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Abstract

In two previous studies, based on human olfactory ecto-mesenchymal stem cells (OE-MSC) of
11 patients with autism spectrum disorders (ASD) and 11 healthy individuals, we
demonstrated that the lower abundance of the enzyme MOCOS (MOlybdenum COfactor
Sulfurase) and its associated lower expression of the long non-coding RNA, COSMOC, induces
neurotransmission and synaptic defects as well as an exacerbated oxidative stress sensitivity.
To move a step further, we assessed whether these defects were associated to a disturbed
mitochondrial homeostasis. For that purpose, we used cellular and molecular techniques to
quantitfy mitochondrial metabolism and biogenesis, ATP production and cell respiration in OE-
MSCs from the 8 ASD patients of the cohort that display the most severe symptoms. We show
here that OE-MSCs from ASD patients, when compared to control individuals, display i) a
reduced expression/abundance of glycolysis-associated transcripts and metabolites, ii) an
overall reduced ATP, mainly due to the impaired glycolysis, iii) a reduced basal cell respiration
and iv) a modified mitochondrial network. These results are in accordance with some of our
previously published data and may explain some of the symptoms — stress, overarousal,

seizures, increased or decreased muscle tone, fatigue - observed in autism spectrum disorders.



Introduction

Autism Spectrum Disorders (ASD), which affect around 50 million individuals worldwide
(Hahler and Elsabbagh 2015), is a major public health issue. With an onset under the age of
three, ASD are understood as diseases arising from pre- and/or early post-natal brain
developmental anomalies and/or early brain insults/infections. To unveil the molecular
mechanisms at play during the misshaping of the developing brain, we chose to study cells
representative of the very early stages of ontogeny, namely adult stem cells and, more
specifically, human nasal olfactory stem cells (Delorme et al. 2010). In a first series of
experiments, based on a cohort of 11 autistic patients and 11 healthy individuals we
demonstrated the reduced expression/production of MOCOS and MOCOS (MOlybdenum
COfactor Sulfurase), an enzyme involved in purine metabolism:, and its associated long non-
coding RNA that we named COSMOC:. We observed that reduced expression of MOCOS and/or
COSMOC induces neurotransmission and synaptic defects as well as an exacerbated oxidative
stress sensitivity (Féron et al. 2016; Rontani et al. 2021).

All these molecules are involved in the synthesis of molybdenum enzymes, which begins
in mitochondria with the conversion of guanosine triphosphate (GTP) to cyclic pyranopterin
monophosphate (cPMP) by the two active forms of the MOCS1 enzyme (MOCS1A and
MOCS1AB) (Mendel and Kruse 2012). cPMP is then converted outside the mitochondria via
MOCS2 to molybdopterin (MPT), which in turn is further converted to the MOlybdenum
COfactor (MOCO) by gephyrin (GPHN). MOCO is the central element of the four human
molybdenum enzymes: i) sulfite oxidase (SUOX) that transforms sulfites into sulfates (Mendel
and Schwarz 2023); ii) xanthine dehydrogenase (XDH) and aldehyde oxidase (AOX) that
catalyse the two-step reaction from hypoxanthine to xanthine and from xanthine to uric acid

in purine metabolism (Bortolotti et al. 2021); iii), and is involved in the metabolism of



retinaldehyde, respectively, and the mitochondrial amidoxime-reducing component (mARC),
a key factor in the N-hydroxylation of prodrugsor N-oxygenated compounds (Struwe, Scheidig,
and Clement 2023).

Many observations have linked autism disorders to mitochondrial dysfunction (for a
review, (Nabi et al. 2023)). An exploratory study reported that the majority of lymphocytes
from very young ASD children exhibit a reduced activity of oxidative phosphorylation as well
as a mitochondrial DNA over-replication (Giulivi et al. 2010). In addition to mutations in
mitochondrial DNA (Levinger, Giegé, and Florentz 2003; Weissman et al. 2008; Napoli et al.
2018; HADJIXENOFONTOS et al. 2013), recurrent studies found anomalies in i) electron
transport chain (ETC) complex activity (Haas 2010; Boddaert et al. 2009; Gu et al. 2013; Anitha,
Nakamura, Thanseem, Yamada, et al. 2012; Anitha, Nakamura, Thanseem, Matsuzaki, et al.
2012), ii) Krebs cycle metabolites (Rossignol and Frye 2012; Suomalainen et al. 2011;
Weissman et al. 2008; Filipek et al. 2003) and iii) oxidative stress and redox regulation (Legido
2018; Adams et al. 2009; Borras et al. 2003). However, none of these studies was able to make
causal inferences between disturbed mitochondrial metabolism and ASD. To move a step
further, we used a panel of cellular and molecular techniques to unveil mitochondrial
disturbances in stem cells originating from a peripheral nervous tissue, namely the olfactory
mucosa, of 8 ASD patients with severe symptoms and 8 age- and gender-matched healthy

individuals.



Materials and methods

Culture of human olfactory ecto-mesenchymal stem cells.

The current study is a follow up of two previous works (Féron et al. 2016; Rontani et al. 2021)
based on biopsies from healthy donors and ASD patients. Procedures were approved by the
ethical committee (Comité de Protection des Personnes, files #205016 and #205017). All
individuals involved in this study provided informed consent in accordance with the
Declaration of Helsinki and French laws relating to biomedical research (Féron et al. 2016;
Rontani et al. 2021). For the current study, we chose to select ASD patients with the most
severe symptoms, i.e. individuals classified as level 3. According to the DSM-5, those at this
level need a great deal of support. In our cohort, 8 of the 11 individuals fall into this category.
Olfactory ecto-mesenchymal stem cells (OE-MSC) were cultivated in proliferating conditions,
using DMEM/HAM F12 culture medium (Life Technologies) supplemented with 10% fetal calf
serum (Life Technologies) and penicillin/streptomycin (1%) (Life Technologies).

Metabolome analysis

OE-MSCs from 8 ASD patients and 6 control subjects were incubated with 400 uL of cold
methanol (-20°C) for 30 minutes, before centrifugation and filtration to remove residual
proteins from the samples. After drying under a stream of nitrogen, the dry extract was taken
up in 250 pL of a water/acetonitrile mixture (9/1, v/v). Samples were separated using UPLC
Ultimate 3000 (Thermo Scientific), coupled to a Q-Exactive Plus quadrupole orbitrap hybrid
high-resolution mass spectrometer (HRMS) equipped with an electrospray ionisation source
(H-ESI 1l). Chromatographic separation was carried out on a binary solvent system using two
columns, with specific conditions for each. The mass spectrometer was calibrated in positive
and negative mode using two calibration solutions and a solution composed of caffeine, n-

butylamine, MRFA (peptide) and Ultramark 1621. Calibration in negative mode was carried out



using a solution composed of sodium dodecyl sulphate, a solution of taurocholate and
Ultramark 1621. The molecules separated by chromatography were analysed in positive and
negative ionisation mode in the same cycle. Mass spectra were recorded using a resolution of
35,000 FWHM for a theoretical mass-to-charge ratio (m/z) of 200. To ensure good analytical
repeatability, quality control (QC) samples were prepared by taking an equal amount from
each biological sample.

From the list of 187 metabolites identified, two ratios — A/B and 1/(A/B) — were calculated
where A corresponds to the quantity of metabolite X for every ASD patient and B corresponds
to the mean quantity of the same metabolite in the control population. The cut-off value for
fold change was set at £1,5. The first ratio identifies any higher or lower abundance of
metabolites in every patient while the second ratio reflects the percentage associated with
these changed concentrations. Only metabolites with an altered abundance in at least 4 ASD
patients were used for further analysis.

Transcriptome analysis

Each RNA sample was quantified on Nanodrop and quality was examined on the Fragment
Analyzer (Agilent). 2ug of total RNA from 17 samples of human (RIN >9) were used as the
starting material in the TruSeq Stranded mRNA lllumina kit according to the manufacturer’s
instructions. Each library was barcoded using TruSeq_RNA_LT Indexes (lllumina), according to
manufacturer’s instructions (A001 to A017).

