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Abstract

Leber’s hereditary optic neuropathy (LHON) is the most common disorder due to mitochondrial DNA mutations and
complex I deficiency. It is characterized by an acute vision loss, generally in young adults, with a higher penetrance in
males. How complex I dysfunction induces the peculiar LHON clinical presentation remains an unanswered question. To
gain an insight into this question, we carried out a non-targeted metabolomic investigation using the plasma of 18 LHON
patients, during the chronic phase of the disease, comparing them to 18 healthy controls. A total of 500 metabolites were
screened of which 156 were accurately detected. A supervised Orthogonal Partial Least Squares-Discriminant Analysis
(OPLS-DA) highlighted a robust model for disease prediction with a Q? (cum) of 55.5%, with a reliable performance during
the permutation test (cross-validation analysis of variance, P-value =5.02284e~9) and a good prediction of a test set
(P=0.05). This model highlighted 10 metabolites with variable importance in the projection (VIP) > 0.8. Univariate analyses
revealed nine discriminating metabolites, six of which were the same as those found in the Orthogonal Projections to Latent
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Structures Discriminant Analysis model. In total, the 13 discriminating metabolites identified underlining dietary
metabolites (nicotinamide, taurine, choline, 1-methylhistidine and hippurate), mitochondrial energetic substrates
(acetoacetate, glutamate and fumarate) and purine metabolism (inosine). The decreased concentration of taurine and
nicotinamide (vitamin B3) suggest interesting therapeutic targets, given their neuroprotective roles that have already been
demonstrated for retinal ganglion cells. Our results show a reliable predictive metabolomic signature in the plasma of LHON

patients and highlighted taurine and nicotinamide deficiencies.

Introduction

Leber’s hereditary optic neuropathy (LHON, MIM#535000) is the
most common disease caused by mutations in mitochondrial
DNA (mtDNA) with a prevalence of about 1/30000 (1). This optic
neuropathy is sudden and painless, occurring in young adults
on one eye, before affecting the second in the following weeks
(2—4). Visual impairment is severe, affecting the central visual
field with peripheral vision preserved. The disease is mainly
caused by three pathogenic mtDNA variants in genes encoding
subunits of the respiratory chain complex I (NADH dehydroge-
nase). The penetrance is incomplete with male predominance,
50% of men and 20% of women carrying the LHON variants
are affected. No curative or preventive treatment is currently
available, apart from idebenone®, which slightly improves the
condition and avoiding molecules toxic to mitochondria (i.e.
alcohol and tobacco) and neurotoxic drugs (5,6). Several clinical
trials for future genetic therapies are currently being carried
out (7).

In the absence of animal models mimicking human LHON
condition, pathophysiological studies have been performed on
patients’ fibroblasts, cybrids and recently on induced pluripotent
stem cells (8). We have previously shown that LHON fibroblasts
carrying the three main mtDNA mutations, i.e. m.3460G > A,
m.11778G > A and m.14484 T > C, reduces complex I enzymatic
activity by ~50%, reduces the respiratory reserve capacity
and reduces the complex I-driven respiratory rate, leading to
decreased adenosine triphosphate (ATP) synthesis and partial
oxidative phosphorylation (OXPHOS) uncoupling with reduced
mitochondrial membrane potential (9-11). Deficiency of ATP
synthesis was also reported in trans-mitochondrial cybrids
carrying the three main LHON mutations (12), associated with
the disruption of glutamate transport and increased production
of reactive oxygen species (13,14). The impairment of ATP
synthesis was also observed in vivo by 3!P-magnetic reso-
nance spectroscopy in the skeletal muscles of LHON patients
(15). Cellular models also showed an increased sensitivity
to apoptosis and a defect of compensatory mitochondrial
biogenesis (16). All these mitochondrial deficiencies suggest
a high sensitivity of retinal ganglion cells to energy deficiencies,
with their axonal unmyelinated proximal part requiring large
amounts of energy to sustain the transduction of the visual
information (4).

Few omics studies have been conducted so far in LHON and
more generally in mitochondrial disorders. Nevertheless, these
data-driven and hypothesis-free approaches disclosed unex-
pected alterations of cell metabolism, going well beyond the
mitochondrial respiration defects. For instance, we, along with
others, saw evidence of a generalized stress protein response
in patient fibroblasts by transcriptomics (17), metabolomics (11)
and proteomics analyses (18,19). Since protein synthesis is one
of the most energy-consuming molecular mechanisms (20), it is
not surprising that altered mitochondrial energetic metabolism
would have an impact on this mechanism.

