
HAL Id: hal-04483987
https://hal.science/hal-04483987

Submitted on 29 Feb 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Efficacy and Safety of Leriglitazone in Patients With
Friedreich Ataxia

Massimo Pandolfo, Kathrin Reetz, Alejandra Darling, Francisco Javier
Rodriguez de Rivera, Pierre-Gilles Henry, James Joers, Christophe Lenglet,

Isaac Adanyeguh, Dinesh Deelchand, Fanny Mochel, et al.

To cite this version:
Massimo Pandolfo, Kathrin Reetz, Alejandra Darling, Francisco Javier Rodriguez de Rivera, Pierre-
Gilles Henry, et al.. Efficacy and Safety of Leriglitazone in Patients With Friedreich Ataxia. Neurology
Genetics, 2022, 8 (6), pp.e200034. �10.1212/NXG.0000000000200034�. �hal-04483987�

https://hal.science/hal-04483987
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


RESEARCH ARTICLE OPEN ACCESS

Efficacy and Safety of Leriglitazone in Patients With
Friedreich Ataxia
A Phase 2 Double-Blind, Randomized Controlled Trial (FRAMES)

Massimo Pandolfo, MD,* Kathrin Reetz, MD, Alejandra Darling, MD, Francisco Javier Rodriguez de Rivera, MD,

Pierre-Gilles Henry, PhD, James Joers, PhD, Christophe Lenglet, PhD, Isaac Adanyeguh, PhD,

Dinesh Deelchand, PhD, Fanny Mochel, MD, PhD, Françoise Pousset, MD, Śılvia Pascual, MSc,

Delphine Van den Eede, MA, Itziar Martin-Ugarte, MSc, Anna Vilà-Brau, PhD, Adriana Mantilla, MD, PhD,
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Abstract
Background and Objectives
Friedreich ataxia (FRDA) is an autosomal recessive ataxia with no approved treatments. Ler-
iglitazone is a selective peroxisome proliferator–activated receptor γ agonist that crosses the
blood-brain barrier and, in preclinical models, improved mitochondrial function and energy
production. We assessed effects of leriglitazone in patients with FRDA in a proof-of-concept
study.

Methods
In this double-blind, randomized controlled trial, eligible participants (age 12–60 years) had
genetically confirmed FRDA, a Scale for the Assessment and Rating of Ataxia (SARA) total
score <25, and a SARA item 1 score of 2–6, inclusive. Key exclusion criteria were age at FRDA
onset ≥25 years and history of cardiac dysfunction. Participants were randomly assigned (2:1)
to receive a daily, oral, individualized dose of leriglitazone or placebo for 48 weeks. The primary
endpoint was the change from baseline to week 48 in spinal cord area (C2-C3) (measured by
MRI). Secondary endpoints included the change from baseline to week 48 in iron accumulation
in the dentate nucleus (quantitative susceptibility mapping) and totalN-acetylaspartate tomyo-
inositol (tNAA/mIns) ratio.

Results
Overall, 39 patients were enrolled (mean age 24 years; 43.6% women; mean time since
symptom onset 10.5 years): 26 patients received leriglitazone (20 completed) and 13 received
placebo (12 completed). There was no difference between groups in spinal cord area from
baseline to week 48 (least-squares [LS]mean change [standard error (SE)]: leriglitazone, −0.39
[0.55] mm2; placebo, 0.08 [0.72] mm2; p = 0.61). Iron accumulation in the dentate nucleus was
greater with placebo (LSmean change [SE]: leriglitazone, 0.10 [1.33] ppb; placebo, 4.86 [1.84]
ppb; p = 0.05), and a numerical difference was seen in tNAA/mIns ratio (LSmean change [SE]:
leriglitazone, 0.03 [0.02]; placebo, −0.02 [0.03]; p = 0.25). The most frequent adverse event
was peripheral edema (leriglitazone 73.1%, placebo 0%).
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Discussion
The primary endpoint of change in spinal cord area was not met. Secondary endpoints provide evidence supporting proof of
concept for leriglitazone mode of action and, with acceptable safety data, support larger studies in patients with FRDA.

Trial Registration Information
ClinicalTrials.gov: NCT03917225; EudraCT: 2018-004405-64; submitted April 17, 2019; first patient enrolled April 2, 2019.
clinicaltrials.gov/ct2/show/NCT03917225?term=NCT03917225&draw=2&rank=1.

Classification of Evidence
This study provides Class I evidence that individualized dosing of leriglitazone, compared with placebo, is not associated with
changes in spinal cord area in patients with FRDA.

Friedreich ataxia (FRDA) is an autosomal recessive multisystem
disorder characterized by neurologic impairment, hypertrophic
cardiomyopathy, skeletal abnormalities, and carbohydrate in-
tolerance.1 Most patients are homozygous for a pathologic ex-
pansion of an alpha glucosidase (GAA) repeat in the first intron
of the frataxin (FXN) gene.1 This expansion results in the for-
mation of repressive chromatin, inhibiting transcription of FXN
mRNA.2 FXN is needed for the synthesis of iron-sulfur (Fe-S)
clusters in mitochondria,3 and its deficiency results in mito-
chondrial dysfunction,4 oxidative stress,5 and altered iron me-
tabolism.6 Longer pathologic GAA repeats are associated with
more severe disease and earlier disease onset.7,8

FRDA neuropathology is characterized by marked differences
in the vulnerability of different neuronal systems in the course
of disease. Loss of large primary sensory neurons in the dorsal
root ganglia (sensory information) occurs very early and may
be partly developmental,9 whereas cerebellar pathology
(namely, dentate nucleus atrophy)10 is only detected at
symptom onset. Pyramidal degeneration worsens with in-
creased disease duration,11 and patients with FRDA generally
lose the ability to walk, sit, or stand without support within
15–20 years of disease onset.12 In advanced disease, auditory
and visual impairment become significant,13 and in some
patients, hypertrophic cardiomyopathy progresses, resulting
in heart failure, arrhythmias, and premature death.14 There are
currently no approved treatments that have been shown to
slow progression of FRDA, with therapies focusing on
symptom management.15,16 Therefore, effective treatment
represents a substantial unmet medical need.