Each library was quantified on Qubit with Qubit® dsDNA HS Assay Kit (Life Technologies) and
then, size distribution was examined on the Fragment Analyzer with High Sensitivity NGS
Fragment Analysis kit (Agilent), to ensure that the samples were the proper size, no adaptor
contamination, and to estimate the sample molarity. Each library was diluted to 4 nM and then

pulled together at equimolar ratio. The denaturation was performed with 5 uL of pooled



libraries (4 nM) and 5 min incubation with 5 pL of fresh NaOH (0.2N) and then addition of 5 puL
of fresh Tris-HCI (200 mM - pH 7), according to manufacturer’s instructions.

The dilution of 20 pM pooled libraries was performed with HT1 to a 1.6 pM final concentration.
PhiX library as a 1% spike-in for use as a sequencing control was denatured and diluted,
according to manufacturer’s instructions, and 1,2 puL was added to denatured and diluted
pooled libraries before loading. Finally, libraries were sequenced on a High-output flow cell
(400M clusters) using the NextSeq® 500/550 High Output 150 cycles kit (Illumina), in paired-
end 76/76 nt mode, according to manufacturer’s instructions.

ATP quantification

Cellular bioenergetics were measured using the Seahorse XF Cell Mito Stress Test kit, which
quantifies the oxygen consumption and ATP production, as previously described by the team
(Ogunkola et al. 2023). Briefly, OE-MSCs were plated, at the density of 15,000 c/well, on 24-
well seahorse plates in DMEM/HAM medium a night prior to analysis. Oxygen consumption
rate (OCR) after addition of oligomycin (1 uM) was used to estimate the rate of ATP production.
Carbonyl cyanide-4-trifluoromethoxy phenylhydrazone (FCCP, 0.5 uM) was added to assess the
maximal mitochondrial respiratory capacity. The flux of electrons through complex lll and | was
blocked with antimycin A (0.5 uM) and rotenone (0.5 uM), respectively. Any residual activity
in the presence of these inhibitors was considered as non-mitochondrial OCR. Results were
normalized to the number of cells, using a high content screening microscope (Operetta, CLS,
Perkin Elmer) .

Fluorescent labelling of mitochondria

OE-MSCs from control subjects and ASD patients, seeded on glass coverslips, were incubated
for 15 minutes at 37°C with Mitotracker™ Red CMXRos (50nM, ThermoFisherScientific) and

1:500 Hoechst blue (ThermoFisher). After rinsing with PBS, cells were fixed with 4%



paraformaldehyde for 10 minutes and rinsed three times with PBS. The coverslips were then
mounted on slides with a glue containing ProLong™Gold antifade reagent (ThermoFisher),
which limits the loss of fluorescence. Mitochondrial markings were visualised and digitised
using confocal microscope (inverted Zeiss Axio Observer Z1 LSM700) equipped with a x63 (NA
1.4) oil, Plan-Apochromat objective (Zeiss).

Analysis of mitochondrial network

The confocal images needing to be improved for increased sharpness, an image processing
was adapted from the work of Valente et al. 2017 and Merrill et al. 2017 (Valente et al. 2017;
Merrill, Flippo, and Strack 2017). They were transformed into binary images that were
analysed using the "Mitochondrial Morphology" macro-keyboard of Fiji software
(https://fiji.sc/), which measures, among other things, mitochondrial interconnectivity and
elongation. From the binary image, the ImagelJ software allowed to obtain an image of the
mitochondrial skeleton, analysed by the 'Analyze Skeleton' macro-keyboard, which counts the
different mitochondrial elements and branches, with their average and maximum size.
Mitochondria were classified according to their organisation, shape and size. Organised in a
network or isolated (individual mitochondria), three forms can be distinguished: punctate
mitochondria, large/round mitochondria and rod mitochondria.

Western blot of proteins involved in fusion/fission of mitochondrial network

Proteins were extracted from 12 OE-MSC pellets (n = 6 ASD patients and 6 control subjects).
Cells were mechanically lysed using a solution composed of RIPA buffer (Sigma-Aldrich) and
1/100 protease inhibitors (Calbiochem). After 30 minutes of incubation at 4°C, followed by
sonication (2 minutes), protein concentrations were determined by a Lowry assay (DC™
Protein Assay, BioRad) and protein samples were stored at -20°C until use. For SDS-PAGE

electrophoreses, 50 ug of protein samples were denatured in 2X Laemmli buffer (Bio Rad) and



heated at 95°C for 5 minutes. Denatured protein samples were separated on a 12% SDS-PAGE
polyacrylamide gel for 120 minutes at a constant 0.07 Ampere per gel. Proteins were
transferred with the PowerBlotter XL (Invitrogen by ThermoFisher Scientific) onto
nitrocellulose membranes (Amersham™ Protran™ Premium 0.2um, GE Healthcare), using the
Standard Semidry protocol (25 V constant, 0.2A for 60 minutes) with transfer buffer (0.25 M
Tris, 1.92M glycine, 200 mL methanol and 700 mL osmosed water at pH 8.3). For
immunodetection, the non-specific sites were saturated by incubation at room temperature
with agitation for 90 minutes in a solution of 1X PBS/5% milk/0.2% Tween (TWEEN®©?20, Sigma-
Aldrich). The membranes were then incubated overnight at 4°C in a humidity chamber with
the primary antibody diluted in PBS 1X/milk 5%/Tween 0.2%. The following day, after 3 washes
with PBS 1X/Tween 0.2%, the membranes were incubated with the peroxidase-coupled
secondary antibody (HRP) diluted in PBS 1X/5% milk/Tween 0.2%, at room temperature, under
agitation for 80 minutes. After washing with PBS 1X/Tween0.2%, the proteins of interest were
revealed by chemiluminescence using the ECL WesternBlot detector kit (GE Healthcare) and
the results were digitised in a UVITEC11Photo Imager (Ubitec Photoimager, Dutscher) using
Nine Alliance software (Alliance©Software, UVITEC). For relative quantification, the optical
density (OD) of each immunodetected protein band was measured using Fiji software
(National Institutes of Health - https://imagej.net/Fiji) and normalised to the OD of the GAPDH
band.

Statistics

All statistics are presented as mean % 1 standard error of the mean (SEM). All distributions
were tested for normality (Shapiro-Wilk test, significant at 0.05) and homogeneity of variance
(Fisher test, significant at 0.05) prior to analysis. Based on the results of these initial tests, the

comparisons were carried out either with Student's t-test (normal distribution and



homogeneity of variances) or its variant Welch corrected t-test (normal distribution and
heterogeneity of variances) or with the Mann-Whitney test (non-normal distribution). The
significance scores are: * for p < 0.05, ** for p < 0.01 and *** for p < 0.001. A difference was
considered significant if the p-value was less than 0.05. All statistical analyses were carried out
using GraphPad Prism software version 8.4.0 for OS X, GraphPad Software, San Diego,

California, USA, www.graphpad.com.



Results

The abundance of many mitochondria-associated metabolites is disrupted in ASD stem cells
Quantification of metabolites between each ASD patient and the mean of 6 control individuals
reveals an altered abundance of molecules involved in four mitochondria-related pathways
(figure 1A). For the current analysis, the cut-off value for fold change was set at £1,5. Among
the most striking findings is the lower abundance of adenine and pyruvate in all patients. The
lower abundance of the former, together with a lower abundance of adenosine diphosphate
(ADP) in 6 out 8 patients, indicate a putative disruption of oxidative phosphorylation. Altered
abundance of the latter, combined with a reduced production of glucose-6-phosphate (6/8
patients) and ascorbic acid (7/8), point to a presumed modified glycolysis. It should be noted
that ketoglutarate, a molecule involved in the Krebs cycle as well as in carnitine biosynthesis,
is present in lower concentration in 7 ASD patients. All the abnormalities in metabolites
associated with mitochondria are summarized schematically in Figure 1B.

