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Abstract: Leigh syndrome (LS) is a severe neurodegenerative condition with an early onset, typically
during early childhood or infancy. The disorder exhibits substantial clinical and genetic diversity.
From a clinical standpoint, Leigh syndrome showcases a broad range of irregularities, ranging from
severe neurological issues to minimal or no discernible abnormalities. The central nervous system is
most affected, resulting in psychomotor retardation, seizures, nystagmus, ophthalmoparesis, optic
atrophy, ataxia, dystonia, or respiratory failure. Some patients also experience involvement of the
peripheral nervous system, such as polyneuropathy or myopathy, as well as non-neurological
anomalies like diabetes, short stature, hypertrichosis, cardiomyopathy, anemia, renal failure,
vomiting, or diarrhea (Leigh-like syndrome). Mutations associated with Leigh syndrome impact
genes in both the mitochondrial and nuclear genomes. Presently, LS remains without a cure and
shows limited response to various treatments, although certain case reports suggest potential
improvement with supplements. Ongoing preclinical studies are actively exploring new treatment
approaches. This review comprehensively outlines the genetic underpinnings of LS, its current
treatment methods, and preclinical investigations, with a particular focus on treatment.
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1. Introduction

1.1. Brief History

Leigh syndrome (LS) is a rare incurable mitochondrial disease with an early onset, typically
during early childhood or infancy. Prof. Denis Leigh gave a very clear definition of subacute
necrotizing encephalomyelopathy in 1951. He described a neuropathological entity characterized by
early-onset development of necrotizing lesions in the grey nuclei of the brainstem, subthalamic
region, and basal ganglia, including often the deep structures of the cerebellum and descending up
to the rostral segment of the spinal cord. These lesions are usually symmetric, with neuronal loss,
initial inflammation followed by gliosis, and maintenance of capillary hyperproliferation. Any Leigh
syndrome or Leigh-like syndrome (whose definition is much more uncertain) must contain these
essential neuropathological features[1].

1.2. Most Common Clinical Presentation

The symptoms are various: when the long tracts (e.g., the mesencephalic anterior descending
tracts) are also affected, a motor impairment with axial hypotonia and spastic tetraparesis can occur.
In all cases, movement disorders, due to lesions in the basal ganglia and subthalamus, are present, as
well as respiratory irregularities (alterations of the respiratory centers), eye movement disorders (due
to medial longitudinal fasciculus and oculomotor nuclei involvement), ataxia (cerebellum and
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spinocerebellar tracts), sometimes hypoacusia, sometimes optic atrophy (retinitis pigmentosa is
rather rare and more often detected in the m.8993T>G mutation[2]). A general psychomotor
regression and cognitive delay or stagnation may occur. Characteristically, there are no consistent
dysmorphic or malformation features, whereas is typical the presence of "disease-free" windows
lasting variably from 0 to up to 6 months. The first or second infection of the child usually precipitates
the situation revealing the general neurological impairment. The heart is usually unaffected;
myopathy is not prominent and typically ragged red fibers are usually absent. Peripheral neuropathy
may be present but it is not the main problem. Other organs are marginally or not affected at all,
although a DeToni-Debré-Fanconi proximal tubular impairment may occasionally be seen[3].
Usually, serum lactate is relatively high, and sometimes, especially during infection, metabolic
acidosis may occur. The natural history is that of progressive, rapid disease, rarely do these patients
live beyond the first decade. Adult or late-onset conditions are rare and incompletely understood,
but are certainly documented[4]. Biochemically, most of the cases are associated with a mitochondrial
bioenergetic disorder, either for mutations in nuclear DNA, nDNA, or mitochondrial DNA, mtDNA
(e.g., in the high heteroplasmic levels of the 8993T>G mutation of ATPase6 in mitochondrial inherited
Leigh syndrome[5]). In several cases, Complex I (CI) mutations, either in structural subunits or
assembly factors, are associated with Leigh syndrome, but the single most frequent gene causing
nDNA Leigh syndrome is loss of function mutations in SURF1, an assembly factor of cytochrome c
oxidase IV[4].

Leigh Syndrome is defined by the Online Mendelian Inheritance in Man Database (ONIM 2014)
as follows (1) a neurodegenerative disease with variable symptoms (2) caused by mitochondrial
dysfunction from a hereditary genetic defect and (3) accompanied by bilateral central nervous system
(CNS) lesions. These criteria are not always met, and, in those cases, the term “Leigh-like syndrome”
is preferred[6,7]. Leigh and Leigh-like syndromes have defects in the respiratory chain, coenzyme Q,
or pyruvate dehydrogenase complex[8]. The absence of well-defined criteria for LS results from the
broadest genetic heterogeneity, in fact, nonmitochondrial disorders also may present as LS[9]. LS
often shows a progressive decline of CNS because of focal necrotizing lesions of the basal ganglia,
cerebellum, diencephalon, or brainstem as already mentioned[10]. The estimated incidence is 1 per
40000 live births[11]. Nonetheless, the precise prevalence of Leigh syndrome is not known, as many
cases are wrongly diagnosed[12]. LS is a pan-ethnic disorder, yet some genetic subtypes have a high
prevalence in certain geographical regions, as discussed in the following sections.

1.3. Faroe Islands Variant

A Faroe variant has been described in the Faroe Islands where the incidence is higher due to a
founder effect and a carrier frequency of 1 in 33[11]. The term Faroe variant of mitochondrial disease
has historically been used to describe a specific form of SUCLA2 deficiency, a genetic disorder
affecting succinate-CoA ligase, an essential enzyme in the tricarboxylic acid (TCA) cycle. The name
derives from the increased prevalence of this condition in the Faroe Islands, attributed to a founder
effect. However, the term "Faroe variant" is misleading, as SUCLA2 mutations have been identified
in multiple populations worldwide. This genetic variation is associated with the early onset of muscle
weakness (hypotonia), muscle atrophy, compromised motor skills, hearing problems, seizures, and
neuroimaging findings that point to Leigh syndrome[13]. Individuals with this variation often
experience recurring respiratory tract infections. Many of these patients exhibit abnormal muscle tone
(dystonia) or excessive involuntary movements (hyperkinesia), which may manifest as athetoid or
choreiform movements[13]. Scoliosis is a common occurrence in most of these patients, often
requiring a supportive corset[13].

1.4. French-Canadian Variant

The clinical profile of individuals affected by the French-Canadian variant, also known as the
Saguenay variant, includes developmental delay, moderate muscle weakness (hypotonia), limited
facial and limb movements, unsteady movement of the trunk (truncal ataxia), a cautious wide-based
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gait, and intention tremor. These patients do not display cardiomyopathy, glycosuria, and
aminoaciduria which are frequently present in LS[14]. The majority of patients with this variant
present severe lactacidosis, hepatic steatosis, or a neurodegenerative disorder[14]. Unfortunately,
most of these individuals succumb to a rapid and severe acidic crisis before reaching five years of
age[15]. This condition is predominantly observed in the Saguenay-Lac-Saint-Jean region of Quebec,
Canada, due to a founder effect in the population. It is caused by mutations in the LRPPRC (Leucine-
rich pentatricopeptide repeat-containing protein) gene, which encodes a protein critical for the
transcriptional and translational regulation of mitochondrial DNA[16]. This dysfunction leads to
severe mitochondrial impairment, particularly affecting the brain, liver, and other high-energy-
demanding tissues. The LRPPRC plays a pivotal role in mitochondrial gene expression. It functions
in stabilizing mitochondrial mRNA, regulating oxidative phosphorylation (OXPHOS), and
maintaining mitochondrial homeostasis[17,18].

