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Abstract 

Friedreich ataxia (FRDA) is a rare, autosomal recessive, progressive neurodegenerative disorder 
characterized by multisystem involvement, including gait and limb ataxia, cardiomyopathy, skeletal 
deformities, and metabolic dysfunction. Most patients harbor biallelic GAA trinucleotide repeat 
expansions in intron 1 of FXN, whereas others are compound heterozygotes with a GAA expansion on 
one allele and a pathogenic FXN variant on the other. FXN encodes frataxin, a nuclear-encoded 
mitochondrial protein essential for iron-sulfur (Fe-S) cluster biogenesis and mitochondrial energy 
production. Frataxin deficiency disrupts mitochondrial metabolism, promotes iron dysregulation and 
oxidative stress, and leads to progressive cellular injury, particularly in high-energy tissues such as the 
nervous system and myocardium. Despite substantial advances in understanding FRDA pathogenesis, 
no curative therapy is currently available. In 2023, omaveloxolone (Skyclarys) became the first 
approved treatment for FRDA, marking a significant therapeutic milestone. Concurrently, disease-
directed strategies have expanded rapidly, including small-molecule modulators, adeno-associated 
virus (AAV)-mediated gene replacement, and transcriptional or epigenetic approaches aimed at 
restoring endogenous FXN expression. In addition, antisense oligonucleotide-based therapies and 
emerging CRISPR-mediated gene editing platforms are advancing through preclinical and early clinical 
development. This review provides a comprehensive overview of the evolving therapeutic landscape 
in FRDA, highlighting mechanistic rationales, preclinical progress, clinical trial outcomes, and the key 
translational challenges that must be addressed to achieve durable disease modification. 

Keywords: Friedreich ataxia; frataxin deficiency; translational therapeutics 
 

1. Introduction 

Friedreich’s ataxia (FRDA) is a rare, autosomal recessive disorder characterized by progressive 
neurodegeneration and multisystem involvement, affecting approximately 1 in 50,000 individuals 
worldwide [1,2]. First described by Nikolaus Friedreich in the late 19th century, the disease was 
initially defined by spinal cord degeneration, ataxia, and sensory deficits [3]. More than a century 
later, advances in genetic mapping established FRDA as one of the first autosomal recessive disorders 
to be localized using linkage analysis, with key restriction fragment length polymorphism (RFLP) 
markers identified on chromosome 9 (9q13-q21.1) [1,4]. These discoveries enabled positional cloning 
efforts that ultimately led to the identification of the FXN gene [5]. 
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Subsequent molecular studies revealed that FRDA is most commonly caused by a homozygous 
GAA trinucleotide repeat expansion within intron 1 of FXN, resulting in transcriptional repression 
and reduced gene expression [6]. Approximately 96% of individuals with FRDA are homozygous for 
this expansion, while the remaining ~4% are compound heterozygotes, carrying a GAA expansion 
on one allele and a distinct pathogenic variant on the other [6,7]. These mutations lead to deficiency 
of frataxin, a mitochondrial protein essential for iron-sulfur cluster biosynthesis and cellular iron 
homeostasis. Impaired frataxin function results in mitochondrial dysfunction, which underlies the 
progressive neurodegeneration and systemic manifestations of the disease [8]. 

Clinically, FRDA typically presents between 10 and 15 years of age, with progressive ataxia as 
the hallmark feature, manifesting as impaired balance and coordination [9,10]. In addition to 
neurological impairment, patients frequently develop non-neurological complications, including 
hypertrophic cardiomyopathy, musculoskeletal abnormalities, and metabolic dysfunction. Disease 
progression is associated with substantial functional decline, with most individuals requiring 
wheelchair assistance within approximately 15 years of symptom onset [11]. Life expectancy is 
significantly reduced, with an average survival of approximately 36 years after onset, most 
commonly due to cardiac complications [12]. 

Despite the considerable disease burden, current management remains largely supportive, and 
no curative therapies are available [8]. However, growing insights into the genetic and molecular 
basis of FRDA have catalyzed the development of targeted therapeutic strategies. An increasing 
number of these approaches are now advancing through preclinical and clinical evaluation [3,8,13]. 
In this review, we provide a comprehensive overview of the neurodegenerative and multisystem 
features of FRDA and critically examine the evolving therapeutic landscape. We highlight key 
mechanistic insights, summarize recent advances, and discuss the major translational challenges that 
must be addressed to achieve durable disease modification. 

2. Genetics of FRDA 

FRDA is caused by mutations in the frataxin (FXN) gene located on chromosome 9 [6]. The 
underlying genetic defects can be broadly categorized into two types: expansion of a GAA 
trinucleotide repeat within intron 1 of FXN and non-expansion pathogenic variants. Approximately 
96% of affected individuals are homozygous for the GAA repeat expansion, whereas the remaining 
~4% are compound heterozygotes, carrying a GAA expansion on one allele and a distinct inactivating 
mutation on the other [6,7]. 

The FRDA GAA repeat is located within an Alu-Sx sequence, a type of repetitive DNA unique 
to humans and absent in laboratory animals [14]. In unaffected individuals, the GAA repeat length 
typically ranges from 7 to 30 units, whereas pathogenic alleles contain expanded repeats ranging 
from approximately 60 to over 1,700 units [15,16] (Figure 1). The size of the repeat expansion 
correlates inversely with age of onset and directly with disease severity. Expansions below ~100 
repeats are rarely pathogenic, particularly when interrupted by non-GAA sequences [17]. Notably, 
the expanded repeat is genetically unstable, exhibiting both germline and somatic variability. 
Germline instability occurs during transmission through both maternal and paternal lineages, with 
paternal transmission often associated with repeat contraction [18]. Somatic instability results in 
tissue-specific variation in repeat length, with greater instability observed in the heart and pancreas 
compared to the central nervous system, and progressive expansion occurring with age [19,20]. 

Expanded GAA repeats promote transcriptional silencing of FXN and reduced frataxin expression 
through a combination of structural and epigenetic mechanisms [3] (Figure 1). At the DNA level, the 
expanded GAA repeat adopts non-B DNA conformations that interfere with transcription [16] (Figure 
1). These include the formation of triplex (triple-helix) DNA structures, where the polypurine GAA 
strand interacts with the DNA duplex via Hoogsteen base pairing, creating a physical barrier to RNA 
polymerase progression. Another proposed structure, termed “sticky DNA,” involves intermolecular 
triplex formation between separate DNA molecules, although its physiological relevance in vivo 
remains uncertain [21]. In addition to DNA structural abnormalities, the GAA repeat region promotes 
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the formation of R-loops, consisting of RNA/DNA hybrids and a displaced single DNA strand (Figure 
1). These R-loops are associated with transcriptional stalling and serve as nucleation sites for chromatin 
remodeling, thereby reinforcing gene silencing [22]. 

These structural disruptions initiate a cascade of epigenetic changes that establish a repressive 
chromatin environment. The expanded GAA repeat induces heterochromatin formation, a process 
first demonstrated to resemble position-effect variegation. This is characterized by: (1) Increased 
histone H3 methylation (repressive marks such as H3K9me and H3K27me), (2) Decreased histone 
acetylation, which reduces chromatin accessibility, and (3) Recruitment of chromatin-silencing 
complexes [23–26]. Importantly, these repressive histone modifications spread from the expanded 
repeat toward the FXN promoter, impairing both transcriptional initiation and elongation. 
Concurrently, DNA methylation accumulates upstream of the GAA repeat, forming a disease-specific 
differentially methylated region (FRDA-DMR). This methylation further stabilizes the silenced 
chromatin state and correlates strongly with disease severity. Beyond repeat expansions, more than 
60 non-expansion mutations have been identified, including point mutations and deletions that 
disrupt FXN function, often by impairing precursor mRNA splicing [27]. 