To date, only two metabolomic studies on LHON have
been reported to our knowledge. In a study comparing the
metabolomic profiles of 16 fibroblasts from LHON patients with
those of eight healthy controls, we identified 38 discriminating
metabolites, reduced concentrations of all proteinogenic amino
acids, spermidine, putrescine, isovaleryl-carnitine, propionyl-
carnitine and five sphingomyelin species, together with
increased concentrations of 10 phosphatidylcholine species (11).
The importance of sphingomyelins and phosphatidylcholines in
LHON signature, together with the decreased amino acid pool,
was suggestive of an endoplasmic reticulum (ER) stress that we
confirmed using four biomarkers. In addition, we showed that
the ER stress in these patient fibroblasts was pharmacologically
reversible, opening possible therapeutic interventions (11).
The second study used nuclear magnetic resonance (NMR) to
compare the metabolomic profiles of five LHON patients with
those of four healthy individuals (21). It also evidenced decreased
concentrations of amino acids and increased concentrations of
fatty acids and phospholipids, which were partially reversed by
an idebenone treatment (21).

In this article, we determined the metabolomic signature
from the plasma of LHON patients using a validated nontar-
geted metabolomics approach previously used to characterize
the plasma metabolomics signatures of primary open angle
glaucoma (22) and OPA1l-related dominant optic atrophy (23).

Results
Identification of 156 accurately measured metabolites

Of the 500 metabolites analysed by our metabolomics workflow
(Fig. 1), 156 were accurately detected and quantified, using both
positive and negative ionization modes. MS/MS fragmentation
matching was possible for >75% of the detected metabolites.
For the others, identification was further based on the isotopic
pattern and the retention time (RT). The most important classes
of molecules detected included amino acids (>30%), fatty acids
and purines (>5%). The remaining metabolites belonged to car-
boxylic, indole, keto acid, benzene, amine, hydroxyl acid and
purine nucleoside families.

LHON signature

The non-supervised PCA approach (Fig. 2a) highlighted an out-
lier (red circle), probably due to an analytical or experimen-
tal bias. It was excluded from the metabolomics datasets dur-
ing the subsequent statistical analyses. A supervised OPLS-DA
model comprising only metabolites with a robust ability of dis-
crimination and a high statistical reliability was then identi-
fied (Fig. 2b). This model was based on 28 molecules and dis-
closed a good predictive ability of 55.5% for Q*(cum) and reli-
able performances during the permutation test (for 200 per-
mutations, R2: (0.0; 0.393); Q2: (0.0, —0.537)), CV-ANOVA test
(P-value =5.02284e~%) and good prediction of a test set (n=6;
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Figure 1. Metabolomics workflow. Steps of sample processing and statistical analysis are indicated with the corresponding figure or table number in bold type. Key

elements of the principal features are shown in italics.
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Figure 2. LHON metabolomic signature. (a) Unsupervised PCA score plot of LHON (blue circles) and CTRL (control) (green squares) individuals. An outlier is highlighted
(red circle). (b) Supervised OPLS-DA score plot of LHON (blue circle, n=17) and CTRL (green squares, n = 18) individuals. The model, constructed with 28 molecules (shown
in c) discriminates LHON patients on the t [1]%1.02032 axis. (c) VIP plot showing the contribution of each metabolite to the model (described in b). Molecules emphasized
in red squares were significant during univariate analysis (Wilcoxon test and FC > 1.2). The horizontal red dotted line corresponds to the threshold of VIP=0.8.
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Table 1. The 13 most discriminant metabolites of the LHON signature