Peroxisome proliferator–activated receptor γ (PPARγ) is a
transcription factor involved in the regulation of fundamental
cellular processes, such as differentiation, development, and
metabolism, and a key regulator of mitochondrial biogenesis
and function.17 Dysregulation of the PPARγ and PPARγ
coactivator 1 α pathway has been reported in tissues from a
mouse model of FRDA, in FXN-deficient cell models, and in
fibroblasts and lymphoblasts from patients with FRDA.18-21

Leriglitazone is a novel, selective PPARγ agonist.17 It is one of
the active metabolites of pioglitazone (Actos; Takeda
Chemical Industries, Ltd., Osaka, Japan), an approved treat-
ment for type 2 diabetes.22 Leriglitazone has high oral bio-
availability and crosses the blood-brain barrier, reaching CNS
concentrations significantly above the level safely achieved
with pioglitazone and other glitazones.23

Preclinical and clinical studies support leriglitazone as a pos-
sible treatment for FRDA. A recent study found that ler-
iglitazone protected dorsal root ganglia neurons from
apoptosis in vitro and improved motor function in a mouse
model of FRDA.17 Lipid droplet accumulation in FXN-
deficient cardiomyocytes was also reduced, owing to im-
provements in fatty acid β-oxidation.17 A good safety and
tolerability profile of leriglitazone, as well as sufficient CNS
activation of PPARγ receptors, was demonstrated in a phase 1,
randomized, double-blind, placebo-controlled study in 33
healthy male volunteers.24

Various parameters can be used to assess progression and
severity of disease in patients with FRDA. Natural history

Glossary
ADL = Activities of Daily Living; AE = adverse event; ANCOVA = analysis of covariance; AUC = area under the curve; CCFS =
cerebellar composite functional scale; CGI-I = Clinical Global Impression-Improvement; CI = confidence interval; DTI =
diffusion tensor imaging; EQ-5D-5L = 5-level, 5-dimension EuroQol questionnaire; FARA = Friedreich’s Ataxia Research
Alliance;FBA= fixel-based analysis; FC= fiber cross-section; FD= fiber density;FDC= FD and cross-section; FRDA= Friedreich
ataxia; FXN = frataxin; GAA = alpha glucosidase; LS = least-squares; LVEF = left ventricular ejection fraction;mITT = modified
intent-to-treat; MRS = magnetic resonance spectroscopy; NTproBNP = N-terminal pro B-type natriuretic peptide; PGI-I =
Patient Global Impression-Improvement; PK = pharmacokinetic; PP = per protocol; PPARγ = peroxisome proliferator–activated
receptor γ;QSM = quantitative susceptibility mapping; SAE = serious AE; SARA = Scale for the Assessment and Rating of Ataxia;
SE = standard error; SOC = system organ class; tNAA/mIns = total N-acetylaspartate concentration/myo-inositol.
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studies indicate that progression is best assessed in ambu-
latory patients25-29 possibly because rating scales are most
sensitive to impairments in gait and stance and reach a
ceiling effect in nonambulatory patients.12,25 The annual
rate of clinical decline can be estimated using linear re-
gression of disease duration vs scores in rating scales such
as the Scale for the Assessment and Rating of Ataxia
(SARA).28,30 This was one of the primary endpoints in the
European FRDA Consortium for Translational Studies
natural history study.27-29 MRI can also be used to detect
morphometric, microstructural, and biochemical changes
in the CNS of patients with FRDA. For example, structural
MRI showed a decrease in spinal cord area and an increase
in eccentricity in patients relative to controls, consistent
with atrophy of dorsal and lateral columns of the spinal
cord and correlating with measures of clinical decline.31,32

In addition, structural MRI showed a progressive decrease
in spinal cord area, and magnetic resonance spectroscopy
(MRS) showed a progressive decrease in the total N-ace-
tylaspartate concentration/myo-inositol (tNAA/mIns)
ratio over time in an early-stage patient cohort.33 MRI
quantitative susceptibility mapping (QSM) showed a pro-
gressive increase in dentate nucleus iron concentration in a
longitudinal study in patients with FRDA.34

Here, we report efficacy and safety results from a phase 2,
randomized, double-blind, placebo-controlled, proof-of-
concept study on the effects of leriglitazone on biochemical,

imaging, neurophysiologic, and clinical markers in patients
with FRDA.

Methods
Study Design
This was a 48-week, double-blind, placebo-controlled study
conducted at 5 centers in Europe (Belgium, France, Germany,
and 2 in Spain) between April 2019 and September 2020.
Participants were randomly assigned in a 2:1 ratio (using
interactive response technology) to receive leriglitazone or
placebo orally once per day for 48 weeks. Participants received
an individualized starting dose of leriglitazone based on sex
and age (150 mg in adult male patients, 130 mg in adult
female patients, and 2.2 mg/kg in adolescents [12–17 years
old]) and informed by physiologic pharmacokinetic (PK)
modeling and a phase 1 study.24 Dose was modified based on
PK parameters at week 4 to achieve a target exposure of
170 μg × h/mL and remained stable thereafter except for
adjustments for safety or tolerability. To preserve blinding, an
unblinded PK expert calculated the necessary dose adjust-
ments and communicated dose changes to the investigator.
Random dose adjustments were also made in the placebo
group. Plasma concentrations of leriglitazone and its main
metabolite M3 were assessed at all postbaseline visits. Values
were extrapolated using an algorithm developed from PK data
to determine area under the plasma concentration-time curve

Figure 1 CONSORT Diagram

The safety analysis set included all
randomized patients who received at
least 1 dose (partial or complete) of
the study drug. The mITT analysis set
included all patients who took at least
1 dose (partial or complete) of the
study drug and had at least 1 post-
baselinespinal cordareasegmentC2-C3
measurement and SARA assessment at
the same visit. The PP analysis set in-
cluded all patients in the mITT analysis
set who did not have a major protocol
deviation. CONSORT = Consolidated
Standards of Reporting Trials; mITT =
modified intent-to-treat; PP = per pro-
tocol; SARA = Scale for the Assessment
and Rating of Ataxia.
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over the past 24-hour dosing interval at steady state
(AUC0–24) values and inform dose adjustments.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study (FRAMES; ClinicalTrials.gov NCT03917225;
EudraCT: 2018-004405-64) was conducted in accordance
with the Declaration of Helsinki and the International Con-
ference on Harmonisation guidelines for Good Clinical
Practice. All patients provided written informed consent, and
all sites obtained independent ethics committee and in-
stitutional review board approval before study initiation.

