2/min/mg protein) or on glutamate 50mM (Glu50)-stimulated respiration (B–D, as % of basal
values). E–H, Effects of 48-h b OHB treatment on WT and aralar-KO neurons maintained in 5 mM glucose NB-A from DIV7 to DIV9 on basal respiration (E, F) or Glu50-stimulated respiration
(G, H). Mean6 SEM from three to six embryos per condition measured in three to nine replicates; pppp� 0.001, pp� 0.05 (two-way ANOVA followed by post hoc Bonferroni-corrected t test).
I, J, Effects of 30-min treatment with 5 mM b OHB or 5 mM AcAc on glutamate 50 mM (Glu50)-stimulated respiration on aralar-KO neurons. Mean 6 SEM (three to six wells/condition);
pppp� 0.001, pp� 0.05 (one-way ANOVA followed by post hoc Bonferroni-corrected t test). Mitochondrial function was determined at DIV9 in 2.5 mM glucose and 2 mM Ca21 DMEM. Sequential
addition of glutamate (Glu50), 6 mM oligomycin (Oli), 0.5 mM dinitrophenol (DNP), and 1 mM rotenone/1 mM antimycin (R/A) was performed where indicated by the dashed lines in B. K,
Percentage of dead cells maintained in 25 mM glucose NB in basal conditions of after treatment with glutamate (Glu), with or without 5 mM b OHB during 30min or 96 h. Data calculated as an
increase in % of dead cells versus basal. Mean 6 SEM from four to six replicates coming from four to five different embryos per condition; pppp� 0.001, ppp� 0.01, pp� 0.05 (two-way
ANOVA followed by post hoc Bonferroni-corrected t test). L, Percentage of MTT reduction in WT and aralar-KO neurons under basal conditions or preincubated 96 h with 5 mM b OHB. Data expressed
as % of WT basal (mean6 SEM from 8 to 12 different embryos per condition measured in triplicate); pp� 0.05 (two-way ANOVA followed by post hoc Bonferroni-corrected t test).
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and suggest that Aralar/AGC1 deficiency leads to PGC1a over-
expression probably as a compensatory mechanism linked to the
bioenergetic limitation of these neurons. Whether PGC1a is
involved in the increase in glutamate-stimulated respiration in
aralar-KO neurons caused by long-term treatment with bOHB
remains to be established.

We have tested the role of bOHB as a fuel for neurons, after
blocking bOHB transport into the cell with AR-C155858 (AR-
C1), a potent inhibitor of monocarboxylate transporters (MCTs)
MCT1 and MCT2 (Ovens et al., 2010). bOHB-treated aralar1/

� neurons showed an increase in glutamate-stimulated

respiration (Fig. 3H,I) although smaller than that showed for
aralar-KO neurons in Figure 2C,D. The bOHB-dependent
increase was abolished by incubation with 1 mM AR-C1
(30min; Fig. 3H,I), a dose that clearly inhibits bOHB entry to
the neuron. Indeed, monocarboxylate entry in cells is accom-
panied by a proton (Bröer et al., 1999), and the inhibition of
bOHB entry was confirmed by the fact that bOHB-induced
intracellular acidification was strongly decreased in the pres-
ence of AR-C1 (Fig. 3G). These results indicate that bOHB
entry in the neuron is required for its effects in recovering
neuronal respiration of aralar-KO neurons.

