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Abstract

Primary mitochondrial diseases (PMDs) are one of the most common genetic disorders
with an estimated prevalence of 1 in 4300. This review article summarises the latest up-
dates in the field of mitochondrial medicine over the last decade. The availability of exome
and genome sequencing in clinical practice has empowered clinicians to unravel the phe-
notypic heterogeneity of PMD and to end the diagnostic odyssey experienced by many
patients and families. In unresolved cases, the detection of variant(s) of unknown signifi-
cance by next-generation sequencing creates diagnostic and clinical uncertainties, and in-
tegrating a multi-omics approach can improve diagnostic yield. Alongside breakthroughs
in genomic technologies, there is growing interest in using fluid biomarkers to guide di-
agnosis, monitor disease progression, and potentially serve as clinical trial endpoints.
However, the clinical application of these fluid biomarkers in unselected patient cohorts
with different disease onset and phenotypes would require more robust evidence. Natural
history studies derived from national and international collaborations have provided in-
sights into genotype—-phenotype relationships and prognostic factors across several geno-
types, including m.3243A>G, MT-ATP6, POLG, and TK2. Advances in therapeutic discov-
eries and clinical trials are challenging the obsolete dogma that PMDs are untreatable and
bringing hope to patients; four compounds have been licensed, and many trials are in
progress. Many barriers and challenges to translating laboratory discoveries into clinical
therapy in PMD remain, including preclinical models for efficacy and safety testing, sam-

ple size, trial design, and the selection of outcome measures and trial endpoints.
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frequently evident depending on the underlying genetic causes [1,2]. Specific syndromes,
based on constellations of clinical features with multi-system involvement, have been de-
scribed in PMD to aid prompt recognition and diagnosis [3]. Some genetic variants are
associated with different syndromes; for example, the most prevalent mtDNA variant,
m.3243A>G, is associated with mitochondrial encephalomyopathy, stroke-like episodes,
lactic acidosis (MELAS) syndrome and maternally inherited diabetes and deafness
(MIDD). On the other hand, some syndromes can have diverse genetic aetiologies, with
Leigh syndrome as a prime example [4]. However, it is well-recognised that many patients
with PMD do not fit neatly with syndromic classification, as illustrated by findings of na-
tional patient registries [5,6]. Moreover, some patients have an isolated clinical presenta-
tion, such as Leber hereditary optic neuropathy (LHON), sensorineural hearing loss, and
cardiomyopathy. Establishing a precise genetic diagnosis of PMD has historically been an
arduous undertaking, given that mitochondria are controlled by both mitochondrial and
nuclear genomes [3]. In addition, management approaches are largely symptomatic and
supportive for most patients living with PMD, and disease-modifying treatment is lacking.
Nevertheless, establishing a genetic cause is crucial for ending the diagnostic odyssey ex-
perienced by patients and their families, fundamental for both genetic and prognostic

counselling, and opens the door to research participation [2].

Improvements in the diagnostic yield of PMD through exome, genome, and RNA
sequencing have been pivotal in raising the profile of these rare diseases in clinical practice
over the past decade. The unmet needs for effective treatment in PMD are addressed by
national and international coordinated endeavours to set care standards [4], identify ther-
apeutic strategies and outcome measures [5,6], and more recently, conduct multi-centre
clinical trials [7]. Whilst there is a plethora of preclinical therapeutic discoveries, chal-
lenges in collating robust natural history data across different subtypes of PMD and in
identifying responsive biomarkers and outcome measures remain enormous for trial read-
iness. This narrative review highlights major developments in mitochondrial medicine in

the last decade (Figure 1).

Recent advances in genomics, biomarkers, natural history studies and clinical trials in PMD
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Figure 1. Primary mitochondrial disease: from diagnosis to trial-ready cohorts and emerging thera-
pies. Overview of recent advances in primary mitochondrial disease. Schematic summary of the key
themes and their implications for patient stratification and future clinical trial design. * Licensed
therapies include idebenone, omaveloxolone, elamipretide and deoxynucleosides. Abbreviations:
FGF-21, fibroblast growth factor-21; GDF-15, growth differentiation factor-15; mtDNA, mitochon-
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drial DNA; NfL, neurofilament light chain; PMD, primary mitochondrial disease; VUS, variants of

uncertain significance; WES, whole-exome sequencing; WGS, whole-genome sequencing.

2. Updates on Diagnostic Approach in Primary Mitochondrial Disease

Primary mitochondrial disease can result from pathogenic variants in both nuclear
and mitochondrial genomes. MitoCarta 3.0 provides an updated inventory of mitochon-
drial proteins, cataloguing more than 1100 proteins with sub-mitochondrial localisation
and functional pathways [8]. Establishing a precise genetic diagnosis of PMD is challeng-
ing due to multisystem involvement, variable disease onset, overlapping clinical presen-
tation with other genetic and acquired conditions, and a lack of specific biomarkers in
clinical practice. Revised classification and new nosology for PMD have been developed
to address the complexity of the ever-expanding list of genetic defects in recent years
[9,10].

The implementation of targeted gene panels and exome and genome sequencing has
driven a paradigm shift from phenotype-first/biopsy-first to a genotype-first investigation
strategy for suspected PMD cases [11]. Over two-thirds of adult-onset PMDs are caused
by pathogenic mitochondrial DNA variants [12]. Therefore, in adults with suspected PMD,
screening for common mtDNA variants in those patients manifesting with classic syn-
dromes or full mitochondrial genome sequencing should be prioritised in clinical settings
[2]. The challenge remains in patients with non-specific phenotypes where PMD is one of
several differential diagnoses. Similarly, diagnosis is often more complex in infants and
young children, where nuclear gene defects are more common [13].

Whole-exome sequencing (WES) transformed the diagnostic yield of PMD between
2010 and 2020, with yields ranging from 35% to 70%, and candidate genes were identified
in 24% to 31% of cases [13]. Whole-genome sequencing (WGS) is the next diagnostic tool
to consider if the index of genetic disease remains high despite uninformative WES results
(Table 1). WGS sequences the entire DNA blueprint, including nuclear and mitochondrial
genomes, and captures non-coding regions such as deep intronic variants, with superior
performance for detecting structural variant detection compared to WES. Confirmation of
PMD using WGS may also nullify the need for the muscle biopsy, which is an invasive
procedure that requires general anaesthesia for children. WGS was performed in 345 pa-
tients with suspected PMD in the UK 100,000 Genome Project, for whom mtDNA and
common nuclear gene causes had already been excluded; 31% of them received a definite
or probable genetic diagnosis [14]. As the cost of WGS has decreased and analytic pipe-
lines have advanced over the past few years, it is becoming more cost-effective to apply
WGS as a first-tier investigation. The overall diagnostic yield of WGS was ~54% in an
Australian cohort comprised of adult patients recruited by a single specialist clinic in Syd-
ney and met the clinical PMD (Nijmegen) criteria; mtDNA variants accounted for 56% of
genetic diagnosis [15]. The Australian Genomics Mitochondrial Flagship research pro-
gramme covering different states also reported similar positive results with WGS (55%),
and a higher diagnostic rate was observed in paediatric-onset than adult-onset cases (71%
vs. 31%) [16]. Interestingly, a considerably lower diagnostic yield was reported (20%) in a
prospective audit of publicly funded WGS over a period of 19 months in Australia [17].
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Table 1. Summary of publications reporting on the diagnostic performance of exome sequencing,
genome sequencing and other-omics technologies between 2015 and June 2026. Findings from tar-
geted gene panel and WES across different studies conducted between 2010 and June 2020 have
been summarised elsewhere [13]. MDC, mitochondrial disease criteria; MNC, Modified Nijmegen
Criteria; N/A, not applicable; NMDC, Nijmegen Mitochondrial Disease Criteria. * Targeted gene
panel applied to 125 patients and WES performed in 10 patients; ® 197 out of 303 were WES-incon-
clusive cases; © targeted gene panel, WES +/- WGS; ¢ for the validation cohort analysis (untargeted
proteomics approach vs. respiratory chain enzymology), a cohort of 24 patients with confirmed ge-
netic diagnoses based on known pathogenic or likely pathogenic nuclear or mtDNA-encoded vari-
ants. ¢ Randomised to WES + mtDNA or WGS.
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The diagnostic power of WGS can be further exemplified in the acute medical setting
of critically ill children, where rapid return of genetic diagnosis can better inform clinical
decisions [35,36]. For example, the GEMINI study performed rapid WGS in 400 hospital-
ised infants and found a significantly higher diagnostic rate compared to targeted gene
panels (49% vs. 27%) with a slightly longer median time to result (6.1 days vs. 4.2 days);
the molecular diagnosis led to a change of clinical management in nearly 20% of cases [37].
Negative results from WGS should also prompt clinicians to reassess their initial diagnos-
tic formulation and to explore other non-genetic possibilities. If suspicions remain, peri-
odic reanalysis is recommended [38]. Extraction and analysis of mitochondrial DNA data
from WES and WGS in genetically undiagnosed patient cohorts led to the identification
of pathogenic mtDNA variants in 0.2-0.4% of cases [39,40].

