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Abstract
Objective
To investigate the safety and efficacy of escalating doses of the semi-synthetic triterpenoid
omaveloxolone in patients with mitochondrial myopathy.

Methods
In cohorts of 8–13, 53 participants were randomized double-blind to 12 weeks of treatment
with omaveloxolone 5, 10, 20, 40, 80, or 160 mg, or placebo. Outcomemeasures were change in
peak cycling exercise workload (primary), in 6-minute walk test (6MWT) distance (second-
ary), and in submaximal exercise heart rate and plasma lactate (exploratory).

Results
No differences in peak workload or 6MWT were observed at week 12 with omaveloxolone
treatment vs placebo for all omaveloxolone dose groups. In contrast, omaveloxolone 160 mg
reduced heart rate at week 12 by 12.0 ± 4.6 bpm (SE) during submaximal exercise vs placebo,
p = 0.01, and by 8.7 ± 3.5 bpm (SE) vs baseline, p = 0.02. Similarly, blood lactate was 1.4 ±
0.7 mM (SE) lower vs placebo, p = 0.04, and 1.6 ± 0.5 mM (SE) lower vs baseline at week 12,
p = 0.003, with omaveloxolone 160 mg treatment. Adverse events were generally mild and
infrequent.

Conclusions
Omaveloxolone 160 mg was well-tolerated, and did not lead to change in the primary outcome
measure, but improved exploratory endpoints lowering heart rate and lactate production during
submaximal exercise, consistent with improved mitochondrial function and submaximal ex-
ercise tolerance. Therefore, omaveloxolone potentially benefits patients with mitochondrial
myopathy, which encourages further investigations of omaveloxolone in this patient group.

Clinicaltrials.gov identifier
NCT02255422.

Classification of evidence
This study provides Class II evidence that, for patients with mitochondrial myopathy, oma-
veloxolone compared to placebo did not significantly change peak exercise workload.
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Mitochondrial diseases are heterogeneous, multisystemic
syndromes primarily associated with respiratory chain dys-
function. Mutations in mitochondrial or nuclear genes
encoding proteins involved in oxidative phosphorylation lead
to reduced ATP generation, which preferentially affects
organs with a high energy demand, such as skeletal muscle.
Myopathy as expressed by symptoms of exercise intolerance
with premature fatigue or muscle weakness is therefore
common in mitochondrial diseases, for which there is no
effective available treatment.1,2

Impaired respiratory chain function in mitochondrial diseases
also results in excess production of reactive oxygen species
(ROS), which damages mitochondria further and induces
apoptosis.3

It is known that exercise training increases aerobic function,
mitochondrial biogenesis, and mitochondrial density in
patients with mitochondrial myopathy.4–7 Exercise training
leads to activation of nuclear factor erythroid 2-like 2 (Nrf2),
a transcription factor for a range of antioxidant and cytopro-
tective target genes.8–10 Furthermore, mouse and in vitro
studies show that Nrf2 activation enhances mitochondrial
metabolism and energy turnover and protects against ROS.10,11

Triterpenoids are small anti-inflammatory molecules derived
from natural sources.12 Omaveloxolone is a semi-synthetic
oleanolic triterpenoid, which is a potent activator of Nrf2.13,14

Omaveloxolone targets redox-sensitive cysteine residues on
the regulatory molecule Keap1 and thereby rescues Nrf2 from
degradation. Moreover, the blocking of Keap1 inhibits the
NF-κB proinflammatory signaling pathway.14 These effects of
omaveloxolone have the potential to improve muscle function,
oxidative phosphorylation, antioxidant capacity, and mito-
chondrial biogenesis in patients with mitochondrial myopathy.

Methods
Classification of evidence
The objective of the present study was to establish if there is
an effect of omaveloxolone on exercise capacity in patients
with mitochondrial myopathy and if so, which omaveloxolone
dose should be explored in a phase III trial. This study does
not provide evidence that omaveloxolone has an effect on the
primary outcome, peak oxidative capacity (Class II), or in the
secondary outcome measure, 6-minute walk test (6MWT)
distance (Class II), while it provides evidence that 160 mg
omaveloxolone induces a reduction in heart rate by 12.0 ± 4.6
bpm (SE) (p < 0.05) and lactate production by 1.4 ± 0.7 mM

(SE) (p < 0.05) compared to placebo at the end of 30 minutes
of submaximal exercise, which were exploratory outcomes
(Class II).