ASD stem cells show reduced ATP production

The widespread deficiency of adenine and, to a lesser extent, ADP led us to consider a
disturbance in oxidative phosphorylation. To make sure it was the case, we studied ATP
production using the Seahorse apparatus and its various associated protocols. Figure 2A shows
the different values measured with the addition of specific inhibitors at various stages of this
metabolic pathway, which includes 5 complexes. The difference between the two arms of the
cohort is illustrated in Figure 2B, which describes the tracings of a control individual and two
ASD patients. Before examining the data for each individual in more detail, it is essential to
note that olfactory stem cells, which are highly proliferative cells just like cancer cells, differ
from other somatic cells in that they produce ATP mainly from glycolysis (70%) and not from

oxidative phosphorylation (Figure 2C). Overall, ASD patients differ from the control population



by a reduction in total ATP production (Figure 2D). This is primarily due to a very significant
decrease in glycolysis-associated ATP production (Figure 2E), which is not fully compensated
for by an increase in ATP produced during oxidative phosphorylation (Figure 2F).

Many glycolysis-related transcripts are present in lower concentrations in ASD stem cells

The unexpected decrease in ATP production from a reduced glycolysis pathway led us to
investigate the causes of this lower abundance. To do this, we carried out a transcriptome
study based on RNA sequencing. We first analyzed the expression of transcripts involved in
glycolysis. As with the metabolome, we set the cut-off value for fold change at +1.5. Figure 3A
shows that the concentration of 6 of the 9 genes involved in the conversion of glucose into
pyruvate is disrupted in at least 2 patients. Special mention should be made of enolase 2, which
concentration is lower in 7 ASD patients and higher in the eighth. It is also important to note
that the concentration of several glucose and pyruvate transporters is also affected, in variable
proportions and sometimes in contradictory directions. All the abnormalities in glycolysis-
associated transcripts are summarized schematically in Figure 3B.

Stem cells from ASD patients partially rescue ATP production by generating new mitochondria
The metabolome and transcriptome data explain the lower concentration of ATP produced
from glycolysis. However, it remains to be explained how stem cells from ASD patients manage
to increase the number of ATP molecules derived from oxidative phosphorylation. To
understand the mechanisms at work, we incubated the stem cells with a mitochondria-specific
fluorescent probe and then analyzed the mitochondrial network. Images 4A and 4B are
illustrations of the networks visualized in a control individual and an autistic patient. A detailed
study of these networks shows an increase in mitochondrial area (Figure 4C), mitochondrial
content (Figure 4D) and the number of punctate mitochondria (Figure 4E) in autistic patients.

There was also a trend towards an increase in the number of mitochondria but this did not



reach statistical significance (Figure 4F). In order to understand whether this increase in
punctate mitochondria is the result of increased fission (Figure 4G) at the expense of reduced
fusion (Figure 4J), we measured by Western blot the expression of two markers - DRP1 and
OPA1 - specific to mitochondrial dynamics. As shown in Figures 4H and 4l, we observe an
increase in the expression of DRP1, a marker of mitochondrial fission. Conversely, Figures 4K
and 4L show an under-expression of OPA1, a marker of mitochondrial fusion.

Stem cells from ASD patients exhibit a reduced basal respiration and proton leak

As mentioned above, changes in the mitochondrial network are associated with impaired ATP
production. We then assessed whether it was also related to abnormalities in cellular
respiration. Figure 5 shows the alterations observed in some ASD patients. Stem cells of several
patients (3, 7 and 8) exhibit very low basal respiration and the entire ASD arm of the cohort
display a statistically significant difference compared with the control arm (Figure 5A).
However, maximal breathing did not differ between the two groups, nor did spare respiratory
capacity (Figures 5B,C). Similarly, despite a downward trend, there is no difference between
the two groups in ATP-production coupled respiration (Figure 5E). On the other hand, the TSA
group differed from the control group by a significant decrease in proton leak (Figure 5D) and

a significant increase in coupling efficiency (Figure 5F).



Discussion

Using stem cells as a mean to assess disturbances arising during the first steps of ontogeny,
the current study demonstrates that, when compared with those of control individuals, cells
from ASD patients exhibit i) a diminished expression/abundance of glycolysis-associated
transcripts and metabolites, ii) an overall reduced ATP production, iii) a lessened basal cell
respiration and iv) a modified mitochondrial network. These results confirm and partially
invalidate previously published research.

Transcriptome and metabolome both indicate a reduced glycolysis

Anomalies in the carbohydrate metabolism was described as early as 1985 when a publication
described a co-occurrence of lactic acidosis and autism spectrum disorders in 4 young patients
(Coleman and Blass 1985). Interestingly, the excess of lactic acid was also associated in one out
of four individuals with hyperuricosuria and hyperuricemia. Subsequently, numerous studies
reported elevated levels of lactate and pyruvate and a disturbed production of enzymes
associated with these metabolites in serum, plasma, urine, fibroblasts and brain (Ramirez-
Barbieri et al. 2019; Picard, Wallace, and Burelle 2016; LaszI6 et al. 1994; Arnold et al. 2003;
Goh et al. 2014; Haas 2010; Weissman et al. 2008; Filipek et al. 2003; El-Ansary, Ben Bacha,
and Al-Ayadhi 2011). However, the rate of variation of each of these potential biomarkers
varies greatly from one study to another, ranging from 17% to 77% (Laszl6 et al. 1994; Arnold
et al. 2003). Nevertheless, we still need to understand the discrepancy between the results of
all these studies, which indicate an increase in lactate and pyruvate, and those of our study,
which report a decrease in pyruvate in all ASD patients and a mixed variation (overabundance
in 3 patients and deficiency in 3 others).

It can be conjectured that an excess of pyruvate in biological fluids reflects either excessive

secretion or low input of this metabolite by the cells, leading to an intracellular deficit, as



suggested in the current study by the misexpression of transcripts coding for SLC16A9 and
SLC16A14, two pyruvate transporters. Only one previous study assessed the quantity of
intracellular lactate and pyruvate in fibroblasts and found an increase in the lactate/pyruvate
ratio (Weissman et al. 2008). The authors do not give the values for each metabolite, but it is
conceivable that the increase in this ratio is partly associated with a decrease in pyruvate
production. Furthermore, a decrease in pyruvate dehydrogenase activity has been observed
in t he prefrontal cortex of ASD patients (Gu et al. 2013), leading us to imagine either a reduced
abundance of upstream pyruvate or a mutation in the gene that would affect the protein's
functionality.

At the transcriptome level, we observed an under-expression of many glycolysis-related genes
all along the pathway. At one end, we noticed a misexpression, usually an under-expression,
of at least 2 of 4 glucose transporters in every patient. This finding is consistent with studies
describing a link between neurodevelopmental disorders, including ASD, and gene anomalies,
namely variants or deletions (Mellone et al. 2022; Mir et al. 2022; Lopez-Rivera et al. 2020;
Lee, Smith, and Paciorkowski 2015; Redin et al. 2014; Srour et al. 2017). However, at the other
end, no previous study reported an association between ASD and molecular anomalies for
SLC16A9 and SLC16A14, two pyruvate transporters.

Between these two ends, a misexpression of 6 of the 9 transcripts encoding glycolysis-
associated proteins was detected in our ASD cohort. Confirmation can be found in previous
studies describing a reduced production of the protein hexokinase 2 (Meyyazhagan et al. 2020)
but, more importantly, enolase 2, whose expression is altered in all patients in our cohort, and
which is considered by some researchers to be a potential biomarker of ASD (Stancioiu,
Bogdan, and Dumitrescu 2023; Ramirez-Celis et al. 2020). ENO2 hypermethylation was first

found in peripheral blood cells from a cohort of 131 age- and sex-matched pairs of ASD



subjects and controls in 15% of ASD patients. This gene alteration led to a reduced abundance
(70% and 50%, respectively) of the transcript and protein (Wang et al. 2014). Interestingly, this
lower intracellular production of enolase is mirrored by a higher abundance in the serum of
ASD neonates (Lv et al. 2016) and ASD children (Ayaydin et al. 2020; Stancioiu, Bogdan, and
Dumitrescu 2023; Ramirez-Celis et al. 2020). However, it must be noted that one study failed
to find a significant difference in serum ENO2 between ASD patients and healthy individuals
(Esnafoglu et al. 2017).