Short-read whole-genome sequencing (stWGS) is widely used in current standard
rare disease pipelines, but it faces significant limitations in capturing the full genetic ar-
chitecture of PMDs and other conditions [41]. stWGS excels at calling single-nucleotide
variants, but it can misinterpret low-heteroplasmy mtDNA variants and frequently misses
large structural variants and short tandem repeat expansions [41]. Indeed, nuclear en-
coded mitochondrial segments could be misinterpreted as paternally inherited mtDNA
by stWGS in some cases [42]. The use of long-read sequencing technologies, such as Pacific
Biosciences Sequencing and Oxford Nanopore Technologies, can overcome the major
shortcomings of stWGS and further improve the diagnostic yield [43,44]. For example, the
utilisation of long-read sequencing technology in 114 previously undiagnosed families in
Europe led to the identification of disease-causing variants in ~12% of these families [45].

A major challenge regularly encountered in the clinical setting is the number of var-
iants of uncertain significance (VUSs) (particularly missense, synonymous and non-cod-
ing variants) detected by WES and WGS, in that the uncertainty adds complexity to deci-
sion making for clinical management as well as has an adverse psychological impact on
patients and their families [46,47]. The role of muscle biopsy has evolved in the era of
genomic medicine [11,13,48], and it is considered as a second-line investigation when ge-
netic analysis of blood DNA is inconclusive, functional characterisation of VUS is required,
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and tissue-specific mtDNA variants such as single, large-scale mtDNA deletion are sus-
pected [27,49].

The integration of genomics, transcriptomics (RNA sequencing) and quantitative
proteomics in the diagnostic pipeline, commonly referred to as multi-omics approaches,
enables functional characterisation of novel genes and VUSs, thereby increasing the diag-
nosticyield of rare diseases, including PMDs [11,13]. The Australian Acute Care Genomics
programme successfully applied integrated multi-omics to rare disease diagnosis in criti-
cally ill infants and children, achieving an overall diagnosis yield of 54% [36]. Other stud-
ies have shown that RNA sequencing can contribute to the diagnostic uplift between 10
and 25% in PMD [34,50]. Mass spectrometry-based proteomics, including quantitative as-
sessment of the relative complex abundance of OXPHOS complexes, is emerging as a val-
uable tool for functional validation of variant pathogenicity and has the potential to re-
place mitochondrial respiratory chain enzymology testing [51]. However, some mtDNA-
encoded heteroplasmic pathogenic variants may only result in an OXPHOS enzymatic
defect with normal proteomic analysis.

Although genomics and other -omics technologies can increase diagnostic yield
through variant prioritisation and validation, implementation in routine diagnostic ser-
vices remains constrained by cost, infrastructure, clinical and bioinformatic expertise, in-
terpretative standards and tissue availability. Around 330 million people with rare dis-
eases live in low- and middle-income countries (LMICs), and they have poor access to
dedicated clinical services for rare diseases as well as genomic sequencing technologies
[52]. There are many initiatives and collaborations involving multiple stakeholders, in-
cluding governments, academic institutions, industries and international health organisa-
tions, to improve equitable access to and delivery of genomic medicine in Africa and other
LMICs [53-55].

3. Updates on Fluid Biomarkers for Primary Mitochondrial Disease

Conventional fluid biomarkers such as serum creatine kinase, serum lactate, and the
CSF pyruvate/lactate ratio lack sensitivity and specificity for diagnosing and excluding
PMD in clinical practice [56]. Consequently, the diagnostic odyssey has been a recurrent
challenge encountered by clinicians and many patients, particularly those presenting with
non-syndromic presentations [57].

Fibroblast Growth Factor-21 (FGF-21) is a peptide hormone synthesised by several
organs such as the liver, adipose tissue, and muscle that is involved in the regulation of
lipid and glucose metabolism [58]. Serum FGF-21 was first shown to correlate with the
disease severity of muscle manifesting PMDs and respiratory chain deficient muscle fibres
over a decade ago [59] (Table 2). Subsequently, serum growth differentiation factor 15
(GDF-15), one of the transforming growth factor beta family proteins, was reported to be
a specific biomarker for PMDs with CNS manifestation [60]. A meta-analysis of diagnostic
accuracy for GDF-15 and FGF-21 revealed that serum GDF-15 appeared to have higher
sensitivity (83% vs. 71%) and specificity (92% vs. 88%) than serum FGF-21 for discriminat-
ing between patients with PMDs and healthy controls [61]. A retrospective study at a ter-
tiary care hospital showed that GDF15 elevation increased the odds of identifying specific
subtypes of mitochondrial disorders by 14-fold, including mitochondrial-encoded tRNA
variants and mtDNA deletions and depletions (including single, large-scale mtDNA de-
letions and mtDNA maintenance nuclear genes) [62]. Exercise intolerance and fatigue are
common symptoms shared by individuals with chronic fatigue syndrome (CFS) and mi-
tochondrial myopathy. A recent study suggested that serum GDF15 could accurately dif-
ferentiate patients with PMD from those with CFS, with an area under the curve >0.92,
potentially mitigating the unnecessary investigations such as genomic testing and muscle
biopsy in those with a normal serum GDF15 level [63]. Studies combining measurements
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of serum GDF15 and FGF21 have reported mixed findings regarding the ability to predict
the final diagnosis of PMD. In the adult mitochondrial disease cohort, combining the two
biomarkers did not significantly improve the area under the curve over GDF-15 alone [64].
On the other hand, measurement of both biomarkers has been proposed as a first-line
diagnostic investigation for children and adults with suspected mitochondrial disease, as
elevated biomarkers were evident in 62% of genetically confirmed mitochondrial disease
compared to muscle biopsy abnormalities, which were only present in 39% of cases with
genetic diagnosis [65]. The wider availability and reduction in cost of genomic testing may
limit the diagnostic application of these serum biomarkers in routine clinical practice.
Moreover, these serum biomarkers are elevated moderately in conditions associated with
secondary mitochondrial dysfunction, such as liver disease, cardiac failure, and sepsis, as
well as other inherited metabolic disorders [66].

Table 2. Overview of four blood biomarkers for primary mitochondrial disease. MELAS, mitochon-
drial encephalomyopathy, lactic acidosis and stroke-like episodes; MND, motor neurone disease
(also known as amyotrophic lateral sclerosis); MS, multiple sclerosis; NAFLD, non-alcoholic fatty

liver disease; PMD, primary mitochondrial disease.
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intestine been suggested

In a cross-sectional setting of patients manifesting with myopathy, serum GDF15
level showed small-to-moderate correlations with the six-minute walk test (functional as-
sessment), muscle strength (MRC scale), serum lactate and muscle mtDNA heteroplasmy
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[75]. However, the monitoring and prognostic values of serum GDF15 and FGF21 have
not been firmly established in PMD due to limited longitudinal cohort studies with mixed
genotypes [70]. In a study of patients with the pathogenic m.3243A>G variant, GDF15
correlated with the disease burden at the baseline but was not sensitive to detect changes
within two years of follow-up [72]. On the other hand, adult patients with TK2 deficiency
showed a significant increase in serum GDF15 over time, and a longitudinal study demon-
strated serum GDF15 as a potential biomarker for therapeutic response in patients treated
with oral deoxynucleotides [76].

Whilst stress-induced plasma GDF15 reactivity appeared blunted, saliva GDF15
showed response to experimental laboratory mental stress in patients with PMD com-
pared to controls. Good correlations between saliva GDF15 and neurological symptoms,
fatigue and functional capacity have also been observed [77]. However, the effect size was
smaller in saliva GDF15 compared to the blood level.

Neurofilament light chains (NfLs) are subunits of neurofilament proteins that are in
the cytoplasm of large, myelinated axons. A raised serum NfL level reflects neuronal in-
jury, and it correlates with the cerebrospinal fluid NfL level in several common neurolog-
ical disorders such as multiple sclerosis, motor neurone disease, immune-mediated pe-
ripheral neuropathies, and neurodegenerative diseases [78,79]. More recently, a raised se-
rum NfL level has been identified in PMDs with CNS involvement, including those man-
ifesting with mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes
(MELAS) syndrome and epilepsy, as well as during acute stroke-like episodes [80-82].
Correlations of serum NfL levels, cognitive performance (measured by Mini-Mental State
Examination), and the volume of metabolic stroke lesions have been reported [81]. Inter-
estingly, plasma NfL level was elevated in patients with POLG-related mitochondrial dis-
ease, irrespective of clinical phenotypes: the levels were not significantly different be-
tween the ataxia neuropathy spectrum and myopathic phenotype (including chronic pro-
gressive external ophthalmoplegia) [83]. Serum NfL appears to be a promising fluid bi-
omarker for episodic crises affecting brain and neurodegenerative processes in PMDs.
However, larger prospective cohort studies are crucial to delineate the evolution of serum
NIfL levels at different stages of PMDs and potentially as an exploratory clinical trial end-
point.