MOTOR study design
The study was conducted as an international, multicenter,
double-blind, dose-ranging, randomized, placebo-controlled
trial (figures 1 and 2). The study was registered on Clin-
icalTrials.gov (NCT02255422) on October 2, 2014, before
participant enrollment. Fifty-three participants were ran-
domized to 12 weeks of treatment with omaveloxolone cap-
sules at escalating doses of 5, 10, 20, 40, 80, or 160 mg or
placebo once daily. Cohorts of 8–13 participants were ran-
domized to each dose level or placebo (3:1). The sample size
was based on a dose-escalation scheme to evaluate initial
safety and pharmacodynamic activity of omaveloxolone in this
population. The small number of participants at each dose was
not expected to fully characterize safety, efficacy, or pharma-
codynamics, but rather identify the appropriate doses to select
for evaluation in additional clinical trials. Safety was overseen
by a data safety and monitoring board. Participants were en-
rolled from May 2015 to August 2017 at the University of
Copenhagen, UT Southwestern Medical Center, Akron
Children’s Hospital, Children’s Hospital of Philadelphia,
Massachusetts General Hospital, Texas Children’s Hospital,
University of California Los Angeles, and University of
Pittsburgh School of Medicine.

Eligibility criteria
Participants were required to have mitochondrial myopathy
caused by a known nuclear or mitochondrial DNA mutation
associated with reduced activity of at least 1 mitochondrially
encoded respiratory chain complex. Second, they needed to
have a history of exercise intolerance with or without weak-
ness, typically in which modest exercise provokes heaviness,
weakness, aching of active muscles, or tachycardia. Partic-
ipants could be ≥18 and ≤75 years of age and should have the
ability to complete maximal exercise testing, defined by being
able to ride a cycle ergometer at 60 rpm against no added
resistance for 3 minutes. Finally, participants had to have
prominent muscle involvement defined as a peak work ca-
pacity of ≤1.5 Watts/kg evaluated by maximal cycle ergo-
metry, corresponding to approximately 1/3 of that of
a healthy individual.1 Participants were excluded if they had
uncontrolled diabetes (HbA1c >11.0%), B-type natriuretic
peptide level >200 pg/mL, or a history of clinically significant
cardiac disease. They were required to discontinue all anti-
oxidant supplements or medications that might interfere with
omaveloxolone drug metabolism at least 14 days prior to
randomization.

Glossary
6MWT = 6-minute walk test; ALT = alanine transaminase; AST = aspartate transaminase; CI = confidence interval; CPEO =
chronic progressive external ophthalmoplegia; GGT = γ-glutamyl transferase; MERRF = myoclonic epilepsy associated with
ragged-red fibers; Nrf2 = nuclear factor erythroid 2-like 2; ROS = reactive oxygen species.
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Randomization and masking
When participants met inclusion criteria, they were random-
ized by a computer-generated program at 3:1 (omavelox-
olone:placebo) for each dose group. Once a data safety
monitoring board had evaluated safety data fromweek 2 and 4
visits, investigators were informed if another cohort at the
next dose level would open up. Participants and all study staff
were blinded to participant assignment. In total, 40 partic-
ipants were randomized to omaveloxolone at doses of 5–160
mg/d and 13 participants were randomized to placebo.

Outcome measures
The primary efficacy outcome measure of this study was
change in peak workload during maximal exercise testing on
a cycle ergometer. The secondary efficacy outcome measure

was change in walked distance in a 6MWT. Exploratory
endpoints included change in blood lactate and heart rate
during submaximal exercise testing. With cycle ergometry
testing, it has been shown multiple times that peak workload
improves when oxidative capacity is improved with exercise
training in patients with mitochondrial myopathy.5–7 The
6MWT has been shown to be sensitive to functional muscle
improvements in this patient group.15