Figure 3. Molecular pathways involved in the effects of b OHB on neuronal respiration. A, Representative scheme of b OHB actions in neurons as a fuel and as a signaling molecule. Image
created with BioRender.com. B, Effects of 20mM DMF and 5 mM b OHB on basal respiration expressed as OCR (nmol O2/min/mg protein). C–E, Effects of DMF and b OHB on Glu50-stimulated
respiration expressed as % of basal values (C), in WT (D), and aralar-KO (E) neurons. Mean6 SEM from three to seven embryos measured in triplicate; pppp� 0.001, pp� 0.05 (two-way
ANOVA followed by post hoc Bonferroni-corrected t test). F, PGC1a mRNA levels in WT and aralar-KO neurons under basal conditions and after 96-h treatment with 5 mM b OHB. b -Actin
used as a housekeeping gene. Mean6 SEM from 6–12 embryos measured in triplicate; pppp� 0.001, versus WT basal (two-way ANOVA followed by post hoc Bonferroni-corrected t test). G,
Intracellular pH variations of aralar1/� BCECF-AM loaded neurons expressed as variation in fluorescence ratio (DF490/F450), after 5 mM b OHB acute addition with or without a 30-min preincu-
bation with 1 mM MCT2 inhibitor AR-C155858 (AR-C1). H, Effects of 1 mM AR-C1 30-min preincubation on Glu50-stimulated respiration, with or without a 5 mM b OHB 15-min preincubation in
aralar1/� neurons. I, Glu50-stimulated respiration expressed as % of basal OCR. Mean 6 SEM from one to two embryos in triplicates; pp� 0.05 (one-way ANOVA followed by Newman–
Keuls multiple comparison t test). Mitochondrial function determined in 2.5 mM glucose and 2 mM Ca21 DMEM as indicated in Figure 1B. AcAc, acetoacetate; AcCoA, acetyl-CoA; CoQ, coenzyme
Q; CytC, cytochrome C; DMF, dimethylfumarate; HCAR2, hydroxycarboxylic acid receptor 2; HDACs, histone deacetylases; MCT2, monocarboxylate transporter 2; TCA, trycarboxylic acid cycle;
b OHB, b -hydroxybutyrate. ns, not significant.
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Therapeutic effects of intraperitoneal injections of bOHB in
aralar-KO mice
We have studied the in vivo effects of bOHB based on its ability
to recover glutamate-stimulated respiration and neuroprotect

aralar-KO neurons in vitro, and also because it constitutes the
main metabolic product of KD with wellknown beneficial effects
in different paradigms (for review, see Maalouf et al., 2009).
bOHB can cross the BBB through the MCTs (Halestrap and
Meredith, 2004). WT and aralar-KO mice were injected intra-
peritoneally with bOHB (290mg/kg/d) from PND12 to PND16
(Fig. 4A) to assess its effects on survival and recovery of brain
deficits observed in aralar-deficient mice (Jalil et al., 2005;
Ramos et al., 2011; Llorente-Folch et al., 2013b). Life expectancy
of aralar-KO pups was not modified in bOHB-treated as

Figure 4. In vivo effects of b OHB on mice survival and body weight. A, Scheme of exper-
imental design of b OHB in vivo treatments in WT and aralar-KO mice and the parameters
studied. B, Percentage of litters’ survival at PND12. C, Evolution of litters’ body weight during
b OHB in vivo treatments from PND12 to PND19.

Table 1. Striatal amino acid levels after intraperitoneal bOHB injections

Amino acids
(nmol/g tissue)

WT Aralar-KO

Mean 6 SEM
(% vs WT control) Control b OHB Control b OHB

Aspartate 31136 152 26566 287 10616 85ppp 9186 122ppp
100% 85% 34% 29%

Glutamate 78696 332 66836 659 35926 252ppp 32446 437ppp
100% 85% 46% 41%

Serine 14136 156 14586 295 4366 113pp 3486 47pp
100% 103% 31% 25%

Glutamine 27396 121 25506 266 6506 63ppp 6946 106ppp
100% 93% 24% 25%

Histidine 816 8 876 6 666 3 596 6p
100% 108% 81% 73%

Glycine 9826 60 10846 163 9846 126 7726 124
100% 110% 100% 79%

Threonine 2996 55 3036 66 1216 18p 806 14pp
100% 101% 41% 27%

Arginine 1586 7 1496 12 1126 12p 846 10ppp
100% 94% 71% 53%

Taurine 116686 258 100906 1174 96426 1041 87366 1000
100% 86% 83% 75%

Alanine 10426 96 9086 98 3286 31ppp 2556 24ppp
100% 87% 31% 24%

Tyrosine 1206 33 1436 43 766 28 326 5
100% 119% 50% 26%

GABA 11906 38 11646 121 13296 168 9846 154
100% 98% 112% 83%

Data are expressed as mean 6 SEM and normalized to WT control (n= 6–8 mice per group);
pppp� 0.001, ppp� 0.01, pp� 0.05 (one-way ANOVA followed by Student–Newman–Keuls t test).