The association of low citrulline levels and several subtypes of PMDs, including Pear-
son syndrome, LS and MELAS syndrome, has been reported since the 1990s [66,84]. A
prospective genetic diagnosis of MT-ATP6 has been made in presymptomatic babies with
hypocitrullinaemia identified by the newborn screening programme in the US [73].
Hypocitrullinaemia likely reflects impaired ATP-dependent citrulline synthesis within
enterocyte and hepatic mitochondria, particularly involving carbamoyl phosphate syn-
thetase 1 (CPS1), a key mitochondrial urea cycle enzyme. This appears especially relevant
in MT-ATPé6-related disease, where complex V deficiency impairs ATP production and
may lead to secondary CPS1 dysfunction and reduced citrulline synthesis. Adult-onset
MT-ATP6-related disease appears to have normal citrulline levels, unlike patients with
infantile and childhood manifestations, suggesting its predictive value for disease onset
and severity [85]. Further prospective studies are required to validate plasma citrulline as
a prognostic and monitoring biomarker in clinical and trial settings.

Metabolomics studies have flourished in clinical medicine, given their potential to
improve the understanding of pathological mechanisms and to identify biomarkers for
diagnosis, disease progression monitoring, and prognosis [86]. Initial metabolomics re-
search studies in mitochondrial disease focused on cell and animal models [87]. More re-
cently, human studies recruiting different patient cohorts have generated interesting in-
sights [88], such as novel discovery of metabolites (N-lactoyl-amino acids, 3-hydroxy acyl-
carnitines, and B-hydroxy fatty acids) that showed good correlation with disease severity
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in patients with m.3243A>G-related mitochondrial disease [89] and disease-specific bi-
omarker profiles in different subtypes of PMD and inclusion body myositis with second-
ary mitochondrial dysfunction [90].

4. Updates on the Natural History Studies

Natural history studies are essential for uncovering disease progression and prog-
nostic factors that can inform better clinical management and better clinical trial designs
(Figure 2). Several cohort studies have shown that most patients harbouring the
m.3243A>G variant in the MT-TL1 gene, the most prevalent pathogenic mtDNA variant
in the population, develop diabetes mellitus and sensorineural hearing loss (SNHL), and
less than a quarter of patients develop devastating stroke-like episodes and seizures
[91,92]. A recent multi-centre longitudinal natural history study has taken the cohort re-
sults further to develop a prediction model for the risk of stroke-like episodes in carriers
of the pathogenic m.3243A>G variant by incorporating four independent variables: age-
corrected blood heteroplasmy, resting plasma lactate level, body mass index and severity
of sensorineural hearing loss [93]. There are additional inherent challenges in understand-
ing the natural history of mitochondrial DNA disorders, as the trajectory of disease pro-
gression is confounded by unique characteristics of mtDNA genetics such as hetero-
plasmy, the threshold effect, genetic bottlenecks, tissue specificity [94-96], and other ge-
netic modifiers [97] and environmental factors [98]. The manifestation of dystonia and
Leigh-like neuroimaging changes without optic neuropathy among carriers of primary
mtDNA variants associated with LHON, including m.11778G>A, has been enigmatic, and
the discovery of digenic co-occurrence of nuclear-encoded heterozygous pathogenic var-
iants of the complex I subunit provides a plausible mechanistic explanation [99].
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Figure 2. Selected publications related to clinical research and natural history studies in PMD be-
tween 2015 and June 2026 [4,6,12,42,60,64,80,81,93,99-134]. LHON, Leber hereditary optic neuropa-
thy; PMD, primary mitochondrial disease; PMM, primary mitochondrial myopathy.

Longitudinal cohort studies encompassing patients with a broad spectrum of geno-
types and phenotypes challenge the dogma that childhood-onset PMD is associated with
uniformly high morbidity and mortality. Leigh syndrome (LS), a progressive neurodegen-
erative mitochondrial disorder, historically had a reported mean survival of under two
years in the early literature [135]. Since the first described postmortem neuropathological
entity in 1951 [136], the genotypic spectrum has expanded substantially with genetic de-
fects in 16 mitochondrial-encoded genes and approaching 100 nuclear genes associated
with LS [123]. Many children with LS are surviving the regressive crises and living longer
with better medical care; cases of adult-onset LS are also emerging [111,121,137,138]. Nat-
ural history studies in this genetically heterogeneous condition have also identified factors
that could influence disease burden and progression over time [139]. One common theme
across large cohorts from the UK [120], China [121] and Italy [140] is the unfavourable
outcomes among those who harbour pathogenic SURFI variants. Other genetic variants
appeared to have a better prognosis, with some living to adulthood [141]. This insight
from natural history studies also highlights the importance of confirming a molecular ge-
netic basis in PMD syndromes to allow for better prognostication and counselling.

Our knowledge on the phenotypic spectrum and disease severity of different PMDs
is constantly expanding with datasets that provide longitudinal views, highlighting the
earlier literature, which was often biased towards those with syndromic presentations and
severe disease burden. A recent multi-centre retrospective study has highlighted that
many patients with POLG disease develop a continuum of clinical features over time, ra-
ther than discrete syndromes proposed in the early literature [113]. Such insights have
simplified the classification of POLG-related disease, which was previously complicated
by incongruent syndromic categorisations. Early disease onset, significant hepatic dys-
function and status epilepticus are poor prognostic factors in patients with POLG disease
[125,142,143]. Ataxia is a common manifestation of POLG-related mitochondrial disease
[144-146], and a prospective natural history study has demonstrated that age of onset in-
fluences disease progression, suggesting that the Scale for the Assessment and Rating of
Ataxia (SARA) is a suitable primary trial endpoint [118].

Longitudinal cohort data are also redefining pyruvate dehydrogenase complex defi-
ciency (PDCD) as part of the broader spectrum of mitochondrial disease rather than a
disorder of intermediary metabolism. These studies have demonstrated the marked phe-
notypic and genetic heterogeneity of PDCD, ranging from severe neonatal encephalopa-
thy and congenital lactic acidosis to milder childhood or adult-onset presentations with
intermittent ataxia, neuropathy or LS [147]. A large recent international multi-centre co-
hort of 891 individuals with PDHA1-related disease (X-linked) demonstrated marked
phenotypic and genetic heterogeneity, ranging from severe neonatal encephalopathy and
congenital brain malformations to intermittent ataxia and adult-onset presentations [130].
Disease severity and survival were influenced by variant type, sex and age at onset, while
female carriers were increasingly recognised to manifest clinically significant disease, in-
cluding stroke-like episodes, peripheral neuropathy and Leigh-like imaging abnormali-
ties [148]. Registry studies from the North American Mitochondrial Disease Consortium
identified PDCD as the second most common genetically resolved mitochondrial disorder
after POLG-related disease [115]; clinicians need to gain familiarity with managing this
condition, including ketogenic diet and treatment of congenital lactic acidosis [149].

To address the deficit in our understanding of the natural history of mitochondrial
disorders, several national cohort studies of PMDs have been established over the past
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two decades [92,105,150-152]. Beyond national registries, international collaboration by
the European Network for Mitochondrial diseases (GENOMIT) has recruited over 2000
paediatric patients and developed open-access resources to delineate genotype-pheno-
type associations [153]. A better understanding of natural history and disease progression
across different types of PMDs is vital for informing the design of clinical trials as well as
selecting appropriate outcome measures and trial endpoints. Given the constraints of
sample size and the ethical dilemma of having placebo arms in rare disease trials, several
clinical trials, such as omaveloxolone in Friedreich’s ataxia [154] and idebenone in LHON
[126], have compared the treated trial cohorts against the untreated natural history regis-
tries using propensity score matching.

There is growing interest among patient advocacy and charity groups in engaging
with natural history studies. The Leigh Syndrome International Consortium has been es-
tablished by several key stakeholders that include national patient organisations from Eu-
rope, North America and Australia with the aim of establishing best practices from PMD
studies [155]. Moreover, longitudinal tracking of patient experience through electronic
capture of patient-reported outcome measures, including quality of life, fatigue, and func-
tional performance, will complement the clinical observation of disease progression and
evaluation of targeted therapeutic effects [156].

Longitudinal observations in natural history studies have shed light on certain trends
beyond the traditional neurological manifestations of PMD. Some have challenged the
prevailing dogma of generic screening for cardiac manifestation in PMDs and proposed a
more targeted approach in adult patients with high-risk genotypes [157-159]. Therefore,
specific PMD patients with negligible risk of developing a cardiac disease can be reassured
without requiring universal screening, potentially reducing healthcare costs. Manage-
ment of patients who develop progressive organ failure frequently imposes challenges
and dilemmas in clinical practice, given concerns about multisystem disease and survival
and the scarcity of donated organs. Growing evidence has suggested favourable long-
term outcomes in carefully selected patients with PMD receiving kidney and heart trans-
plantations, although they might be at risk of developing metabolic decompensation re-
lated to mitochondrial dysfunction, neurological deterioration and other peri-operative
complications [160-162]. The outcomes of liver transplantation are more heterogeneous
in mtDNA depletion syndrome caused by POLG and DGUOK variants due to underlying
severe CNS disease, although long survival has been observed in MPV17 cases [163,164].