1.5. Objective

The objective of this review is to provide a clinical presentation of the different Leigh and Leigh-
like syndromes with a particular focus on current treatment and future directions.

2. Search Strategy

We performed a comprehensive search in the online database PubMed. We did not exert any
limitation in terms of language or time of publication. We used search terms such as Leigh syndrome,
Leigh disease, Subacute Necrotizing Encephalomyelopathies, and Juvenile Leigh Disease in
combination with treatment. Reference lists of retrieved articles and relevant reviews were also
manually searched. More than 1331 results were included in the literature research, conducted until
15 February 2025. Retrieved studies were revised and included based on the objective of the review.
Unpublished data was not included.

3. Clinical Presentation

The original case described by Dr. Leigh in 1951 was that of a 7-month-old boy who developed
rapid progressive neurological regression with subsequent death[19]. The child had a normal birth
and development until he suddenly developed lethargy with feeding difficulty at 5 months, after
exposure to a viral illness. Post-mortem examination demonstrated bilateral symmetrical lesions of
necrotic nature in the brainstem, thalami, and spinal cord[19]. Initial characterization of the disease
was thought to be limited to the central nervous system (CNS) and peripheral nervous system (PNS)
involvement, it is now known that non-neurologic manifestations also happen in LS, especially in
Leigh-like syndrome. Age onset is infancy or early childhood, but it can also occur rarely in
adolescents and adults[20]. 75% of patients show signs and symptoms of the disease by 1 month of
age[21]. Presenting symptoms of LS include sudden death, developmental delays, and regression of
neurological abilities[22,23]. LS is considered a mitochondrial disease because it impairs
mitochondrial oxidative phosphorylation, this results in reduced ATP production and consequent
increase in glycolysis[24]. This can influence cells during development and may be the reason why
developmental delay is the most common feature of LS as shown in a meta-analysis of clinical
manifestation of LS, where developmental delay was reported as the most common clinical sign in
57% of patients[25]. Developmental delay was followed by respiratory dysfunction (34%), epileptic
seizures ( 33%), poor feeding (29%), and weakness (27%)[25]. A hallmark of LS is the occurrence of
acute neurological and, at times, systemic events called “decompensation,” which are linked to
psychomotor delay or regression, resulting in the loss of previously acquired skills[26].

Figure 1 provides a summary of neurological and non-neurological clinical manifestations of LS.
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Figure 1. Clinical characteristics of Leigh syndrome. Predominantly impacting the brain, muscles, and eyes, the
most common clinical features are highlighted. Additionally, abnormalities extend to the cardiovascular,
gastrointestinal, renal, and hematological systems. The origin of Leigh syndrome lies in pathogenic mutations
found in either nuclear DNA (nDNA) or mitochondrial DNA (mtDNA), leading to disruptions in the oxidative
phosphorylation (OXPHOS) capabilities of the mitochondria.

3.1. Neurological Manifestations

Most of the patients present with neurological manifestations of both central and peripheral
nervous system, without other organ involvements[27]. Central nervous system manifestations
include psychomotor retardation, optic atrophy, ataxia, nystagmus, ophthalmoparesis, dysphagia,
cranial nerve palsies, general weakness, hypotonia, dystonia, deafness, and retinitis
pigmentosa[28,29]. Respiratory manifestations can be classified as neurological manifestations too
since they are often driven by brainstem involvement and/or severe myopathy. Acute respiratory
failure is a frequent feature of Leigh syndrome, and it may happen without prodromal
manifestations. When prodromal manifestations are present, they include irregular breathing,
hyperventilation, hiccups, and lethargy[13,30,31].

Epileptic seizures are frequently observed in LS, with a reported prevalence between 40% and
79%. The types of seizures can vary, including generalized tonic-clonic, myoclonic, and focal seizures.
Seizure occurrence is often associated with episodes of metabolic decompensation[7,32]. Focal
seizures seem to be the most common type in a work from South Korea[33].

Ophthalmologic abnormalities associated with LS include optic atrophy, retinitis pigmentosa,
strabismus, ptosis, nystagmus, and ophthalmoparesis. Pigmentary retinopathy was identified in
patients with MT-ATP6 variant[34].

Movement disorders are commonly encountered in LS and include dystonia (resulting in
involuntary muscle contractions, abnormal postures, and movements) and ataxia (resulting in gait
instability and difficulties with fine motor tasks), the first being the most prevalent one[35].
Choreiform movements have been observed in Leigh syndrome, particularly in children with ATPase
6 mutations[36].
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Peripheral nervous system manifestations include neuropathy and myopathy, although more
commonly in Leigh-like syndromes.

Myopathy in LS is characterized by muscle weakness, hypotonia, and exercise intolerance due
to impaired oxidative phosphorylation within skeletal muscle fibers. Mutations in mitochondrial
genes such as MT-ND5 have been associated with myopathy[37].

3.2. Non-Neurological Manifestations

Non-neurological manifestations of LS may include dysmorphic features although very rarely,
cardiac abnormalities (hypertrophic/dilated cardiomyopathy) although less frequently reported,
endocrine features (hypertrichosis, short height), gastrointestinal symptoms|[8,38], diabetes mellitus,
anemia, sleep disturbances, renal failure, hearing loss, scoliosis. The majority of patients die before 3
years of age from sudden respiratory failure[39].

Cardiac manifestations, such as hypertrophic or dilated cardiomyopathy and conduction
defects, have been reported in approximately 15% of individuals with LS5[40]. Cardiomyopathy has
been observed in up to 70% of individuals with an MT-ND?5 variant[41].

Gastrointestinal symptoms were even more prevalent in patients with COX-deficient Leigh
syndrome caused by mutations in the SURF1 gene[42]. Infants and children with Leigh syndrome
often experience poor feeding, leading to failure to thrive. This can be due to central nervous system
involvement, hypotonia, and poor suck-swallow coordination[42]. Gastroesophageal reflux,
gastroparesis, and delayed gastric emptying are commonly observed and probably due to
neuromuscular and mitochondrial dysfunction[43]. Hepatic manifestations, such as elevated liver
transaminases, hepatomegaly, or liver failure, have been observed in about 10% of individuals with
LS[44,45].

Renal abnormalities in Leigh syndrome are relatively uncommon, occurring in approximately
5% of affected individuals, according to reported cases. The primary renal manifestations include
renal tubulopathy and glomerulocystic kidney disease[44,46,47].

Diabetes and short stature have also been documented[7]. While dysmorphic features are not
commonly observed, they have been reported, especially in cases linked to PDH deficiency and
SURF1 mutations[48]. Hypertrichosis is a common feature in Leigh syndrome patients with SURF1
mutations[49,50].

3.3. Leigh-Like Syndrome

Leigh-like syndrome has unusual neurological or radiological characteristics that share
similarities with LS[51]. Individuals with this syndrome typically lack respiratory issues linked to
brainstem involvement[52]. However, they may experience delayed onset of muscle weakness
(myopathy) and minimal to no problems with eye movements[52]. Leigh-like syndrome may present
itself with seizures (such as infantile spasms or hypsarrhythmia), alterations in behavior, decreased
muscle tone (hypotonia), involuntary muscle contractions (dystonia), nerve-related problems
(neuropathy), or abnormalities in the retina (retinopathy)[28]. Many experts believe Leigh syndrome
and Leigh-like syndrome to be part of a disease continuum driven by shared or partially overlapping
pathophysiological mechanisms and genetic mutations[50].