Pharmacodynamic markers included protein and enzyme
levels in serum samples. Safety measures included weight,
body mass index, vital sign measurements, physical exami-
nations, laboratory test results (clinical chemistry, hematol-
ogy, and urinalysis), concomitant medications, adverse
events, and serious adverse events. For all outcome measures,

Figure 1 Diagram of the participant flow in the MOTOR study

In theMOTORstudy (Safety, Efficacy, and Pharmacodynamics ofOmaveloxolone inMitochondrialMyopathy Patients), 116 patientswere screened. Fifty-three
passed the criteria of inclusion/exclusion and were randomized to treatment with omaveloxolone (Omav) or placebo. Forty participants received treatment
with omaveloxolone and 13 received placebo treatment. Six of the omaveloxolone-treated participants discontinued the intervention due to adverse events
(unrelated or possibly related) or for personal reasons. Two of the participants were excluded from the final efficacy analysis as they had performed no
postbaseline efficacy assessments. All 13 participants randomized to placebo treatment completed the study and were included in the final efficacy analysis.
All participants were included in the safety analysis.
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the change after 12 weeks of treatment vs placebo was
reported. Changes from baseline in the active treatment group
were also described.

Assessment schedule
Maximal and submaximal exercise tests were performed at
baseline and after 4 and 12 weeks of treatment. A 6MWT was
performed at baseline and after 4, 8, and 12 weeks. After 2
weeks of treatment, the participants spent the day at the
laboratory for measurements of pharmacokinetics. Four
weeks after treatment termination (week 16), participants
came for a follow-up visit. On all visits, blood and urine
samples were collected (figure 2).

Assessment procedures

Maximal exercise test
All exercise tests were performed using a recumbent cycle
ergometer (Lode, Groningen, Netherlands). The participants
exercised against a stepwise increasing workload until ex-
haustion, targeting an 8- to 12-minute duration. The partic-
ipants were instructed to keep the same pedaling speed
throughout all tests and in repeat tests during the trial. Ven-
tilation and O2 and CO2 gas exchanges were measured breath
by breath using a metabolic cart or by collection of Douglas
bags with gas analysis achieved by mass spectroscopy.

Submaximal exercise test
On the day after the maximal exercise test, participants per-
formed a submaximal exercise test on the recumbent cycle
ergometer for 30 minutes or until exhaustion. The workload
was 40%–50% of the peak workload reached in the maximal
exercise test at baseline. Gas exchanges, heart rate, and rates of

perceived exertion were monitored continuously, similarly to
the maximal exercise test, and were registered at rest and every
10 minutes during exercise. Blood was collected at rest and
every 10 minutes during exercise. The exercise test was re-
peated at the same workload and pedaling speed on sub-
sequent visits during the trial.

Six-minute walk test
This test followed a modified guideline for the 6MWT, the
American Thoracic Society Statement,16 and was performed
on the same day but prior to the submaximal exercise test. The
test started at least 2 hours after any physical exertion.

Safety measures
To assess and ensure the safety and tolerability of the study
treatment, we closely monitored changes in vital signs, body
weight, ECGs, echocardiograms (baseline and week 12),
concomitant medications, laboratory test results, and the
reporting of adverse events.

Laboratory tests
Blood was analyzed for liver and kidney measures including
alanine transaminase (ALT) and aspartate transaminase (AST),
γ-glutamyl transferase (GGT), creatinine, and estimated glo-
merular filtration rate. Lipid panels, electrolytes, and hematology
were measured, and creatine kinase and ferritin were measured
as biomarkers of Nrf2 activity. Microscopic and macroscopic
urinalysis and a urine pregnancy test was performed. For all
analyses, standard clinical laboratory methods were used.