A systematic review of natural history studies in mitochondrial disorders showed
that the majority of studies were based on genotype rather than clinical phenotype and
that a multi-centre collaborative approach is key to a better definition of disease progres-
sion and developing targeted treatments [165]. One of the collaborations that underpins
this point is the unique practice model among clinicians in Spain for identifying the natu-
ral history TK2 deficiency in both adults and children [166-168]. This has been partly
driven by the potential effective treatments for TK2 deficiency using deoxynucleosides.

5. Updates on Treatments and Therapeutic Trials for Primary
Mitochondrial Disease

The use of vitamins and cofactors is widely recommended by many clinicians treat-
ing children and adults affected by PMDs, although there are no robust and demonstrable
benefits in most types of PMDs. However, prescribing differences in the use of individual
vitamins and cofactors are related to region (North America vs. Europe) and clinical spe-
cialty (paediatrics vs. adult medicine) [169]. Similarly, administration of intravenous L-
arginine has been historically advocated for managing stroke-like episodes in some clini-
cal settings, even though the evidence supporting its use has been questioned [170]. To
streamline the acute management of MELAS syndrome, international consensus state-
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ments have been produced by key experts in the field, and the use of L-arginine in both
acute and chronic settings has not been recommended due to its unproven efficacy
[131,171].

Idebenone is a benzoquinone thought to facilitate electron transfer from complex I to
complex III and restore ATP production. The use of idebenone for patients with LHON in
Europe was approved in 2015. A multi-centre, retrospective, open-label study of long-
term treatment with idebenone showed that 53% of patients had a clinically relevant re-
covery of vision, with a mean treatment duration of 23.8 months [172]. Using the external,
untreated natural history data as a comparator, the LEROS study provided further evi-
dence of the sustained efficacy of idebenone in patients with LHON, with a clinically rel-
evant benefit observed in 42% of patients at 12 months and 53% at 24 months.

Another recent progress in LHON is allotopic gene therapy in the form of intravitreal
injection of the recombinant adeno-associated virus 2 (rAVV2/2) vector encoding the hu-
man wild-type ND4 gene. Two phase 3, randomised, double blind, sham-controlled stud-
ies, RESCUE (n = 39) and REVERSE (n = 37), enrolled adult patients with the pathogenic
m.11778G>A variant in MT-ND4 with visual loss of six months or less and six to twelve
months, respectively. Patients were followed up for 96 weeks, and improvement in best-
corrected visual acuity (BCVA) in both eyes was observed but did not meet the primary
endpoint [173,174]. The RESTORE trial, a 5-year follow-up study, demonstrated sustained
bilateral improvement in BCVA and a good safety profile [175]. A recent study, REFLECT,
reported greater improvement in BCVA when treatment was given to both eyes compared
to one eye [176]. However, the mechanism underlying the unexpected bilateral visual im-
provement in unilaterally treated eyes remains elusive [173], and regulatory stakeholders
recommend a further RCT before seeking authorisation.

Fatigue is a debilitating symptom frequently reported by patients with PMDs across
different genotypes. The exact mechanisms of fatigue related to mitochondrial disease re-
main elusive but are likely multifactorial, including perceived fatigue [177], muscle fa-
tigue due to exercise intolerance [178], and other medical comorbidities. Some endeavours
have been taken to measure and characterise fatigue clinically [177,179,180], and different
trajectories of fatigue level have been observed in a recent two-year follow up study [181].
Importantly, subjective fatigue and patient-reported outcomes may not always align with
objective measures of disease burden, functional capacity or real-world physical activity
[182]. This discrepancy highlights the complexity of interpreting symptomatic change in
therapeutic trials, particularly when interventions aim to improve fatigue, exercise toler-
ance or daily functioning. Amelioration of symptoms related to primary mitochondrial
myopathy, including fatigue, has been targeted by several small-molecule drugs, such as
omaveloxolone and resveratrol, and repurposed drugs, such as bezafibrate and acipimox,
over the last decade [183] (Table 3).
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Table 3. Summary of registered clinical trials in primary mitochondrial disease (as of 25 May 2026).
Included studies were those recruiting, completed, or published between 2015 and 2026. Where
available, N refers to the published analysis population (e.g., completers or Full Analysis Set [FAS])
or as reported on ClinicalTrials.gov. Abbreviations: 5XSST = Five Times Sit-To-Stand Test; 30sec-
STS =30 Second Sit-to-Stand Test; 6MWT = six-minute walk test; 12MWT = twelve minute walk test;
AAV = adeno-associated virus; AEs = adverse events; AESI = TEAE of Special Interest; ATP = aden-
osine triphosphate; BCVA = best-corrected visual acuity; BTHS-SA = BarTH Syndrome Symptom
Assessment; C-SSRS = Columbia-Suicide Severity Rating Scale; DB = double-blind; EE-TP = Eryth-
rocyte Encapsulated Thymidine Phosphorylase; ETDRS = Early Treatment Diabetic Retinopathy
Study chart; FAS =Full Analysis Set; GMFM-88 = Gross Motor Function Measure-88; HAMA = Ham-
ilton Anxiety Scale; HAMD = Hamilton Depression Scale; HR = heart rate; intravenous = IV; JMDRS
= Japanese mitochondrial disease rating scale; LHON = Leber’s Hereditary Optic Neuropathy; ME-
LAS = mitochondrial encephalopathy lactic acidosis & stroke-like episodes; mFARS = Modified Frie-
dreich’s Ataxia Rating Scale; MMSE = Mini-Mental State Examination; MRS = magnetic resonance
spectroscopy; MRSI = magnetic resonance spectroscopic imaging; MNGIE = mitochondrial neuro-
gastrointestinal encephalomyopathy; MRI, magnetic resonance imaging; mtDNA = mitochondrial
DNA; NA = not available; nPMD = nuclear DNA primary mitochondrial disease; NPMDS = New-
castle Paediatric Mitochondrial Disease Scale; PedsQL= Paediatric Quality of Life Inventory; PEO =
progressive external ophthalmoplegia; PMM = primary mitochondrial myopathy; PMMSA = Pri-
mary Mitochondrial Myopathy Symptom Assessment; PROMIS = Patient-Reported Outcome Meas-
urement Information System; rAAV2-ND4 = recombinant Adeno-Associated Virus-NADH dehy-
drogenase, subunit 4 (complex I); SAE = serious adverse events; SF = short form; TEAEs = treatment

emergent adverse events; TK2, thymidine kinase 2; y = years; WISC = Wechsler Intelligence Scale.
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. trolled primary

Label Extension endpoints
NCT03323749 P
NuPower; SPIMD-
301:
Study to Evaluate Ef-
f1cac¥ and' Saf.ety of Phas.e 3, ran- >18 and <70 y,
Elamipretide in Sub- domised, DB, . .
. . . nPMD, myopa- Distance walked Results pending
jects With Primary  parallel-group, . Completed .

. s thy in 6MWT publication
Mitochondrial Dis-  placebo-con- N =102
ease From Nuclear  trolled
DNA Variants
(nPMD)
NCT05162768
TAZPOWER: PhaseZran- 1) o cenetically Distance walked
A Trial to Evaluate gf;?;;idézlﬂ confirmed Barth in 6MWT; g:;)r;gxlzeetdei;y fnl\ggg(l?iﬁze_
Safety, Tolerablhty trolled crosso- Syndrome BTHS—SA total FDA in 2025 tive, p = 0.003)
and Efficacy of Elami- N=12 fatigue score

ver
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pretide in Subjects BTHS-SA total fa-
With Barth Syndrome tigue scores (p =
NCT03098797 0.21) [191]
>] and <80 y or
SPIES-006; SPIES-007: 212y for Barth
An Intermediate Size Syndrome in
Expanded Accegs Expanded ac- SPIESTOO7 Available  Results NA
Protocol of Elamipre- cess Genetically con-
tide firmed PMD in-
NCT04689360 cluding Barth
Syndrome
SPILH-201:
A Study Investigating Phase 2, pro- 218 and 50y at
. 7 the time of loss Well tolerated,
the Safety, Tolerabil- spective, ran- .. .
of vision in the majority of AEs