Figure 5. In vivo effects of b OHB on striatal dopaminergic system in aralar-KO mice. A,
Striatum DA, DOPAC, and DOPAC/DA in WT and aralar-KO striatum after 290 mg/kg/d b OHB
intraperitoneal injections. Data presented as % of WT. Mean 6 SEM (n= 5–7 mice per
group); pppp� 0.001, pp� 0.05 (one-way ANOVA followed by post hoc Bonferroni-cor-
rected t test). B, Representative Western blotting images of VMAT2 and DARPP-32, with their
respective densitometric histograms (C, D), in WT and aralar-KO striatum after b OHB intra-
peritoneal injections. b -Actin used as charge control. Mean 6 SEM (n= 6–9 mice per
group); pp� 0.05 (one-way ANOVA followed by post hoc Bonferroni-corrected t test). ns,
not significant.
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compared with vehicle-treated mice. Indeed, 50% of aralar-KO
mice died before finishing the experimental treatment, while all
WT were alive until terminus (Fig. 4B). Also, the body weight
was modified by genotype but not because of daily bOHB injec-
tions (Fig. 4C).

Aralar-KO mice brain content of amino acids (i.e., Asp, gluta-
mate, or glutamine) is drastically decreased in several brain regions
(Jalil et al., 2005; Llorente-Folch et al., 2013b). In the present experi-
ments, we found no recovery of amino acids levels by bOHB in the
striatum of aralar-KO mice (Table 1). However, we have found a
significant recovery in other traits of the aralar-KO mouse, particu-
larly in the dopaminergic system (Llorente-Folch et al., 2013b) and
in the postnatal myelination (Jalil et al., 2005; Ramos et al., 2011).

Intraperitoneal bOHB recovers the striatal dopaminergic
system of aralar-KOmice
Aralar/AGC1 deficiency resulted in changes in dopamine (DA)
and its metabolites in the striatum, a brain region enriched in do-
paminergic projections (Llorente-Folch et al., 2013b). In agree-
ment with these findings, aralar-KO striatum from PND17 mice
daily injected with vehicle showed a substantial reduction in DA
(to 67% vs WT; Fig. 5A). Interestingly, 3,4-dihydroxyphenylace-
tic acid (DOPAC) content was not changed in aralar-KO stria-
tum and the DOPAC/DA ratio was 1.6-fold larger than that of
WT (Fig. 5A). An increment in DOPAC/DA is associated with
increased MAO activity and related to oxidative stress in dopa-
minergic neurons (Spina and Cohen, 1989), as suggested to
occur in aralar-KO striatum (Llorente-Folch et al., 2013b).
However, bOHB treatment to aralar-KO mice caused a striking
recovery of DA content and of the DOPAC/DA ratio which
reached WTmice values (Fig. 5A).

We further investigated the content of specific dopaminergic
markers as VMAT2, the presynaptic vesicular transporter of

monoamines, and DARPP-32, found in postsynaptic medium
spiny neurons in striatum (Fienberg et al., 1998). VMAT2 is
decreased in aralar-KO striatum at PND17 (to 47% of control
values), but not as much as at PND20 (Llorente-Folch et al., 2013b),
whereas the decrease in DARPP-32 is not significant at this post-
natal stage (Fig. 5B–D). Interestingly, bOHB supply in aralar-KO
mice fully recovers VMAT2 protein level to control values and
tends to increase DARPP-32 levels. Our previous results showed
that striatum is particularly affected by Aralar/AGC1 deficiency
(Llorente-Folch et al., 2013b), and a partial recovery of striatal dopa-
minergic system is revealed in the present study.

bOHB recovered Asp and NAA in neurons and myelin
proteins in brain from aralar-KOmice
Aralar-KO mice show postnatal hypomyelination that is more
marked in gray than in white matter regions in the brain (Ramos
et al., 2011). A drastic decrease in Asp and NAA occurs in brain
and neuronal cultures from aralar-KO cortices (Jalil et al., 2005).
Quantification of specific myelin proteins is used as a reliable in-
dicator for myelination. Indeed, we found a marked decrease in
MBP and MAG in aralar-KO cortex (a gray matter-enriched
region) at PND17 (to 7% and 18% vs WT, respectively; Fig. 6A–
C), as described in aralar-KO brain at PND20 (Jalil et al., 2005;
Ramos et al., 2011). Interestingly, bOHB-injected aralar-KO
mice showed a recovery in the content of MAG (to 78% of con-
trols; Fig. 6A,C), supporting an enhanced myelination in the
aralar-KO mice after bOHB treatment. Although MBP values
in vehicle-treated and bOHB-treated aralar-KO mice was not
significantly different (Fig. 6A,B), bOHB caused a larger
increase on MBP content in aralar-KO than in WT mice
(2436 67% vs �166 16%, respectively; p=0.0038, Student’s
t test). This is reminiscent of the improvement in brain