Patients
Male and female patients aged 12–60 years at screening were
eligible for study enrollment if they had a genetically con-
firmed diagnosis of FRDA (the individual FXN genetic status
of participants was not obtained in this study), a total SARA
score of less than 25, and a score of between 2 and 6, inclusive,
on SARA item 1 (gait). The main exclusion criteria were age
at FRDA onset of 25 years or older and a history of heart
failure or left ventricular ejection fraction (LVEF) below 55%
(on echocardiogram). Full inclusion and exclusion criteria are
given in the eMethods, links.lww.com/NXG/A553.

Efficacy Variables and Assessments
The primary efficacy endpoint was the change from baseline
to week 48 in spinal cord area cervical segment C2-C3, as
assessed by morphometric T1-weighted brain image MRI
measurements, in the leriglitazone group vs the placebo
group. MRI andMRS acquisition and processing methods are
described in the eMethods, links.lww.com/NXG/A553.

Secondary efficacy endpoints assessed change from baseline at
48 weeks vs placebo in MRI and MRS imaging parameters,
biochemical magnetic resonance parameters, and clinical and
patient questionnaires. Cervical spinal cord fractional an-
isotropy and mean, axial, and radial diffusivity at cervical
segments C2 to C7 (10−3 mm2/s) were assessed by diffusion
tensor imaging (DTI). In the brain, FreeSurfer was used for
brain morphometry to obtain the volumes of the medulla,
pons, midbrain, thalamus, third and fourth ventricles, caudate,
and putamen. Brain DTI was used for fractional anisotropy
and mean, axial, and radial diffusivity in the superior and
inferior peduncles, and the posterior limb of the internal
capsule. Fixel-based analysis (FBA) (which, unlike DTI, can
identify structural changes in individual fiber populations
within voxels containing crossing fibers) was used for fiber
density (FD), fiber cross-section (FC), and FD and cross-
section (FDC) analyses of the corticospinal tract; the superior
and inferior cerebellar peduncles; the posterior limb of the
internal capsule; the superior corona radiata; and the medial
lemniscus.35 Biochemical magnetic resonance parameters
included the assessment of the volume of the dentate nucleus
(mm3) and iron concentration in the dentate nucleus (ppb
shift) by MRI QSM,36 and cervical spinal cord tNAA/mIns
ratio by MRS. Cerebellar dysfunction of the upper limbs was

Table 1 Patient Demographics and Baseline
Characteristics (Safety Population)

Demographic or characteristic
Leriglitazone
(n = 26)

Placebo
(n = 13)

Overall
(N = 39)

Sex, n (%)

Male 15 (57.7) 7 (53.8) 22 (56.4)

Female 11 (42.3) 6 (46.2) 17 (43.6)

Age,a y

Mean (SD) 23.1 (9.8) 25.8 (12.7) 24.0 (10.7)

Range 12–42 12–55 12–55

Age group,a n (%)

12–17 10 (38.5) 4 (30.8) 14 (35.9)

>17 16 (61.5) 9 (69.2) 25 (64.1)

Height,b cm

Mean (SD) 162.8 (11.8) 169.7
(11.6)

165.1
(12.0)

Weight (kg)

Mean (SD) 58.5 (17.7) 62.1 (16.6) 59.7 (17.2)

Ethnicity,c n (%)

Hispanic or Latino 5 (25.0) 0 5 (16.7)

Not Hispanic or Latino 15 (75.0) 10 (100) 25 (83.3)

Time since genetic diagnosis,a y

Mean (SD) 5.2 (4.5) 6.2 (5.0) 5.5 (4.6)

Range 0.2–20.0 0.2–17.6 0.2–20.0

Time since onset of
symptoms,a y

Mean (SD) 9.6 (5.1) 12.3 (8.1) 10.5 (6.3)

Range 0.9–22.0 3.7–32.0 0.9–32.0

Age at onset of symptoms,a y

Mean (SD) 14.2 (7.5) 14.3 (7.8) 14.3 (7.5)

Range 1–24 1–24 1–24

SARA total scored

Mean (SD) 12.9 (4.9) 12.0 (4.3) 12.6 (4.6)

Range 5–24 6–22 5–24

LVEF (%)

Mean (SD) 65.3 (5.7) 63.4 (5.7) 64.7 (5.7)

Range 56–79 57–79 56–79

Abbreviations: LVEF = left ventricular ejection fraction; SARA = Scale for the
Assessment and Rating of Ataxia.
Baseline was defined as the last assessment performed before or on study
day 1. The individual frataxin genetic status of participants was not assessed
in this study.
a At date of informed consent.
b At screening visit.
c Some countries did not allow collection of race/ethnicity information.
d At baseline.
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measured using the cerebellar composite functional scale
(CCFS) score, a quantitative assessment of 2 functional
tests (9-hole peg test and clicking) corrected for age.37

Clinician-reported and patient-reported outcomes in-
cluded total score on the SARA; quality of life assessed by
the 5-level, 5-dimension EuroQol questionnaire (EQ-5D-5L);
clinicians’ and patients’ global impressions of improvement,
including Clinical Global Impression-Severity, Clinical Global
Impression-Improvement (CGI-I), Patient Global Impression-
Improvement (PGI-I); Fatigue Severity Score; and Activities of
Daily Living (ADL) (subscale from the Friedreich Ataxia
Rating Scale).