ity, and Efficacy of =~ domised, dou-

Incidence and se-

. il
Elamipretide Topical ble-masked, ve- second eye . verity of ocular Completed were mild to
. . . LHON, genetic moderate and re-
Ophthalmic Solution hicle-controlled, . TEAEs
mtDNA variant solved spontane-
for Treatment of plus open-label
, m.11778G>A ously [192]
LHON extension N=12
NCT02693119
: Reduced CSF glu-
21 11
. 8 Y genetically » mino acid con- tamate (p < 0.001)
Glutamine Supple- confirmed ME- . .
. centration and and increased
mentin Open label LAS syndrome lactate concen- Completed CSF glutamine (
MELAS Syndrome P based on medicaltration in cere P 0 O§2)' o si P
NCT04948138 history , . i RO SIgT
Glutamine N=9 brospinal fluid nificant change in
CSF lactate [193]
Clinical Long Term
Evaluation of Gluta- Already partici- Clinical efficacy; Unknown
mine Supplement in Open label pated in GLN-9- JMDRS and status Results NA
MELAS Syndrome MIT study MMSE
NCT05255328
18-65y, con-
firmed molecular
diagnosis of ME-
LAS or LHON-
Plus, sympto-  Dose safety
matic; (TEAES), poten-
LHON-Plus: A Basket ?A352)43A>G (ME—EiaoleeIfgca:t}ilcona
Clinical Study to As- Phase 1, parallel ! geucp
. m.11778G>A rameters for the
sess Glycerol Tribu- arm non-ran- L
Glycerol ) . . (LHON), oxidative phos- .
. tyrate in Patients domised dose- . . Recruiting Results NA
tributyrate or a mitochon- phorylation

With MELA) or
LHON-Plus
NCT06792500

escalation, open
label basket

drial pathogenic pathway and/or
variant solely ~ mitochondrial
mapping in a mi- ATP rate pro-
tochondrial gene duction
encoding a mito-

chondrial subu-

nit of complex I;

recruitment tar-

get: N=24
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3-18y, con-
Clinical Study of Hy- firmed to have International Impact on Ped-
Hvdroxvty- droxytyrosol (HT) in pathogenic dis- Paediatric Mito- s QE' otential ef-
Y YY" Mitochondrial Dis- Open label ease-associated chondrial Dis- Completed 'P
rosol fect on MELAS
eases nDNA or ease Score (IP- subgroup [194]
NCT04543968 mtDNA variants MDS) group
N=9
SNT-IV-003; PAROS:
’ P ibed Rax-
Post Authorisation rescribed Rax Long-term safety
. one® for the - Completed;
Safety Study With . profile assessed
Raxone in LHON Pa- Prospective treatment of by incidence of approved by Results NA
. LHON Y EMA (2015)
tients N= 229 AEs
Idebe- NCT02771379
Rax- > i i
gﬁre‘;/ " SNT-IV-005; LEROS: Vilszu};l 1;(?1}1)? lr?j Proportion of
Study to Assess the Phase IV, open- affected o Z duee efwith clini Primary endpoint
Efficacy and Safety of label, natural- y y met, confirms
. . to LHON (up to cally relevant re- Completed .
Raxone in LHON Pa- history-con- . long-term effi-
. 5 years after covery of visual
tients trolled symptom onset) acuity cacy [126]
NCT02774005 N =199
18-75y, genet-
ically confirmed
II:L;}?::eZI(;}fk;lgiD Phase 1a/b, DB, PMD, clinically Safety (inci- XVVEE :cio(}:za;zd,
! randomised, stable, BMI 15.0- dence/severity of .
and MAD Study of pendent gastroin-
. placebo-con-  32.0 kg/m? AEs, laboratory ) ;
KL1333 in Healthy _ Completed testinal side ef-
. . trolled, single N =72 total; N= analytes, ECG, .
Subjects and Patients and multiple 8 (PMD sub vital siens. phys fects; informed
With PMD oral dose ’ group, including ical exagmiilztii’n) Phase 2 studies
NCT03888716 N =6 KL1333, N [122]
= 2 placebo)
>18 y, genetically
confirmed PMD
KL1333 with multisys-
temic disease in-
. . cluding:
Eff f KL1
icacy oOF RLISIS In 1y o2 DB, m.3243A5G,
Adult Patients With . .
Primary Mitochon randomised,  single large scale PROMIS® Fa-
drial D?sease (FAL placebo-con-  mtDNA deletion, tigue PMD Short Recruiting Results NA
CON) trolled, flexible- or other multi- Form; 30sec-STS
dose systemic
NCT05650229 mtDNA-related
disease; chronic
mitochondrial fa-
tigue; mitochon-
drial myopathy
Diagnostic crite-
ria of MELAS, l\iuMCSiSingod
Effectiveness of Keto- received MELAS ictate e;n 4 p;'
K.etogeruc genic Diet in MELAS Open label standard thera'py ruvate monitor- Not. }.Iet res  pesults NA
diet Syndrome but are not satis- ing, HAMA cruiting
NCT06013397 fied with the HAMD, WISC,

therapeutic ef-

fect, and volun- MMSE, diagnos-
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tarily underwent tic evaluation

ketogenic ther- (MRI, EEG)

apy

Therapeutic regimen

of I-arginine for ME- OL-MELAS Re-
LAS: 9-year, prospec- search:
tive, multicenter, clin-integrated

Oral: developed

stroke-like epi-

sodes in the last

2y, m.3243A>G,

never been

treated with oral Oral: MELAS
l-arginine, and
clinical manifes- IV: improvement

stroke scale

IV:improved the
rates of symp-
toms: headache,
nausea/vomiting,
impaired con-
sciousness, and

Zf;g :;1:11 e;n_ ice:asle arch E(c))(r)ieivi?t;- t.ations.of stroke- rates of headache visual disturb-
travenous  Center for Clinical  year, phase 3, like episodes fﬂ.ld nausea/vom-Completed ance
Iv) Trials, Japan Medical prospective, Were.evaluable iting at 2 h after Ora.l: ext.ended
Association open-label trials IV: diagnosed  completion of the interictal
MACTR-IIA00023  of oral and TV 1- "1 the initial IV ad- phase (p =
and JMACTR- arginine MELAS, ministration 0.0625) and de-
IIA00025 m.3243A>G, and creased the inci-
developed an ic- dence and sever-
tus of stroke-like ity of ictuses [195]
episodes within
the previous 6 h
3-18y, con-
The Effect of Arginine firmed diagnosis

L-arginine,

and Citrulline Sup-
plementation on En- Open label, ran-

of mitochondrial Reactive hyper-
disease with aemic index to

multi-organ dis- reflects endothe-

Reactive hyperae-

. . dothelial Dysfunction domised crosso- . . . . Completed mic index in-
L-Citrulline | " . . . ease involving  lial function,
in Mitochondrial Dis- ver . . creased [196]
cases neurological measured using
NCT02809170 and/or muscular the EndoPAT
systems
N=9
18-65y, clinical Incidence of
L-Citrulline Dose diagnosis of ME- dose-limiting
Finding Safety Study Phase 1, open LAS toxicities to es
L- citrulline in MELAS ibel’ dose—flnd-m' AAIASG tablish maxi- Completed Results NA
NCT03952234 ne Recruitment tar- mum tolerated
get: N =10 dose
21 i -
firfrllagteigrelti)cf con Well tolerated: 9
GS-LHON/CLIN/01: x 100 vg/eye was
) m.11778G>A : . (e
Safety Evaluation of Phase 1/2, open . Incidence of local identified as the
. ND4 LHON, vis- e
Gene Therapy in label, dose-esca- . and general AEs Completed best benefit/risk
. . ual acuity <1/10 i
Lenad LHON Patients lation of the less func and SAEs ratio; chosen for
z‘a O8N NCT02064569 tional eye the subsequent
nolpar- .
tudies [197
vovec/GS010/ N=19 studies [157]
Lumevoq  GS-LHON-CLIN- >15, LHON pa-

03A; RESCUE: Phase 3, ran-
Efficacy Study of domised, DB,
GS010 for the Treat- sham-con-
ment of Vision Loss trolled

up to 6 Months From

tients with vision_ . )
._Visual acuity de-
loss <6 months in

. rived from the Completed
the first-affected ETDRS chart
eye
N=39

Primary outcome
not met [174]
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Onset in LHON Due
to the ND4 Variant
NCT02652767
GS-LHON-CLIN-03B;
IE{fEf:XE(I:{ SS’c:ud of 215, LHON pa-

y y Phase 3, ran-  tients with visionETDRS Visual . .
GS010 for Treatment _ . Primary endpoint

. domised, DB, loss between6 Acuity
of Vision Loss From 7 o Completed was not met (p =
sham-con- monthsand 1  (Quantitative
Months to 1 Year trolled ear in both eyes Score) 0.894) 1731
From Onset in LHON %_ 37 Y
Due to the ND4 Vari-
ant NCT02652780
215, clinically
manifested vi-
GS-LHON-CLIN-05; sion loss due to
REFLECT: Efficacy & m.11778G>A L
BCVA BCVA fi-
Safety Study of Bilat- Phase 3, ran- ND4 LHON, to (?V reported cv e
o . ) using Log of the cantly improved

eral IVT Injection of domised, DB, any extent, inat _ . . .