A disrupted biosynthesis of carnitine

As described above, we observed a discrepancy between the lesser abundance of a-
ketoglutarate within ASD olfactory stem cells and the upper amount of the same metabolite
in a body fluid, namely urine (Harutyunyan, Harutyunyan, and Yenkoyan 2021) of ASD patients.
Once again, it may be surmised that these divergent results are the consequence of
uncontrolled flux of the molecule out of the cell. In any case, according to our metabolomic
data, it seems that the abnormal production of this acid is predominantly associated with the
carnitine biosynthesis pathway and not with the citric acid cycle (Krebs cycle). In fact, stem
cells of all ASD patients show a disturbed abundance of at least 4 of the 7 measured carnitine-
related molecules. Apart from ketoglutarate and ascorbic acid, which are always less
abundant, the other 5 metabolites display a variable balance between higher and lower
quantities.

As reported in a review (Demarquoy and Demarquoy 2019), reduced serum total and free
carnitine has been observed in ASD patients (Filipek et al. 2004), an important finding since
this molecule participates to the transport of long-chain fatty acids from the cytosol into the
mitochondria. In a large cohort of 213 individuals, 17% of ASD children were found to have

elevated in short-chain and long-chain acyl-carnitines (Frye et al. 2013). In addition, the



imbalance in carnitine biosynthesis is supported by several genetic anomalies. One team, using
two different technical approaches, unveiled exonic copy number variants in the genome of
ASD patients and identified in a male proband a deletion of TMLHE (trimethyllysine
hydroxylase epsilon), the gene that codes for the first enzyme in the biosynthesis of carnitine,
located in mitochondria (Patricia B.S. Celestino-Soper et al. 2011; Patricia B. S. Celestino-Soper
et al. 2012). Homozygous mutations in the gene encoding SLC7A5, an amino acid transporter
capable of transporting carnitine, have also been observed in several ASD patients
(Tarlungeanu et al. 2016).

A proven carnitine deficiency in some patients suggests that certain symptoms could be
improved by supplementation. This was tested in three clinical trials in ASD patients with
unknown genetic causes and non-syndromic forms of the disease (for a review, (Malaguarnera
and Cauli 2019)). Two assessment scales - CARS (childhood autism rating scale) and CGIS
(clinical global impression scale) - were mainly used to evaluate the course of the disorders.
The first trial, randomized placebo-controlled with a dose of 50 mg/kg/day, lasted 3 months
and demonstrated an improvement in symptoms, according to the CARS and CGIS, correlated
with the level of carnitine in the serum (Geier et al. 2011). The second trial, also randomized
placebo-controlled but with a dose of 100 mg/kg/day, lasted 6 months and reported an
improvement in symptoms according to the CARS criteria but did not observe a link with
circulating carnitine levels (Fahmy et al, 2013; Fahmy et al, 2013). The last trial, an open label
trial with a dose of 200 mg/kg/day, lasted 8 weeks and observed an improvement according
to the CGIS scale (Goin-Kochel et al. 2019).

A lower abundance of ATP

Our metabolomic data indicate a deficiency of adenine and adenosine diphosphate (ADP) in 8

and 6 ASD patients, respectively. No result being available for adenosine triphosphate (ATP),



we measured its production with the Seahorse equipment and protocols. As highly
proliferating cells and similarly to cancer cells, stem cells rely primarily on glycolysis, instead
of oxidative phosphorylation (OXPHOS), to produce energy from glucose. This metabolic shift
is known as the “Warburg effect” (Warburg 1956) and can be visualized on figure 2C. As posited
by the altered glycolysis in ASD stem cells described above, a reduced amount of ATP produced
by this pathway was observed, a finding consistent with a study showing that cerebral
organoids derived for ASD patients exhibit a predominance of glycolysis over OXPHOS and
reduced ATP production (llieva and Uchida 2022). Nonetheless, it should be noted that such
findings depend on the context and, possibly, the cell type. For example, when faced with
acute increases in reactive oxygen species, lymphoblastoid cell lines augment glycolysis and
glycolytic reserve (Rose et al. 2017).

To compensate for this lack of energy supplied by glucose metabolism, olfactory stem cells
produce more ATP through oxidative phosphorylation. However, as this cell type relies heavily
on glycolysis for energy, overall ATP production remains deficient. In other cell types, the
picture is different. Reduced activity of at least 3 of the 5 respiratory complexes has been
observed in muscle cells (Filiano et al. 2002; Weissman et al. 2008; Shoffner et al. 2010) and
in lymphoblasts (Giulivi et al. 2010) whereas only abnormalities of complex | have been
reported in plasma (Khemakhem et al. 2017). To explain these discrepancies, the time factor
must also be considered. For example, diminished activities of various respiratory complexes
were found in different brain areas — cerebellum, frontal, parietal, occipital and temporal
cortexes — of young children (4-10 years of age) but not in adults (14-39) (Chauhan et al. 2011).
The ability of olfactory stem cells to partially remedy their ATP deficit associated with defective
glycolysis results from their remarkable mitoplasticity. Thanks to special mitochondrial

dynamics, favourable to fission and unfavourable to fusion, cells from ASD patients increased



their mitochondrial area and enhanced their ability to produce energy via the electron
transport chain. Unsurprisingly, our transcriptomic data indicate an exacerbated expression of
genes encoded by mitochondria in ASD cells, with a special mention for NT-ND6 whose
expression is on average doubled when compared with control cells (data not shown).
Similarly, smaller more fragmented mitochondria were observed in the black and tan,
brachyury (BTBR) mouse model of ASD (Ahn et al. 2020). Atypical mitochondria morphology
was also observed in ASD fibroblasts (Pecorelli et al. 2020). In other words, mitoplasticity may
represent one of the compensatory mechanisms by which ASD cells attempt to adapt to
altered energy supply and need.

A diminished basal respiration

A relatively small number of studies investigated cellular respiration in ASD patients. It was
first demonstrated that, at baseline and after exposure to reactive oxygen species,
lymphoblastoid cell lines from some children with ASD increase ATP-linked respiration as well
as maximal and reserve respiratory capacity (Rose et al. 2014; 2015; 2017). The same research
group, comparing serum microRNAs between healthy individuals and ASD patients, observed
negative correlations between miRNA levels and mitochondrial respiration in a subgroup of
patients (Jyonouchi et al. 2019). In agreement with the former findings, higher respiratory
capacities and complex IV activity were reported in a lymphoblastoid cell line derived from an
autistic child (Hassan et al. 2021). Finally, peripheral blood mononuclear cells indicate that
patients with ASD have increased respiratory reserve capacity and maximal respiration
(Gevezova et al. 2021).

None of these results are consistent with the conclusions of this study. Maximal respiration
and spare respiratory capacity are not exacerbated while basal respiration and proton leak are

reduced. The cause of these anomalies is not the consequence of a defective expression of



gene families — NDUFs (complex 1), SDHs (complex Il), UQCRs (complex Ill), COXs (complex V),
ATP5s (complex V) — associated to oxidative phosphorylation since, according to our
transcriptomic data, no difference was observed between ASD patients and control
individuals. However, more than the quantity of proteins, it is perhaps their quality that is at
stake in this metabolic pathway. Sequencing of the genomes of the 8 autistic patients (data
not shown) indicates that they suffer from exonic frameshift deletions in several genes coding
for proteins involved in oxidative phosphorylation. Of note, the cells of patients 3, 7 and 8 that
display the most altered basal respiration are also those that are affected by the most
numerous exonic frameshift deletions — 9, 10 and 10 respectively - in complexes IV and V.
However, in the absence of a precise assessment of the functional consequences of these
deletions, all this remains highly speculative.