3.4. Presentation in Youth and Adults

A small subset of individuals diagnosed with either LS or Leigh-like syndrome manage to
surpass the age of 10 years. Adolescent and adult-onset LS may arise in those with congenital LS who
survive into adulthood, or when the syndrome first presents in late childhood or early
adolescence[53]. An observational longitudinal cohort study, enrolled seventy-two children with LS
over 2.6 years, who completed the Newcastle Pediatric Mitochondrial Disease Scale (NPMDS), a scale
used to quantify the disease burden and the rate of progression of LS[43]. The scale is composed of
three sections and each item has 4 responses: normal (0), mild (1), moderate (2), and severe (3)
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impairment. The total score from all 3 sections can be categorized into mild (0-14), moderate (15-25),
and severe (>25). The median NPMDS score improved from 18 at baseline to 24 at follow-up. At the
same time, the number of children needing gastrostomy or nasogastric tubes doubled, rising from
22.2% to 45.8%. The percentage of children experiencing epileptic seizures also increased, going from
29.2% to 37.5%[43]. During this time, twelve children died, and predictors of poor outcomes were
SURF1 gene variants and symmetrical hyperintensities on caudate, globus pallidus, and
putamen[43]. When LS manifests in adults, it is often associated with minimal neurological
abnormalities[54] or with typical features consistent with LS or a mitochondrial disorder[53]. Patients
with a primary coenzyme-Q deficiency may exhibit symptoms consistent with adult LS[55]. Such
individuals commonly display symptoms like encephalopathy, growth retardation, ataxia, and
deafness[55]. Notably, neuropathological investigations conducted postmortem on a patient who had
experienced a gradual progression of sensorimotor neuropathy, along with deafness, retinitis
pigmentosa, and ataxia, showed characteristic LS lesions, undetectable on previous cerebral magnetic
resonance imaging, despite their demise at age 37[56].

4. Genetics

Leigh syndrome has been reported to be caused by defects of 16 mitochondrial genes and almost
100 nuclear genes[12]. MtDNA mutations seem to account for 21.5 to 47% of cases in many cohorts
of genetically confirmed Leigh syndrome[47,57]. LS caused by mtDNA mutations can be maternally
inherited or sporadic. Maternally inherited cases usually happen in a clinically unaffected mother.
Inheritance of nuclear-encoded LS is typically autosomal recessive and rarely X-linked[12].

4.1. Complex I Deficiency

Complex I (CI) is the primary and largest complex, weighing approximately 1 MDa, whose main
function involves the transfer of electrons from NADH to coenzyme Q10 while also transporting H+
ions. It consists of 44 subunits, including 14 core subunits crucial for its catalytic function, with seven
subunits encoded by mtDNA and the remaining core subunits encoded by nDNA. Mutations in 24
CI subunit-encoding genes and several assembly factors have been linked to Leigh syndrome,
highlighting the importance of CI in mitochondrial function. Notably, mutations in the nDNA-
encoded NDUFS4 gene, encoding subunit four of CI, induce 'mitochondrial complex I deficiency,
nuclear type 1' (MC1DN1), and Leigh syndrome in pediatric patients[58]. The lack of NDUFS4 in
various mouse tissues leads to reduced activity and stability of complex I. This instability causes a
greater disconnect between electron influx from the NADH dehydrogenase module and the whole
complex[58-60]. A dystonic later-onset form of NDUFS4 was described with an onset of toes walking,
dysarthric speech, nystagmus, and mental deterioration[61].

NADH ubiquinone oxidoreductase core subunit S8 (NDUEFSS) is another crucial core component
of the iron-sulfur (FeS) fragment in mitochondrial complex I, playing a direct role in electron transfer
and energy metabolism. Pathogenic variants of NDUFSS are associated with Leigh syndrome, as well
as cancer and diabetes mellitus[61,62].

Several mtDNA mutations associated with Leigh syndrome are concentrated in MTND
‘hotspots,” particularly in MTND1, MTND3, and MTND5[63]. Isolated complex I deficiency is the
most common oxidative phosphorylation enzyme defect, leading to a diverse clinical presentation
that includes Leigh syndrome. The m.10191T>C mutation in the MTND3 subunit is relatively
frequent and can be either maternally inherited or a recurrent sporadic mutation. This mutation
should be considered when evaluating individuals with complex I deficiency and Leigh syndrome
features[64]. Defects of complex I are usually associated with visual disturbance, nystagmus, optic
atrophy, and epilepsy[12].
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4.2. Complex II-V Deficiency

Complex II subunits are all nuclear-encoded: four structural subunits (SDHA, SDHB, SDHC,
and SDHD) and two known assembly factor genes (SDHAF1 and SDHAF2). Complex II is distinct in
that it serves as a component of both the respiratory chain and the Krebs cycle[65]. Mitochondrial
diseases linked to isolated complex II deficiency are uncommon, they can result in Leigh syndrome
or familial pheochromocytomas and paragangliomas[66]. Interestingly in some cases of complex II
deficiency magnetic resonance spectroscopy of the brain can reveal a succinate peak[67].

Complex III defect involves proteins like BCS1L, TTC19, and in mouse models PARL. Mutations
in TTC19 have been found to impair the function of Complex IlII, leading to a diverse clinical
presentation that includes Leigh syndrome[68]. Clinical presentation of TTC19 disease is variable and
may consist of spinocerebellar ataxia and psychiatric manifestations, with the observation that
hypertrophic olivary degeneration in the brain MRI may be of diagnostic value[69]. PARL deficiency,
as shown in mouse models, leads to forms of Leigh-like syndrome[70]. A single variant in one subunit
(UQCRQ) has been reported in more than 20 affected individuals of consanguineous Israeli
family[71].

Complex 1V comprises three mtDNA subunits (COX I to III encoded by MT-CO1 to 3) and three
nuclear-encoded subunits (COX411, COX8A, and NDUFA4). NDUFA4 encodes a subunit of the
respiratory chain Complex IV. NDUFA4 dysfunction is recognized as the underlying cause of
mitochondrial Complex IV deficiency nuclear type 21 (MC4DN21, OMIM 619065), a relatively mild
presentation of Leigh syndrome[72]. SURF1 is another involved protein in Complex IV deficiency
and is one of the most common causes of LS. To date, over sixty distinct SURF1 mutations have been
identified as causes of SURF1-associated Leigh syndrome[73]. The majority of SURF1-associated
Leigh syndrome cases follow a typical course, leading to early mortality before the age of ten.
However, approximately 10% of cases exhibit an atypical progression with milder symptoms and a
longer life expectancy[73]. Onset is usually in infancy with poor feeding and later on developmental
regression. Ataxia, neuropathy ophthalmoplegia, and hypertrichosis are the most important
manifestations[74]. In a murine model, SURF1-/- mice exhibited lower birth weights but eventually
reached body weights similar to their siblings; however, they demonstrated a mild motor delay[75].
Other COX assembly factor defects associated with LS are deficiencies of COX10, COX15, SCO2,
PET100, PET117, and TACO1[12].

Mitochondrial Complex V plays a crucial role in oxidative phosphorylation by facilitating ATP
production. One of the first recognized genetic causes of LS was a recurrent single nucleotide mtDNA
variant in the MT-ATP6 gene, with a clinical spectrum varying according to the variable mutation
load[76]. ATP5PO, which encodes the oligomycin sensitivity-conferring protein, is one of the proteins
whose role has been recognized in Leigh syndrome presentation[77].

4.3. Other Mutations Associated with Leigh and Leigh-Like Syndrome

LS is present in about one-third of cases of pyruvate dehydrogenase complex (PDHc)
deficiency[78]. Five genetic defects of PDH have been linked to LS such as PDHA1, PDHB, PDHX,
DLT, and DLD mutations. The most frequently encountered is the PDHA1 X-linked mutations[79].
These disorders do not always meet the clinical and pathological features for LS diagnosis.