Metabolite Class VIP value P(corr) value FC P-value
Inosine Purines 2.17 —0.64 0.36 0.00382
CsH4N40_3.84 Purines 2.09 —0.61 0.39 0.00749
Acetoacetate Keto acids 1.21 —-0.39 NS NS
Methylhistidine Amino acids 1.16 —0.38 NS NS
Taurine Organosulfonic acids 1.09 -0.71 0.79 0.00029
Glutamate Amino acids 0.93 —0.45 NS NS
CgHg03_9.62 Benzene 0.92 0.40 1.35 0.02239
Pipecolate Amino acids 0.88 -0.41 0.81 0.0349
Nicotinamide Pyridines 0.86 —-0.38 NS NS
Fumarate Carboxylic acids 0.84 0.52 1.22 0.01689
Choline Cholines <0.8 -0.38 0.83 0.04130
Hippurate Benzene NDM NFDM 0.78 0.02685
C10H13Ns505_3.81 Purine nucleosides NDM NFDM 0.26 0.00339

Molecules found to be significant during univariate analysis and/or relevant during the multivariate analysis were put in descending order of VIP value obtained with
the OPLS-DA model and FC (Fold Change) value (ratio between the mean values of LHON and control cohorts). For each metabolite, the table shows the corresponding
chemical family, the p-value obtained in the univariate analysis after the Wilcoxon test and the P(corr) value in the OPLS-DA model (Fig. 1C). NS, not significant; NDM,

not discriminant in the model.

correct at 100%; Fisher’s combined probability test=0.05). The
10 most discriminant metabolites (VIP > 0.8; P(corr) > +/—0.30)
contributing to the predictive model are presented in a Volcano
plot (Fig. 2c) and in Table 1.

A univariate analysis performed on the 156 accurately
detected metabolites revealed nine molecules, with a FC higher
than 1.2 and a significant Wilcoxon test, summarized in Table 1
showing the 13 most discriminant metabolites identified by
both uni- and multi-variate analyses. Only taurine remained
significant after Bonferoni correction. The observation that
some variables with a VIP > 0.8 are not found to be significantly
different by univariate analyses could be due to the fact that
these variables (metabolite concentrations), can potentiate each
other in multivariate analyses.

Discussion

We previously used a targeted metabolomic approach, allowing
the quantification of 188 metabolites, to characterize the
LHON signature in patient’s fibroblasts (11), but this approach
was unable to identify discriminant metabolite variations in
the plasma of LHON patients compared to healthy controls.
Therefore, we analyzed these plasmas with a non-targeted
metabolomic approach, allowing the semi-quantification of
500 metabolites, a method which previously allowed us to
characterize a metabolomic signature in the plasma of patients
with OPA1l-related dominant optic atrophy and primary open
angle glaucoma (23,24). A predictive multivariate model and
significant variations of metabolites were obtained with this
non-targeted approach in the plasma of LHON patients.

Among the 13 most discriminant deregulated metabolites
identified here, several have already been reported in the
metabolomic signatures of mitochondrial diseases, namely
glutamate, acetoacetate, fumarate, taurine, choline, inosine and
nicotinamide (25).

Acetoacetate, glutamate and fumarate are key metabolites
feeding the Krebs cycle, whose altered concentrations in LHON
probably reflect a consequence or a metabolic adaptation to
the complex I deficiency, which is a feature of the disease.
Interestingly, the glutamate concentration was also decreased
in the plasma of patients with dominant optic atrophy (23),
but not those with glaucoma (24). It is well established that

oxidative stress resulting from complex I inhibition is responsi-
ble for an alteration of glutamate uptake, both in primary retinal
cultures and LHON cybrids (26,27), thus explaining its systemic
deregulation in LHON plasma.

Pipecolate, choline and taurine were shown to be low in the
liver of a murine model of complex I deficiency (28). Pipecolate is
anintermediate from lysine catabolism that partially takes place
in mitochondria, and is a biomarker of peroxisome biogenesis
disorders. To our knowledge, it has not been associated with
LHON so far, although it could be involved in LHON patho-
physiology by its impact on cell survival during oxidative stress
(29).

Hippurate, and possibly the not-fully-identified CgHgO3_9.62
benzenoid too, results from the hepatic mitochondrial metabolism
of polyphenols provided by food and intestinal microbiota. With
its synthesis supported by glutamate (30), the reduced concen-
tration of glutamate may explain its decreased concentration in
the plasma. The role played by hippurate and more generally
by polyphenols metabolism, benzene molecules and intestinal
microbiota in LHON pathophysiology remains an unanswered
question that our results may prompt an exploration.