Exploratory efficacy endpoints included adiponectin con-
centrations in plasma, as a well-known marker of PPARγ
engagement, and gene expression of FXN in whole blood.38

Baseline evaluations consisted of imaging (MRI and MRS),
clinical status using SARA, CCFS, ADL, global clinical rating
scales, patient questionnaires, and assessment of biochemical
markers. Postbaseline evaluations at 24 and 48 weeks con-
sisted of imaging evaluations, evaluations of clinical status
using SARA, CCFS, global clinical rating scales, and patient
questionnaires. Assessment of biochemical markers in plasma
took place at weeks 12, 24, and 48. Compliance was sum-
marized overall for the entire study by assessment of dose
taken and leriglitazone levels in plasma.

Safety Outcomes and Assessments
Safety and tolerability of leriglitazone were assessed by ad-
verse events (AEs), vital signs, 12-lead ECG in triplicate,
echocardiogram (with assessment of LVEF), clinical labora-
tory tests, and palatability.

Statistical Methods
Clinically, meaningful effects were assessed based on point es-
timates and 95% confidence intervals (CI); p values were used
only as a guide to activity. Sample size was based on the expected
change in the primary outcome measure over 1 year, and
study feasibility assured by available sites and time needed
for completion. SAS software version 9.4 was used for
statistical analyses.

The modified intent-to-treat (mITT) population included all
patients who took at least 1 dose (partial or complete) of the
study drug and had at least 1 postbaseline spinal cord area
cervical segment C2-C3 measurement and SARA assessment
at the same visit. The per-protocol population included all
patients in the mITT population who did not have a major
protocol deviation. The safety population included all patients
who took at least 1 dose (partial or complete) of the study
drug. All efficacy analyses are presented for the mITT
population.

For analysis of the primary efficacy endpoint, treatment
comparison of mean change from baseline at 24 and 48 weeks
was performed using an analysis of covariance (ANCOVA)
model, with treatment arm as a fixed effect and baseline value
as a covariate. This methodology was also used for most
secondary efficacy endpoints, as well as post hoc sub-
population analyses. For the CGI-I and PGI-I endpoints,
descriptive statistics and t tests were used to compare the 2
treatment arms at 24 and 48 weeks. All safety data were
summarized descriptively by treatment received.

Post hoc analyses included an O’Brien composite variable
analysis, with change in iron concentration (assessed by

Figure 2 Change From Baseline at Week 24 and Week 48 in Spinal Cord Cervical Area Cervical Segment C2-C3 (mm2),
Estimated From MRI T1-Weighted Brain Images (mITT Population) (Primary Endpoint)

Data shown are mean ± SE. The LS
mean (SE), 95% CI and p value for the
difference between treatment arms,
as assessed by ANCOVA (with treat-
ment arm as a fixed effect and the
baseline value as a covariate) are
shown in the table. Baseline was de-
fined as the last assessment per-
formed before or on study day 1. N
values in the table show the number
of patients included in the ANCOVA
analyses. ANCOVA = analysis of co-
variance; CI = confidence interval; LS =
least-squares; mITT = modified intent-
to-treat; SE = standard error.
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Figure 3 Change From Baseline at Week 48 in (A) QSM Signal in the Dentate Nucleus (ppb), (B) Cervical Spinal Cord tNAA/
mIns Ratio (as Assessed by MRS), (C) CCFS (Total Score), and (D) Patient Ranking for the CCFS, QSM, and MRS
Endpoints, Showing Magnitude of Improvement or Worsening at Week 48 (mITT Population)

Data shown in A to C are mean ± SE, with the LS mean (SE), 95% CI and p value for the difference between treatment arms, as assessed by ANCOVA (with
treatment armas a fixed effect and the baseline as a covariate) shown in the tables. Baselinewas defined as the last assessment performed before or on study
day 1. n values show the number of patients included in the ANCOVA analyses. Dotted lines in panels (A–C) show the expected changes frombaseline per year
from the literature (panel A34; panel B33; panel C42). Panel D shows ranking only for those patients who did not require imputation for the O’Brien composite
sum of ranks test. aCCFS total score = log10 (7 + Z pegboard dominant hand/10 + 4 *Z click dominant hand/10). ANCOVA = analysis of covariance;
CCFS = cerebellar composite functional scale; CI = confidence interval; LS = least-squares; mITT = modified intent-to-treat; MRS = magnetic resonance
spectroscopy; QSM = quantitative susceptibility mapping; SE = standard error; tNAA/mIns = total N-acetylaspartate concentration/myo-inositol.
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QSM), cervical spinal cord tNAA/mIns ratio (assessed by
MRS), and CCFS score as variables (eMethods, links.lww.
com/NXG/A553).

Data Availability
All data and related documentation underlying the reported
results will be made available after anonymization of patient
information up to 4 years after publication of this article. In
the interim, the authors will share the data with qualified
investigators whose proposal of data use has been approved
by an independent review committee.

Protocol and Statistical Analysis Plan
The study protocol and statistical analysis plan are available
in eSAP 1 and eSAP 2, respectively, links.lww.com/NXG/A553.

Results
Patients
Between April 2019 and September 2020, 50 patients were
screened for enrollment, 26 were randomly assigned to receive
leriglitazone and 13 to receive placebo (Figure 1). In the ler-
iglitazone group, 20 (76.9%) patients completed the treatment
period; in the placebo group, 12 (92.3%) completed the
treatment period. All patients had at least 1 protocol deviation,
and formost patients (n = 28 [71.8%]), this was due to travel or
hospital restrictions related to the COVID-19 pandemic. Pa-
tient demographics and baseline characteristics were similar,
across treatment groups in age, sex, height, weight, SARA total
score and LVEF (Table 1). There were 14 (35.9%) adolescents
and 25 (64.1%) adults. The mean (SD) time since the onset of
symptoms was shorter for the leriglitazone group (9.6 [5.1]
years) than for the placebo group (12.3 [8.1] years). Overall, 2
(5.1%) patients had a medical history of at least 1 cardiac
disorder, and 3 (7.7%) patients reported hypertrophic cardio-
myopathy. At baseline, 20.5% of patients had a normal ECG
result, 76.9% had a not clinically significant, abnormal ECG
result, and 35.9% had a not clinically significant, abnormal
echocardiogram result (eTable 1, links.lww.com/NXG/A553).