Disorders of vitamins and cofactor metabolism have also been associated with LS, such as
biotinidase deficiency which leads to biotin-dependent enzyme impairment[80]. Another treatable
cause of LS is SLC19A13 mutation which leads to Wernicke-like encephalopathy presentation, when
not fatal[81,82].

Disorders of mitochondrial DNA maintenance associated with LS include biallelic pathogenetic
variants of SUCLA2, SUCLGI1, POLG, and RNASEH1. The most relevant ones are SUCL2 and
SUCLGI mutations, which encode two subunits of succinyl-CoA ligase, a Krebs cycle enzyme that
also helps maintenance of mtDNA. Patients with SUCL2 variants usually have sensorineural hearing
loss and dystonia, while SUCLGI1 patients have systemic involvement, especially in the liver and
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heart[83]. Many experts believe POLG mutations never meet the diagnostic criteria for LS as they
often present themselves with a clinically different spectrum such as Alpers-Huttenlocher syndrome.

Many other disorders of mitochondrial proteins have been linked to LS, among these mutations
in the SERAC1 gene lead to 3-methylglutaconic aciduria, deafness, and encephalopathy, Leigh-like
(MEGDEL) syndrome, which is a disorder of lipid remodeling[84].

4.4. Coenzyme-Q Deficiency

Coenzyme-Q (CoQ) deficiency can have different manifestations and can resemble LS[46]. For
instance, a patient with coenzyme-Q deficiency may exhibit congenital muscle weakness (hypotonia),
seizures starting at age 3 months that are difficult to control and spread throughout the body,
progressive muscle weakness, challenges in feeding, intermittent vomiting since age 7 months, the
need for tube feeding, swelling due to low protein levels linked to poor feeding and kidney-related
issues (nephrotic syndrome), ultimately resulting in death at 8 months[46]. In another case involving
two sisters, primary coenzyme-Q deficiency presented as an adult-onset syndrome characterized by
brain dysfunction, slowed growth, lack of muscle coordination (ataxia), and hearing impairment[55].
Both individuals significantly improved with coenzyme-Q replacement[55]. CoQ10 deficiency
primarily affects the brain, muscles, and kidneys due to their high energy demand. Symptoms range
from severe in infancy to mild in later life. It can cause ataxia, nephrotic syndrome, and hypertrophic
cardiomyopathy. This entity should not be included in a Leigh-like syndrome per se.

5. Diagnosis

5.1. Laboratory Findings

Commonly, resting levels of lactate or pyruvate in the blood are elevated[8,27]. Elevated lactate
levels (hyperlactatemia) may not be initially observed at the onset of symptoms but may develop as
the disease progresses[85]. Moreover, in cases where skeletal muscles are affected, levels of creatine
kinase are elevated[86]. Anemia has also been reported in isolated cases[85]. Patients with the Faroe
variant typically display elevated levels of methylmalonic acid in their urine[11]. In cases of
mitochondrial Leigh syndrome, there may be increased excretion of Krebs cycle intermediates in the
urine. Lactate levels may be elevated in specific patients[87]. In patients with the Faroe variant,
methylmalonic acid levels in the urine are typically high[11]. Patients with non-mitochondrial LS
may display increased urinary excretion of 3-methylglutaconic acid or 3-methylglutaric acid[9,88]. In
most cases, the levels of lactate, pyruvate, or the lactate/pyruvate ratio are elevated in the
cerebrospinal fluid[8,89,90]. In a case involving a patient with Leigh syndrome resulting from a
deficiency in coenzyme-Q, there was a significant reduction in coenzyme-Q levels[55].

5.2. Electrophysiological Assessments

Needle electromyography can detect irregular spontaneous activity[91]. Nerve-conduction
studies have provided insights into potential polyneuropathy[91]. Auditory-evoked brainstem
potentials may exhibit extended latencies even before clinical symptoms manifest[90,92,93].
Assessing visually evoked potentials may reveal elongation or reduction in amplitude of the P100
component[89], or in some cases, its complete absence[90]. Finally, an electroencephalogram may
demonstrate irregular baseline activity and focal epileptic indicators, potentially leading to secondary
generalization and hypsarrhythmia[86].

5.3. Neuroimaging

When clinical evaluations and laboratory tests trigger suspicion of LS, a cerebral MRI should be
obtained. Distinctive observations in LS patients typically include the presence of bilateral and
symmetrical hyperintensities evident in T2-weighted images. These hyperintensities are primarily
located in specific brain regions, notably the basal ganglia (especially the putamen) and various parts
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of the brainstem, such as the substantia nigra, nucleus ruber, and medulla oblongata[94,95]. Other
findings include microcephaly, ventricular enlargement, intracranial pseudo-cysts, and white matter
abnormalities[50]. Lesions in LS usually evolve over time; nonetheless, some case series reported
partial or complete regression of lesions in follow-up MRI[39,96]. The reversibility of Leigh lesions
underscores the importance of ongoing efforts to develop treatments that prevent brain damage[96].
Moreover, the absence of visible lesions does not rule out a diagnosis of Leigh syndrome, as patients
may develop them later in the disease course[96]. It is also recommended to complement
conventional MRI with proton magnetic resonance spectroscopy (MRS). The identification of a lactate
peak in either brain parenchyma or cerebrospinal fluid (CSF) is considered a hallmark of
mitochondrial disease.

Notably, there are correlations between MRI findings and the underlying genetic mutations in
LS. For instance, in cases with complex I deficiency, brain MRIs often reveal bilateral symmetric
brainstem lesions, at least one striatal anomaly, and an observable lactate peak in MRS[90]. Rarely,
Leigh syndrome mimics tectal glioma, with symmetrical lesions in the midbrain and the pons,
described as “giant panda” or “double panda sign” [97]. Furthermore, some patients with POLG and
SURF1 mutations have been reported to exhibit hypertrophic olivary degeneration, which may
manifest clinically as tremors[15]. POLG mutations are associated with a variety of manifestations,
in children in particular by Alpers-Huttenlocher disease or, later, by Spinocerebellar ataxia and
epilepsy. Therefore these mutations are usually not included in the Leigh-like syndrome spectrum.
Bindu and colleagues described the presence of bilateral hypertrophic olivary degeneration on MRI
in a cohort of 10 children diagnosed with Leigh and Leigh-like syndrome[98]. Finally, the progression
of LS over time is not always followed by a progression of lesions on MRI. Regression of lesions was
demonstrated in 5 of 12 patients[39]. Moreover, in another study three patients had complete
resolution of their lesions, demonstrating that LS lesions can be reversible and that the lack of lesions
cannot rule out a diagnosis of LS[95].

5.4. Muscle Biopsies and Cultured Fibroblasts

Muscle tissue is frequently impacted in mitochondrial diseases due to its substantial energy
requirements. Confirmation or exclusion of an OXPHOS disorder can be solely achieved through the
analysis of a muscle biopsy[14]. An essential aspect of OXPHOS deficiency diagnosis involves the
biochemical assessment of muscle biopsies extracted from either the quadriceps femoris muscle or
soleus muscle. To comprehensively assess the entire OXPHOS system, immediate processing of a
freshly obtained biopsy is imperative. Notably, the necessity of a muscle biopsy in the diagnostic
procedure is not universal. In cases where the clinical and biochemical phenotype strongly points to
a specific mutation, it is advisable to commence a genetic analysis. Another valuable diagnostic tool
is the examination of cultured fibroblasts derived from skin biopsies. This approach becomes
pertinent when muscle tissue accessibility is limited or when validation and clarification of muscle
biopsy results are required. However, it's worth noting that OXPHOS disorders in muscle tissue may
exhibit less marked symptoms or even be absent in cultured fibroblasts.