. Minimal Angle Completed from baseline to
GS010 in LHON Sub- sham-con- least one eye .

of Resolution 1.5y (p<0.01)

jects Due to the ND4 trolled
Variant for up to 1
Year NCT03293524

N =98; bilateral-
treated group (N
= 48), unilateral-
treated group (N
=50)

(LogMAR)

[176]

RESTORE: RESCUE

Treated with
GS010 IVT injec-

tion in either .
No. of eyes with

At month 48,
there was a statis-
tically and clini-
cally relevant dif-
ference in visual
acuity of -0.33

Ph - RE E or RE- 1 ith h
and REVERSE Long- ase. 3, pro SCUE or ocular AEs, from Oga,r ithm of the
spective long- VERSE Completed minimal angle of
term Follow-up . . 2to5y post- .
NCT03406104 term follow-up N =62, including treatment resolution (Log-
31 from RE- MAR) (16.5 ET-
VERSE and 31 DRS letters
from RESCUE equivalent) in fa-
vour of treated
eyes vs. NH eyes
(p<0.01) [198]
21 linicall
Efficacy and Safety m:n};%ecs;:;cii y
Study of Bilateral IVT . BCVA change
Injection of GS010 at sion loss due to from baseline to
) '™ Phase?2, open ND4 LHON in g
Two Dose Levels in label both eves 1.5 years post-  Recruiting Results NA
LHON Patients (RE- yes. treatment in the
Recruitment tar-
VISE) get: study eyes.
NCTO07303296 N=14
>18 y, genetic or . . Well tolerated
Low Residue Diet biochemical con- 'ffoo;(irgli)ili’gs)(.\lla with no AEs; no
Low residue Study in Mitochon- Phase 2, open firmation of mi- L change in stool
) e .+ .. stool consistency Completed
diet drial Disease label tochondrial dis- (Bristol Stool frequency, out-
NCT03388528 ease put, or colonic
Form scale) o
N=24 transit time; pro-
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portion of stool
samples with nor-
mal consistency
increased (p =

0.01) [199]
Well tolerated: all
Terminated: TEAEs mild-
RENOOL-101 caicent toryefcacy
. 1 y y—
A Study of the Safety 216y, genetically AEs as a meas- .
of RENOO1 in Patients f};asle 1, open confirmed PMM ure of safety and dftg tgath— iljl\fWT;i;an(;ﬁ
With PMM abe N =23 enrolled tolerability erecto crease can:
achieve the 104 m) [200]
NCT03862846 . .
study objec- https://doi.org/10.
tive 1038/s41598-026-
43287-0
RENO001-201; STRIDE:
Mavodel-  An Efficacy and Randomised
4 > .
par/REN0OL Safety Study of 24 .., DB, placebo- =18 Ys genetically Distance walked Results pending
Week Treatment With confirmed PMM Completed .
controlled, par- in 12MWT publication
Mavodelpar alle] erou N =213 enrolled
(RENOO1) in PMM Pa-> " 87°UP
tients NCT04535609
. Completed
Stride Ahead: REN001-201 or Terminated:
RENO001-202: .. . .
An Open Label. Lon participated in  No. of partici-  parent study
P f & Open label RENO001-101 pants with AEs failed to Results NA
Term Safety Study of .
. (mtDNA-PMM) and severity show thera-
RENOO1 in PMM Pa- or nDNA-PMM peutic effect
tients NCT05267574 N = 155 enrolled
Distance walked
in 12MWT,; Fa-
MercaptaminStudy on the Effects Phase 2. ran 6-60y, con- tigue Severity
e-Pantetheineof TTI-0102 for Pa- domisecl:l DB firmed diagnosis Scale (FSS); Not recruit
Disulfide  tients with MELAS " 77 of MELAS with Quality of Life Results NA
placebo-con- . ) . . ing
Acetate/TTI- Syndrome 2023- trolled specific genetic questionnaire
0102 506723-28-00 variants (WHOQOL-
BREF) (Primary
is not specified)
PLC-PMD-01-IL: A
First in Human Study
MNV-BM- to Evalgate the Safety N
PLC (Autolo of Infusion of MNV- No. of partici-
ous CD34+ BM-PLC (Autologous pants with TTE-
8 CD34+ Cells Enriched Phase I, open  4-18 y, molecu- AEs assessed by _, .
Cells En- . . . Withdrawn:
. ... With Placenta De-  label, dose-esca-lar diagnosis of CTCAE v5.0; .
riched With . s . ) no recruit- Results NA
rived Allogeneic Mi- lation; sequen- PMD haemoglobin; ab-
Placenta De- O . . . ment
rived Alloge tochondria) in Pa- tial assignment N =0 solute neutrophil
o & tients With PPMD As- count; platelet
neic Mito- . .
hondria) sociated With count
chondna mtDNA Variant or
Deletion
NCT04548843
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MNV-BM-BLD-001- 318 v dia
IL: A Study to Evalu- Y, c1ag No. of partici-
nosed with Pear- .
ate the Safety and son Svndrome pants with TTE-
Therapeutic Effects of Phase 1/2, open y . " AEs; IPMDS (In-
MNV-BM- . . as verified by .
PLC Transplantation of ~ label, single molecular identi- ternational Pae- Completed Results NA
MNV-BM-BLD in Pe- dose L diatric Mitochon-
s . . fication of a de- . ]
diatric Patients With ) . drial Disease
Pearson Syndrome fect in the mito- Scale)
NCTO03384420 chondrial DNA
L.S007. ABI-009 (Nab- 2717y, genet-
. . . ically confirmed
sirolimus) in Patients Leigh or Leigh Withdrawn:
Nab-siroli- ~With Genetically-con- Phase 2a, open Iikegs N drorﬁe Incidence of IND with- ) Results NA
mus/ABI-009 firmed Leigh or label y . " TEAEs
. . and clinical evi- drawn
Leigh-like Syndrome dence
NCT03747328
N=0
8-80 y, low brain
glutathione
tudy of N-acetylcys-
Study of N-acetylcys (GSH) levels de-
teine in the Treatment termined b
N-acetvlcvs of Patients With the I\?IRSI eene}iic Maximum toler-
YV .3243A5G Variant Open label " BEN ated dose of Recruiting Results NA
teine (NAC) ) confirmation of
and Low Brain Gluta- NAC
. m.3243A>G
thione Levels Recruitment tar
NCT05241262 "
get:
N=18
Increased blood
and muscle
17-80, pure mi- NAD+ of patients
tochondrial myo to the level of
NiaMIT; Nia- ath thn y their controls;
MIT_0001: Niacin patiy, withno muscle strength
.. major other NAD+ and re- .
Supplementation in symptoms or lated metabolite and mitochon-
Healthy Controls and Open label y p . ) Completed drial biogenesis
. . manifestations, levels in blood . .
Mitochondrial Myo- . increased in all
. caused by single and muscle :
pathy Patients or multinle dele- subjects; muscle
NCT03973203 ; p metabolome
tions of mtDNA .
N=15 shifted toward
Niacin/Vita- controls and liver
min B3 fat decreased
[201]
>17, early-stage,
genetically diag-
nosed PMM,
Nl'aMIT Contmuatl(')n with no major NAD+ and re-
With Early-stage Mi- other symptoms .
. . lated metabolite
tochondrial Myopa- Open label or manifesta- . Completed Results NA
) i levels in blood
thy Patients tions, caused by and muscle
NCT04538521 single or multi-