After initial dose adjustments to achieve a target exposure of
170 μg × h/mL, additional adjustments due to safety or tol-
erability issues were reported in 12 (46.2%) patients in the
leriglitazone group and 1 (7.7%) patient in the placebo group.
The overall mean extrapolated AUC0–24 for all patients was
approximately 166 μg × h/mL. Exposure and PPARγ en-
gagement were within target range in all patients (eFigure 1,
links.lww.com/NXG/A553). The mean overall compliance
was 99.4% (100.0%, leriglitazone; 98.4%, placebo).

Efficacy Assessments

MRI Morphometry and Microstructure
The mean spinal cord area (SD) at baseline was 41.09 (4.95)
mm2 in the leriglitazone group and 40.20 (5.44) mm2 in the
placebo group. Figure 2 shows the mean (standard error
[SE]) change in spinal cord area from baseline at weeks 24
and 48 (individual patient data are shown in eFigure 2, links.
lww.com/NXG/A553). The least-squares (LS) mean change
(SE) (95% CI) from baseline at week 48 was −0.39 (0.55)
(95% CI −1.53 to 0.74) mm2 in the leriglitazone group and
0.08 (0.72) (95% CI −1.39 to 1.54) mm2 in the placebo group
(p = 0.61). There was a smaller LS mean change (SE) (95%
CI) in dentate nuclei volume (normalized by total intracranial
volume) at week 48 in the leriglitazone group (0.0002)
(0.0001) (95% CI 0.0001–0.0003) than in the placebo group
(0.0005) (0.0001) (95% CI 0.0003–0.0006) (p = 0.03)
(eTable 2, links.lww.com/NXG/A553). The mean changes
from baseline to week 48 in brain FD, FC, and FDC, as
assessed by FBA, were minimal (data not shown; exampleMR
images are shown in eFigure 3, links.lww.com/NXG/A553).
The only nominally significant difference between treatment
groups was in FD in the superior cerebellar peduncle, which

Table 2 Overall Summary of AEs (Safety Population)

AE
Leriglitazone
(n = 26)

Placebo
(n = 13)

Overall
(N = 39)

Any AE 26 (100.0) 13 (100.0) 39 (100.0)

Treatment-related AE 25 (96.2) 9 (69.2) 34 (87.2)

Any SAE 1 (3.8) 0 (0.0) 1 (2.6)

Treatment-related SAE 1 (3.8) 0 (0.0) 1 (2.6)

Grade 3a or 4b AE 3 (11.5) 0 (0.0) 3 (7.7)

Grade 3a or 4b treatment-related
AE

3 (11.5) 0 (0.0) 3 (7.7)

AE leading to death 0 (0.0) 0 (0.0) 0 (0.0)

AE leading to study drug
withdrawal

4 (15.4) 0 (0.0) 4 (10.3)

AE leading to drug interruption 4 (15.4) 1 (7.7) 5 (12.8)

AE leading to dose reduction 11 (42.3) 2 (15.4) 13 (33.3)

Treatment-related AE by SOCc

Investigation 21 (80.8) 5 (38.5) 26 (66.7)

General disorder and
administration site
condition

22 (84.6) 3 (23.1) 25 (64.1)

Nervous system disorder 9 (34.6) 2 (15.4) 11 (28.2)

Eye disorder 5 (19.2) 0 (0.0) 5 (12.8)

Injury, poisoning, and
procedural complication

3 (11.5) 2 (15.4) 5 (12.8)

Metabolism and nutrition
disorder

3 (11.5) 1 (7.7) 4 (10.3)

Blood and lymphatic system
disorder

3 (11.5) 0 (0.0) 3 (7.7)

Abbreviations: AE = adverse event; SAE = serious adverse event; SOC =
system organ class.
Data are presented as n (%). AEs reported in this table are all treatment-
emergent AEs. Treatment-related AEs are defined as events with a re-
lationship to study treatment reported as “related” or “not assessable.”
a Grade 3 = severe.
b Grade 4 = life threatening.
c AEs present in at least 3 patients from either treatment group.
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was higher in the leriglitazone group (data not shown). No
difference was seen between treatment groups in spinal cord
DTI, brain DTI, or brain morphometry from baseline to week
48 (data not shown).

Biochemical Magnetic Resonance Markers
Figure 3 shows the mean (SE) change in iron accumulation in
the dentate nucleus (as assessed by QSM) from baseline at week
48 (individual patient data shown in eFigure 4, links.lww.com/
NXG/A553). There was a nominally significant difference be-
tween treatment groups at weeks 24 and 48, with patients in the
leriglitazone group showing no further accumulation of iron and
patients in the placebo group showing an increase in iron levels
(eTable 2, links.lww.com/NXG/A553). The LS mean change
(SE) (95%CI) from baseline to week 24 was −1.66 (1.58) (95%
CI −4.94 to 1.62) ppb in the leriglitazone group and 6.24 (2.58)
(95% CI 0.88–11.60) ppb in the placebo group (p = 0.02). The
LS mean change (SE) (95% CI) from baseline to week 48 was
0.10 (1.33) (95% CI −2.65 to 2.85) ppb in the leriglitazone
group compared with 4.86 (1.84) (95% CI 1.05–8.67) ppb in
the placebo group (p = 0.05). Example MR images are shown in
eFigure 3, links.lww.com/NXG/A553.