Importantly, disease severity is closely linked to residual frataxin levels. Patients typically exhibit 
<10% of normal FXN transcript, whereas heterozygous carriers with ~50% expression remain 
asymptomatic. Even modest increases in frataxin levels (to ~10-30% of normal) are associated with milder 
disease and delayed progression [28,29]. These observations underscore the therapeutic potential of 
strategies aimed at restoring FXN expression, including approaches that reverse gene silencing through 
epigenetic modulation, disruption of R-loop structures, or alleviation of RNA polymerase II stalling. 

 
Figure 2. Genetic and epigenetic mechanisms underlying frataxin deficiency in FRDA. (A) In healthy 
individuals, the FXN gene contains a normal GAA repeat length (~7–30) within intron 1, allowing open 
chromatin structure and efficient transcription, resulting in normal FXN mRNA and frataxin protein levels. (B) 
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In FRDA, expanded GAA repeats (~66–1500) promote the formation of abnormal DNA structures, including 
triplex DNA and R-loops, leading to heterochromatin formation and transcriptional stalling. This epigenetic 
silencing reduces FXN mRNA transcription and frataxin protein levels. Frataxin deficiency impairs 
mitochondrial iron-sulfur cluster biogenesis, increases oxidative stress, and disrupts mitochondrial function, 
contributing to disease pathogenesis. 

3. Frataxin Biology and Consequences of Its Deficiency 

The FXN gene encodes frataxin, a highly conserved mitochondrial protein expressed across a 
wide range of species, including plants, invertebrates, yeast, and mammals [1]. In humans, frataxin 
is enriched in tissues most affected in FRDA, such as the dorsal root ganglia, spinal cord, cerebellum, 
heart, pancreas, liver, and skeletal muscle [30]. Frataxin is primarily translated from the most 
abundant FXN transcript (exons 1-5a) as a 210-amino acid precursor, which undergoes sequential 
cleavage by the mitochondrial processing peptidase to yield the mature 130-amino acid functional 
protein [31]. In addition to this canonical mitochondrial form, alternative frataxin isoforms have been 
described and may exhibit tissue-specific expression; however, their precise functional roles, 
particularly in the context of FRDA, remain incompletely defined. Structurally, frataxin is a compact 
globular protein composed of α-helices and β-sheets, characterized by a conserved ridge of 
negatively charged residues and a hydrophobic surface region [32]. 

Frataxin plays a central role in mitochondrial function and intracellular iron homeostasis [33]. It 
acts as an allosteric activator of the iron-sulfur (Fe-S) cluster assembly machinery, thereby 
contributing to the biosynthesis, maintenance, and repair of Fe-S clusters [34]. These clusters serve as 
essential cofactors for numerous cellular processes, including mitochondrial electron transport chain 
activity (complexes I-III), regulation of iron metabolism, heme biosynthesis, redox reactions, amino 
acid and purine metabolism, and DNA repair [33,35–41]. Consequently, frataxin deficiency disrupts 
both mitochondrial and extramitochondrial Fe-S cluster biogenesis, as cytosolic Fe-S assembly 
depends on mitochondrial Fe-S export, ultimately leading to impaired activity of key metabolic 
enzymes [3] (Figure 1). 

Cellular consequences of Frataxin deficiency: Frataxin deficiency leads to widespread 
dysfunction of Fe-S cluster-dependent enzymes across cellular compartments, with pronounced 
effects on mitochondrial proteins such as aconitase and respiratory chain complexes [42]. This results 
in impaired oxidative phosphorylation, reduced mitochondrial membrane potential, cellular energy 
deficits, and increased production of reactive oxygen species (ROS). In response to Fe-S cluster 
depletion, cells activate iron uptake pathways via iron-responsive protein 1 (IRP1), enhancing iron 
import while limiting storage [43]. However, defective Fe-S cluster synthesis impairs proper iron 
utilization, leading to mitochondrial iron accumulation. Excess iron, together with elevated ROS, 
promotes the Fenton reaction, generating highly reactive hydroxyl radicals that drive oxidative 
damage. This process is further exacerbated by depletion of antioxidant defenses, including 
glutathione, culminating in oxidative stress, cellular injury, and degeneration. These pathological 
mechanisms are particularly prominent in high-energy-demand tissues, contributing to the selective 
vulnerability observed in FRDA [44]. 

Downstream pathways and metabolic dysregulation: Frataxin deficiency also induces 
widespread downstream molecular and metabolic alterations that link impaired Fe-S cluster 
biogenesis to cellular pathology. These include reduced antioxidant capacity and impaired 
mitochondrial biogenesis, largely driven by downregulation of key regulatory factors such as PGC-
1α and Nrf2 [45,46]. In addition, transcriptomic and metabolomic studies have identified disruptions 
in multiple metabolic pathways, including sphingolipid metabolism, ketogenesis, and one-carbon 
metabolism, along with potential dysregulation of mTOR signaling, regulator of cell growth and 
metabolism. Emerging evidence also supports activation of neuroinflammatory pathways, as 
indicated by biomarker analyses and neuroimaging studies [3]. Despite these advances, the 
mechanisms underlying cell type-specific vulnerability to frataxin deficiency remain incompletely 
understood. 
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Frataxin is also found to be essential for viability, as complete loss of FXN function results in 
early embryonic lethality in animal models. Consistent with this, individuals with FRDA retain 
residual frataxin expression, typically ranging from approximately 5% to 35% of normal levels across 
tissues. This partial deficiency is sufficient to sustain viability but drives progressive oxidative 
damage and neurodegeneration, underscoring the critical importance of frataxin in maintaining 
cellular and mitochondrial homeostasis [20,47–49]. 

4. Multisystem Involvement of the Disease 

FRDA is a multisystem disease-causing progressive symptom throughout the body (Figure 2). 
Neurological symptoms include unsteady gait, limb coordination disorders, dysarthria, hearing loss, 
nystagmus, visual impairment, absent reflexes, impaired vibration and position sense, and mild 
olfactory dysfunction. Non-neurological symptoms include musculoskeletal abnormalities such as 
weakness in the hands and legs, scoliosis, and high arched feet, as well as type 1 diabetes and 
hypertrophic cardiomyopathy [50]. Additionally, coordination disorder is often accompanied by 
neuropathic pain [51].  

 
Figure 2. Multisystem manifestations of Friedreich ataxia (FRDA). Schematic overview of the major clinical 
features of FRDA, highlighting its multisystem involvement. 

4.1. Neurological and Psychiatric Symptoms 

Neurological involvement is a universal and defining feature of FRDA, affecting multiple 
interconnected systems. The most prominent clinical manifestation is progressive ataxia, involving 
both axial and appendicular coordination. This arises from combined dysfunction of the cerebellum, 
posterior columns, dorsal root ganglia, and peripheral nerves, leading to impaired proprioception 
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and loss of position sense [52]. Degeneration of large-fiber sensory pathways contributes to early loss 
of deep tendon reflexes and sensory ataxia, while cerebellar involvement results in impaired 
coordination, dysmetria, and gait instability. Over time, involvement of the corticospinal tracts leads 
to progressive weakness and spasticity, particularly in the lower limbs, with spasticity being more 
common in advanced disease and in late-onset forms [11,53–58]. 

Dysarthria is a frequent and early feature, characterized by slow and slurred speech that 
progressively worsens and significantly impacts communication and quality of life [52]. Dysphagia 
is also highly prevalent, occurring in up to 69-98% of patients, and contributes to an increased risk of 
aspiration pneumonia, which is a major cause of mortality [51,59]. Sensory peripheral neuropathy is 
almost universal, predominantly affecting the lower limbs and often leading to neuropathic pain. 
Electrophysiological studies typically demonstrate reduced or absent sensory nerve action potentials, 
with relatively preserved motor conduction [51]. 

Additional neurological features include autonomic dysfunction, particularly urinary 
disturbances such as urgency and frequency, reflecting involvement of autonomic fibers [60,61]. 
Other less common but clinically relevant manifestations include optic neuropathy, auditory 
pathway involvement leading to hearing impairment, and small-fiber neuropathy [62,63]. 