ple deletions of
mtDNA
N=3
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>18 y, biochemi-
A.Stuc.iy to Eval.uate Phase 2, ran- Call.y and/or ge-
Vitamin B3 Deriva- . netically con- . .
. . domised, DB, .. Distance walked Active, not
tive to Treat Mito- firmed PMM . . Results NA
. placebo-con- . in 6bMWT recruiting
chondrial Myopathy trolled Recruitment tar-
NCT05590468 get:
N=34
Nicotina- Bioavailability;
mide ri- 18-70y, PEO, safety (AEs,
boside/Vita- caused by a sin- blood analytes,
in B3 ; o o
min Nicotinamide Ri- gle deletion of vital 51gn.s), mi
boside and Mitochor- mtDNA or mito- tochondrial bio-
o ) Open label chondrial diseasegenesis (31P- ~ Completed Results NA
drial Biogenesis .
NCT03432871 caused by MRS, respiratory
m.3243A>G or  chain enzyme
A>T variant analysis and
N=13 mtDNA quantifi-
cation)
No change in pri-
mary outcome vs.
TOR, RTA 408-C-
11\133'0 ’ 08-C Phase 2, ran- 518 and <75 placebo; highest
’ . domised, DB, L y Peak Work dose reduced HR
RTA 408 Capsules in lacebo-con genetically con- (Watts/kg) dur- Completed and lactate dur
Patients With Mito- E‘olledose0 uen firmed PMM in; exerc%se ti:st o ing submaximal
chondrial Myopathy tal /5q N=53 & &5t )
NCTO225542 ia exercise (ex.p ora-
tory endpoint)
202
Omaveloxo- E:}(l) ] ;
lone/RTA b ar;ges. rom
aseline in
408/SKYCLA P
/ A Study to Learn eak Work mFARS scores in
RYS® 21640y, genet- (Watts/kg) dur-
About the Effects and ically confirmed ing exercise test Completed; omaveloxolone (-
Safety of RTA 408  Phase2 ran- oo o0 & PleteC 1,55+ 0.69) and
. . Friedreich’s at week 12; Mod-approved by
(Omaveloxolone) in domised, DB, . i ) .y placebo (0.85 +
People Aged 16 to 40 placebo-con ataxia ified Friedreich’s FDA (2023) 0.64) patients
ople Aged 1o 10T b N=82 (FAS: 40 Ataxia (Wek 12) and EMA -0 Pauent
With Friedreich’s trolled . showed a differ-
. omaveloxolone, Rating Scale (2024)
Ataxia 42 placebo) (mFARS) at ence between
NCT02255435 P © week 48 treatment groups
of -2.40£0.96 (p =
0.014) [203]
18-60 y, variant
resulting in
P%Z’Si‘igdmg No. of TEAES;
PMD-OPTION: OMT- m " no. patients with
28 in Patients With ~ Phase 2a, open m8344A>G, and a between-phase
OMT-28 P single mtDNA . P Completed Results NA
PMD label deletions: dia difference in
NCT05972954 oS S8 GDF-15 of 220%
nosis of cardio-
decrease
myopathy as de-
fined, myopathy
N=28
A Single Intravitreal Phase 2/3, open 10-65y, LHON BCVA, comput- Rapid and signifi-
rAAV2-ND4 Injection of rAAV2- label » PN and m.11778G>Aerised visual Unknown cant BCVA im-

ND4 for the Treat-

N =149 field

provement re-
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ment of LHON ported within 3
NCT03153293 days in at least 1

eye of 36.2% of
patients and in
both eyes in

11.4% of patients
[204]

Resveratrol Supple-
mentation in Patients

>18 and <80 y,
genetically veri-

With Mitochondrial ‘ . Decrease in HR No significant
) DB, placebo-  fied mitochon- . .
Myopathies and Skel- 1 during constant differences be-
Resveratrol controlled, drial disorder or . Completed
etal Muscle Fatty . . load cycling ex- tween treatments
. L . crossover a fatty acid oxi- )
Acid Oxidation Disor- . L. rcise [205].
dation deficiency
ders N=11
NCT03728777
RG2133 RG2133 (2',3',5'-Tri-O- >3y, mitochon
(235 -t.r1-.O- Ac.etylur1d1r.1e) m Phase 1,' dose- drial disease NA Terminated Results NA
acetyluridine Mitochondrial escalation N=12
) Disease NCT00060515
Safety Study of an .
AE 1
SCAAV2- Adeno-associated Vi- Phase 1, open No S_ S I_m d
>15y, LHON  No. of treatment- transient side ef-
PIND4v2  rus Vector for Gene label, close—esca—an dm.11778C>A related AEs Completed fects observed
(AAV-ND4) Therapy of LHON lation ' [206]
NCT02161380
2-3y, confirmed
respiratory chain
SPP-004 (>- Randomised iiI:;ycerd Ierfil’;o— No significant
ami- jRCT2091220200 DB. vlacebo ’ chonc}ilrial ene NPMDS Section Completed differences be-
nolevulinic (SPED-ALA-001) /P 8 I-I1T P tween groups
‘d hvd controlled abnormality [207]
acid fydro- N=10 (N =5 SPP-
chloride + so-
. 004, N =5 pla-
dium ferrous
citrate) cebo)
. Completed . Stabilised or im-
RCT2091 14 P
]( SI():EDOZLZJZXOS 0 Open label SPED-ALA-001 INHI;/IDS Section Completed proved scores
N=10 [207]
Attention do-
main score of
Phase 2b, DB, 218y, confirmed cognitive func-
KH-176-202: The open-label, ran- m.3243A>G vari- tioning, (visual Primary outcome
KHENERGYZE domised, pla- ant and clinical Identification did not reach sta-
. i Completed . . .
Study cebo-controlled, signs of mito-  Test of the tistical signifi-
. NCT04165239 three-way chondrial diseaseCogstate com- cance [208]
Sonlicroma- . .
y crossover N=24 puterised cogni-
IIZ;—I176 tive testing bat-
tery)
KH176-203; The KHE—Phase 2 open Completed Frequency of Good tolerability
NEREXT Study bt PEN KkH176-202 TEEES y Completed with favourable
NCT04604548 N=12 safety [209]
KH176-204; The Phase 2, ran- 0 m-17y, genet- Motor Svmbtom Suspended:
KHENERGYC Study domised, DB, ically confirmed Severit yas I:s strategic Results NA
NCT04846036 placebo con- PMD y company de-
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trolled, parallel-Recruitment tar- sessed with the cision—not
group get: GMEFM-88 related to
N=24 safety con-
cerns
KH176-301; KHE-
NERFIN: Phase 3, ran- 218y, confirmed
A Trial to Evaluate  domised, DB, m.3243A>G ?e;lgcgl? 5;4 Eir_le
the Efficacy and placebo-con-  Recruitment tar- & ’ Recruiting Results NA
. to complete
Safety of Sonlicroma- trolled, parallel-get: 5XSST
nol in PMD group N =220
NCT06451757
Blood analysis
Genetically con (ALT, AST, GGT,
AAAQ7552: Treat- . LY o lymphocyte
. firmed diagnosis .
ment of TK2 Defi- Phase 1/21% ¢ TK? defi count, creati- Active. not
Thymidine ciency with Thymi- o :rslelabeIZI :ienc sem to nine), ECG, reccr:ii,in %' Results NA
dine and Deoxycyti- P maticyi YMPRO™ pROMIS scale &
dine NCT03639701 . v1.0—Gastroin-
N=23 . .
testinal Diarrhea
6a score
TRANSscranial direct
current Stimulation Confirmed dia
for FOcal Refractory Delayed-start, . . &
. . o . nosis of mito- .
Transcranial epilepsy in Mitochon- randomised, o >50% reduction
. L ) chondrial disease ..
direct currentdrial disease double blind, with drug-re from baseline in Recruitin Results NA
stimulation (TRANSFORM): de- sham-con- sistant fo%al epi seizure fre- &
(tDCS) layed-start, random- trolled design lepsy aged > 219 quency
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stroke-like le-
sions

Omaveloxolone is a semi-synthetic oleanolic triterpenoid that activates the nuclear
factor erythroid-derived 2-related factor 2 (Nrf2) pathway, which plays a crucial role in
cellular resistance to oxidative stress [211]. A randomised, double-blind phase 3 trial of
omaveloxolone did not demonstrate any improvement in peak cycling exercise workload
(primary endpoint) and six-minute walk test (6MWT, secondary endpoint) at 12 weeks
but appeared to be well-tolerated by patients with mitochondrial myopathy [202]. On the
other hand, omaveloxolone has recently been approved by the FDA (US) and EMA (EU)
for the treatment of adult patients with Friedreich’s ataxia based on the positive results
from the placebo-controlled MOXIe Part 2 trial and the open-label extension study
[203,212].

Elamipretide is a mitochondrial cardiolipin binder that was shown to be safe and
potentially efficacious in improving muscle function in adult patients with primary mito-
chondrial myopathy in a phase 2 RCT [189]. However, the efficacy of elamipretide was
not demonstrated in the subsequent multi-centre, phase 3 trial that recruited an impres-
sive number of patients (n = 218) [190]. Elamipretide has also been trialled in Barth syn-
drome, an ultra-rare and severe X-linked disorder of mitochondrial cardiolipin metabo-
lism typically manifesting with infantile-onset cardiomyopathy, skeletal myopathy,
growth delay and other features. The results from the RCT (TAZPOWER) and open-label
study demonstrated sustained tolerability and safety, as well as improvements in func-
tional assessments (including the 6MWT) and cardiac function [191], paving the way for
FDA approval in 2025.

Sonlicromnanol (KH176) is a reductive and oxidative distress modulator that selec-
tively inhibits microsomal prostaglandin E1 synthase activity. In a phase 2b trial involving
27 patients with m.3243A>G-related mitochondrial disease, sonlicromanol was well toler-
ated and safe, although there was no significant change in the primary endpoint, the at-
tentional domain of the cognitive score. Other secondary outcome measures, including
quality-of-life questionnaires, showed clinically meaningful improvements [208]. Cur-
rently, a multi-centre phase 3 trial is recruiting participants.