5.6. Genetic Diagnosis

Mitochondrial disorders occur with various clinical and biochemical features, implicating
hundreds of genes present in both mtDNA and nDNA. When clinical features lack specificity or a
multitude of candidate genes exist, a broader approach is necessary.A primary step in genetic
diagnosis involves full sequence analysis of mtDNA, often extracted from affected tissue, primarily
muscle. This approach is particularly useful for identifying mutations with high heteroplasmy levels.
In cases of mtDNA depletion without detectable mutations, consideration of POLG gene mutations,
encoding polymerase gamma essential for mtDNA replication and repair, becomes crucial. If mtDNA
mutations are ruled out, the focus shifts to sequencing candidate nuclear genes based on the patient's
clinical and biochemical features. The conventional strategy involves sequencing the most frequently
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mutated genes among the selected candidates. However, nowadays next-generation sequencing
(NGS) technologies enable the sequencing of multiple candidate genes or even entire exomes.

5.7. Genetic Counseling

Genetic counseling is crucial for parents with children affected by LS who want to elucidate the
underlying genetic factors. Categorizing mitochondrial disorders based on the identified
mutations —whether in nuclear-encoded or mtDNA-encoded genes —provides a framework for risk

assessment and future family planning.
Table 1 provides information on the known mtDNA and nDNA genes responsible for LS.

Table 1. Summary of genes involved in the Leigh Syndrome (LS).

Inheritance
Autoso?nal Cenetic
Recessive/ .
(Maternal/sporadic) mutations
NDUFS1, NDUFS2, NDUFS3, NDUFS4, NDUFS7, NDUFS8, NDUFV1,
NDUFV2, NDUFA2, NDUFA9, NDUFA10, NDUFA12, NDUFA13, NDUFAF?2,
Complex I NDUFAF4, NDUFAF5, NDUFAF6, FOXRED1, NUBPL, NDUFAFS8, TIMMDCI,
NDUFBS, NDUFC2
(MT-ND1, MT-ND2, MT-ND3, MT-ND4, MT-ND5,
MT-NDe6)
Complex 11 SDHA, SDHAF1*
Complex 111 UQCRQ, TTC19, BCSIL
SURF1, NDUFA4, COX4I1, COX8A, COX10, COX15, SCO2, LRPPRC, TACO1,
Complex 1V PET100, PET117
(MT-CO1, MT-CO2, MT-CO3)
Complex V ATP5MD (MT-ATP6)

itochondrial DNA
rtoctonarta POLG* SUCLA2, SUCLG1, FBXL4, SLC25A4, SSBP1, RNASEH1, GTPBP3
maintenance

TRMU, GTPBP3, MTFMT, EARS2, FARS2, IARS2, NARS2, PTCD3, MRPS34,

mltog:“:e‘zllz;gem GEM1, GFM2, TSFM, MTRER, PNPT1, C120RF65, TARS?2
P (MT-TI, MT-TK, MT-TL1, MT-TL2, MT-TV, MT-TW)
itochondrial
rtochonaria PDSS2, COQY, LIAS, LIPT1, MECR
cofactor
mitochondrial
SERACI1, MFF, SLC25A46, CLPB
membrane
mitochondrial toxicity HIBCH, ECHS1, ETHET*, SQOR, SLC39A8, NAXE
mitochondrial (other) LONP1, VPS13D, OPA1
pyruvate
dehydrogenase PDHB, DLAT, DLD, PDHX
complex
B vitamin transport SLC25A19, TPK1, BTD, SLC19A3
and metabolism
miscellaneous HPDL, ADAR, NUP62, RANBP2, MORC?2
Autos.omal DNMIL
dominant
PDHAT?,
X-linked NDUFAI,
AIFM1*

*These mutations include syndromes that may resemble Leigh syndrome but show a different pathology.
Ethylmalonic encephalopathy (due to mutations of ETHE1) has a different, complex neuropathology evidenced

by both autoptic and MRI examination. POLG mutations are associated with a variety of manifestations, in
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children in particular by Alpers-Huttenlocher disease or, later, by Spinocerebellar ataxia and epilepsy. Therefore
these mutations are not usually included in the Leigh-like syndrome spectrum. Defects in PDHA can also appear
as Leigh syndrome at MRI, but usually, they are associated with other lesions, for instance micropore

accumulation, especially in the frontal region.

Table adapted from Rahman S, Thorbur D.Nuclear Gene-Encoded Leigh Syndrome Spectrum
Overview. 2015 Oct 1 [Updated 2020 Jul 16]. In: Adam MP, Mirzaa GM, Pagon RA, et al., editors.
GeneReviews® [Internet]. Seattle (WA): University of Washington, Seattle; 1993-2023.

5.8 Differential DiagnosisSeveral disorders share clinical features with LS, necessitating a meticulous
medical history and targeted laboratory investigations. Key differential diagnoses include neonatal
asphyxia, Wernicke encephalopathy, various metabolic disorders, and toxic-induced basal ganglia
lesions.

6. Treatment

To date, no definitive treatment has been identified for LS. Current therapies include
supplements (coenzyme Q10 and its derivatives), vitamins, pyruvate, dichloroacetate, and a
ketogenic diet. Table 2 provides information on the current drugs and therapies used for LS and
preclinical in vivo studies. However, recent systematic reviews have highlighted additional
therapeutic interventions under investigation, including experimental treatments and clinical
trials[99].

Table 2. Proposed therapies and target mutation/pathways. *These mutations include syndromes that may

resemble Leigh syndrome but show a different pathology: ACAD9 mutations are associated with a non-Leigh

complex encephalopathy and often cardiomyopathy.

Treatment Specific mutations or deficiencies reported
ND3-m.10197 G>A, Succinate: cytochrome c oxidoreductase
Coenzyme Q10 deficiency, m.9185 T> C, m.10191 T > C, PDSS2/CoQ10
deficiency
EPL743 ND1-G3697A, SUCLA2, ETHE1* ND5-G13513A, EARS?2,
SURF1, ND1-G3697A, ND6-114487C
Idebenone Unknown
KH176 Mitochondrial m.3243A>G Spectrum Disorders
Riboflavin ACAD9Y*- ¢.1240C>T
Thiamine SLC19A3/Thiamine transporter-2 deficiency

Thiamine+Biotin+ CoenzymeQ10
+Vitamin E+ Vitamin C+Carnitine
Sodium Pyruvate
Sodium Dichloroacetate

SLC19A3/Thiamine transporter-2 deficiency

Unknown, m.8993 T>G, m.9176 T>C
ATP6-m.8993 T>C, ATP6-m.8993 T>G

N-acetylcysteine ETHE1*
Carnitine m.8993T>C mutation
Ketogenic diet PDHc deficiency, NDUFV1
Plasmapheresis + IVIG ATP6-m.9176 T>C
Preclinical studies
Targeted mechanism
Rapamycin Unknown, mTOR pathway
Hypoxia Oxygen restriction
AVV gene therapy Insertion of a target gene
Olaparib, veliparib PARP inhibitors (PARPis)
Nicotinamide riboside and nicotinamide ) .
, (NAD+ precursors) enhancing SIRT1 function
mononucleotide
AD4 Lipid metabolism

Hispidin

MTND
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Avanafil MT-APT6 mutation, membrane potential
Adapted from: Chen L, Cui Y, Jiang D, Ma CY, Tse HF, Hwu WL, Lian Q. Management of Leigh syndrome:
Current status and new insights. Clin Genet. 2018 Jun;93(6):1131-1140.