There were a decline in cervical spinal cord tNAA/mIns ratio
in the placebo group over the treatment period and an in-
crease in the leriglitazone group (Figure 3, eTable 2; in-
dividual patient data shown in eFigure 4, links.lww.com/
NXG/A553). The LS mean change (SE) (95% CI) from
baseline to week 24 was 0.03 (0.02) (95%CI −0.02 to 0.08) in

the leriglitazone group and −0.06 (0.04) (95% CI −0.14 to
0.02) in the placebo group (p = 0.04). The LS mean change
(SE) (95% CI) from baseline to week 48 was 0.03 (0.02)
(95% CI −0.02 to 0.08) in the leriglitazone group and −0.02
(0.03) (95% CI −0.08 to 0.05) in the placebo group
(p = 0.25).

Quantitative Score
From baseline to week 48, the CCFS total score increased
(worsened) in the placebo group as expected but decreased in
the leriglitazone group, although the difference between
groups was not significant (Figure 3; eTable 2; individual
patient data shown in eFigure 4, links.lww.com/NXG/A553).

Clinician-Reported and Patient-Reported Outcomes
There was no difference between treatment groups in change
of total SARA score from baseline to 48 weeks (eTable 2,
links.lww.com/NXG/A553). At baseline, the EQ-5D-5L
scores were similar between groups, although a greater pro-
portion of patients in the leriglitazone group had problems at
baseline with “usual activities” (leriglitazone, n = 5 [22.7%];
placebo, n = 1 [8.3%]). There were no changes in EQ-5D-5L
scores in either group at week 48 (eTable 2, links.lww.com/
NXG/A553) and no differences between groups in any other
clinician-reported and patient-reported outcomes (data not
shown).

Exploratory Endpoints
There was an increase of approximately 700% in the mean
concentration of plasma adiponectin in the leriglitazone
group between baseline and week 48, compared with ap-
proximately 10% in the placebo group. The LS mean change
(SE) (95% CI) from baseline in adiponectin levels was
43,309.3 (3,619.9) (95%CI 35,905.8–50,712.8) ng/mL in the
leriglitazone group and 1,596.2 (4,683.0) (95% CI −7,981.6
to 11,173.9) ng/mL in the placebo group (p< 0.001) (eFigure 1,
links.lww.com/NXG/A553). There were little change from
baseline to week 48 in FXN level in either treatment group
and no difference between groups (eTable 2, links.lww.com/
NXG/A553).

Post Hoc Analyses
The O’Brien nonparametric rank sum post hoc analysis was
performed to assess whether the same patients were im-
proving in the 3 variables showing the most difference be-
tween groups (QSM, CCFS, and tNAA/mIns ratio).
Figure 3D shows patient rankings for these endpoints at week
48. The mean average rank was numerically lower in the
leriglitazone group than the placebo group for all 3 variables
(QSM: 14.8 vs 19.3; tNAA/mIns ratio: 15.3 vs 18.6; CCFS
total score: 14.6 vs 19.7). At week 48, the mean (SD) O’Brien
composite value was lower in the leriglitazone group than the
placebo group (44.7 [18.7] vs 57.5 [14.2]; p = 0.04).

Subpopulation Analysis
In the leriglitazone group, 73% of patients showed faster
disease progression than the average patient, compared with

Table 3 AEs of Special Interest by Preferred Term (Safety
Population)

Type of AE
AEs by preferred
term

Leriglitazone
(n = 26)

Placebo
(n = 13)

Edema Face edema or swelling 11 (42.3) 0 (0.0)

Generalized edema 2 (7.7) 0 (0.0)

Peripheral edema 19 (73.1) 0 (0.0)

Peripheral swelling 4 (15.4) 0 (0.0)

Eyelid edema 4 (15.4) 0 (0.0)

Eyelid swelling 1 (3.8) 0 (0.0)

Eye swelling 1 (3.8) 0 (0.0)

Other NT-proBNP increased 8 (30.8) 0 (0.0)

Any cardiac disordera 4 (15.4) 3 (23.1)

Weight increased 12 (46.2) 2 (15.4)

Lacrimation increased 3 (11.5) 0 (0.0)

Leukopenia 3 (11.5) 0 (0.0)

Abbreviations: AE = adverse event; NT-proBNP = N-terminal pro B-type na-
triuretic peptide.
Data are presented as n (%). Several events may be reported for the same
patient.
a Included AEs of tachycardia, arrythmia, diastolic dysfunction, atrial di-
latation, palpitations, supraventricular extrasystoles, and tachycardia.
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42% in the placebo group (eFigure 5, links.lww.com/NXG/
A553). When patients in each group were matched based on
progression, greater differences in favor of leriglitazone were
seen in the SARA and ADL endpoints, compared with the
mITT population analyses (eFigure 6, links.lww.com/NXG/
A553).

Safety Assessments
All patients experienced at least 1 AE (Table 2). Most events
(88.5%) experienced by patients treated with leriglitazone
were mild or moderate in severity. One serious AE (SAE) was
reported (atrial dilatation in a patient receiving leriglitazone).
There were no deaths reported in this study.

Treatment-related AEs were reported in 25 (96.2%) patients
in the leriglitazone group and 9 (69.2%) patients in the pla-
cebo group. Dose reductions due to AEs were reported in 11
(42.3%) patients in the leriglitazone group and 2 (15.4%)
patients in the placebo group. Treatment interruption due to
AEs was reported in 4 (15.4%) patients in the leriglitazone
group and 1 (7.7%) patient in the placebo group. Four
(15.4%) patients in the leriglitazone group discontinued
treatment owing to an AE. The most frequently reported AE
was peripheral edema, reported in 19 (73.1%) patients in the
leriglitazone group (18 cases were considered related to
treatment) and no patients in the placebo group (Table 3).
The median (range) duration of these events was 3.1
(0.1–52.4) weeks. There were additional reports of un-
specified edema, face edema, localized edema, and generalized
edema and swelling. Overall, 10 (38.5%) patients required
diuretic treatment in the leriglitazone group.