Limits of the study

For the current study and two previous ones, we analyzed stem cells in order to be as close as
possible to the first stages of development. However, these cells are highly proliferative and
display an unalike metabolism to differentiated cells. This has positive aspects. For example,
due to a particularly high level of glycolysis, we were able to demonstrate a defect in ATP
production associated with this metabolic pathway. However, this phenomenon should be
marginal in cells in which glycolytic ATP represents 7% rather than 70% of the total production
of energy molecules.

The reasons for this disturbed glycolysis probably need to be sought at the genomic level.
Following sequencing of the genome of stem cells from the cohort of autistic patients, we
looked for a possible mutation in the exons of the gene coding for enolase 2, a gene whose
transcription is strongly disrupted in all ASD patients. However, we did not observe any such

mutation. We therefore need to look for a possible methylation defect in the promoter region



of this gene. This experiment is all the more necessary as a study has shown such a
phenomenon in peripheral blood cells (Wang et al. 2014).

Although easily accessible in a healthy, compliant subject, nasal olfactory stem cells are not in
ASD patients. To confirm our results and possibly use them as biomarkers, it is important to
conduct a similar study on peripheral blood cells with a larger cohort of individuals. It would

also be interesting to compare the two sexes in order to study any discrepancy.



Legends

Figure 1. Mitochondria-associated metabolome. A) Main results for the 4 metabolic
occurring, wholly or partially, in the mitochondria of olfactory stem cells. The cut-off value
for fold change was set at £1,5. To varying degrees, all pathways are affected in cells from
ASD patients, compared with mean values from control individuals. B) Schematic summary of
the main findings. The tone of each color correlates with the number of concerned patients.
Green: underabundance; orange: overabundance; na: not available.

Figure 2. ATP production. A) Schematic representation of the protocol performed with the
Seahorse device. B) Examples of measurements of mitochondrial respiration in stems cells
from a control individual (blue line) and two ASD patients (red lines). C) lllustration of the
relative percentage of mitochondrial ATP and glycolytic ATP in somatic cells and olfactory
stem cells. D-F) Box plots summarizing the total ATP, glycoATP and mitoATP levels. * =
p<0.05; ** =p<0.01; *** = p<0.005

Figure 3. Altered expression of glycolysis-associated transcripts in olfactory stem cells. A)
Results for all transcripts involved in glycolysis. Each ASD patient was compared to the mean
values of control individuals. B) Schematic view of the altered expression of transcripts
encoding proteins involved in glycolysis. The cut-off value for fold change was set at +1,5. The
tone of each color correlates with the number of concerned patients. Green: under-
expression; orange: over-expression.

Figure 4. Dynamics of mitochondria. A-B) Examples of the mitochondria network labelled
with the mitotracker fluorochrome, in control individual (A) and ASD patient (B), scale bar 10
um. C-F) The ASD arm of the study shows a statistically significant increase in mitochondrial
area (C), mitochondrial content (D), number of punctate mitochondria (E) but not number of

mitochondria (F). G) Electron microscopy image of mitochondrial fission, scale bar 200 nm.



H-1) ASD stem cells express more abundantly the DRP1 protein involved in mitochondrial
fission. J) Electron microscopy image of fused mitochondria, scale bar 200 nm. K-L) ASD stem
cells express less abundantly the OPA1 protein involved in mitochondrial fusion. * = p<0.05
Figure 5. Cell respiration. Stem cells from ASD patients are affected by a decrease in basal
respiration (A), proton leak (D) and coupling efficiency (F) but behave like cells from control
individuals for maximal respiration (B), spare respiratory capacity (C), ATP-production

coupled respiration (E). * = p<0.05

Acknowledgements

High throughput sequencing was performed at the TGML Platform, supported by grants from
Inserm, GIS IBiSA, Aix-Marseille Université, and ANR-10-INBS-0009-10. We are grateful to Thi
Tien Nguyen and Alice Carrier for their help and insight on Seahorse data. The work was funded

by CNRS (ref MOTISM), Aix-Marseille Université and Fondation de I'Avenir.

References

Adams, J. B., M. Baral, E. Geis, J. Mitchell, J. Ingram, A. Hensley, |. Zappia, et al. 2009. “The
Severity of Autism Is Associated with Toxic Metal Body Burden and Red Blood Cell
Glutathione Levels.” Journal of Toxicology 2009 (August): e532640.
https://doi.org/10.1155/2009/532640.

Ahn, Younghee, Rasha Sabouny, Bianca R. Villa, Nellie C. Yee, Richelle Mychasiuk, Golam M.
Uddin, Jong M. Rho, and Timothy E. Shutt. 2020. “Aberrant Mitochondrial Morphology
and Function in the BTBR Mouse Model of Autism Is Improved by Two Weeks of
Ketogenic Diet.” International Journal of Molecular Sciences 21 (9): 3266.
https://doi.org/10.3390/ijms21093266.

Anitha, Ayyappan, Kazuhiko Nakamura, Ismail Thanseem, Hideo Matsuzaki, Taishi Miyachi,
Masatsugu Tsujii, Yasuhide Iwata, Katsuaki Suzuki, Toshiro Sugiyama, and Norio Mori.
2012. “Downregulation of the Expression of Mitochondrial Electron Transport Complex
Genes in  Autism Brains.”  Brain  Pathology 23  (3):  294-302.
https://doi.org/10.1111/bpa.12002.

Anitha, Ayyappan, Kazuhiko Nakamura, Ismail Thanseem, Kazuo Yamada, Yoshimi Iwayama,
Tomoko Toyota, Hideo Matsuzaki, et al. 2012. “Brain Region-Specific Altered Expression



and Association of Mitochondria-Related Genes in Autism.” Molecular Autism 3
(November): 12. https://doi.org/10.1186/2040-2392-3-12.

Arnold, Georgianne L., Susan L. Hyman, Robert A. Mooney, and Russell S. Kirby. 2003. “Plasma
Amino Acids Profiles in Children with Autism: Potential Risk of Nutritional Deficiencies.”
Journal of Autism and Developmental Disorders 33 (4): 449-54.
https://doi.org/10.1023/A:1025071014191.

Ayaydin, Hamza, Adnan Kirmit, Hakim Celik, ismail Akaltun, ismail Koyuncu, and Sermin Bilgen
Ulgar. 2020. “High Serum Levels of Serum 100 Beta Protein, Neuron-Specific Enolase,
Tau, Active Caspase-3, M30 and M65 in Children with Autism Spectrum Disorders.”
Clinical Psychopharmacology and Neuroscience 18 (2): 270-78.
https://doi.org/10.9758/cpn.2020.18.2.270.

Boddaert, Nathalie, Moénica Zilbovicius, Anne Philipe, Laurence Robel, Marie Bourgeois,
Catherine Barthélemy, David Seidenwurm, et al. 2009. “MRI Findings in 77 Children
with  Non-Syndromic  Autistic  Disorder” PLOS ONE 4 (2): e4415.
https://doi.org/10.1371/journal.pone.0004415.

Borras, Consuelo, Juan Sastre, David Garcia-Sala, Ana Lloret, Federico V. Pallardd, and José
Vifia. 2003. “Mitochondria from Females Exhibit Higher Antioxidant Gene Expression
and Lower Oxidative Damage than Males.” Free Radical Biology & Medicine 34 (5): 546—
52. https://doi.org/10.1016/s0891-5849(02)01356-4.

Bortolotti, Massimo, Letizia Polito, Maria Giulia Battelli, and Andrea Bolognesi. 2021.
“Xanthine Oxidoreductase: One Enzyme for Multiple Physiological Tasks.” Redox
Biology 41 (May): 101882. https://doi.org/10.1016/j.redox.2021.101882.

Celestino-Soper, Patricia B. S., Sara Violante, Emily L. Crawford, Rui Luo, Anath C. Lionel, Elsa
Delaby, Guiqing Cai, et al. 2012. “A Common X-Linked Inborn Error of Carnitine
Biosynthesis May Be a Risk Factor for Nondysmorphic Autism.” Proceedings of the
National Academy of Sciences of the United States of America 109 (21): 7974-81.
https://doi.org/10.1073/pnas.1120210109.