Psychiatric and cognitive manifestations also contribute to disease burden. Affective disorders, 
including depression and anxiety, are common, with major depression reported in approximately 14-
36% of patients and milder mood disturbances affecting up to 50-92%. These symptoms may reflect 
both disease-related neurobiological changes and the psychological impact of living with a chronic, 
progressive condition. While global cognitive function is generally preserved, subtle deficits have 
been reported in specific domains, including executive function, attention, visuospatial processing, 
and social cognition. Interpretation of cognitive testing can be challenging, as performance may be 
confounded by motor impairment, dysarthria, and slowed response times [51,64,65]. 

Overall, neurological and psychiatric manifestations in FRDA reflect the widespread and 
progressive involvement of sensory, cerebellar, motor, and autonomic systems, alongside significant 
psychosocial impact, underscoring the need for comprehensive multidisciplinary management. 

4.2. Musculoskeletal Symptoms 

Skeletal muscle involvement in FRDA is increasingly recognized as an active component of 
disease pathology rather than solely a secondary consequence of neurodegeneration. While 
denervation due to sensory neuropathy and spinocerebellar tract degeneration contributes to muscle 
weakness, growing evidence highlights a significant role for intrinsic skeletal muscle defects [66]. 
Frataxin deficiency impairs mitochondrial iron-sulfur cluster biogenesis, leading to reduced activity 
of key respiratory chain enzymes, compromised oxidative phosphorylation, and decreased ATP 
production. At the structural level, skeletal muscle in FRDA exhibits features of mitochondrial 
myopathy, including reduced mitochondrial content and function, altered fiber-type composition 
with a shift away from oxidative (type I) fibers, and accumulation of lipid droplets. These changes 
are consistent with impaired fatty acid oxidation and energy utilization [67,68]. Transcriptomic and 
proteomic studies further reveal widespread dysregulation of pathways involved in mitochondrial 
biogenesis, oxidative metabolism, and cellular stress responses, reinforcing the concept of a primary 
metabolic defect in muscle tissue [69]. Progressive muscle weakness typically begins distally and 
progressively contributes to worsening gait instability and loss of mobility, exacerbating ataxia-
related disability. In addition, musculoskeletal abnormalities are common and further compound 
functional impairment [51,70]. Scoliosis, affecting approximately 60–90% of patients, often develops 
early, sometimes preceding neurological symptoms, and is typically characterized by a left-sided 
thoracic curvature that may progress rapidly during adolescence, particularly in individuals with 
longer GAA repeat expansions, frequently necessitating surgical intervention [71,72]. Foot 
deformities are also common, with pes cavus (high-arched foot) being the most prevalent, further 
impairing gait and balance [51]. Together, these musculoskeletal abnormalities significantly 
contribute to functional decline, reduced mobility, and overall disease burden in FRDA. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 April 2026 doi:10.20944/preprints202604.1108.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1108.v1
http://creativecommons.org/licenses/by/4.0/


 7 of 29 

 

4.3. Cardiac Symptoms 

Cardiac involvement is a major feature of FRDA, affecting approximately 40-85% of patients and 
representing the leading cause of premature mortality, accounting for nearly 60% of deaths [73–75]. 
The severity of cardiac disease is strongly associated with earlier disease onset and longer GAA 
repeat expansions, although it does not always correlate with the degree of neurological impairment. 
The hallmark cardiac phenotype in FRDA is hypertrophic cardiomyopathy, typically characterized 
by concentric left ventricular hypertrophy, increased ventricular wall thickness, and reduced 
ventricular cavity size [76–78]. In the early stages, electrocardiographic abnormalities, particularly 
repolarization changes such as T-wave inversion, are often among the earliest detectable features 
[79]. Despite these changes, systolic function is usually preserved initially, and patients may remain 
asymptomatic. However, diastolic dysfunction is common due to reduced ventricular compliance 
and may become clinically evident under physiological stress, such as fluid overload or dehydration 
[80]. 

With disease progression, the cardiomyopathy may evolve into a dilated phenotype, 
characterized by thinning of the ventricular walls, increased chamber size, reduced ejection fraction, 
and eventual development of overt heart failure [73,75,81–83]. This transition reflects underlying 
pathological processes, including progressive myocardial fibrosis, myocyte loss, and impaired 
mitochondrial energy metabolism resulting from frataxin deficiency [47,84]. Clinically, cardiac 
symptoms are often subtle and may overlap with neuromuscular limitations inherent to FRDA. 
Patients may experience fatigue, dyspnea, and exercise intolerance, which can be difficult to 
distinguish from neurological causes [80]. Episodes of chest pain resembling angina are also reported 
but are typically not associated with coronary artery disease; instead, they may reflect altered 
myocardial oxygen demand or microvascular dysfunction within the hypertrophied myocardium 
[85]. Cardiac arrhythmias are another important manifestation and may occur at any stage of the 
disease. Atrial arrhythmias are relatively common and can arise even in the absence of severe 
structural abnormalities, whereas ventricular arrhythmias are more frequently observed in advanced 
stages associated with myocardial fibrosis. These rhythm disturbances can contribute significantly to 
morbidity and may require specialized management, including pharmacological therapy or device-
based interventions such as implantable cardioverter-defibrillators in selected patients [86–88]. 

4.4. Metabolic Symptoms 

Metabolic dysfunction is a recognized component of FRDA, reflecting the systemic 
consequences of frataxin deficiency and mitochondrial impairment. One of the most clinically 
relevant features is glucose dysregulation, with approximately 30% of patients exhibiting impaired 
glucose tolerance and 7-9% developing overt diabetes mellitus (DM) [51,89,90]. In individuals with 
early-onset FRDA, diabetes often resembles an insulin-deficient phenotype similar to autoimmune 
type 1 diabetes, frequently presenting with ketoacidosis, low insulin and C-peptide levels, and an 
early requirement for insulin therapy [91]. This is primarily driven by pancreatic β-cell dysfunction, 
resulting from mitochondrial impairment and increased susceptibility to metabolic and endoplasmic 
reticulum stress-induced β-cell death [92]. In contrast, later-onset disease involves a combination of 
β-cell dysfunction and peripheral insulin resistance. Notably, diabetes in FRDA tends to occur at 
younger ages and at lower levels of adiposity compared to typical type 2 diabetes [89,93–95]. 

Growth and body composition are also altered in FRDA. Pediatric patients commonly exhibit 
reduced growth velocity, short stature, delayed pubertal development, and low body mass index 
(BMI), due to impaired mitochondrial energy metabolism [96–98]. In contrast, adults with FRDA are 
often overweight or exhibit increased visceral adiposity despite relatively modest BMI values. This 
paradox may be explained by frataxin deficiency in adipose tissue, which promotes adipocyte 
hypertrophy, inflammation, fibrosis, and metabolic dysregulation [96,99,100]. Additionally, 
interactions between adipose tissue and the gut microbiome may further influence metabolic 
homeostasis, although these mechanisms remain incompletely understood [8]. 
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Emerging evidence also suggests a role for chronic low-grade inflammation in FRDA-associated 
metabolic dysfunction. Altered immune responses, including increased pro-inflammatory signaling 
and microglial activation, have been observed and may contribute to both metabolic disturbances 
and neurodegeneration [101,102]. However, the complex interplay between inflammation, immune 
activation, metabolism, and the gut microbiome in FRDA remains poorly defined. 

Furthermore, individuals with FRDA are at increased risk of impaired bone health, likely due to 
reduced mobility, chronic disease burden, and altered metabolism. Reduced bone mineral density 
has been reported in a subset of patients, potentially increasing susceptibility to fractures [80,103]. 

Overall, metabolic manifestations in FRDA are multifactorial, involving disruptions in glucose 
metabolism, growth, adipose biology, and inflammatory pathways. These abnormalities contribute 
significantly to disease burden and represent important considerations for clinical management and 
therapeutic development. 