There are also clinical trials that are focused on specific genetic diagnoses. In an open-
label study investigating the compassionate use of deoxynucleosides (MT-1621) in pa-
tients with TK2 deficiency compared to untreated external cases identified from the liter-
ature, the most striking findings were increase in survival (death rate 0% vs. 58%), re-
gained lost motor milestones (65% vs. 4%), decreased ventilatory support duration in 28%
of treated patients, and feeding support being discontinued in three patients [127]. Based
on the safety profile and encouraging results from the open-label study, the FDA and
EMA approved MT-1621 for children and adults with disease onset < 12 years, in Nov
2025 and March 2026, respectively.

The progress of therapeutic development in Leigh syndrome has been limited to pre-
clinical discoveries, such as therapeutic hypoxia [213,214], over the last decade. Vatiqui-
none, formerly known as EPI-743, has been trialled in LS and mitochondrial epileptic en-
cephalopathy. However, the robustness of the trial findings was questionable due to the
study design and selection of trial endpoints [215]. More recently, a pluripotent stem-cell-
based drug screening approach identified sildenafil, a PDE5 inhibitor, which extended life
span of LS animal models and improved symptoms in off-label use in six patients with
pathogenic MT-ATP6 variants [216]. However, as an open-label compassionate use case
series without a randomised, placebo-controlled arm, this study with such a small sample
size is prone to investigator bias, and a firm conclusion cannot be drawn due to natural
fluctuations in the disease trajectory in PMD. Thus, a properly designed RCT with clearly
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defined trial endpoints is imperative to demonstrate the safety and efficacy of sildenafil in
patients with LS and other clinical phenotypes.

Pearson syndrome is a devastating mitochondrial disorder in children, which is char-
acterised by sideroblastic anaemia and pancreatic insufficiency with poor outcomes re-
sulting in early death in childhood. Mitochondrial augmentation therapy (MAT), a tech-
nology that enriches patient-derived CD34+ hematopoietic stem and progenitor cells with
wild-type mitochondria before infusion, was first reported in 2018 [217]. This was fol-
lowed by an early-phase clinical trial recruiting patients with single, large-scale mitochon-
drial DNA (mtDNA) deletion syndromes, including Kearns-Sayre syndrome. Interest-
ingly, MAT was associated with increased peripheral blood mtDNA copy number follow-
ing treatment, suggesting that transplantation of wild-type mitochondria may improve
mitochondrial biogenesis or selectively expand haematopoietic cells with a lower burden
of pathogenic mtDNA deletions. This observation is particularly interesting because
mtDNA depletion and the clonal expansion of deleted mtDNA molecules are thought to
contribute to disease progression in mitochondrial deletion syndromes. The investigators
also noted improvement in aerobic function, an increase in body weight, and an increase
in quality-of-life measurements [218].

The onset and severity of mitochondrial DNA disease can be influenced by the het-
eroplasmic state and threshold effect of individual mtDNA variants, such as m.8344A>G
in MT-TK and many pathogenic MT-ATP6 variants [111,219]. Some homoplasmic variants,
such as three common LHON mtDNA variants, exhibit reduced clinical penetrance and
sex dimorphism, with male carriers being at higher risk of visual loss [220]. In the absence
of effective disease-modifying therapy in mtDNA-related PMD, reproductive options
such as prenatal diagnostic testing and pre-implantation genetic testing are reliable
measures to reduce the transmission of heteroplasmic mtDNA variants [96,221]. Mito-
chondrial donation, an IVF-based technique that involves the microsurgical transplanta-
tion of the nuclear genome from a carrier egg to an unaffected enucleated egg, offers an
alternative means of potentially reducing the risk of mtDNA disease in women who carry
(near) homoplasmic pathogenic mtDNA variants [222]. The Newcastle team in the UK
recently reported that 36% of women (8/22) became pregnant through an intracytoplasmic
sperm injection procedure for pronuclear transfer (PNT) and eight babies were born, with
the levels of heteroplasmy for maternal pathogenic mtDNA variant not detectable in five
newborns, 5% in one newborn and <20% in two others [132]. All eight neonates were
healthy at birth and appeared to have made normal developmental progress at their most
recent assessment; medical problems were identified in three children, which included
self-limiting myoclonic epilepsy of infancy, an uncomplicated urinary tract infection, and
hyperlipidaemia and left dilated ventricle attributed to atrial tachyarrhythmia that both
responded to treatments [133]. Whilst the reported outcomes of strictly regulated mito-
chondrial donation are generally welcome in the patient and scientific communities, there
are ongoing ethical and scientific debates, as well as legitimate concerns surrounding the
cost effectiveness, the risk of mtDNA heteroplasmy carry-over associated with PNT, and
the phenomenon of mtDNA reversal [223-225].

Instrumented balance and gait analysis, either in the laboratory or using wearables,
is emerging as a promising digital outcome measure that can objectively capture motor
and functional impairment, as well as disease progression over a short time frame, in neu-
rological disorders such as Parkinson’s disease, hereditary ataxia and myopathy. Instru-
mented gait studies in hereditary ataxia have demonstrated their sensitivity to quantify
changes when compared to clinician-reported measure such as the ataxia rating scale
[226]. A specific gait metric, stride velocity 95th centile, has been accepted as a primary
trial endpoint for Duchenne muscular dystrophy by the EMA [227]. However, there have
been limited published studies reporting the utility of laboratory gait analysis and accel-
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erometer in children and adults with PMD to date. Similar to other diseases, there are
major hurdles and challenges for harnessing digital health technologies into clinically
meaningful trial endpoints in PMD; these include marked clinical heterogeneity, harmo-
nisation of study protocols, development of a technical and analytical framework, cross-
disciplinary collaboration, and longitudinal data collection.

The move towards more robust clinical trial designs, including greater adoption of
randomised control trials, has been a very positive development for evaluating therapeu-
tic compounds in the mitochondrial field and upholding scientific rigour [228]. However,
this progress is accompanied by inherent challenges. Recruitment remains a major barrier,
contributing to the premature termination of several clinical trials (Table 3). Trial design
is further complicated by marked genetic and phenotypic heterogeneity, raising debates
about whether to ‘split’ participants into genetically or clinically defined subgroups or
‘lump’ broader patient populations to achieve feasible sample sizes. Recent experiences
in primary mitochondrial myopathy trials have also highlighted the difficulties of trans-
lating encouraging early-phase signals into successful phase 3 outcomes [200]. In parallel,
the psychometric properties of many commonly used outcome measures, including the
validity, reliability, responsiveness, and clinical meaningfulness, remain untested or un-
established in patients with PMD, despite expert recommendations. Moreover, it is im-
perative to consider the effect size of any treatment, the sensitivity and specificity of out-
come measures for measuring changes, predefined minimal clinically meaningful changes
agreed upon by regulatory stakeholders, operational financial costs, and participant bur-
den when planning a clinical trial. These challenges highlight the importance of integrat-
ing patient perspectives and lived experience [229,230] into trial design and endpoint se-
lection, a priority increasingly recognised by stakeholders. Given these challenges, novel
trial approaches should also be considered alongside conventional randomised controlled
trials. Adaptive, platform, basket or umbrella trial designs may allow multiple therapies
[231] and genotypes or phenotypic subgroups to be evaluated more efficiently, particu-
larly when supported by robust natural history data, validated endpoints and interna-
tional recruitment networks. The multimodal profiling approach used in dementia re-
search, which integrates genetic, imaging, and digital and fluid biomarkers [232], is appli-
cable to the field of PMD and could refine patient stratification and potentially reduce
sample size in clinical trials. Moreover, the application of a precision medicine approach,
such as using patient-derived cell models to perform personalised pharmacological
screening [233], has the appeal of maximising the discovery of efficacious therapies, miti-
gating the individual risk of toxicity and reducing the futility in future trials in PMD.

Many different gene therapy approaches, including recombinant adeno-associated
virus-based gene replacement, transcription activator-like effector nucleases, zinc-finger
nucleases, and CRISPR-free gene editing, have shown encouraging findings in preclinical
models of PMD [234]. However, there are outstanding challenges to the clinical translation
of gene therapy for PMD, such as technical challenges of CNS transduction, safety consid-
erations, trial design, patient recruitment and financial costs.

6. Conclusions

The past decade has seen substantial progress in the diagnosis and clinical character-
isation of primary mitochondrial diseases, driven by advances in genomic sequencing,
multi-omic approaches, biomarker discovery and increasing natural history studies.
These developments have improved diagnostic precision, expanded the understanding of
genotype—phenotype relationships, and strengthened the foundations required for trial
readiness. However, major challenges remain, including unresolved diagnoses, inequal
access to clinical expertise and advanced diagnostic facilities, limited validation of bi-
omarkers and outcome measures, and the difficulty of conducting adequately powered
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trials. Future progress will depend on international collaboration, harmonised longitudi-
nal datasets, meaningful patient involvement, and trial designs that can accommodate bi-
ological complexity while generating robust evidence. Together, these approaches offer a
realistic path towards earlier diagnosis, better patient management and more effective,
targeted therapies for people living with mitochondrial disease.
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