Figure 6. Effects of b OHB on cortical myelin protein levels and Asp/NAA brain and primary cortical neurons content. A, Representative Western Blotting images of MBP and MAG, with their
respective densitometric histograms (B, C) in WT and aralar-KO brain cortex after 290 mg/kg/d b OHB intraperitoneal injections. b -Actin used as charge control. Mean6 SEM (n= 5–7 mice
per group); pppp� 0.001, ppp� 0.01 (one-way ANOVA followed by Newman–Keuls multiple comparisons t test). D, Asp and NAA levels after 290 mg/kg/d b OHB intraperitoneal injections
in WT and aralar-KO brain. Mean6 SEM (n= 3 mice per group); ppp� 0.01, pp� 0.05 (one-way ANOVA followed by Newman–Keuls multiple comparisons t test). E, F, Asp (E) and NAA
(F) levels after 5 mM b OHB 96-h treatment in WT and aralar-KO primary neuronal cultures. Mean 6 SEM from two to four embryos per condition measured in duplicates; pppp� 0.001
(one-way ANOVA followed by Newman–Keuls multiple comparisons t test).
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myelination observed in the Aralar/AGC1-deficient patient after
KD (Dahlin et al., 2015).

Impaired myelin synthesis in Aralar/AGC1 deficiency has
been attributed to a lack of neuron-born NAA used as precursor
of postnatal myelin lipid synthesis (Jalil et al., 2005; Satrústegui
et al., 2007; Wibom et al., 2009; Ramos et al., 2011; Dahlin et al.,
2015). However, myelin recovery obtained after intraperitoneal
bOHB was not associated with an increase in Asp nor NAA in
the brain of aralar-KO mice (Fig. 6D). Similarly, no increase
in brain NAA was reported in the Aralar/AGC1-deficient
patient with increased myelination resulting from KD
(Dahlin et al., 2015). These observations appear to contradict
the initial hypothesis regarding the role of NAA in postnatal
myelination. However, we have also tested the effect of
chronic treatment with 5 mM bOHB in vitro in neuronal cul-
tures and found a significant increase in NAA (4-fold) and in
Asp (3-fold) in cultures from aralar-KO cortex (Fig. 6E,F).
The fact that neither Asp nor NAA levels increased in the

brains of aralar-KO mice is probably because of their contin-
uous use possibly by nearby glial cells.

Discussion
KD has been successfully used in two human patients with Aralar/
AGC1 deficiency, observing resumed myelination (Dahlin et al.,
2015) and preventing epilepsy (Dahlin et al., 2015; Pfeiffer et al.,
2020), two of the main hallmarks of this neurodevelopmental
rare disease (Wibom et al., 2009). Although the clinical benefits
of long-term KD in the first Aralar/AGC1-deficient girl were
markedly significant, the onset of the treatment was at an
advanced neurodevelopmental stage (Dahlin et al., 2015). In the
present study, to assess the therapeutic effectiveness of KD, the
diet was administered earlier to aralar1/� mice females from
pregnancy or during the postnatal life of the aralar-deficient
pups. Unfortunately, testing the effects of KD onmice was unfea-
sible, since it affected maternal weight, fertility and increased