The concentration of methylhistidine was strongly increased
in the plasma of LHON patients as reported previously in a het-
erogeneous set of primary mitochondrial disorders, not includ-
ing LHON patients, compared to healthy controls (31). It is more
precisely the 1-methylhistidine that we have measured in this
study. 1-methylhistidine is synthesized in the skeletal muscles
in animals but not in humans (32). It is therefore considered
as a biomarker of meat consumption, while 3-methylhistidine,
present in both human and animal muscles, is rather consid-
ered as a biomarker of impaired muscle protein turnover and
degradation.

Choline is an essential nutrient contributing to the synthe-
sis of phosphatidylcholines that we previously found strongly
altered in LHON fibroblasts, as a result of an ER stress, affecting
phospholipids synthesis (11). Interestingly, complex I inhibition
by rotenone in cultured muscle cells also showed a signifi-
cant reduction of choline concentration in the culture media,
paralleling a reduced concentration of inosine (33).

Inosine, as well as the not fully identified C;oH13NsOs_3.81
and CsH4N,O_3.84, are all lowered in LHON and involved
in purine metabolism. Such a deregulation of the purine



metabolism was also evidenced both in dominant optic atrophy
(23,34) and primary open angle glaucoma (22), which reinforces
the hypothesis of a common pathophysiological core mecha-
nism linking these mitochondrial-related optic neuropathies.
These alterations of the purine metabolism may also reflect
more generally a mitochondrial dysfunction, as they were also
evidenced in another mitochondrial neurodegenerative disorder
due to DNMT1 mutations (35).

The decreased concentration of nicotinamide, a component
of vitamin B3, is particularly interesting, since we have already
reported such deficiency in OPAl-related dominant optic atro-
phy (23) and glaucoma (24). These two optic nerve diseases share
a systemic impairment of complex I (9,36,37), which suggests
an overconsumption of nicotinamide to provide the NAD/NADH
(nicotinamide adenine dinucleotide) redox couple that supplies
electrons to complex I (NADH dehydrogenase). Vitamin B3 defi-
ciency leads to the use of an attractive therapeutic target, aiming
to compensate its overconsumption. The efficacy of this ther-
apeutic strategy on the optic nerve has already been reported
in a mouse model of glaucoma (38). Interestingly, reduced blood
concentrations of nicotinamide and taurine were also evidenced
in cohorts of patients with mitochondrial diseases (25), but not
including LHON, which reinforces the interest of these biomark-
ers and their potential larger therapeutic perspectives.

Taurine, a sulfured amino acid (2-aminoethanesulfonic acid)
mainly provided by alimentation, is the most significant metabo-
lites detected here in univariate analysis, with a 25% reduction
of its concentration in the plasma of LHON patients. To our
knowledge such taurine deficiency in the plasma, not found
previously in dominant optic atrophy (23) and glaucoma (22),
has not been associated with LHON until now. However, we
have previously shown a sharp drop in the concentration of
taurine in the aqueous humor of patients with glaucoma where
taurine is considered to play an osmolytic role (39). We also pre-
viously found a drop in taurine concentration in mouse embry-
onic fibroblasts in which OPA1 gene has been inactivated and
have found that the severity of the OPA1 was tightly correlated
to the taurine level in these cells (40). Taurine is present in
high concentration in oxidative tissues, where it plays a role
in stabilizing the inner mitochondrial membrane gradient and
the equilibrium between NAD/NADH and GSH/GSSG (oxidized
and reduced forms of glutathione) (41). Interestingly, we have
recently reported a profound impact of the glutathione redox
imbalance in LHON fibroblasts associated with the increased
oxidative stress and at the origin of an increased level of glu-
tathionyled proteins (19). Taurine is also a cytoprotective nutri-
ment that ensures normal complex I and ER functions, both of
which are altered in LHON (11,19,42). The taurine deficiency may
be an attractive therapeutic target given its protective properties,
especially since such protective effect has already been demon-
strated in the retina (43). Indeed, taurine is one of the most abun-
dant amino acid in ocular tissues and its experimental depletion
in animal models cause retinal ganglion cell degeneration that
can reversed by supplementation (43).