Statistical analysis
Peak work, change in blood lactate and heart rate during
submaximal exercise testing, percent change from baseline in

Figure 2 Design and visit schedule in a randomized double-blind dose-escalation study on omaveloxolone in mitochon-
drial myopathy

Participants withmitochondrial myopathy were included in cohorts (8–13) and randomized 3:1 to omaveloxolone (Omav) or placebo treatment for 12 weeks.
After 2 weeks of treatment, a data safety monitoring board (DSMB) reviewed the safety data and decided on the opening of the next dose level cohort. Six
cohorts completed the protocol with 5, 10, 20, 40, 80, and 160mg omaveloxolone, respectively. Study visits are indicated by vertical arrows and took place on
day 1 (D1) and after the indicated number of weeks (W) of treatment. Laboratorymeasureswere collected on all visits.Week 4 and 12 visits were conducted as
a 2-day visit with a 6-minute walk test and a submaximal exercise test on the first and a maximal exercise test on the second day.
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laboratory measures, and the 6MWT at multiple weeks
were analyzed using a mixed model with repeated measures
to account for the variability in multiple measurements
collected over time (SAS version 9.3 or higher [SAS In-
stitute, Cary, NC]). Analysis visits at baseline and weeks 4,
8, and 12 were used in the repeated measures analysis with
an unstructured covariance structure (figure 2). The time
of measurements collected during submaximal exercise
testing (at baseline and weeks 4 and 12) was also used in
the repeated measures model when analyzing heart rate
and laboratory measures during submaximal exercise
testing.

In the model, study week and the interaction between treat-
ment and week were used as fixed effects, with individual
patient as a random effect. The unstructured covariance
structure used in the model was used to account for within-
patient correlations and correct for the correlated measure-
ments over time.

The pairwise dose group comparisons with placebo were es-
timated using the difference in adjusted means and 95%
confidence intervals for the difference in changes from base-
line to week 12. Significance of week 12 median change from
baseline in creatine kinase was evaluated using a one-way
analysis of variance.

Standard protocol approvals, registrations,
and participant consents
All participants provided written informed consent. Study
approval was obtained from the institutional review boards at
all study sites and the ethics committee of the Capital Region
of Denmark and the Danish Health and Medicines Agency
(EUdract number 2014-003501-15).

Data availability
For this study, deidentified participant data, protocol, and
statistical analysis plan will not be shared for external
analysis.

Results
Demographics
A total of 40 participants were allocated to omaveloxolone
treatment and 13 to placebo treatment (figure 1). Among the
omaveloxolone participants, 6 withdrew during the treatment
period, 4 due to adverse events and 2 due to voluntary
withdrawal (figure 1). Clinical presentations varied among the
participants, though chronic progressive ophthalmoplegia was
the dominating clinical syndrome, present in a larger pro-
portion of the omaveloxolone group than the placebo group
(table 1). The participants were evenly distributed among the
different dose groups and the placebo group with regards to
age, sex, peak work capacity, and medical history (table 1).
Participants kept a stable body weight across all dosing
groups.

Pharmacodynamics
Omaveloxolone commonly affects several pharmacodynamic
markers, such as ferritin and GGT, as demonstrated in vitro
and in other human studies.14,16,17 As a sign of robust Nrf2
induction, plasma ferritin and GGT, ALT, and AST increased
significantly after 4 weeks of treatment with omaveloxolone at
80 and 160 mg vs baseline (figure 3). One patient treated with
omaveloxolone 40 mg and 3 participants treated with oma-
veloxolone 160 mg had increases in transaminases >3 times
the upper limit of normal, but these subsequently dropped to
normal while receiving omaveloxolone treatment. Changes in
transaminases were not associated with signs or symptoms of
liver injury, and concurrent increases in bilirubin were not
observed.

Assessments of efficacy

Maximal exercise
There was no difference in peak workload after 12 weeks of
omaveloxolone treatment vs placebo (p = 0.73) or baseline (p
= 0.77) (figure 4). Similarly, there was no difference vs pla-
cebo in maximal oxygen uptake (VO2max) (p = 0.68) or peak
lactate production in all treatment groups vs placebo (p =
0.88). More than 57% of the participants in the active treat-
ment group and more than 41% in the placebo group did not
reach a maximal heart rate at week 12 that was within ±5 bpm
of their baseline test, indicating they did not reach maximal
work capacity.