6.1. Coenzyme Q10 and EPI-743 (Vatiquinone)

Coenzyme Q10, also referred to as ubiquinone, plays a vital role in shuttling electrons between
complex II and complex III. In a specific case study, a patient with LS and an m.10197 G>A mutation
experienced notable improvement after receiving CoQ10 supplementation for three months[100].
Furthermore, an MRI scan conducted during a one-year follow-up showed the complete
disappearance of the previously observed lesion. It is worth noting, however, that CoQ10
supplementation does not consistently produce positive results in cases where there is a CoQ10
deficiency[46]. Six studies evaluated CoQ10 as a standalone treatment, with four reporting clinical
improvement in patients harboring mutations in m.10197G>A, COQ2, and COQ4[99]. However, it
was observed that patients in advanced stages of the disease showed clinical deterioration despite
CoQ10 initiation, underscoring the importance of early intervention[99]. Improvements in renal
function were noted in some cases following CoQ10 supplementation[101]. Conversely, Scalais et al.
reported a case of a child who developed severe proteinuria despite receiving CoQ10 therapy from
infancy[102].

Some LS patients have shown positive responses to alternative treatments such as EPI-743 and
idebenone[103]. EPI-743 is a para-benzoquinone that repletes intracellular glutathione more potently
than coenzyme Q10 or idebenone. It has been tested in open-label clinical trials for mitochondrial
diseases, including LS. Enns et al. found that 11 out of 12 participants showed both clinical and
radiological improvements[104]. Additionally, Martinelli et al. observed significant improvements in
10 children with genetically confirmed LS treated with EPI-743[105]. While EPI-743 appears to have
broad efficacy across genetic variations, and other drugs are currently undergoing clinical trials, not
all outcomes have been satisfactory[46].

6.2. Sodium Dichloroacetate and Sodium Pyruvate

Another compound, Dichloroacetate (DCA), enhances pyruvate dehydrogenase activity by
reducing lactate buildup. DCA treatment has shown effectiveness in LS patients with the T8993C
mutation in ATPase 6, a subunit of complex V[106], as well as PDHc and CI deficiency[107]. However,
studies have reported mixed clinical outcomes with DCA treatment. While it has shown potential
benefits, DCA is also associated with the risk of worsening peripheral neuropathy, even when
thiamine is administered prophylactically to mitigate side effects[108]. For instance, Fujii et al.
documented successful improvement in midbrain hyperintensities in a patient with the MT-ATP6
m.8993T>C mutation following DCA and thiamine therapy[106]. In contrast, Koga et al. described a
case of a child with a PDHE1 mutation who experienced clinical deterioration with DCA but
subsequently responded positively to pyruvate therapy[109].

It is important also to mention Pyruvate, which plays a crucial role in remedying the malfunction
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) by supplying NAD, thus restoring the
NADH/NAD+ ratio that becomes disrupted in disorders marked by OXPHOS deficiency[110]. In a
specific case study, the oral administration of sodium pyruvate over one year resulted in a significant
enhancement of exercise tolerance, ventricular ejection fraction, and the normalization of an
abnormal echocardiographic presentation[111]. The majority of studies focused on biochemical
pyruvate dehydrogenase deficiencies, which were not confirmed radiologically or genetically as
Leigh syndrome (LS). Only two papers met all inclusion and exclusion criteria. The highest level of
evidence came from a case series by Fujii et al., which included two genetically confirmed LS patients
with the variants m.8993T>G and m.9176T>C. Both patients, who were bedbound, showed
improvements in the Newcastle Pediatric Mitochondrial Disease Scale (NPMDS) following pyruvate
treatment[112].
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6.3. KH176

KH176 is a promising redox-modulating agent under investigation for mitochondrial diseases,
including Leigh syndrome (LS). A Phase 1 study (NCT02544217) evaluating KH176 in patients with
various mitochondrial disorders, including LS, demonstrated that the agent was generally well-
tolerated. However, at higher doses, it was associated with QTc prolongation and T-wave
morphological changes, necessitating careful dose optimization and monitoring[113]. Building on
these findings, randomized, multi-center Phase 2 trials are currently recruiting participants with a
range of mitochondrial disorders, such as MELAS (mitochondrial encephalomyopathy, lactic
acidosis, and stroke-like episodes), MIDD (maternally inherited diabetes and deafness), LS,
mitochondrial myopathies, and mitochondrial encephalopathies. These studies aim to further
evaluate the safety and efficacy of KH176 across different mitochondrial disease phenotypes.
Notably, a safety and efficacy trial focusing on m.3243A>G-associated mitochondrial disease has
already been completed, providing valuable insights into the therapeutic potential of KH176 in this
specific genetic context[114].

6.4. Vitamin Supplementation

Vitamin supplementation is another approach to ameliorate the neurological symptoms of LS.
High doses of riboflavin enhance muscle strength and alleviate lactic acidosis in the context of
complex I deficiency due to mutation in ACAD9 mutation, which is a crucial factor for the operation
of the OXPHOS system and ATP production[115,116]. Nonetheless, ACAD9 mutation seems to show
a different pathology from the one observed in LS, ACAD9 mutations are associated with a non-
Leigh complex encephalopathy and often cardiomyopathy in most of the cases. Riboflavin was
utilized in 18 studies, though it was predominantly administered as part of a "mitochondrial cocktail"
rather than as a standalone treatment. Only three studies specifically evaluated riboflavin
monotherapy. Among these, two studies demonstrated clinical improvement in patients with
ACAD?9 mutations[116,117]. Notably, Gerards et al. reported the restoration of complex I activity in
a family with a homozygous ACAD?9 (c.1594C>T) mutation following riboflavin monotherapy[116].

Moreover, early supplementation with both thiamine and biotin in patients with LS caused by a
mutation in SLC19A3, a gene important to thiamine transporter-2 deficiency, has been found to have
an immediate therapeutic effect[118,119]. The SLC19A3 gene encodes a thiamine transporter, and
mutations in this gene are associated with Biotin-Responsive Basal Ganglia Disease (BBGD). A review
of 22 and 57 studies revealed that biotin and thiamine supplementation respectively, are commonly
used as part of a "mitochondrial cocktail" for treating mitochondrial disorders. However, only two
case series have directly compared biotin or thiamine monotherapy versus combination therapy.
Debs et al. reported clinical and radiological improvement in two siblings with SLC19A3 missense
mutations, both with biotin monotherapy and combination therapy[120]. In contrast, Tabarki et al.
found no significant difference in the Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS) scores
between thiamine monotherapy and combination therapy in an open-label prospective study
involving 20 children with the SLC19A3 c.1264A>G (p.Thr422Ala) mutation. However, combination
therapy was associated with a significantly faster recovery from acute crises (2 days versus 3 days)
compared to monotherapy[121].

6.5. N-Acetylcysteine and Carnitine

N-acetylcysteine (NAC) is a compound that serves as a precursor to glutathione, a powerful
antioxidant that helps neutralize toxic sulfides[122]. In one study, Viscomi et al. reported positive
outcomes in five children with homozygous 505 + 1G>T splice-site mutations in the ETHE1 gene,
which is responsible for a syndrome that shows a different pathology but shares many similarities
with LS. These children experienced a reduction in seizure frequency, neurological improvements,
and a decrease in symptoms such as acrocyanosis (bluish discoloration of extremities) and petechiae
(small red or purple spots on the skin). Additionally, their episodes of diarrhea improved, which was
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likely enhanced by the combined use of Metronidazole, a bactericidal and prokinetic agent[123].
Another case, described by Shayota et al., documented developmental improvements in a patient
with an ECHS1 mutation following NAC treatment. However, the patient was also on a valine-
restricted diet, making it difficult to determine the exact contribution of NAC to the observed
progress[124]. While these findings are encouraging, further studies are needed to clarify NAC’s role
in managing mitochondrial disorders and to determine its effectiveness as a standalone treatment.