Two limitations of this study are the small number of sam-
ples analyzed and the patient age heterogeneity. However, the
systemic complex I impairment is undoubtedly at the source of
the relatively high metabolic discriminating power obtained. The
sex bias due to the increased prevalence of the disease in males
could also be a limitation, although the male predominance
in the cohort probably reduces the metabolic diversity due to
sexual dimorphism. Another limitation of our study is that it
focused on the chronic phase of the disease, far after the acute
phase of visual acuity loss, although the systemic complex I
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deficit remains persistent at this stage. Indeed, the metabolomic
profiles at the acute phase of the disease could be more infor-
mative on the pathomechanisms responsible for triggering the
loss of vision. Another limitation is the absence in our study of a
group of asymptomatic carriers of LHON mutations, which could
provide clues about specific metabolic alterations responsible
for the incomplete penetrance of the disease. Further studies on
larger cohorts including asymptomatic carriers and acute phase
are needed to confirm the role of taurine and nicotinamide defi-
ciencies in LHON pathophysiology, and highlight their potential
therapeutic values.

Overall, the plasma signature of LHON identified here and
summarized in Figure 3 shows metabolites related to dietary
intake such as vitamin B3, taurine, choline, 1-methylhistidine
and hippurate, which may reflect an upstream adaptation of
the energy metabolism to complex I dysfunction. Similarly, the
variations of the concentrations of energetic substrates of the
Krebs cycle (acetoacetate, glutamate and fumarate) probably
reflect the energetic deficiency of LHON mitochondria that could
jeopardize retinal ganglion cells’ survival. In this respect, tau-
rine and nicotinamide constitute attractive therapeutic targets,
given their neuroprotective role already demonstrated in retinal
ganglion cells. Finally, despite their phenotypic and pathophys-
iological differences, LHON, OPA1l-related dominant optic atro-
phy and glaucoma share common metabolic features, such as
nicotinamide deficiency and deregulation of purine metabolism,
pointing to a common metabolic susceptibility of retinal gan-
glion cells in optic neuropathies.

Materials and Methods
Chemicals and reagents

All the isotope standards (17«-hydroxyprogesterone-ds (2,24,6,6,
21,21,21-d8), L-thyroxyne-'3Cs, succinic acid-2,2,3,3-ds, pyruvic
acid-13C and DL-alanine-'>N with > 98% purity) were purchased
from Sigma Aldrich (St-Quentin Fallavier, France). Formic acid,
methanol (MeOH) and water (optima LC/MS grade) were from
Fisher Scientific (Illkirch, France).

Study participants

In accordance with the Declaration of Helsinki, the study was
approved by the Ethical Committee of the University Hospital
of Angers (Comité de Protection des Personnes CPP Ouest II,
Angers, France; identification number: CPP CB 2014/02; decla-
ration number: DC-2011-1467; authorization number: AC-2017-
2993). All participants provided a written informed consent.
Eighteen plasma samples from LHON patients in the chronic
phase of the disease with severe visual impairment and carry-
ing a mtDNA pathogenic variant were compared to 18 plasma
samples obtained from healthy subjects. The individuals were
recruited from March 2016 to May 2019 in the Department of
Ophthalmology of the European Hospital Georges Pompidou,
Paris, France. No comorbidity was found in our cohort and five
patients were on Raxone®. Genotype and phenotype features
of patients are summarized in Table 2. There was no statistical
significance between LHON and control groups in respect of sex
and age (Fisher’s and Wilcoxon test).

Plasma sampling

Blood samples from fasting subjects were collected in hep-
arin tubes and transported on ice to the Centre de Ressources
Biologiques of the European Hospital Georges Pompidou, Paris,
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Table 2. LHON and control subjects

LHON Control p-value
n=18 n=18
Sex (M/F) 14/4 14/4 1

Mean Age (years, range) 43 (21-71) 44 (15-70) 0.92
Mean delay from onset  14.3 (2-39) NA
(years, range)

LHON mtDNA m.3460G > A (n="3)

pathogenic variant m.11778G > A (n=14) NA NA
m.14482C > A (n=1)
Raxone® n=5 NA NA

NA, not applicable.

France. Plasma were recovered after centrifugation at +4°C prior
to storage at —80°C in aliquots. Samples were later transferred in
dry ice to the Centre de Ressources Biologiques of the University
Hospital of Angers, France, and conserved at —80°C, before a
metabolomic analysis was carried out on them.