Submaximal exercise
Blood lactate concentration at the end of the submaximal
exercise test was significantly lower after 12 weeks of
treatment in the omaveloxolone 160 mg–treated group
compared to baseline and compared to the placebo group.
The increase in blood lactate during submaximal exercise
was lower in the participants treated with omaveloxolone
160 mg after 12 weeks compared to baseline (−1.6 ±
0.5 mM [SE], p = 0.003, 95% confidence interval [CI] −2.7
to −0.6) and vs placebo (−1.4 ± 0.7 mM [SE], p = 0.04,
95% CI −2.8 to −0.04). A decrease in blood lactate was
observed at 4 weeks of treatment, but became significant
after the full 12 weeks of treatment (figure 5). Further-
more, the heart rate at the end of submaximal exercise was
lower in the participants treated with omaveloxolone
160 mg at 12 weeks compared to baseline (−8.7 ± 3.5 bpm
[SE], p = 0.02, 95% CI −15.8 to −1.6) and vs placebo
(−12.0 ± 4.6 bpm [SE], p = 0.01, 95% CI −21.2 to −2.7)
(figure 4).

6-Minute walk test
There was large interparticipant and intraparticipant variation
in the distance walked in the 6MWT. Indeed, 2 placebo-
treated participants had week 12 improvements in the 6MWT
that were greater than 130 meters, and the median intra-
participant variation in the 6MWT was 13.5 meters. There
was no change vs baseline after 12 weeks of treatment in the
omaveloxolone 160 mg group (p = 0.38).
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Table 1 Baseline clinical characteristics and assessments in patients with mitochondrial myopathy randomized to
treatment with omaveloxolone at increasing doses and placebo

Placebo
Omaveloxolone
all

Omaveloxolone doses

5 mg 10 mg 20 mg 40 mg 80 mg
160
mg

No. 13 40 6 6 6 6 6 10

Female 9 (69) 23 (58) 1 (17) 3 (50) 4 (67) 5 (83) 4 (67) 6 (60)

Male 4 (31) 17 (43) 5 (83) 3 (50) 2 (33) 1 (17) 2 (33) 4 (40)

Age, y 41.1 ±
11.9

43.5 ± 13.4 52.3 ±
9.6

49.8 ±
14

45.5 ±
14.1

45.2 ±
4.7

30.7 ±
10.3

39.8 ±
15.3

BMI, kg/m2 23.6 ±
6.4

26.0 ± 6.6 27.3 ±
2.5

26.1 ±
7.5

25.8 ±
6.3

23.5 ±
5.9

26.1 ±
7.8

26.6 ±
8.7

Clinical characteristics

Chronic progressive external ophthalmoplegia 2 (15) 16 (40)a 4 (67) 2 (33) 1 (17) 4 (67) 2 (33) 3 (30)

Kearns-Sayre syndrome 0 1 (3) 0 0 0 0 0 1 (10)

Leigh syndrome and maternally inherited Leigh
syndrome

0 2 (5) 0 0 0 0 1 (17) 1 (10)

Mitochondrial encephalomyopathy, lactic
acidosis, and stroke-like episodes

2 (15) 3 (8) 0 1 (17) 0 0 0 2 (20)

Myoclonic epilepsy associated with ragged-red
fibers

1 (8) 3 (8) 1 (17) 1 (17) 1 (10)

Neuropathy, ataxia, and retinitis pigmentosa 0 2 (5) 1 (17) 0 1 (17) 0 0 0

Other 8 (62) 13 (33) 2 (33) 3 (50) 3 (50) 1 (17) 2 (33) 2 (20)

Years since onset 21.2 ±
13.5

18.6 ± 11.2 31.8 ±
12.3

16.5 ±
9.2

20.8 ±
11.2

16.7 ±
9.0

20 ±
8.1

10.8 ±
8.3

History of stroke-like episodes 1 (8) 2 (5) 0 0 0 0 1 (17) 1 (10)

Ophthalmoplegia 6 (46) 23 (58) 5 (83) 3 (50) 0 4 (67) 3 (50) 8 (80)

Polyneuropathy 4 (31) 17 (43) 4 (67) 2 (33) 3 (50) 2 (33) 4 (67) 2 (20)

History of seizures 1 (8) 7 (18) 1 (17) 1 (17) 1 (17) 0 3 (50) 1 (10)