Celestino-Soper, Patricia B.S., Chad A. Shaw, Stephan J. Sanders, Jian Li, Michael T. Murtha, A.
Gulhan Ercan-Sencicek, Lea Davis, et al. 2011. “Use of Array CGH to Detect Exonic Copy
Number Variants throughout the Genome in Autism Families Detects a Novel Deletion
in TMLHE.” Human Molecular Genetics 20 (22): 4360-70.
https://doi.org/10.1093/hmg/ddr363.

Chauhan, Abha, Feng Gu, Musthafa M. Essa, Jerzy Wegiel, Kulbir Kaur, William Ted Brown, and
Ved Chauhan. 2011. “Brain Region-Specific Deficit in Mitochondrial Electron Transport
Chain Complexes in Children with Autism.” Journal of Neurochemistry 117 (2): 209-20.
https://doi.org/10.1111/j.1471-4159.2011.07189.x.

Coleman, M., and J. P. Blass. 1985. “Autism and Lactic Acidosis.” Journal of Autism and
Developmental Disorders 15 (1): 1-8. https://doi.org/10.1007/BF01837894.

Delorme, Bruno, Emmanuel Nivet, Julien Gaillard, Thomas Haupl, Jochen Ringe, Arnaud
Deveze, Jacques Magnan, et al. 2010. “The Human Nose Harbors a Niche of Olfactory
Ectomesenchymal Stem Cells Displaying Neurogenic and Osteogenic Properties.” Stem
Cells and Development 19 (6): 853—66. https://doi.org/10.1089/scd.2009.0267.

Demarquoy, Caroline, and Jean Demarquoy. 2019. “Autism and Carnitine: A Possible Link.”
World Journal of Biological Chemistry 10 (1): 7-16.
https://doi.org/10.4331/wjbc.v10.i1.7.

El-Ansary, Afaf K, Abir G Ben Bacha, and Laila Y Al-Ayadhi. 2011. “Proinflammatory and
Proapoptotic Markers in Relation to Mono and Di-Cations in Plasma of Autistic Patients



from Saudi Arabia.” Journal of Neuroinflammation 8 (October): 142.
https://doi.org/10.1186/1742-2094-8-142.

Esnafoglu, Erman, Sema Nur Ayyildiz, Selma Cirrik, Emine Yurdakul Erturk, Abdullah Erdil,
Abdullah Dagli, and Tevfik Noyan. 2017. “Evaluation of Serum Neuron-Specific Enolase,
S100B, Myelin Basic Protein and Glial Fibrilliary Acidic Protein as Brain Specific Proteins
in Children with Autism Spectrum Disorder.” International Journal of Developmental
Neuroscience 61 (October): 86—91. https://doi.org/10.1016/j.ijdevneu.2017.06.011.

Féron, F., B. Gepner, E. Lacassagne, D. Stephan, B. Mesnage, M.-P. Blanchard, N. Boulanger, et
al. 2016. “Olfactory Stem Cells Reveal MOCOS as a New Player in Autism Spectrum
Disorders.” Molecular Psychiatry 21 (9): 1215-24.
https://doi.org/10.1038/mp.2015.106.

Filiano, James J., Michael J. Goldenthal, C. Harker Rhodes, and José Marin-Garcia. 2002.
“Mitochondrial Dysfunction in Patients With Hypotonia, Epilepsy, Autism, and
Developmental Delay: HEADD Syndrome.” Journal of Child Neurology 17 (6): 435-39.
https://doi.org/10.1177/088307380201700607.

Filipek, Pauline A., Jenifer Juranek, Minh T. Nguyen, Christa Cummings, and J. Jay Gargus. 2004.
“Relative Carnitine Deficiency in Autism.” Journal of Autism and Developmental
Disorders 34 (6): 615-23. https://doi.org/10.1007/s10803-004-5283-1.

Filipek, Pauline A., Jenifer Juranek, Moyra Smith, Lee Z. Mays, Erica R. Ramos, Maureen Bocian,
Diane Masser-Frye, et al. 2003. “Mitochondrial Dysfunction in Autistic Patients with
159 Inverted Duplication.” Annals of Neurology 53 (6): 801-4.
https://doi.org/10.1002/ana.10596.

Frye, Richard E., Stepan Melnyk, George Fuchs, Tyra Reid, Stefanie Jernigan, Oleksandra Pavliv,
Amanda Hubanks, David W. Gaylor, Laura Walters, and S. lJill James. 2013.
“Effectiveness of Methylcobalamin and Folinic Acid Treatment on Adaptive Behavior in
Children with Autistic Disorder Is Related to Glutathione Redox Status.” Autism
Research and Treatment 2013: 609705. https://doi.org/10.1155/2013/609705.

Geier, David A., Janet K. Kern, Georgia Davis, Paul G. King, James B. Adams, John L. Young, and
Mark R. Geier. 2011. “A Prospective Double-Blind, Randomized Clinical Trial of
Levocarnitine to Treat Autism Spectrum Disorders.” Medical Science Monitor:
International Medical Journal of Experimental and Clinical Research 17 (6): P115-23.
https://doi.org/10.12659/msm.881792.

Gevezova, Maria, Danail Minchey, lliana Pacheva, Yordan Sbirkov, Ralitsa Yordanova, Elena
Timova, Vasil Kotetarov, Ivan Ivanov, and Victoria Sarafian. 2021. “Cellular Bioenergetic
and Metabolic Changes in Patients with Autism Spectrum Disorder.” Current Topics in
Medicinal Chemistry 21 (12): 985-94.
https://doi.org/10.2174/1568026621666210521142131.

Giulivi, Cecilia, Yi-Fan Zhang, Alicja Omanska-Klusek, Catherine Ross-Inta, Sarah Wong, Irva
Hertz-Picciotto, Flora Tassone, and Isaac N. Pessah. 2010. “Mitochondrial Dysfunction
in Autism.” JAMA 304 (21): 2389-96. https://doi.org/10.1001/jama.2010.1706.

Goh, Suzanne, Zhengchao Dong, Yudong Zhang, Salvatore DiMauro, and Bradley S. Peterson.
2014. “Brain Imaging Evidence That Mitochondrial Dysfunction Is a Neurobiological
Subtype of Autism Spectrum Disorder” JAMA Psychiatry 71 (6): 665-71.
https://doi.org/10.1001/jamapsychiatry.2014.179.

Goin-Kochel, Robin P., Fernando Scaglia, Christian P. Schaaf, Leandra N. Berry, Dianne Dang,
Kerri P. Nowel, Anna L. Laakman, et al. 2019. “Side Effects and Behavioral Outcomes
Following High-Dose Carnitine Supplementation Among Young Males With Autism



Spectrum Disorder: A Pilot Study.” Global Pediatric Health 6 (January):
2333794X19830696. https://doi.org/10.1177/2333794X19830696.

Gu, F, V. Chauhan, K. Kaur, W. T. Brown, G. LaFauci, J. Wegiel, and A. Chauhan. 2013.
“Alterations in Mitochondrial DNA Copy Number and the Activities of Electron
Transport Chain Complexes and Pyruvate Dehydrogenase in the Frontal Cortex from
Subjects with  Autism.”  Translational  Psychiatry 3 (9): e299-e299.
https://doi.org/10.1038/tp.2013.68.

Haas, Richard H. 2010. “Autism and Mitochondrial Disease.” Developmental Disabilities
Research Reviews 16 (2): 144-53. https://doi.org/10.1002/ddrr.112.

HADJIXENOFONTOS, ATHENA, MICHAEL A. SCHMIDT, PATRICE L. WHITEHEAD, IOANNA
KONIDARI, DALE J. HEDGES, HARRY H. WRIGHT, RUTH K. ABRAMSON, et al. 2013.
“Evaluating Mitochondrial DNA Variation in Autism Spectrum Disorders.” Annals of
Human Genetics 77 (1): 9-21. https://doi.org/10.1111/j.1469-1809.2012.00736.x.