5. Cellular & Animal Models of FRDA 

Relevant experimental models are essential for elucidating disease mechanisms and advancing 
therapeutic development in FRDA. Although frataxin is highly conserved across species, supporting 
the use of diverse model organisms, only humans and non-human primates harbor the pathogenic 
GAA trinucleotide repeat expansion within the native FXN genomic context [104]. This fundamental 
difference makes it challenging for the non-human systems to fully recapitulate the genetic and 
epigenetic features of the disease. Over time, numerous cellular and animal models have been 
developed, each contributing valuable insights into specific aspects of FRDA pathophysiology. 
However, mammalian systems, particularly mouse models and human-derived cells, remain the 
most physiologically relevant. An ideal FRDA model would exhibit significantly reduced frataxin 
levels, preferably through GAA repeat-mediated transcriptional silencing and reproduce key clinical 
features, including progressive sensory ataxia, cardiomyopathy, and associated biochemical 
abnormalities. Below, we summarize the principal mammalian cellular and animal models used in 
FRDA research. 

5.1. Cellular Models 

Cellular models play a critical role in studying frataxin deficiency and evaluating therapeutic 
strategies. Patient-derived cells, including fibroblasts, lymphoblasts, and peripheral blood cells, are 
widely used due to their accessibility and retention of the full FXN locus with expanded GAA repeats 
and reduced frataxin expression [105,106]. These models represent the most physiologically relevant 
in vitro systems currently available. Although these cells do not fully recapitulate the disease 
phenotype under basal conditions, they exhibit increased sensitivity to oxidative stress, supporting 
their use in biomarker studies and therapeutic screening [107,108]. 

A major advancement in FRDA modeling has been the development of induced pluripotent stem 
cells (iPSCs). Patient-derived fibroblasts can be reprogrammed into iPSCs, which retain the GAA 
repeat expansion and epigenetic silencing of FXN. These iPSCs can then be differentiated into 
disease-relevant cell types, including neurons and cardiomyocytes, enabling investigation of tissue-
specific pathology [109,110]. For example, FRDA iPSC-derived neurons display delayed maturation, 
impaired electrophysiological properties, and reduced mitochondrial membrane potential, while 
cardiomyocytes exhibit mitochondrial degeneration, structural abnormalities, and compromised 
contractile function [110]. Emerging evidence also implicates non-neuronal cells in disease 
progression; notably, iPSC-derived microglia demonstrate intrinsic activation, suggesting a 
contribution of neuroinflammatory mechanisms to FRDA pathogenesis [111]. 

Advances in three-dimensional (3D) culture systems and organoid technologies are further 
enhancing the ability to model complex cellular interactions and disease progression in vitro 
[112,113]. In parallel, engineered cellular models using RNA interference (siRNA/shRNA), 
CRISPR/Cas9, or ribozyme-based approaches have been developed to reduce frataxin expression in 
established cell lines. While these systems successfully reproduce key biochemical defects such as 
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mitochondrial dysfunction, iron accumulation, and oxidative stress, their physiological relevance is 
limited by the use of non-disease cell types and their proliferative nature [104]. 

Humanized cellular models provide an additional platform by introducing disease relevant FXN 
mutations into murine or other non-human cells. In these systems, endogenous frataxin is deleted 
and replaced with human frataxin, either wild-type or carrying pathogenic missense mutations such 
as G130V or I154F. These models recapitulate several aspects of FRDA pathology, including impaired 
mitochondrial function and dysregulated iron homeostasis, although phenotypic instability over 
time remains a limitation [1,114,115]. 

5.2. Mouse Models 

A wide range of mouse models has been developed to investigate FRDA pathophysiology. Early 
studies demonstrated that complete loss of frataxin is incompatible with life, resulting in embryonic 
lethality and underscoring its essential role in cellular viability, particularly in iron-sulfur (Fe-S) 
cluster biogenesis. To overcome this limitation, conditional knockout (cKO) models were generated 
using Cre-loxP technology to enable tissue-specific and temporally controlled deletion of Fxn [104].  

The cKO-MCK model, in which Fxn is deleted in cardiac and skeletal muscle, recapitulates key 
features of FRDA cardiomyopathy, including cardiac hypertrophy by approximately 5 weeks of age 
and mortality by 10 weeks, accompanied by severe mitochondrial abnormalities [116]. Neuronal 
models, such as the NSE-Cre mouse, were developed to study frataxin deficiency in the nervous 
system; however, due to promoter leakiness, Fxn deletion also occurs in the heart and liver, leading 
to combined neurological and cardiac phenotypes [116]. These mice exhibit progressive ataxia, loss 
of proprioception, iron accumulation, fibrosis, and early mortality (around postnatal day 25), limiting 
their utility for modeling the progressive nature of human FRDA. Additionally, non-physiological 
features, such as cortical spongiform degeneration, reduce their translational relevance [117]. 

To address these limitations, inducible conditional models have been developed. In particular, 
the PRP-Cre model, in which Cre recombinase is driven by the prion protein promoter, allows 
temporal control of Fxn deletion and more closely mimics disease progression. These mice develop 
progressive cerebellar and sensory ataxia, degeneration of dorsal root ganglion neurons, and 
subsequent involvement of spinal and cerebellar pathways. Early pathological features include 
autophagy, vacuolization, and lipofuscin accumulation, highlighting the role of impaired cellular 
quality control mechanisms in disease progression [118]. Additional tissue-specific models have 
provided insight into non-neurological manifestations. Pancreatic β-cell-specific deletion leads to 
impaired glucose tolerance and diabetes, while liver-specific models highlight the role of frataxin in 
iron homeostasis and cellular metabolism [119,120]. More recently, transgenic mouse models 
carrying disease-relevant FXN point mutations observed in compound heterozygous patients-such 
as FxnG127V/G127V and FxnI151F/I151F, have been developed, offering improved genetic fidelity 
and clinical relevance [3]. 

GAA repeat expansion-based mouse models more closely mimic the genetics of FRDA and are 
useful for studying FXN epigenetics, repeat instability, and epigenetic therapies. One such model, 
the KIKI mice exhibit approximately 66-83% residual frataxin levels, whereas KIKO mice, which 
combine a GAA repeat expansion (~230 repeats) with exon 4 deletion, show reduced levels of 
approximately 25-36% [104,121]. However, these models display relatively mild phenotypes with 
limited neurodegeneration or cardiomyopathy, suggesting the existence of a critical threshold of 
frataxin deficiency required for overt disease manifestation [104]. 

Humanized transgenic mouse models, including YG8R and YG22R, incorporate the human FXN 
gene with GAA repeat expansions [122]. The YG8 line contains two repeats of approximately 90 and 
190 units, while the YG22 line carries a single repeat of approximately 190 units. These lines are 
crossed onto a frataxin-null background to generate “rescue” models that express only human 
frataxin at reduced levels. These mice exhibit mild, slowly progressive phenotypes, including subtle 
motor coordination deficits, sensory neuron abnormalities, mitochondrial dysfunction, and modest 
oxidative stress [24,123,124]. Although these models preserve the genetic basis of FRDA more 
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accurately, their relatively mild phenotype may reflect species-specific differences or insufficient 
repeat expansion length. 

To better model repeat instability and epigenetic silencing, newer models such as YG8-800 have 
been developed, harboring more than 800 GAA repeats within the human FXN gene. These mice 
demonstrate somatic and intergenerational repeat instability, epigenetic repression of FXN, 
progressive locomotor impairment, and cardiac hypertrophy [125]. However, disease onset is 
relatively late, and phenotypic severity can vary between studies. 

Collectively, no single model fully recapitulates all aspects of FRDA. Cellular models provide 
mechanistic and therapeutic insights at the molecular level, while animal models enable investigation 
of systemic disease features and progression. The continued development and integration of these 
complementary systems remain essential for advancing our understanding of FRDA and for the 
successful translation of therapeutic strategies. 

6. Bio Marks & Outcome Measures 

The identification of reliable biomarkers and outcome measures is critical for tracking disease 
progression and evaluating therapeutic efficacy in FRDA.  