Carnitine plays a crucial role in fatty acid oxidation and is commonly included in mitochondrial
cocktail therapies with combinations of nutraceuticals, co-factors, and antioxidants aimed at
supporting mitochondrial function and bypassing defects in the electron transport chain[125].
However, its effectiveness remains uncertain, as many case series and reports have documented its
use with little to no noticeable benefit[99]. One notable case, described by Toth et al., involved a
patient with the m.8993T>C mutation who experienced sudden loss of mobility following an upper
respiratory tract infection. The patient's condition later improved after receiving carnitine
supplementation, but it is unclear whether this was due to the treatment itself or simply the natural
resolution of the infection. The authors noted that the patient had low plasma and muscle carnitine
levels before treatment. Later, at age 13, the patient experienced worsening ataxia and muscle
weakness, which improved after the carnitine dose was adjusted based on body weight[126]. While
carnitine remains a widely used supplement in mitochondrial disease management, further studies
are needed to determine its true therapeutic value, particularly regarding disease progression and
symptomatic relief.

6.6. Ketogenic Diet

KD seems to extend longevity and ameliorate mental problems[127]. Moreover, it seems to
reverse the oculomotor palsy of LS caused by the pathogenic NDUFV1 variant. Ketogenic diets are
believed to enhance fatty acid 3-oxidation, providing an alternative energy pathway when oxidative
phosphorylation is impaired[128]. These diets have shown effectiveness in controlling epilepsy,
improving eye movements, and supporting mental development in patients with mutations in genes
such as ECHS1, POLG, TMEMI126B, and PDHA 1, which causes pyruvate dehydrogenase
deficiency[99]. Additionally, protein and valine-restricted diets have been reported to benefit patients
with mutations affecting valine degradation pathways, such as those in HIBCH and ECHS1[128].
These dietary interventions are thought to prevent the buildup of toxic metabolites like methacrylyl-
CoA and acryloyl-CoA[124]. However, ketogenic diets can also pose risks, such as inducing metabolic
acidosis and potentially worsening clinical symptoms in some LS patients[129].

7. Preventive Approach

7.1. Spindle Nuclear Transfer

An innovative technology called spindle nuclear transfer (SNT) for females with LS prevents
vertical transmission of mutated mtDNA. SNT consists of transferring the nucleus to another egg
from a healthy donor with normal mitochondria but stripped of its nucleus. This remarkable
technique holds great promise in mitochondrial disorders, although ethical concerns have been
raised[130], and long-term follow-up of the child's longitudinal development remains to be seen[131].
The spindle transfer is a preventative approach which has been prohibited in the US, whereas the UK
and Australia have adopted the pronuclear transfer but so far no positive publication about the
clinical efficacy of this approach has been released.

8. Preclinical Research

8.1. Gene Therapy
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Gene therapy holds great potential for treating orphan diseases, particularly with the advent of
precision medicine. Administering adenovirus-associated virus (AAV) has been shown to alleviate
respiratory abnormalities and lead to mild clinical improvements in NDUFS4 KO mice[132]. Adeno-
associated virus (AAV) recombinant vectors have emerged as a promising gene therapy approach for
LS. AAV vectors are particularly advantageous due to their ability to transduce post-mitotic cells,
including neurons, with long-term gene expression and minimal immunogenicity. In the context of
Leigh syndrome, AAV-mediated gene therapy aims to deliver functional copies of nuclear-encoded
mitochondrial genes or introduce therapeutic molecules that enhance mitochondrial function.
Studies exploring AAV-based interventions have shown potential in preclinical models, particularly
in targeting defects associated with complex I deficiencies, the most common cause of Leigh
syndrome. However, challenges remain, including optimizing tissue-specific targeting, overcoming
the blood-brain barrier, and ensuring sustained expression without adverse immune responses. As
research advances, AAV vectors hold promise for the development of targeted therapies, and as of
now represent the only possibility for a cure as they convey the missing gene to the brain[133].

Interestingly, findings from a recent study indicate that new approaches involving
mitochondrial transfer hold potential as a therapeutic strategy for treating mitochondrial diseases,
including Leigh syndrome[134].

8.2. Disease Models of Leigh Syndrome

A variety of disease models of LS have been developed, leading to important findings into LS
pathophysiology, with the most prominent model of LS being the NDUFS4 knockout mouse
model[135].

NDUFS4 is a nuclear gene encoding the NADH-dehydrogenase subunit S4 of the OXPHOS
complex I, its mutation leads to mitochondrial dysfunction. Mitochondrial dysfunction in neurons
can lead to the buildup of lipid droplets (LD) in glial cells and may occur before LS symptoms appear.
Mouse models of NDUFS4 mutations developed bilateral spongiform lesions, and systemic
inflammation which seems to result from LD accumulation in glial cells[60]. In both mouse and
Drosophila models, LD accumulation was associated with increased reactive oxygen species (ROS)
levels, and both effects were alleviated by antioxidants. This indicates that oxidative stress can drive
lipid droplet accumulation during mitochondrial dysfunction. Consequently, ROS-induced lipid
peroxidation and subsequent neuroinflammation may contribute to the underlying disease
mechanism[58]. These mouse models show how mTOR inhibition and antioxidants could be a
promising approach to mitigate the severe phenotype in patients with Leigh syndrome. Treating
NDUFS4 mice with AD4 helped reduce LD levels, slightly delaying the onset of neurodegenerative
signs and improving motor function[60]. Repletion of nicotinamide adenine dinucleotide (NAD+)
granted extended lifespan in murine models of NDUFS4[136]. Compounds such as rapamycin and
doxycycline improved and doubled the lifespan of the NDUFS4 knockout mouse model[137-139].
Mouse models by the Mootha lab have also demonstrated that one of the most effective interventions
in NDUFS4 models is prolonged, continuous exposure to mild hypoxia, resulting in a significant
extension of lifespan and both pathological and radiological improvement[140-143].

Yeast models have also been developed, among these the S. cerevisiae model of deficiency by
editing the SURF1 homolog Shyl helped confirm the importance of this assembly factor of the
complex IV[144]. Zebrafish SURF1 models provided evidence for cysteamine bitartrate and N-
Acetylcysteine in ameliorating ROS in SURF1-associated LS[145].

Non-mammalian animal models have also been used in LS. Burman et al generated a Drosophila
model carrying a deletion in the MT-ND2 gene[146]. This knockout model revealed complex I
reduced activity with features of mitochondrial disease. This model was used to test rapamycin as a
potential treatment, with evidence of fat storage defect rescue[147]. In Drosophila, mutations in the
ND23 subunit of mitochondrial complex I—analogous to the mammalian NDUFS8 —mimic key
features of LS. Mutations in the mitochondrial complex I subunit ND23 enhance susceptibility to
isoflurane-induced toxicity and oxidative stress in Drosophila. Asymptomatic flies carrying ND23
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and MT-ND2 mutations become increasingly vulnerable to isoflurane and halothane toxicity due to
aging and genetic background[148,149]. This model helped gain an understanding of the danger
related to anesthetic usage in LS patients.