Hahler, Eva-Maria, and Mayada Elsabbagh. 2015. “Autism: A Global Perspective.” Current
Developmental Disorders Reports 2 (1): 58—64. https://doi.org/10.1007/s40474-014-
0033-3.

Harutyunyan, Aida A., Hayk A. Harutyunyan, and Konstantin B. Yenkoyan. 2021. “Novel
Probable Glance at Inflammatory Scenario Development in Autistic Pathology.”
Frontiers in Psychiatry 12.
https://www.frontiersin.org/articles/10.3389/fpsyt.2021.788779.

Hassan, Hazirah, Fazaine Zakaria, Suzana Makpol, and Norwahidah Abdul Karim. 2021. “A Link
between Mitochondrial Dysregulation and Idiopathic Autism Spectrum Disorder (ASD):
Alterations in Mitochondrial Respiratory Capacity and Membrane Potential.” Current
Issues in Molecular Biology 43 (3): 2238-52. https://doi.org/10.3390/cimb43030157.

llieva, Mirolyuba, and Shizuka Uchida. 2022. “Functional Roles of Epitranscriptomic Marks in
the Cardiovascular System and Disease: A Narrative Review.” Annals of Translational
Medicine 10 (13): 753. https://doi.org/10.21037/atm-22-1074.

Jyonouchi, Harumi, Lee Geng, Shannon Rose, Sirish C. Bennuri, and Richard E. Frye. 2019.
“Variations in Mitochondrial Respiration Differ in IL-1R/IL-10 Ratio Based Subgroups in
Autism Spectrum Disorders.” Frontiers in Psychiatry 10.
https://www.frontiersin.org/articles/10.3389/fpsyt.2019.00071.

Khemakhem, Asma M., Richard E. Frye, Afaf El-Ansary, Laila Al-Ayadhi, and Abir Ben Bacha.
2017. “Novel Biomarkers of Metabolic Dysfunction Is Autism Spectrum Disorder:
Potential for Biological Diagnostic Markers.” Metabolic Brain Disease 32 (6): 1983-97.
https://doi.org/10.1007/s11011-017-0085-2.

Laszld, Aranka, Emese Horvath, Erna Eck, and Matyas Fekete. 1994. “Serum Serotonin, Lactate
and Pyruvate Levels in Infantile Autistic Children.” Clinica Chimica Acta 229 (1): 205-7.
https://doi.org/10.1016/0009-8981(94)90243-7.

Lee, Bo Hoon, Tristram Smith, and Alex R. Paciorkowski. 2015. “Autism Spectrum Disorder and
Epilepsy: Disorders with a Shared Biology.” Epilepsy & Behavior : E&B 47 (June): 191—
201. https://doi.org/10.1016/j.yebeh.2015.03.017.

Legido, Agustin. 2018. “Effect of a Combination of Carnitine, Coenzyme Q10 and Alpha-Lipoic
Acid (MitoCocktail) on Mitochondrial Function and Neurobehavioral Performance in
Children with Autism Spectrum Disorder.” In . IMFAR.
https://insar.confex.com/insar/2018/webprogram/Paper28131.html.



Levinger, Louis, Richard Giegé, and Catherine Florentz. 2003. “Pathology-related Substitutions
in Human Mitochondrial tRNAIlle Reduce Precursor 3’ End Processing Efficiency in
Vitro.” Nucleic Acids Research 31 (7): 1904-12. https://doi.org/10.1093/nar/gkg282.

Lépez-Rivera, Javier A, Eduardo Pérez-Palma, Joseph Symonds, Amanda S Lindy, Dianalee A
McKnight, Costin Leu, Sameer Zuberi, Andreas Brunklaus, Rikke S Mgller, and Dennis
Lal. 2020. “A Catalogue of New Incidence Estimates of Monogenic
Neurodevelopmental Disorders Caused by de Novo Variants.” Brain 143 (4): 1099—-
1105. https://doi.org/10.1093/brain/awaa051.

Lv, Meng-na, Hong Zhang, Yi Shu, Shan Chen, Yuan-yuan Hu, and Min Zhou. 2016. “The
Neonatal Levels of TSB, NSE and CK-BB in Autism Spectrum Disorder from Southern
China.” Translational Neuroscience 7 (1): 6-11. https://doi.org/10.1515/tnsci-2016-
0002.

Malaguarnera, Michele, and Omar Cauli. 2019. “Effects of L-Carnitine in Patients with Autism
Spectrum Disorders: Review of Clinical Studies.” Molecules (Basel, Switzerland) 24 (23):
4262. https://doi.org/10.3390/molecules24234262.

Mellone, Simona, Chiara Puricelli, Denise Vurchio, Sara Ronzani, Simone Favini, Arianna
Maruzzi, Cinzia Peruzzi, et al. 2022. “The Usefulness of a Targeted Next Generation
Sequencing Gene Panel in Providing Molecular Diagnosis to Patients With a Broad
Spectrum of Neurodevelopmental Disorders.” Frontiers in Genetics 13.
https://www.frontiersin.org/articles/10.3389/fgene.2022.875182.

Mendel, Ralf R., and Tobias Kruse. 2012. “Cell Biology of Molybdenum in Plants and Humans.”
Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, Cell Biology of Metals,
1823 (9): 1568-79. https://doi.org/10.1016/j.bbamcr.2012.02.007.

Mendel, Ralf R., and Glinter Schwarz. 2023. “The History of Animal and Plant Sulfite Oxidase—
A Personal View.” Molecules 28 (19): 6998.
https://doi.org/10.3390/molecules28196998.

Merrill, Ronald A., Kyle H. Flippo, and Stefan Strack. 2017. “Measuring Mitochondrial Shape
with Imagel.” In Techniques to Investigate Mitochondrial Function in Neurons, edited
by Stefan Strack and Yuriy M. Usachev, 31-48. Neuromethods. New York, NY: Springer.
https://doi.org/10.1007/978-1-4939-6890-9_2.

Meyyazhagan, Arun, Balamuralikrishnan Balasubramanian, Sankar Kathannan, Karthick Kumar
Alagamuthu, Murugesh Easwaran, Sureshkumar Shanmugam, Manikantan Pappusamy,
et al. 2020. “Scrutinizing the Molecular, Biochemical, and Cytogenetic Attributes in
Subjects with Rett Syndrome (RTT) and Their Mothers.” Epilepsy & Behavior 111
(October): 107277. https://doi.org/10.1016/j.yebeh.2020.107277.

Mir, Ali, Montaha Almudhry, Fouad Alghamdi, Raidah Albaradie, Mona lbrahim, Fatimah
Aldurayhim, Abdullah Alhedaithy, et al. 2022. “SLC Gene Mutations and Pediatric
Neurological Disorders: Diverse Clinical Phenotypes in a Saudi Arabian Population.”
Human Genetics 141 (1): 81-99. https://doi.org/10.1007/s00439-021-02404-x.

Nabi, Showkat Ul, Muneeb U. Rehman, Azher Arafah, Syed Taifa, Igra Shafi Khan, Andleeb
Khan, Summya Rashid, Fatimah Jan, Hilal Ahmad Wani, and Sheikh Fayaz Ahmad. 2023.
“Treatment of Autism Spectrum Disorders by Mitochondrial-Targeted Drug: Future of
Neurological Diseases Therapeutics.” Current Neuropharmacology 21 (5): 1042-64.
https://doi.org/10.2174/1570159X21666221121095618.

Napoli, Eleonora, Serena Russo, Laura Casula, Viola Alesi, Filomena Alessandra Amendola,
Adriano Angioni, Antonio Novelli, Giovanni Valeri, Deny Menghini, and Stefano Vicari.
2018. “Array-CGH Analysis in a Cohort of Phenotypically Well-Characterized Individuals



with ‘Essential’ Autism Spectrum Disorders.” Journal of Autism and Developmental
Disorders 48 (2): 442—49. https://doi.org/10.1007/s10803-017-3329-4.