Baseline assessments

Peak work, W/kg 1.11 ±
0.69

1.00 ± 0.36 1.05 ±
0.32

0.85 ±
0.25

0.92 ±
0.58

1.08 ±
0.33

1.29 ±
0.26

0.92 ±
0.32

Peak heart rate, bpm 150 ± 23 147 ± 22 148 ± 4 151 ±
27

133 ±
20

149 ±
18

155 ±
24

146 ±
28

Peak oxidative capacity, mL × kg21 × min21 17.6 ±
5.4

16.5 ± 4 17.9 ±
4.1

14.1 ±
2.8

17.8 ±
4.9

16.5 ±
2.9

19.4 ±
2.2

14.6 ±
4.2

Blood lactate, end of submaximal exercise test,
mM

3.4 ± 2.7 5.0 ± 3.9 4.2 ±
1.3

8.1 ±
7.5

3 ± 2.2 3.8 ±
2.3

3.4 ±
2.1

6.2 ±
3.8

Heart rate, end of submaximal exercise test, bpm 109 ± 24 122 ± 21 116 ± 8 123 ±
24

107 ± 8 113 ±
20

126 ±
17

135 ±
26

6MWD, m 442 ±
133

421 ± 130 455 ±
168

451 ±
153

371 ±
108

507 ±
120

404 ±
117

373 ±
111

Creatine kinase, U/L 243 ±
373

191 ± 160 305 ±
220

163 ±
68

246 ±
243

135 ±
122

123 ±
27

179 ±
150

Abbreviations: 6MWD = 6-minute walk distance; BMI = body mass index.
Values are group means ± SE or n (%).
a p < 0.05 vs placebo.

e692 Neurology | Volume 94, Number 7 | February 18, 2020 Neurology.org/N

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


Safety measures
There were no changes in vital signs, body weight, ECGs, or
echocardiograms of clinical significance in the participants.
There were no changes in clinical chemistry, hematology,
urinalysis, or microscopy related to safety issues.

Adverse events are reported in table 2. Overall, adverse
events were mild in severity, and most prominently in-
cluded upper respiratory tract infections (table 2). Four
omaveloxolone-treated participants discontinued due to

adverse events but the frequency of discontinuation in the
omaveloxolone-treated group (4/53) did not significantly
differ from the placebo group (0/13) (p = 0.56, Fisher
exact test). Therefore, we are unable to conclude if there
is a higher tendency to adverse events among the
omaveloxolone-treated patients, and this must be studied
in a larger population. Two omaveloxolone-treated par-
ticipants withdrew for personal reasons and no placebo-
treated participants discontinued the treatment or the
study.

Figure 3 Changes in plasma biomarkers of nuclear factor erythroid 2-like 2 (Nrf2) induction in patients with mitochondrial
myopathy

Changes in biomarkers of Nrf2 induction in patients with mitochondrial myopathy from baseline to after 4 weeks of treatment with a range of doses of
omaveloxolone (Omav, 38 participants) and placebo (0 mg, 13 participants). (A) Alanine transaminase (ALT). (B) Aspartate transaminase (AST). (C) Ferritin. (D)
γ-Glutamyl transferase (GGT). Presented are mean % change with SE bars after 4 weeks treatment vs baseline.
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Seven serious adverse events were reported, of which
3 were evaluated as possibly related to the study drug
and led to permanent discontinuation of the study
drug. One omaveloxolone-treated participant discontinued
due to nonserious myoclonus. This was considered related
to his disease and not to omaveloxolone treatment
(table 2).

Discussion
This dose-escalation study showed that treatment with
160 mg omaveloxolone led to a significant reduction in the
exploratory endpoints: lactate production and heart rate
during submaximal exercise. As most everyday activities are of
a submaximal intensity, these results are potentially clinically

Figure 4 Changes in peak work and submaximal exercise heart rate with omaveloxolone treatment

Change in peakwork in amaximal exercise test (A) and change in heart rate at the end of a 30-minute submaximal exercise test (B) on a recumbent ergometer
in patients with mitochondrial myopathy after 12 weeks of treatment vs baseline. Presented are mean changes with SE bars in the placebo group (0 mg), the
160 mg omaveloxolone (Omav) group, and in all participants treated with omaveloxolone.