Molecular and biochemical biomarkers: Frataxin itself represents a central disease biomarker; 
however, its clinical application is complicated by the presence of distinct isoforms. Two major forms 
have been described: the mitochondrial isoform (frataxin-M) and an extracellular isoform (frataxin-
E) detectable in red blood cells [79,126]. Quantification of frataxin remains technically challenging, 
but studies have demonstrated that frataxin levels correlate with disease severity. Specifically, 
frataxin concentration shows a positive correlation with age at disease onset and an inverse 
correlation with disease burden, with frataxin-E exhibiting a stronger clinical correlation than 
frataxin-M. These findings support the potential of frataxin, particularly frataxin-E, as a biomarker 
for disease stratification and progression monitoring [79,126]. While frataxin levels are consistently 
reduced in individuals with FRDA, accurate quantification remains technically challenging and is 
typically limited to cellular sources such as peripheral blood mononuclear cells, buccal swabs, or 
tissue biopsies [3]. 

Additionally, early investigations into biochemical biomarkers focused on iron metabolism and 
oxidative stress; however, these markers have shown limited reliability in clinical settings [3]. More 
recently, attention has shifted toward biofluid-based markers identified through metabolomic and 
proteomic approaches. Among these, neurofilament light chain (NfL) has emerged as a promising 
indicator of neuronal damage, with elevated plasma levels observed particularly in younger patients, 
although these levels tend to plateau in early adulthood [127]. Additional candidates include 
alterations in sphingolipid metabolism and markers of neuroinflammation detected in cerebrospinal 
fluid, though these findings require validation in larger cohorts [111,127]. 

Neurophysiological biomarkers: Neurophysiological assessments provide sensitive indicators 
of neural dysfunction in FRDA. A characteristic finding for FRDA is the marked reduction or absence 
of sensory nerve action potentials, while motor and sensory nerve conduction velocities are relatively 
preserved. Consistent with sensory fiber degeneration, somatosensory evoked potentials are 
frequently delayed or absent, often evident even in early stages [3]. Advanced techniques such as 
magnetoencephalography (MEG) have revealed impaired somatosensory processing in nearly all 
patients, with minimal progression over time [128]. Similarly, reduced cortico-kinematic coherence, 
reflecting impaired proprioceptive input, is evident early and remains relatively stable, supporting 
the concept of a developmental sensory deficit. In contrast, other neurophysiological measures 
indicate ongoing neurodegeneration. Brainstem auditory and visual evoked potentials show 
progressive deterioration, reflecting involvement of these pathways over time. Additionally, slowing 
of central motor conduction has been observed with disease progression, consistent with 
degeneration of corticospinal tracts [129].  

Neuroimaging biomarkers: Neuroimaging provides structural and metabolic insights into 
disease progression. Magnetic resonance imaging (MRI) typically shows cervical spinal cord 
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thinning, a key hallmark, along with mild cerebellar atrophy in later stages [130–132]. Quantitative 
volumetric analyses further reveal progressive spinal cord atrophy and microstructural changes in 
the cerebellum, dentatothalamic pathways, and corticospinal tracts, as well as iron accumulation in 
the dentate nuclei. Metabolic imaging approaches, such as magnetic resonance spectroscopy (MRS), 
further reveal reduced neuronal integrity and impaired energy metabolism in the brain, spinal cord, 
and skeletal muscle [133].  

Clinical and functional outcome measures: A range of standardized clinical scales are used to 
quantify neurological impairment in FRDA. The Scale for the Assessment and Rating of Ataxia 
(SARA) is widely used due to its simplicity and feasibility in clinical settings, enabling rapid 
assessment with a limited number of items. The Modified Friedreich’s Ataxia Rating Scale (mFARS), 
in contrast, provides a more detailed and comprehensive evaluation and may offer greater sensitivity 
in early disease stages [134]. Both scales demonstrate comparable psychometric properties. The 
Inventory of Non-Ataxia Signs (INAS) complements these tools by capturing non-ataxic 
manifestations, reflecting the multisystem nature of the disease [135]. Functional assessments provide 
additional insight into real-world disease impact. Activities of Daily Living (ADL), typically assessed 
through structured interviews, reflect an individual’s ability to perform routine tasks and maintain 
independence. Data from the European Friedreich’s Ataxia Consortium for Translational Studies 
(EFACTS) indicate that ADL measures may be more sensitive to longitudinal changes than SARA, 
particularly in younger-onset individuals [136]. Performance-based measures such as the 
Spinocerebellar Ataxia Functional Index (SCAFI) further quantify functional impairment. SCAFI 
includes three timed components: an 8-meter walk test, the 9-hole peg test (9HPT), and a 10-second 
syllable repetition task (“pata” rate) [137]. While overall sensitivity to change is modest, individual 
components provide stage-specific utility. The 8-meter walk test is most informative in ambulatory 
patients but becomes unsuitable following loss of ambulation [136]. In contrast, the 9HPT remains 
applicable in non-ambulatory individuals and is highly sensitive to changes in upper limb function. 
Given disease progression and potential ceiling effects in gait-based assessments, upper limb and 
speech measures may provide more sensitive indicators in later stages [8]. 

Despite substantial progress, current biomarkers and outcome measures remain insufficient to 
fully capture the complexity of FRDA. An ideal biomarker should reflect the multisystem nature of 
the disease, detect subtle changes over time, and correlate with clinically meaningful outcomes. 
Ongoing efforts integrating molecular, neurophysiological, imaging, and functional measures are 
expected to improve disease monitoring and accelerate therapeutic development. 

7. Therapeutic Development 

Clinical management for FRDA has traditionally been largely symptomatic, relying on 
multidisciplinary care, including physiotherapy, occupational therapy, and speech therapy, to 
maintain function and delay disease progression. However, recent advances have shifted the focus 
toward disease-modifying therapies. These include the first approved treatment, as well as emerging 
small-molecule, gene therapy, antisense oligonucleotide, and CRISPR/Cas-based approaches aimed 
at restoring frataxin levels and addressing the underlying genetic cause of the disease (Table 1). 

7.1. Approved Therapy  

Omaveloxolone (Skyclarys™): Omaveloxolone is the first approved therapy for Friedreich’s 
ataxia (FRDA), initially authorized by the U.S. Food and Drug Administration (FDA) in 2023 for 
patients aged 18 years and older and subsequently approved by the European Commission in 2024 
[138]. Omaveloxolone acts through activation of nuclear factor erythroid 2-related factor 2 (Nrf2), a 
transcription factor that is suppressed in FRDA and plays a central role in maintaining redox 
homeostasis, reducing reactive oxygen species production, and supporting mitochondrial function 
[13]. Clinical efficacy was demonstrated in the MOXIe trial, in which omaveloxolone improved 
neurological function as measured by the modified Friedreich’s Ataxia Rating Scale (mFARS) [139]. 
Longer-term analyses further suggested that treatment slowed disease progression by approximately 
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55% over a 3-year period compared with matched natural history cohorts [140]. Omaveloxolone has 
generally been well tolerated, although elevated aminotransferases are a common adverse effect, 
typically emerging soon after treatment initiation and resolving within 12 weeks; importantly, these 
side effects appear to reflect Nrf2 activation rather than hepatocellular injury. Increased cholesterol 
levels have also been frequently reported, while other mild adverse events include upper respiratory 
tract infection and headache [141]. As the first disease-modifying therapy for FRDA, omaveloxolone 
represents a major milestone in the field, although it does not completely prevent disease progression. 
Future studies are planned to further evaluate its long-term safety and efficacy, particularly in 
pediatric patients. 

7.2. Therapies Targeting Oxidative Stress and Mitochondrial Dysfunction 

Vatiquinone (PTC-743): Vatiquinone is an orally administered small-molecule compound, 
developed to target mitochondrial dysfunction and oxidative stress in FRDA. Its mechanism of action 
involves inhibition of 15-lipoxygenase, a key regulator of inflammation, oxidative stress, and 
ferroptosis, thereby improving mitochondrial and cellular function [142]. Clinical evaluation of 
vatiquinone has been conducted in the Phase 3 MOVE-FA trial, a randomized, double-blind, placebo-
controlled study involving 146 children and young adults with FRDA (aged 7-21 years) over 72 
weeks, followed by a 24-week open-label extension phase. Although the trial did not meet its primary 
endpoint of change in the mFARS, improvements were observed in several secondary outcomes, 
including fatigue and upright stability [13]. Notably, data from the long-term extension phase 
suggested a potential effect corresponding to approximately a 50% delay in disease progression. 
Vatiquinone was generally well tolerated, and ongoing open-label extension studies continue to 
assess its long-term safety and efficacy [143]. Based on these findings, further discussions with 
regulatory agencies are underway to explore potential approval pathways. 