Also, patient fibroblast models carrying mtDNA mutations in MT-ND1,3 and 5 were helpful in
showing possible therapeutic compounds such as hispidin, a natural fungal compound, which
helped inhibit the pro-oxidative pathway mediated by p66Shc protein[150]. Another LS disease
model came after the discovery of a method for reprogramming fibroblast cultures into induced
pluripotent stem cells (iPSCs)[151]. An iPSC model for MT-ATP6 mutation was able to show some
benefit in helping mitochondrial membrane potential restoration with the PDES5 inhibitor
avanafil[152]. An iPSCs model of NDUFS4 helped provide evidence for nicotinamide riboside (NR)
as a potential treatment strategy for LS[153]. NR, a vitamin B3 analogue and precursor of
nicotinamide adenine dinucleotide (NAD+), supports beneficial effects in LS through a mechanism
dependent on acetylation. Targeted metabolomic analysis of heart and brain samples from LS mice,
both under basal conditions and after NR supplementation, revealed disruptions in NAD+-
dependent metabolic enzymes. These disruptions were restored following NR treatment. As NAD+
serves as a co-substrate for Sirtuin deacetylases, its depletion leads to reduced Sirtuin 1 (SIRT1)
activity, resulting in increased protein acetylation[154]. Possible therapies to ameliorate SIRT1
activity are discussed in the following section.

8.3. Sirtuins

Sirtuins (SIRTs) are a class of histone deacetylases that rely on nicotinamide adenine
dinucleotide (NAD+) as a cofactor. They play crucial roles in regulating vital signaling pathways in
both prokaryotes and eukaryotes, contributing to various biological processes. Currently, there are
seven mammalian homologs of yeast Sir2, known as SIRT1 to SIRT7. These proteins are involved in
a range of essential cellular processes, including inflammation, metabolism, oxidative stress, and
apoptosis. Consequently, they are considered promising therapeutic targets for a wide array of
pathologies, including cancer, cardiovascular disease, respiratory issues, and other medical
conditions. SIRT1, for example, regulates mitochondrial energy metabolism and is known to boost
mitochondrial biogenesis by activating PGC-1a[155,156]. One emerging strategy in LS involves
activating SIRT1, a key regulator of cellular metabolism and mitochondrial function. SIRT1 activation
has been explored using NAD+ precursors and poly(ADP-ribose) polymerase (PARP) inhibitors,
which enhance mitochondrial biogenesis and function. Enhancing SIRT1 activity may counteract
mitochondrial dysfunction in LS by promoting energy homeostasis, reducing oxidative stress, and
increasing cellular resilience[157]. NAD+ is a crucial coenzyme in mitochondrial metabolism and a
direct modulator of SIRT1 activity. NAD+ precursors, such as nicotinamide riboside and
nicotinamide mononucleotide, have been shown to boost NAD+ levels, thereby enhancing SIRT1
function. Studies in mitochondrial disease models indicate that NAD+ supplementation improves
mitochondprial respiration and reduces neurodegeneration[158]. Ongoing clinical trials are assessing
the benefits of NAD+ augmentation in mitochondrial diseases, including Leigh syndrome, with
promising preliminary results. Another strategy to preserve NAD+ levels involves the inhibition of
PARP. PARP enzymes play a critical role in DNA repair but excessively consume NAD+, leading to
energy depletion in mitochondrial diseases. PARP inhibitors (PARPis) such as olaparib and veliparib
have been investigated for their ability to prevent NAD+ depletion and enhance mitochondrial
function. PARP inhibition has been reported to improve cellular energy balance and mitochondrial
dynamics in neurodegenerative conditions models[157]. By preserving NAD+ levels, PARP inhibitors
may sustain SIRT1 activity and improve mitochondrial resilience in LS patients. Therapies targeting
SIRT1 activation, including NAD+ precursors and PARP inhibitors, offer a promising avenue for
mitigating mitochondrial dysfunction in Leigh syndrome. By enhancing mitochondrial biogenesis,
reducing oxidative stress, and preserving cellular energy balance, these approaches hold potential
for improving patient outcomes.
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8.4. Rapamycin

Rapamycin, also recognized as sirolimus, is commonly administered to prevent immunological
rejection after kidney transplantation. Rapamycin, a macrolide antibiotic and potent inhibitor of the
mechanistic target of rapamycin (mTOR), has shown therapeutic potential in preclinical models of
mitochondrial dysfunction[159]. One of the most significant mechanisms through which rapamycin
exerts neuroprotective effects is by enhancing autophagy and mitophagy. In mitochondrial diseases,
dysfunctional mitochondria accumulate and contribute to oxidative damage and cellular
dysfunction. Rapamycin-induced autophagy facilitates the degradation and recycling of damaged
mitochondria, thereby improving cellular homeostasis. Increased mitophagy helps to remove
defective mitochondria, reducing the burden of oxidative stress and improving mitochondrial
network function[159]. Rapamycin mitigates oxidative stress by upregulating antioxidant defense
mechanisms, such as increased expression of superoxide dismutase (SOD) and nuclear factor
erythroid 2-related factor 2 (NRF2). Additionally, rapamycin modulates inflammatory pathways by
reducing the activation of pro-inflammatory cytokines and microglial activation, thereby limiting
neuroinflammation, which is a key contributor to neurodegeneration in complex I deficiency[160].
Rapamycin has also been shown to influence the integrated stress response (ISR), a cellular pathway
activated in response to mitochondrial dysfunction. By modulating ISR signaling, rapamycin
promotes cell survival and adaptation to mitochondrial stress, improving neuronal resilience in
complex I-defective models[160]. In a mouse model designed to simulate LS, rapamycin showed
promising results by improving neurological symptoms and extending the lifespan to approximately
110 days, which is twice as long as the untreated control group, whose lifespan was around 50
days[161]. Rapamycin also emulates the effects of caloric restriction (CR), a practice known to extend
lifespan and reduce the risk of age-related health issues in yeast[162]. However, it's essential to
acknowledge that there are prevalent side effects associated with rapamycin usage, including
hyperlipidemia, immunosuppression, and impaired wound healing. These side effects can present
challenges, particularly when considering their long-term use[163].

8.5. From Preclinical Model to New Interventions

Preclinical models have helped gain insight into new possible therapeutic options. Treatment of
LS usually involves vitamins, supplementation, and a ketogenic diet[135]. Experimental models
provided preclinical evidence for human trials for the mTOR inhibitors, such as the nab-sirolimus
trial (NCT03747328) recently withdrawn, and sirolimus (NCT06843811) currently enrolling. Another
EPI-743 trial was recently completed (NCT02352896) and results are waiting to be posted. The
European Medical Agency (EMA) issued an orphan drug designation for Cannabidiol (EU/3/23/2800)
and Sildenafil (EU/3/23/2831), both showing some efficacy in mouse models[152,164]. Gene
replacement therapy using the AAV9/hSURF1 vector in LS patients with SURF1 mutations has
obtained an orphan drug designation by EMA (EU/3/21/2531), after proving successful in SURF1
knockout mice[165].

9. Prognosis and Conclusions

Despite notable progress in medical treatments, the outlook for individuals with Leigh
syndrome remains a complex and challenging one. Regrettably, a significant portion of cases result
in fatality, often occurring before the age of five. Nevertheless, by implementing vigilant monitoring
of patients who exhibit respiratory problems and employing a range of diagnostic assessments to
assess brainstem function, including magnetic resonance imaging, auditory-evoked brainstem
potentials, somatosensory-evoked potentials, blink reflex, or polysomnography, there is the potential
to prevent sudden and early fatalities in individuals with early-onset Leigh syndrome. However,
most of the interventions are palliative and not radical treatments. Among current treatments, AAV
vectors hold promise for the development of targeted therapies, and as of now represent the only


https://doi.org/10.20944/preprints202503.0699.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 March 2025 d0i:10.20944/preprints202503.0699.v1

18 of 27

possibility for a cure as they convey the missing gene to the brain. Further clinical studies are needed
to evaluate the safety and efficacy of gene therapy.
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