Figure 5 Change from baseline in blood lactate during submaximal exercise with 12 weeks omaveloxolone treatment

Change in blood lactate (A) at the end of and (B) during 30 minutes of submaximal exercise on a recumbent cycle ergometer in patients with mitochondrial
myopathy with 12 weeks of treatment with placebo and 160 mg omaveloxolone (Omav) vs baseline (BL). Presented are mean values with SE bars.
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meaningful and indicate that omaveloxolone may improve
exercise tolerance in patients with mitochondrial myopathy.
Submaximal work reflects mitochondrial metabolism and
aerobic metabolism, while peak work proportionally relies
more on anaerobic metabolism. Our findings of lower heart
rate and reduced lactate during submaximal exercise reflect
improved mitochondrial function,18 in line with preclinical
evidence that Nrf2 activation by muscle-specific Keap1
knockout in mice increased the expression of fatty acid
transport genes and walk distances,19 and that substrate use
and oxygen consumption increased in overfed mice when
they were treated with an analogue to omaveloxolone.20

Overall, omaveloxolone was well-tolerated. Three participants
had serious adverse events of cardiac arrhythmias. These
events were evaluated as unrelated to the study drug and are
frequent in the studied patient group, which is the reason for
carefully monitoring the heart with ECGs and echocardio-
grams throughout the study. Still, as 2 of these events oc-
curred in the 160 mg group, a future trial should carefully
monitor for cardiac arrhythmias.

No significant changes were observed in maximal exercise
testing, as omaveloxolone did not improve peak work, which
was the primary outcome measure in this trial. It is note-
worthy that fewer than half of the participants reached the
peak exercise heart rate that was achieved at baseline, and
there was high variability in the peak heart rate in in all 3

maximal exercise tests. This poor test–retest agreement dis-
qualified a large proportion of the maximal exercise tests and
therefore limited the use of maximal oxidative capacity as a re-
liable endpoint. By contrast, the submaximal exercise tests were
easily reproduced, and the results represent a reliable indicator
of physiologic and metabolic responses to exactly the same
conditions from test to test. This test is thereforemore sensitive
to changes in mitochondrial function and less affected by var-
iations in the participants’ ability to push themselves or dif-
ferent test approaches across the many study sites.

There was no change in the 6MWT, the secondary outcome
measure, with omaveloxolone treatment at any dose. Similar
to the maximal exercise test, the 6MWT is more sensitive to
day-to-day variations related to motivation.21 In addition, the
distance walked could have been influenced by neurologic
symptoms of mitochondrial disease affecting balance and gait,
which did not lead to exclusion in this study, contrary to
another interventional study in patients with mitochondrial
myopathies, in which the 6MWT changed significantly with
treatment.15 Such deficits had less effect on the exercise tests
where the participants were seated on the recumbent er-
gometer with a backrest, handlebars, and their feet strapped to
the pedals.

There was a full induction of the Nrf2 signaling pathways after
4 weeks of treatment (figure 3). This was consistent with

Table 2 Adverse events (AE) and serious AEs (SAE) reported in the MOTOR study

MOTOR adverse events (AE) in ≥2
participants

5 mg, n
(%)

10 mg, n
(%)

20 mg, n
(%)

40 mg, n
(%)

80 mg, n
(%)

160 mg, n
(%)

Placebo, n
(%)

Fatigue 0 (0) 3 (50) 0 (0) 0 (0) 1 (17) 1 (10) 4 (31)

Diarrhea 1 (17) 1 (17) 2 (33) 1 (17) 1 (17) 2 (20) 3 (23)

Back pain 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (10) 3 (23)

Upper respiratory tract infection 1 (17) 0 (0) 1 (17) 1 (17) 0 (0) 3 (30) 2 (15)

Nasopharyngitis 0 (0) 0 (0) 1 (17) 0 (0) 1 (17) 2 (20) 1 (8)

Nausea 0 (0) 1 (17) 1 (17) 0 (0) 0 (0) 2 (20) 1 (8)

Vomiting 0 (0) 0 (0) 1 (17) 0 (0) 0 (0) 2 (20) 1 (8)