Resveratrol: Resveratrol is a naturally derived polyphenol, primarily found in the skin of red 
grapes, nuts, and berries, known for its broad biological activities, including antioxidant, 
anticarcinogenic, antidiabetic and neuroprotective properties [144,145]. In FRDA, it has been 
explored as a potential therapeutic agent due to its ability to reduce oxidative stress and support 
mitochondrial function. An initial 12-week open-label study in 24 adults with FRDA evaluated oral 
resveratrol at doses of 1 g and 5 g daily. While the higher dose was associated with improvements in 
neurological symptoms, it also resulted in notable gastrointestinal side effects, limiting its tolerability 
[145]. To further assess its efficacy, a Phase 2 randomized, double-blind, placebo-controlled crossover 
trial using a micronized formulation of resveratrol was conducted in Australia. In this study, 
participants aged 16 years and older received 2 g/day of resveratrol for 24 weeks, with the primary 
endpoint being change in the modified mFARS, along with several clinical and biochemical 
secondary outcomes. Although the trial has been completed, the results have not yet been reported 
[13]. 

Elamipretide (ELAM; SS-31; Bendavia; MTP-131): Elamipretide is a mitochondria-targeting 
peptide developed to improve cellular bioenergetics in FRDA. It modulates the mitochondrial 
function by binding to cardiolipin in mitochondrial inner membrane.  Preclinical studies have 
shown that elamipretide enhances mitochondrial respiration and ATP production while reducing the 
generation of pathogenic reactive oxygen species, thereby addressing key aspects of mitochondrial 
dysfunction in FRDA [146,147]. Elamipretide has previously been evaluated in clinical trials for 
primary mitochondrial myopathy and is currently being investigated in FRDA. An ongoing 
investigator-initiated Phase 1/2 clinical trial (ELViS-FA) is assessing its effects on high-contrast visual 
acuity in 18 individuals with FRDA over 52 weeks, comparing high-dose (40-60 mg) versus low-dose 
(20-30 mg) treatment [13]. Additional studies are also exploring its potential benefits in patients with 
vision impairment or progressive cardiac involvement. Results from these trials are anticipated to 
clarify its therapeutic potential in FRDA. 

MIB-626: MIB-626 is a microcrystalline formulation of β-nicotinamide mononucleotide (NMN), 
a key intermediate in the NAD⁺ biosynthesis pathway. By increasing intracellular NAD⁺ levels, MIB-
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626 is thought to enhance mitochondrial oxidative phosphorylation and ATP generation, while also 
supporting NAD⁺-dependent enzymes involved in DNA repair, cellular stress responses, and 
metabolic regulation [148]. Through these mechanisms, it aims to counteract the mitochondrial 
dysfunction and energy deficits characteristic of FRDA. In a Phase 2 open-label study in adults with 
FRDA, short-term treatment (1000 mg/day for 14 days) was well tolerated and associated with 
increased NAD⁺ levels and improvements in bioenergetic measures [13,148]. Further placebo-
controlled trials are planned to evaluate its long-term safety and clinical efficacy. 

7.3. Therapies to Increase Frataxin Expression and to Modulate Frataxin-Controlled Metabolic Pathways 

Nomlabofusp (CTI-1601): Nomlabofusp is a novel frataxin replacement therapy designed to 
directly address the underlying deficiency of frataxin in FRDA. It is a recombinant fusion protein that 
combines a cell-penetrating peptide with full-length human frataxin, enabling efficient intracellular 
delivery and targeting of frataxin to the mitochondria. Administered subcutaneously, nomlabofusp 
facilitates increased mitochondrial frataxin levels, thereby aiming to restore impaired cellular and 
mitochondrial function [149]. Early clinical evaluation of nomlabofusp in Phase 1 single and multiple 
ascending dose randomized, placebo-controlled trials in ambulant adults with FRDA demonstrated 
a dose-dependent increase in frataxin levels across peripheral tissues, including buccal cells, skin, 
and muscle. Higher doses (50-100 mg) produced significant elevations, with frataxin levels reaching 
approximately one-third of those observed in unaffected individuals [149]. Nomlabofusp was 
generally well tolerated, with no serious adverse events reported; common side effects included 
injection site reactions, nausea, dizziness, headache, and erythema [150]. However, limitations 
include small sample sizes, restriction to ambulant participants, and uncertainty regarding the 
translation of increased frataxin levels into sustained clinical benefit. Additionally, the requirement 
for frequent dosing may present challenges for long-term use. 

Dimethyl fumarate (DMF): Dimethyl fumarate is an anti-inflammatory and neuroprotective 
drug currently approved for multiple sclerosis and being repurposed for FRDA. It is proposed to 
exert dual therapeutic effects by increasing FXN gene expression, thereby elevating frataxin protein 
levels, and activating the Nrf2 pathway, which enhances antioxidant defenses and reduces oxidative 
stress [123,151]. Preclinical studies and observations in treated patients have demonstrated significant 
increases in frataxin levels, supporting its potential in FRDA. A Phase 2 randomized, placebo-
controlled clinical trial is currently underway to evaluate its safety, tolerability, and effects on frataxin 
expression and clinical outcomes [152]. 

Leriglitazone (MIN-102): Leriglitazone is a selective agonist of PPARγ that targets metabolic 
and mitochondrial dysfunction in FRDA. Activation of PPARγ enhances lipid metabolism, 
antioxidant defenses, and cellular energy homeostasis, while upregulating PGC-1α, a key driver of 
mitochondrial biogenesis that is reduced in FRDA. Through these mechanisms, leriglitazone is 
proposed to improve mitochondrial function and promote neuronal survival [153]. Although a Phase 
2 clinical trial did not meet its primary endpoint, modest improvements in mitochondrial-related 
biomarkers and iron accumulation were observed, and the drug was generally well tolerated [13,154]. 

DT-216: DT-216 is a novel small-molecule therapy developed using the GeneTAC™ (gene-
targeted chimera) platform, designed to restore frataxin expression in FRDA. Its mechanism involves 
a bifunctional structure in which one component binds specifically to the GAA repeat expansion 
within the FXN gene that impairs transcription, while the linked ligand facilitates transcriptional 
elongation through this region. This approach effectively bypasses the transcriptional block caused 
by the repeat expansion, leading to increased endogenous frataxin production [155]. Early Phase 1 
studies demonstrated that DT-216 was generally well tolerated and produced a dose-dependent 
increase in frataxin mRNA levels in skeletal muscle, although injection site reactions, including 
thrombophlebitis, were noted [156]. To address these limitations and improve pharmacokinetics, an 
optimized version, DT-216P2, is currently in development for further clinical evaluation [13]. 

Etravirine (ETR): Etravirine is a non-nucleoside reverse transcriptase inhibitor originally 
approved for HIV-1 treatment that has been repurposed as a potential therapy for FRDA [157]. Its 
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proposed mechanism in FRDA involves increasing endogenous frataxin levels, as demonstrated in 
patient-derived lymphoblasts and fibroblasts, although the precise molecular pathway remains 
incompletely defined. This ability to enhance frataxin expression, combined with its established 
safety profile, makes it an attractive candidate for repositioning [157,158]. In a pilot Phase 2 study, 
oral etravirine was generally well tolerated and showed a transient improvement in neurological 
function (SARA score) during treatment; however, effects were not sustained after discontinuation, 
and no significant changes were observed in other clinical parameters [159]. Given the small sample 
size, short duration, and limited mechanistic clarity, further studies are required to determine its 
therapeutic potential in FRDA. 