Figure 7. b OHB metabolism and effects in aralar-KO neurons and oligodendrocytes. b OHB metabolism leads to the synthesis of acetyl-CoA (AcCoA) and citrate which may be transported
to the cytosol through the citrate carrier (CIC/Slc25a1). Citrate is converted to OAA through ACL reaction. Under conditions of high cytosolic NADH/NAD1 ratio as prevail in aralar-KO neurons
(Pardo et al., 2006), a large fraction of OAA will be converted to malate (Mal) through malate DH reaction (cMDH) supplying the counter substrate for CIC to provide a citrate-malate redox
shuttle (Palmieri, 2004; Pardo and Contreras, 2012). However, some of the OAA is also used in cytosolic Asp synthesis possibly through inverted Asp aminotransferase (cAAT) reaction, driven by
the very low Asp levels (and also a-KG levels; Contreras et al., unpublished data) in aralar-KO neurons and retinas. The citrate-malate shuttle provides cytosolic AcCoA for NAA synthesis
through Asp-NAT. This b OHB-induced NAA formed might serve as a precursor for myelin lipid synthesis in oligodendrocytes. Additionally, in the dopaminergic terminals, enhanced mitochon-
drial NADH production by b OHB would increase the GSH/GSSG ratio, reduce H2O2 levels and favor vesicular DA internalization through increased VMAT2 levels, avoiding its cytosolic oxidation
occurring in aralar-KO mice (Llorente-Folch et al., 2013b). AcAc, acetoacetate; AcAc-CoA, acetoacetyl coenzyme A; ACAT, AcCoA C-acetyltransferase; Aralar, Asp-glutamate carrier isoform 1
(AGC1); BDH, b-hydroxybutyrate dehydrogenase; CoA, coenzyme A; CoQ, coenzyme Q; CytC, cytochrome C; DOPAC, 3,4-dihydroxyphenylacetic acid; Glu, glutamate; GPx, GSH peroxidase; GSH,
glutathione; GSSG, GSH disulfure; MAO, monoamine oxidase; mMDH, mitochondrial malate dehydrogenase; MPC, mitochondrial pyruvate carrier; SCOT, succinyl-CoA-3-oxaloacid CoA transferase;
Succ, succinate; Succ-CoA, succinil coenzyme A; TCA, tricarboxylic acid cycle; VMAT2, vesicular monoamine transporter 2; b OHB, b -hydroxybutyrate. Image created with BioRender.com.
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mice mortality; as observed before in mice (Sussman et al.,
2013a,b, 2015). The therapeutic potential of bOHB, the main
KB produced during KD, was assessed in the aralar-KO mouse
model. The lack of Aralar/MAS prevents adequate glucose-
derived pyruvate supply to mitochondria, producing a metabolic
limitation (Llorente-Folch et al., 2013a). Here, bOHB, was
found to efficiently recover deficits in both basal and glutamate-
stimulated respiration of aralar-deficient neurons. The effect of
bOHB acting as an alternative fuel for aralar-deficient neurons
was blunted in the presence of AR-C1, a selective MCT2 blocker
that prevents bOHB uptake. On the other side, AcAc was far
less effective than bOHB in increasing glutamate-stimulated
respiration in aralar-KO neurons, possibly because beta-
hydroxybutyrate dehydrogenase (BDH) is readily reversible
(Williamson et al., 1967; Siess et al., 1976) and AcAc is expected
to lower the mitochondrial NADH/NAD1 ratio, already low in
aralar-KO neurons (Pardo et al., 2006; Fig. 7). Although
bOHB induces neuroprotective effects (this work) and
increases mitochondrial metabolism and glucose-sparing
effects in WT neurons (Laird et al., 2013; Achanta and Rae,
2017), the bOHB-mediated neuroprotection, including
that on glutamate excitotoxicity, is more pronounced on
aralar-KO neurons. Thus, bOHB rather than AcAc consti-
tutes an effective substrate able to bypass the energetic limi-
tation imposed by aralar deficiency in neurons.

A brief treatment of aralar-KO pups (from PND12 to
PND16) with bOHB did not modify brain amino acid levels.
However, it did elicited a marked positive effect on myelination
and DA homeostasis, both of which are impaired in aralar-defi-
cient mice (Jalil et al., 2005; Llorente-Folch et al., 2013b).
Regarding the dopaminergic system, intraperitoneal bOHB
recovers deficits in DA content and in VMAT2 protein level, and
re-establishes the DOPAC/DA ratio in aralar-KO striatum.
Curiously, short term treatment with bOHB recovers dopami-
nergic neurons from MPTP (Kashiwaya et al., 2000; Tieu et al.,
2003) and rotenone (Imamura et al., 2006) neurotoxicity which,
unlike Aralar/AGC1 deficiency, arises from their actions as
Complex I inhibitors. Tieu et al. (2003) explained the protective
effect of bOHB through the formation of succinate in the reac-
tions leading to acetyl-CoA production in mitochondria (Fig. 7)
and the ability of succinate Complex II respiration to increase
ATP production. In the present case, aralar-KO mitochondria
have no defects in Complex I but rather a depletion of the main
respiratory substrate, pyruvate, and low mitochondrial NADH
levels (Pardo et al., 2006; Llorente-Folch et al., 2013a). In aralar-
KO brain, recovery of striatal dopaminergic neurons is explained
most likely by mitochondrial consumption of bOHB enhancing
mitochondrial NADH production, respiration and ATP synthe-
sis as shown in PD mice models (Tieu et al., 2003). Aditionally,
bOHB-induced recovery of mitochondrial NADH production
may allow efficient NNT activity resulting in the formation of
mitochondrial NADPH and glutathione (GSH), thus preventing
mitochondrial ROS production and loss of cytosolic VMAT2.
Presumably, VMAT2-mediated vesicular sequestration of cyto-
solic DA will allow to recover normal DA homeostasis in these
terminals (Chen et al., 2008; Llorente-Folch et al., 2013b).