Ogunkola, Moses Olalekan, Gaelle Guiraudie-Capraz, Francois Feron, and Silke Leimkihler.
2023. “The Human Mercaptopyruvate Sulfurtransferase TUM1 Is Involved in Moco
Biosynthesis, Cytosolic tRNA Thiolation and Cellular Bioenergetics in Human Embryonic
Kidney Cells.” Biomolecules 13 (1): 144. https://doi.org/10.3390/biom13010144.

Pecorelli, Alessandra, Carlo Cervellati, Valeria Cordone, Joussef Hayek, and Giuseppe Valacchi.
2020. “Compromised Immune/Inflammatory Responses in Rett Syndrome.” Free
Radical Biology & Medicine 152 (May): 100-106.
https://doi.org/10.1016/].freeradbiomed.2020.02.023.

Picard, Martin, Douglas C Wallace, and Yan Burelle. 2016. “The Rise of Mitochondria in
Medicine.” Mitochondrion 30 (September): 105-16.
https://doi.org/10.1016/j.mit0.2016.07.003.

Ramirez-Barbieri, Giovanna, Kamila Moskowitzova, Borami Shin, David Blitzer, Arzoo Orfany,
Alvise Guariento, Khadija lken, et al. 2019. “Alloreactivity and Allorecognition of
Syngeneic and Allogeneic Mitochondria.” Mitochondrion 46 (May): 103-15.
https://doi.org/10.1016/j.mit0.2018.03.002.

Ramirez-Celis, Alexandra, Elizabeth Edmiston, Joseph Schauer, Tam Vu, and Judy Van de Water.
2020. “Peptides of Neuron Specific Enolase as Potential ASD Biomarkers: From
Discovery to Epitope Mapping.” Brain, Behavior, and Immunity 84 (February): 200-208.
https://doi.org/10.1016/j.bbi.2019.12.002.

Redin, Claire, Bénédicte Gérard, Julia Lauer, Yvan Herenger, Jean Muller, Angélique Quartier,
Alice Masurel-Paulet, et al. 2014. “Efficient Strategy for the Molecular Diagnosis of
Intellectual Disability Using Targeted High-Throughput Sequencing.” Journal of Medical
Genetics 51 (11): 724-36. https://doi.org/10.1136/jmedgenet-2014-102554.

Rontani, Pauline, Olivier Perche, Louise Greetham, Nicolas Jullien, Bruno Gepner, Francois
Féron, Emmanuel Nivet, and Madeleine Erard-Garcia. 2021. “Impaired Expression of
the COSMOC/MOCOS Gene Unit in ASD Patient Stem Cells.” Molecular Psychiatry 26
(5): 1606-18. https://doi.org/10.1038/s41380-020-0728-2.

Rose, Shannon, Sirish C. Bennuri, Rebecca Wynne, Stepan Melnyk, S. Jill James, and Richard E.
Frye. 2017. “Mitochondrial and Redox Abnormalities in Autism Lymphoblastoid Cells:
A  Sibling Control  Study.” The FASEB Journal 31 (3): 904-9.
https://doi.org/10.1096/fj.201601004R.

Rose, Shannon, Richard E. Frye, John Slattery, Rebecca Wynne, Marie Tippett, Oleksandra
Pavliv, Stepan Melnyk, and S. Jill James. 2014. “Oxidative Stress Induces Mitochondrial
Dysfunction in a Subset of Autism Lymphoblastoid Cell Lines in a Well-Matched Case
Control Cohort.” PLOS ONE 9 (1): e85436.
https://doi.org/10.1371/journal.pone.0085436.

Rose, Shannon, Rebecca Wynne, Richard E. Frye, Stepan Melnyk, and S. Jill James. 2015.
“Increased Susceptibility to Ethylmercury-Induced Mitochondrial Dysfunction in a
Subset of Autism Lymphoblastoid Cell Lines.” Journal of Toxicology 2015 (January):
e573701. https://doi.org/10.1155/2015/573701.

Rossignol, D. A., and R. E. Frye. 2012. “Mitochondrial Dysfunction in Autism Spectrum
Disorders: A Systematic Review and Meta-Analysis.” Molecular Psychiatry 17 (3): 290—
314. https://doi.org/10.1038/mp.2010.136.

Shoffner, John, Lauren Hyams, Genevieve Niedziela Langley, Stephanie Cossette, Lauren
Mylacraine, Jeffrey Dale, Lisa Ollis, et al. 2010. “Fever Plus Mitochondrial Disease Could



Be Risk Factors for Autistic Regression.” Journal of Child Neurology 25 (4): 429-34.
https://doi.org/10.1177/0883073809342128.

Srour, Myriam, Noriaki Shimokawa, Fadi F. Hamdan, Christina Nassif, Chantal Poulin, Lihadh Al
Gazali, Jill A. Rosenfeld, et al. 2017. “Dysfunction of the Cerebral Glucose Transporter
SLC45A1 in Individuals with Intellectual Disability and Epilepsy.” American Journal of
Human Genetics 100 (5): 824-30. https://doi.org/10.1016/j.ajhg.2017.03.009.

Stancioiu, Felician, Raluca Bogdan, and Radu Dumitrescu. 2023. “Neuron-Specific Enolase
(NSE)

as a Biomarker for Autistic Spectrum Disease (ASD).”
https://doi.org/10.20944/preprints202306.0050.v1.

Struwe, Michel A., Axel J. Scheidig, and Bernd Clement. 2023. “The Mitochondrial Amidoxime
Reducing Component—from Prodrug-Activation Mechanism to Drug-Metabolizing

Enzyme and Onward to Drug Target.” The Journal of Biological Chemistry 299 (11):
105306. https://doi.org/10.1016/j.jbc.2023.105306.

Suomalainen, Anu, Jenni M Elo, Kirsi H Pietildinen, Anna H Hakonen, Ksenia Sevastianova, Mari
Korpela, Pirjo Isohanni, et al. 2011. “FGF-21 as a Biomarker for Muscle-Manifesting
Mitochondrial Respiratory Chain Deficiencies: A Diagnostic Study.” The Lancet.
Neurology 10 (9): 806—18. https://doi.org/10.1016/51474-4422(11)70155-7.

Tarlungeanu, Dora C., Elena Deliu, Christoph P. Dotter, Majdi Kara, Philipp Christoph Janiesch,
Mariafrancesca Scalise, Michele Galluccio, et al. 2016. “Impaired Amino Acid Transport
at the Blood Brain Barrier Is a Cause of Autism Spectrum Disorder.” Cell 167 (6): 1481-
1494.e18. https://doi.org/10.1016/j.cell.2016.11.013.

Valente, Andrew J., Lucas A. Maddalena, Ellen L. Robb, Fereshteh Moradi, and Jeffrey A. Stuart.

2017. “A Simple Image) Macro Tool for Analyzing Mitochondrial Network Morphology
in  Mammalian Cell Culture” Acta

Histochemica 119 (3): 315-26.
https://doi.org/10.1016/j.acthis.2017.03.001.

Wang, Yu, Yudan Fang, Fengling Zhang, Miao Xu, Jingzhi Zhang, Jingbin Yan, Weina Ju, W. Ted

Brown, and Nanbert Zhong. 2014. “Hypermethylation of the Enolase Gene (ENO2) in
Autism.” European Journal of

1233-44.
https://doi.org/10.1007/s00431-014-2311-9.
Warburg, O. 1956. “On the Origin of Cancer Cells.” Science (New York, N.Y.) 123 (3191): 309-
14. https://doi.org/10.1126/science.123.3191.309.
Weissman, Jacqueline R., Richard I. Kelley, Margaret L. Bauman, Bruce H. Cohen, Katherine F.
Murray, Rebecca L. Mitchell, Rebecca L. Kern, and Marvin R. Natowicz. 2008.

“Mitochondrial Disease in Autism Spectrum Disorder Patients: A Cohort Analysis.” PLoS
ONE 3 (11): e3815. https://doi.org/10.1371/journal.pone.0003815.

Preprints.

Pediatrics 173 (9):



Mitochondria-associated metabolites
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