Artesunate: Artesunate is an antimalarial agent being explored as a potential therapy for FRDA, 
with a mechanism targeting iron dysregulation [160]. In frataxin-deficient cells, impaired iron-sulfur 
cluster biogenesis disrupts enzymes involved in lipid metabolism, leading to defective 
palmitoylation of transferrin receptor 1 (TfR1). This results in increased TfR1 accumulation at the 
plasma membrane, enhanced transferrin-mediated iron uptake, and subsequent intracellular iron 
overload [161,162]. Artesunate has been shown to restore TfR1 palmitoylation, thereby promoting 
proper receptor trafficking and reducing its surface expression. This normalization of TfR1 dynamics 
limits excessive iron uptake and alleviates cellular iron accumulation, as demonstrated in FRDA 
patient-derived fibroblasts and peripheral blood mononuclear cells [161,163]. These findings support 
artesunate as a promising strategy to correct iron homeostasis defects in FRDA, and it is currently 
under investigation in early-phase clinical trials.  

RGFP109 (RG2833): RGFP109 is a histone deacetylase (HDAC) inhibitor developed to 
counteract epigenetic silencing of the FXN gene in FRDA [164,165]. The GAA repeat expansion 
induces heterochromatin formation and transcriptional repression, and HDAC inhibition promotes 
histone acetylation, thereby restoring a more transcriptionally active chromatin state and increasing 
frataxin expression [164,166,167]. In a Phase 1 clinical trial, treatment with RGFP109 led to increased 
FXN mRNA levels and enhanced histone acetylation in peripheral blood mononuclear cells. 
Although these findings demonstrate target engagement and epigenetic modulation, clinical efficacy 
has yet to be established [168]. 

7.4. Therapies Modulating Lipid Metabolism 

RT001: RT001 is a deuterated form of linoleic acid developed to reduce lipid peroxidation 
associated with mitochondrial dysfunction in FRDA. By stabilizing polyunsaturated fatty acids 
within cellular membranes, RT001 is proposed to limit oxidative damage and improve mitochondrial 
integrity. In early clinical studies, RT001 showed improvement in peak workload during 
cardiopulmonary exercise testing; however, a subsequent Phase 2 trial failed to meet its primary 
endpoint and did not demonstrate significant clinical benefit in secondary analyses [169,170]. 

7.5. Gene Therapies 

LX2006: LX2006 (AAVrh.10hFXN) is an adeno-associated virus–based gene replacement therapy 
developed to treat FRDA-associated cardiomyopathy by restoring cardiac frataxin expression. It uses 
an AAVrh.10 vector to deliver a functional human FXN cDNA to cardiac cells through a single 
intravenous infusion. Once delivered, the transgene enables production of frataxin in the heart, 
aiming to correct the underlying frataxin deficiency that drives impaired mitochondrial function, 
defective iron-sulfur cluster biogenesis, and progressive cardiac dysfunction in FRDA. By increasing 
frataxin levels in cardiomyocytes, LX2006 is intended to improve cardiac energy metabolism and 
reduce disease-related structural and functional abnormalities [8,13]. Preclinical studies 
demonstrated that AAVrh.10hFXN delivery could prevent disease onset and reverse established 
cardiac pathology in FRDA mouse models. Building on this, a Phase 1/2 open-label, dose-escalation 
clinical trial is currently underway to evaluate the safety and efficacy of LX2006 in adults with FRDA-
associated cardiomyopathy. Participants receive a single intravenous dose across low, mid, and high 
dose cohorts, with primary endpoints focused on safety, including treatment-emergent adverse 
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events. Secondary endpoints assess cardiac structure and function, including left ventricular mass 
index, ejection fraction, fibrosis by cardiac MRI, cardiopulmonary exercise capacity, and arrhythmia 
burden. Early interim data indicate that LX2006 is generally well tolerated, with no unexpected safety 
concerns. Importantly, cardiac biopsies have demonstrated dose-dependent increases in frataxin 
expression, with approximately fivefold higher levels observed in higher-dose cohorts compared to 
lower doses, providing strong evidence of target engagement. Long-term follow-up is ongoing to 
evaluate durability of expression and sustained clinical benefit [8,13,171]. 

ASP2016: ASP2016 is an adeno-associated virus–based gene replacement therapy designed to 
restore frataxin expression in FRDA, particularly targeting cardiac disease. It utilizes an Adeno-
associated virus serotype 8 (AAV8) to deliver a full-length functional FXN gene to cardiomyocytes 
via intravenous administration [172]. This approach enables sustained production of frataxin in the 
heart, aiming to correct mitochondrial dysfunction, improve iron-sulfur cluster biogenesis, and 
restore normal cellular metabolism [172]. Preclinical studies demonstrated that a single systemic 
administration improved cardiac function and survival in FRDA mouse models. ASP2016 has 
received Fast Track designation from the FDA, and a Phase 1 clinical trial is expected to evaluate its 
safety and early efficacy in individuals with FRDA-associated cardiomyopathy [13]. 

7.6. Antisense Oligonucleotide (ASO)-Based Therapeutic Strategies 

Antisense oligonucleotide (ASO)-based approaches have emerged as a promising strategy to 
restore frataxin expression in FRDA, particularly given that the disease is primarily caused by 
transcriptional repression of an otherwise functional FXN gene. Current ASO-based strategies can be 
broadly categorized into four main approaches: (i) repeat-targeted transcriptional reactivation, (ii) 
mRNA stabilization, (iii) DNA-targeting anti-gene oligonucleotides, and (iv) splice-switching 
therapies for rare mutations [173–177]. 

The most extensively studied approach involves targeting the expanded GAA repeat within the 
first intron of the FXN gene. Multiple studies have demonstrated that ASOs, duplex RNAs, and 
single-stranded siRNA-like molecules directed against the GAA repeat can relieve transcriptional 
repression and increase frataxin expression. These oligonucleotides are thought to disrupt abnormal 
nucleic acid structures (e.g., R-loops or triplex DNA) and transcriptional barriers formed at the repeat 
expansion, thereby promoting transcriptional elongation [174,178]. Optimization studies further 
showed that chemically modified ASOs, including gapmers, can enhance potency and efficacy in 
activating FXN expression in patient-derived cells, including neuronal models [179,180]. A 
complementary strategy focuses on post-transcriptional regulation of FXN by targeting untranslated 
regions (UTRs) of the mRNA. ASOs designed against the 5′ and 3′ UTRs have been shown to increase 
frataxin levels by stabilizing FXN transcripts, thereby enhancing mRNA availability for translation. 
This approach is particularly attractive as it does not rely on directly modifying the repeat expansion 
but instead augments the output from residual transcription [175]. 

More recently, anti-gene oligonucleotides (AGOs) have been developed to target the expanded 
GAA·TTC repeat at the genomic DNA level. These oligonucleotides bind directly to the repeat region 
within chromosomal DNA and promote transcription through the expanded locus, resulting in 
increased frataxin mRNA and protein expression. This strategy represents a novel mechanism that 
acts upstream of RNA, aiming to bypass repeat-induced transcriptional silencing [176]. In addition 
to repeat expansion-targeted therapies, ASOs are also being explored for mutation-specific 
applications, such as correcting aberrant splicing in rare FXN variants (e.g., c.165+5G>C). In these 
cases, splice-switching ASOs targeting intronic regulatory elements have been shown to restore 
proper splicing and increase frataxin expression in patient-derived cells, highlighting the potential 
for precision medicine approaches in FRDA [177]. 

Despite strong efficacy in cellular models, translation to in vivo systems remains challenging due 
to limitations in delivery, tissue targeting, and pharmacokinetics. Furthermore, potential sequence-
independent effects of certain ASO chemistries highlight the need for careful mechanistic validation. 
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Overall, ASO-based therapies represent a versatile and evolving strategy for FRDA, with continued 
optimization required for clinical translation. 