bOHB supply to aralar-KO mice resulted in a surprising
improvement in myelination. Hypomyelination in Aralar/AGC1
deficiency was proposed to be related to the defective synthesis
of Asp-derived NAA in aralar-KO brain (Satrústegui et al., 2007;
Wibom et al., 2009). Asp and NAA production in brain takes
place largely in neurons (Urenjak et al., 1992) in which these
compounds attain higher concentrations than in whole brain.

Resumed myelination by intraperitoneal bOHB in aralar-KO
mice was not paralleled by a recovery in brain Asp or NAA con-
tent, a hallmark for Aralar/MAS deficiency in mice and humans
(Jalil et al., 2005; Wibom et al., 2009). Moreover, no clear
increase in brain NAA was found after a 19-month administra-
tion of KD in the patient with Aralar/AGC1 deficiency, except
for a slight increase after six-month KD (Dahlin et al., 2015),
although an augmented brain myelin was reported. This inability
of bOHB to elevate brain Asp and NAA in vivo, despite resumed
myelination, might be because of its high consumption precisely
for myelin synthesis. Accordingly, Asp and NAA were both
highly increased in aralar-KO neuronal cultures chronically
treated with bOHB in which NAA is not used for myelination.

Citrate derived from bOHB metabolism (Fig. 7) may reach
the cytosol through the citrate carrier (CIC/Slc25a1), leading to
oxaloacetate (OAA) synthesis through ATP citrate lyase (ACL)
reaction. Given the low Asp and a-ketoglutarate (a-KG;
Contreras et al., unpublished data) levels in the cytosol of aralar-
KO neurons, the Asp aminotransferase (cAAT) reaction may
lead to cytosolic Asp synthesis. Asp together with acetyl-CoA
provided through citrate-malate shuttle allow the synthesis of
NAA through Asp N-acetyl transferase (Asp-NAT) enzyme,
which is localized in microsomes and outer mitochondrial mem-
brane (Madhavarao et al., 2003; Lu et al., 2004; Wiame et al.,
2010). This proposed pathway is Aralar independent and would
allow NAA formation available for transaxonal transport into
olygodendrocytes for myelin lipid synthesis (Satrústegui et al.,
2007; Pardo et al., 2011; Ramos et al., 2011; Fig. 7). bOHB-
derived acetyl-CoA is important to maintain an activated CIC as
this carrier increases its activity through acetylation (Palmieri
and Monné, 2016), providing an activation loop of the citrate-
malate shuttle. Interestingly, the bOHB-dependent recovery of
Asp and NAA levels in aralar-KO neurons did not require low-
ering of carbohydrates, as it took place in neurons cultured in 25
mM glucose.

KD administration to the first Aralar-deficient patient was
thought to be successful because limiting carbohydrates in the
neuron would switch OAA away from malate and into Asp
(Dahlin et al., 2015). The results from this study indicate that car-
bohydrate restriction is not strictly required for the improvement
of aralar-KO mice phenotype by bOHB administration.
Therefore, this treatment may provide an alternative therapy for
Aralar/AGC1 deficiency devoid of the unwanted effects of the
highly unpalatable, low carbohydrate, and low compliance KD.
This study highlights positive effects of glucose unrestricted
bOHB administration on Asp and NAA production, myelina-
tion, and in dopaminergic system function, all caused through
bOHB actions in neurons. However, the possibility that bOHB
is directly used by aralar-KO oligodendrocytes as a precursor for
myelin lipid synthesis is not excluded. Brain cell-specific disrup-
tion of Aralar will be required to further clarify these issues.
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