Cardiac disorders were reported in 4 (15.4%) patients in the
leriglitazone group and 3 (23.1%) patients in the placebo
group (Table 3). The SAE of atrial dilatation (grade 3)
reported in the leriglitazone group was considered by the
investigator to be related to study medication. However, the
event occurred 28 days after stopping treatment and con-
comitantly with vomiting and dehydration due to viral gas-
troenteritis. Toxicology findings showed no evidence of
myocardial damage by leriglitazone in this patient, who also
had a medical history of nonobstructive hypertrophic
cardiomyopathy.

No safety signals were identified in laboratory results. In-
creases in N-terminal pro B-type natriuretic peptide (NT-
proBNP) concentration were reported as AEs in 8 (30.8%)
patients taking leriglitazone (Table 3). All were considered
related to treatment, but none were associated with significant
clinical symptoms, ECG or echocardiographic changes. Of the
8 patients who reported an increase in NT-proBNP, 7 also
reported edema. However, of the 23 patients who reported
edema, 16 did not report an increase in NT-proBNP. As-
sessment of vital signs showed no clinically meaningful dif-
ference between groups in blood pressure, pulse rate, or
temperature. The weight increase was reported in 12 (46.2%)
patients in the leriglitazone group and 2 (15.4%) patients in

the placebo group and led to a dose reduction in 4 patients
(Table 3). The mean change in weight (SD) from baseline to
follow-up was greater in the leriglitazone group than the
placebo group (5.2 [3.8] kg; 10.2% and 3.9 [2.8] kg; 6.3%,
respectively) (eFigure 7, links.lww.com/NXG/A553).

Leriglitazone treatment was not associated with any clinically
significant changes in ECG results or echocardiograms
(clinical interpretations by treatment group shown in eTa-
ble 1, links.lww.com/NXG/A553; individual patient data for
septal wall thickness and left ventricular mass shown in eTa-
ble 3, links.lww.com/NXG/A553). LVEF remained stable
over time without significant differences between groups
(eFigure 8, links.lww.com/NXG/A553).

Classification of Evidence Statement

Primary Question
Is leriglitazone well tolerated and effective for the treatment of
patients with FRDA?

Class
I.

Results
The primary endpoint of change from baseline to week 48 in
spinal cord area (C2-C3) (assessed by MRI) vs placebo was
not met in this study, likely owing to the absence of disease
progression in either treatment group. Secondary endpoint
results provided evidence supporting proof of concept for
leriglitazone mode of action, and treatment was generally well
tolerated.

Discussion
In this double-blind, randomized, placebo-controlled, phase 2
study of leriglitazone in patients with FRDA, there was no
difference between treatment groups in the primary endpoint
of change from baseline in cervical spinal cord cross-sectional
area after 48 weeks of treatment. This result needs to be
mitigated by the fact that there was no evidence of disease
progression in either group. There was a nominally significant
difference between patient groups in QSM measures of iron
accumulation in the dentate nucleus, and a numerical differ-
ence in favor of leriglitazone was seen for the tNAA/mIns
ratio.

Data from a Friedreich’s Ataxia Research Alliance (FARA)
natural history early-stage cohort (mean [SD] time since di-
agnosis and disease onset of 2.3 [2.2] years and 5.5 [4.0]
years, respectively) have shown that patients with FRDA
show a progressive decrease in spinal cord area over time, with
a mean (SD) annual rate of atrophy at C2-C3 of −1.03 (1.09)
mm2 (−2.4%; p < 0.01) (similar results obtained with manual
and automated segmentation).33 Although the same meth-
odology was used to scan and measure spinal cord area in the
FRAMES study, our cohort did not show similar longitudinal
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atrophy. As the FRAMES study had an average time from
disease onset of 10.5 years, one possible explanation is that the
rate of atrophy slows as the disease progresses, as seen with
clinical measures such as the SARA. Of interest, the mean
(SD) change from baseline in SARA total score was also
slower in the FRAMES study (leriglitazone, week 48: 1.8
[3.6]) compared with the FARA study (leriglitazone, year 1:
2.0 [1.1]).33 The more advanced disease stage of our cohort
could have prevented the observation of any effects of ler-
iglitazone on this aspect of disease progression. Likely for the
same reason, minimal progression was also seen in measures
of cervical spinal cord mean axial and radial diffusivity (as
assessed by DTI) and brain FD and FC (as assessed by FBA),
regardless of treatment group.

Biochemical magnetic resonance parameters suggest a
metabolic improvement in the treated group. Iron concen-
tration in the dentate nucleus as assessed by QSM showed an
increase at week 48 in the placebo arm only, although this
result should be interpreted with caution considering the
small placebo group size and the weak statistical significance.
An increase in iron concentration in the DN has been shown
previously in a longitudinal study in patients with FRDA.34

The increase in our study (4.3 ppb over 48 weeks) was less
than that seen previously (6.7–7.4 ppb per year),34 most
likely due to the sensitivity of this measure to disease dura-
tion and differences in QSM methodology between the
2 studies. The role of iron accumulation in FRDA patho-
genesis is supported by both in vitro and in vivo studies.39,40

Yeast FXN-deficient variants and patient fibroblasts accu-
mulate iron in the mitochondrial matrix, causing oxidative
damage and adversely affecting mitochondrial function. In-
creased cellular and mitochondrial iron uptake is the con-
sequence of impaired Fe-S cluster biogenesis, a direct
consequence of FXN deficiency.41 Therefore, lack of iron
accumulation in the leriglitazone group likely reflects more
efficient Fe-S cluster synthesis, due to increased mitochon-
drial biogenesis and possibly increased FXN levels, as ob-
served in preclinical models.17

In our study, a numerical decline in the tNAA/mIns ratio (as
assessed by MRS) in the spinal cord was observed in the
placebo group, while a slight increase was seen in the ler-
iglitazone group. Decline in the placebo group was consistent
with longitudinal data from the FARA natural history cohort
(mean [SD] decrease in tNAA/mIns ratio: FRAMES, −0.025
[0.11]; FARA cohort, −0.032 [0.06]).33 Improvement in the
treated group is consistent with QSM results, suggesting that
leriglitazone at least partially corrects metabolic deficits, as
shown in preclinical FRDA models.17

Progressive cerebellar impairment is the major cause of
worsening of ataxia in FRDA. A recent review recommended
CCFS as the best assessment for upper limb coordination in
patients with FRDA.42 In this study, CCFS scores increased
from baseline to week 48 in the placebo but not the ler-
iglitazone group, although the difference between groups was

not statistically significant. In this study, variability was lower
in CCFS than in SARA scores, perhaps owing to the simpler
structure of the test and its fully quantitative computerized
assessment.