7.7. CRISPR/Cas-Based Therapeutic Strategies 

CRISPR/Cas-based therapeutic strategies for FRDA currently focus on three main approaches: 
excision of the expanded GAA repeat, ex vivo correction of patient-derived hematopoietic 
stem/progenitor cells, and base editing of the repeat tract to introduce stabilizing interruptions [181–
184]. Repeat excision studies have shown that removal of the pathogenic intronic expansion can 
restore endogenous FXN expression and ameliorate molecular and cellular defects, including 
mitochondrial and neuronal abnormalities in patient-derived models [183]. Ex vivo editing of FRDA 
CD34+ HSPCs further supports the feasibility of an autologous cell therapy strategy [181]. More 
recently, base editing has emerged as a distinct approach that does not remove the repeat but instead 
installs interruptions within the expanded tract, reducing somatic repeat expansion in patient cells 
and FRDA mouse models [184]. Together, these studies indicate that CRISPR/Cas technologies are 
being developed in FRDA both to directly reactivate FXN and to stabilize the pathogenic repeat itself. 

Table 1. Current and Emerging Therapeutic Strategies for Friedreich’s Ataxia [8,13,157]. 

Category Therapy Mechanism of action 
Clinical status/ Pre-clinical status/ Key 

findings 

Approved Therapy Omaveloxolone 
(Skyclarys™) 

Activates Nrf2 → 
improves redox balance, 
reduces oxidative stress, 
supports mitochondrial 

function 

FDA (2023), EU (2024); improves mFARS; 
slows progression (~55% over 3 years); 

mild side effects (↑ liver enzymes, 
cholesterol) 

Oxidative Stress & 
Mitochondrial 
Dysfunction 

Vatiquinone (PTC-
743) 

Inhibits 15-lipoxygenase 
→ reduces oxidative 
stress & ferroptosis 

Phase 3 (MOVE-FA); no primary endpoint 
met; improved fatigue & stability; ~50% 

progression delay (extension) 

 Resveratrol 
Antioxidant; improves 
mitochondrial function 

Phase 2 completed; mixed results; high 
dose limited by GI side effects 

 Elamipretide (SS-31) 
Binds cardiolipin → 

improves mitochondrial 
respiration & ATP 

Ongoing Phase 1/2 (ELViS-FA); targeting 
vision & cardiac function 

 MIB-626 (NMN) 
Increases NAD⁺ → 

enhances mitochondrial 
metabolism 

Phase 2 (open-label); improved 
bioenergetics; further trials planned 

Frataxin Restoration 
/ Metabolic 
Modulation 

Nomlabofusp (CTI-
1601) 

Frataxin replacement 
protein → mitochondrial 

delivery 

Phase 2; ↑ frataxin (~⅓ normal); well 
tolerated; frequent dosing needed 

 
Dimethyl fumarate 

(DMF) 
↑ FXN expression + 

activates Nrf2 
Ongoing Phase 2 trial 

 
Leriglitazone (MIN-

102) 

PPARγ agonist → 
improves mitochondrial 
function & metabolism 

Phase 2; modest biomarker improvements; 
well tolerated 

 DT-216 
GeneTAC™ → bypasses 
GAA transcription block 

Phase 1; ↑ FXN mRNA; optimized version 
in development 

 Etravirine 
Repurposed HIV drug → 
increases frataxin (unclear 

mechanism) 

Phase 2 pilot; transient neurological 
improvement 

 Artesunate 
Restores TfR1 trafficking 
→ reduces iron overload 

Early clinical investigation 

 
RGFP109 (HDAC 

inhibitor) 

Reverses FXN gene 
silencing via histone 

acetylation 

Phase 1; ↑ FXN mRNA; no proven clinical 
benefit yet 
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Lipid Metabolism RT001 
Stabilizes lipids → 

reduces peroxidation 
Phase 2; no significant clinical benefit 

Gene Therapy 
LX2006 

(AAVrh.10hFXN) 
AAV-based FXN delivery 

to heart 
Phase 1/2; ↑ cardiac frataxin (~5×); well 

tolerated 

 
ASP2016 (AAV8-

FXN) 
Gene replacement 

targeting cardiomyocytes 
Preclinical success; Phase 1 planned 

ASO-Based 
Therapies 

Multiple ASO 
strategies 

Target GAA repeat, 
stabilize mRNA, anti-gene 

DNA targeting, splice 
correction 

Strong preclinical data; challenges: 
delivery, PK, off-target effects 

CRISPR/Cas 
Approaches 

Gene editing 
strategies 

Repeat excision, base 
editing, ex vivo HSPC 

correction 

Preclinical stage; restores FXN expression; 
promising but early 

8. Current Challenges 

A major challenge in FRDA is the incomplete understanding of disease heterogeneity [185], as 
variability in age of onset, progression, and organ involvement cannot be fully explained by GAA 
repeat length alone [29]. This heterogeneity complicates patient stratification and interpretation of 
therapeutic outcomes [13]. The multisystem nature of the disease further adds complexity, requiring 
therapies that effectively target neurological, cardiac, and metabolic dysfunction simultaneously. 
Another critical limitation is the lack of sensitive and reliable biomarkers. Existing clinical outcome 
measures often lack the sensitivity to detect early or subtle disease changes and may not adequately 
reflect multisystem progression [186]. Moreover, current surrogate biomarkers, such as frataxin levels 
in peripheral tissues, may not accurately represent levels in key organs like the heart or central 
nervous system.  

Translational barriers also remain significant. Although many therapies have shown promise in 
preclinical models, their clinical efficacy has been limited due to challenges in delivery, tissue 
targeting, long-term safety, and durability of response [186]. Achieving sustained and therapeutically 
meaningful increases in frataxin across affected tissues remains a major hurdle. In addition, clinical 
trial design in FRDA is inherently difficult due to slow disease progression, small patient populations, 
and variability in disease presentation. Early trials were further limited by inadequate duration, 
heterogeneous cohorts, and insensitive endpoints. Even now, traditional clinical scales show limited 
sensitivity, particularly in advanced disease stages. Finally, gaps persist in understanding the 
interplay between mitochondrial dysfunction, metabolism, inflammation, and inter-organ 
communication, which are critical for identifying effective therapeutic targets. 

9. Conclusions and Future Directions 

Friedreich’s ataxia (FRDA) is a complex multisystem disorder caused by frataxin deficiency, 
leading to mitochondrial dysfunction and progressive neurodegenerative, cardiac, and metabolic 
impairment. Substantial progress has been made in elucidating the function of frataxin and defining 
the natural history of the disease, culminating in the approval of Omaveloxolone as the first FRDA-
specific therapy. Despite this important milestone, FRDA remains incurable, and current treatments 
provide only partial benefit. 

Significant challenges continue to limit therapeutic advancement. These include the difficulty in 
translating promising preclinical findings into clinical efficacy, substantial disease heterogeneity, the 
limited sensitivity of existing clinical outcome measures, and the lack of robust, tissue-relevant 
biomarkers. The multisystem nature of FRDA and its slow progression further complicate clinical 
trial design and the assessment of therapeutic response. In addition, important practical barriers 
remain, including limited access to approved therapies, delays in diagnosis, and restricted 
availability of genetic testing and counseling for at-risk individuals. 
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Future efforts should focus on refining how FRDA is studied and measured, alongside 
continued therapeutic development. Large-scale, global natural history initiatives will be critical for 
harmonizing data collection, improving patient stratification, and enabling more efficient and 
informative clinical trials. There is also a pressing need to develop more sensitive and clinically 
meaningful outcome measures, including digital and imaging-based approaches. Importantly, future 
studies must include underrepresented populations, particularly pediatric patients, to ensure broad 
applicability of emerging therapies. 

From a therapeutic perspective, priority should be given to strategies that directly address the 
underlying defect, including gene replacement, gene editing, and RNA-based approaches, as well as 
interventions targeting mitochondrial dysfunction. 

In conclusion, while FRDA research has entered a promising new phase, further progress will 
depend on improved biomarkers, optimized trial design, and therapies that target the root cause of 
the disease. Continued global collaboration and multidisciplinary integration provide strong 
optimism for the development of more effective and transformative treatments for individuals living 
with FRDA. 
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