Metabolomics analysis

We used a validated non-targeted reverse-phase (RP) method
enabling the analysis of around 500 polar metabolites (44) Briefly,
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ice-cold MeOH was added to 30 pl plasma fortified with the
isotope metabolite standards mixture (10 pg/ml in MeOH). After
agitation and centrifugation, supernatants were evaporated to
leave a dry mixture, which was reconstituted with an aqueous
solution (2% MeOH). An additional centrifugation was performed
prior to injection on a Dionex Ultimate 3000 ultra-high-pressure
liquid chromatography (UHPLC, Dionex, Sunnyvale, CA, USA)
coupled with a Thermo Scientific Q Exactive high-resolution
mass spectrometer (HRMS, Thermo Fisher Scientific, Bremen,
Germany) equipped with a heated electrospray (HESI II). The
chromatography elution was carried out on an Acquity CSH
C18 1.7 pm 150 mm x 2.1 column coupled with the precolumn
CSH C18 1.7 pym VanGuard (Waters, Guyancourt, France) and
acquisitions were performed in positive and negative ioniza-
tions modes. Plasmas were injected in accordance to the several
quality control (QC) measures prepared by pooling the study
population and they processed in exactly the same way as the
other samples. To assess the signal’s linearity, QC dilution series
(1,1/2,1/4) were also carried out. A test set (n=6) was also created
combining samples, according to their phenotype.

A TraceFinder 4.1 (Thermo Fischer Scientific, Inc., Watham,
MA, USA) processing method based on our in-house library was
used to facilitate metabolite identification and peak integration.
The following criteria were used: a coefficient of variation (CV)
in QC below 30%, an accurate m/z measurement with delta



ppm under 15, a coherent isotopic pattern, a retention time (RT)
drift lower than 10 s, a good linearity with an r? higher than
0.7 and, where possible, more than two fragments identified
in fragmentation experiences. In cases where the metabolite
could not be identified using these criteria (level of metabolite
identifications: 1, identified compounds) or similarities to data
stored on our library were observed (i.e. fragmentation matching
to another RT), molecules were named by their chemical formula
and RT (level of metabolite identification: 2, putatively annotated
compounds) (45).

Data statistical analyses

Data analyses were performed according to the workflow dia-
gram shown in Figure 1. To avoid any instrumental drift, data
were first normalized using the LOESS regression function avail-
able at galaxy.workflow4metabolomics.org (46). Afterwards, in
order to reduce the inter-individual variation, an additional nor-
malisation to the MS Total Useful Signal (MSTUS) was applied
using Microsoft Excel Software (Microsoft Corp., Redmond, WA,
USA). Moreover, the dataset was logyo transformed, then mean-
centred and scaled by the square root of the standard deviation
of each variable (Pareto scaling) to reduce the contribution from
the most intense ions.

Multivariate analyses were carried out with Simca-P+v
16.0 software (Umetrics, Umea, Sweden). The unsupervised
Principal Component Analysis (PCA) was used to investigate
the population structure while the supervised Orthogonal
Partial Least Squares Discriminant Analysis (OPLS-DA) was
performed to highlight discriminant molecules implicated in
the metabolomics signature. To minimize the risk of overfitting
and to ensure the robustness of the prediction, variables
were gradually excluded according to results obtained from
different plots (S-plot, loading column plot, coefficient plot and
Variable Importance in the Projection (VIP) plot), keeping only
metabolites that exhibited a strong power of discrimination
and a high statistical reliability. OPLS-DA model was cross-
validated by leaving one-seventh of the samples, and the process
was replicated seven times. The quality and performances of
the model were evaluated using the Q?Ycum (goodness of the
prediction), the R?Ycum (goodness of the fit) values, the cross-
validation analysis of variance (CV-ANOVA), the permutation
test (evaluation of the risk of over-fitting) and the prediction of a
test set (six test samples prepared and analysed like the others
but not used for the construction of the model). Finally, only
metabolites with a VIP value greater than 0.8 were considered
relevant for the metabolomics fingerprinting.

Univariate analyses were performed on MetaboAnalyst 4.0
that allowed, through its Volcano plot module, to highlight only
molecules with a fold change (FC) higher than 1.2 combined to a
Wilcoxon test at 0.05 threshold.
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