Pain in extremity 2 (33) 0 (0) 0 (0) 0 (0) 0 (0) 1 (10) 1 (8)

Dizziness 0 (0) 2 (33) 0 (0) 1 (17) 0 (0) 0 (0) 1 (8)

Headache 1 (17) 1 (17) 2 (33) 0 (0) 0 (0) 1 (10) 0 (0)

Myalgia 0 (0) 4 (67) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Treatment
Omaveloxolone
10 mg

Omaveloxolone 40
mg

Omaveloxolone
80 mg Omaveloxolone 160 mg Placebo

SAE Tachycardia Hemiparesis, Optic
neuritis

Fatigue Ventricular tachycardia, atrioventricular
dissociation

Tonic
convulsion

Relationship to
study drug

Possibly related Unlikely related Possibly related Possibly related Unrelated

Action taken, study
drug

Study drug
discontinued

No action taken Study drug
interrupted

Study drug discontinued No action
taken
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a significant treatment response. However, the clinical response
of decreased blood lactate and heart rate during submaximal
exercise testing became significant at the end of the 12-week
treatment period (figures 4 and 5). Preclinical data show
a physiologic response to omaveloxolone analogues within
weeks in mice, but our results indicate longer response time in
humans.20 It is likely that already damaged and dysfunctional
mitochondria cannot be revived, but that the delayed response
is due to the continuous but slow degradation of dysfunctional
mitochondria and biogenesis of undamaged mitochondria that
ultimately improve oxidative phosphorylation under the in-
fluence of omaveloxolone. Additional investigation is needed to
determine if longer treatment period enhances the therapeutic
response and improves work capacity.

As this was a dose-escalation study with relatively small groups per
dose, a larger study population is necessary to determine whether
the treatment effect correlates with muscle strength, specific mi-
tochondrial clinical syndrome, or other factors. Indeed, hetero-
geneity in the various mitochondrial myopathies examined
(myoclonic epilepsy associated with ragged-red fibers [MERRF],
chronic progressive external ophthalmoplegia [CPEO], mater-
nally inherited Leigh syndrome) could have influenced the study
results with a relatively small number of participants per dose.

Baseline values for end submaximal heart rate and lactate
tended to be higher in the 160 mg group compared to the
placebo group. As a higher baseline value leaves a greater
potential for improvement, we can speculate if the 2 groups
were challenged equally in the exercise test, but the sub-
maximal workload was set to 50% of maximal workload to
ensure comparable conditions. Still, the trend towards lower
baseline lactate and higher peak workload and oxygen uptake
among the participants in the placebo group (table 2) could
indicate that these participants have a less severe mitochon-
drial defect compared to the 160-mg group. The ratio of
patients with CPEO, mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes, and MERRF in the
placebo vs the 160 mg group were comparable, while more
participants in the placebo group had clinical syndromes
classified as “other” compared to the 160 mg group. There are
no significant differences or trends indicating that these
“other” participants are less affected than the participants with
well-defined syndromes. Overall there were too few patients
per treatment group and per phenotype to yield firm con-
clusions about the superiority of the drug in one indication.
Neither can we see any tendencies towards a correlation be-
tween treatment response and genotype in terms of mtDNA
or nuclear DNA mutations, heteroplasmy, or deletion sizes.

Future investigators should carefully consider our findings
when choosing outcome measures and how sensitive these
measures are to extramuscular symptoms or consider excluding
patients with, for example, significant gait or balance problems.

Antioxidant effects on mitochondrial function have been
studied extensively but few studies have assessed its direct

benefits in the treatment of mitochondrial diseases.2,22

Through Keap1 inhibition, omaveloxolone affects multiple
signaling pathways that enhance mitochondrial function,
biogenesis, and substrate turnover in addition to antioxidant
effects.10,19,22 In concert, these actions potentially make
omaveloxolone an effective treatment option, which is sup-
ported by the results of the present study. The reduction in
submaximal heart rate is a sign of improved exercise tolerance
and the reduction in blood lactate reflects increased aerobic
work capacity, which can be of great value in the daily lives of
the patients. These findings support further investigation of
omaveloxolone for potential treatment of patients with pri-
mary mitochondrial myopathies.
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