Although there was a nominally significant difference between
groups in the change in dentate nuclei volume from baseline
to week 48, it is not clear whether this represents a true
efficacy signal because the increase in dentate nuclei volume
seen in both treatment groups was not expected. This result
may be due to the “blooming effect,” in which iron-rich areas
of the dentate nuclei appear larger than in histologic
measurements.43

The O’Brien nonparametric rank sum post hoc analysis
showed an improvement in the leriglitazone group com-
pared with the placebo group in average ranks for the 3
composite variables. Matching pairs of patients in the
subpopulation analysis also showed an increase in the dif-
ference between treatment groups in the SARA and ADL
endpoints. Although these post hoc analyses were per-
formed after data lock and should be interpreted with
caution, their results are supportive of a clinical benefit of
leriglitazone on these outcomes.

Treatment with leriglitazone was generally well tolerated. The
PK and adiponectin plasma concentration results show that
even in patients requiring a dose reduction, exposure to study
drug and PPARγ activation were within the target range for
CNS efficacy.24 The most frequently reported AE was pe-
ripheral edema, reported in 19 (73.1%) patients in the ler-
iglitazone group. Most events of edema occurred during the
first 12 weeks and were managed by dose reduction and/or
administration of diuretics. These events were not unexpected
and are commonly observed with PPARγ-targeted treatments
in patients with type 2 diabetes.44 The weight increase in the
leriglitazone group was also not unexpected and may result
from fluid retention and an increase in adipocytes.45-48

Patients with FRDA are at increased risk of cardiac dysfunc-
tion due to cardiomyopathy.49 Although only 7.7% of patients
in the FRAMES cohort reported a clinical history of heart
disease, 79.5% had an abnormal ECG at baseline, indicating
that most patients had subclinical cardiomyopathy. During
the study, we observed a relatively low (;15%) occurrence of
cardiac AEs, which was similar between treatment groups,
suggesting that these events were most likely related to un-
derlying heart disease rather than directly due to leriglitazone.
The increase in NT-proBNP concentration reported as AEs in
8 patients taking leriglitazone was not unexpected and is likely
to be a class effect in response to increased intravascular fluid;
none of these patients showed any clinical signs of cardiac
failure.

There was no evidence of an increased risk of liver damage or
bladder cancer in this study, as has been reported after pio-
glitazone use.50
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Limitations of the study include the fact that a proportion of
patients had advanced disease at baseline and therefore had
possibly already reached a plateau of spinal cord atrophy. The
sample size was small, and the observation time was short; this
limits somewhat the power of the analyses and the conclu-
sions that can be drawn regarding clinician-reported and
patient-reported outcomes. Potential unblinding due to
edema (not formally assessed) and an effect on subjective
ratings measured in the study cannot be excluded. The pro-
cess used for adjusting the dose of leriglitazone in this study
was complex; a simpler dosing algorithm is under consider-
ation for future studies.

In conclusion, the FRAMES study assessed the effects of
leriglitazone on biochemical, imaging, neurophysiologic, and
clinical parameters in patients with FRDA. Although the
primary endpoint was not met in this study, results from
secondary endpoints provide evidence for clinical proof of
concept for use of leriglitazone in patients with FRDA and
support assessment in larger studies.
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DEMO/ML/Déf-7939).

Disclosure
M. Pandolfo reports research support outside of this study
from the Friedreich’s Ataxia Research Alliance, Fonds Na-
tional de la Recherche Scientifique, Belgium, and has received
consulting fees from Voyager Therapeutics, Chiesi Canada,
Minoryx, Exicure, and Design Therapeutics. K. Reetz has re-
ceived grants from the German Federal Ministry of Education
and Research (BMBF 01GQ1402, 01DN18022), the German
Research Foundation (IRTG 2150, ZUK32/1), Alzheimer
Forschung Initiative e.V. (AFI 13812, NL-18002CB), Frie-
dreich’s Ataxia Research Alliance, and honoraria for presen-
tations or advisory boards from Biogen and Roche. F.J.
Rodriguez de Rivera reports no disclosures relevant to the
manuscript. P.-G. Henry reports support by research grants
fromMinoryx for this study and acknowledges research grants
from the Friedreich’s Ataxia Research Alliance, GoFAR,
Ataxia UK, the Bob Allison Ataxia Research Center, and NIH
grants P41 EB027061 and P30 NS076408. J. Joers reports
research support from Minoryx for this study through a re-
search grant to C. Lenglet and P.-G. Henry. C. Lenglet reports
support by research grants from Minoryx for this study; ac-
knowledges research grants from the Friedreich’s Ataxia

Research Alliance, GoFAR, Ataxia UK, the Bob Allison Ataxia
Research Center, NIH grants P41 EB027061 and P30
NS076408; and reports support by a research grant from
Biogen Inc. for activities outside this study. I. Adanyeguh
reports research support fromMinoryx for this study through
a research grant to C. Lenglet and P.-G. Henry. D. Deelchand
reports research support fromMinoryx for this study through
a research grant to C.Lenglet and P.-G. Henry. F. Mochel
reports support by a research grant fromMinoryx outside this
study, consulting fees from Minoryx, support by research
grant fromMetafora Biosystems and the Agence Nationale de
la Recherche (ANR) in France outside this study. F. Pousset
reports support by research grants from Minoryx for this
study, support from The French Association of Friedreich’s
Ataxia, and support by research grants from Novartis and
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