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Abstract: Mitochondrial diseases are predominantly
caused by mutations of mitochondrial or nuclear DNA,
resulting in multisystem defects. Current treatments are
largely supportive, and the disorders progress relentlessly.
Nutritional supplements, pharmacological agents and
physical therapies have been used in different clinical tri-
als, but the efficacy of these interventions need to be
further evaluated. Several recent reviews discussed some
of the interventions but ignored bias in those trials. This
review was conducted to discover new studies and grade
the original studies for potential bias with revised
Cochrane Collaboration guidelines. We focused on seven
published studies and three unpublished studies; eight of
these studies showed improvement in outcome measure-
ments. In particular, two of the interventions have been
tested in studies with strict design, which we believe
deserve further clinical trials with a large sample. Addi-
tionally, allotopic expression of the ND4 subunit seemed to
be an effective new treatment for patients with Leber he-
reditary optic neuropathy.

Keywords: mitochondrial diseases; nutritional supple-
ments; pharmacological agents; physical therapies.

Introduction

Mitochondrial diseases are caused by the impairment of
mitochondria due to mutations of mitochondrial DNA
(mtDNA) or nuclear DNA (nDNA). Mitochondria function
directly in energy production and nutrient metabolism
(Pfanner et al. 2019). The structure of mitochondria, which
consists of proteins translated by mtDNA (encoding 13
proteins) and nDNA (encoding ∼1,500 proteins), is the
foundation of mitochondrial functions (Stewart and Chin-
nery 2015). In a broad sense, mitochondrial disease is
related to a series of diseases accompanied by dysfunction
of mitochondria (Schapira 2006). However, other types of

diseases, except diseases related to malfunction of mito-
chondrial protein coding genes, have multifactorial etiol-
ogies and mitochondrial deficiency is only one of the
causes. In this review, we are only concerned with primary
mitochondrial diseases for which the mitochondrial
dysfunction is the main cause of the disease.

The prevalence of mitochondrial diseases is esti-
mated to be 11.5:100,000 (Chinnery 2014). Childhood-
onset (<16 years of age) mitochondrial diseases are esti-
mated to range from five to 15 cases per 100,000 in-
dividuals, mainly caused by mutations in nDNA. In
adults (>16 years of age), the prevalence of mitochondrial
diseases caused by mutations in mtDNA and nDNA is
estimated at 9.6 and 2.9 cases per 100,000 individuals,
respectively, in north east England (Gorman et al. 2016).
A recent systematic review of the natural history of
mitochondrial disorders reported that 59% of disorders
had an onset before 18 months and 81% before 18 years
(Keshavan and Rahman 2018).

There are currently no effective treatments for
mitochondrial disease; most of the measures are
supportive (Chinnery 2014). Current recommended
treatments fall into three groups: pharmacological
agents, dietary supplementation with vitamins and
cofactors and exercise therapy (Hirano et al. 2018).
Drugs and nutritional supplements used in patients
with mitochondrial diseases are supposed to resist
oxidation, improve lactic acidosis, correct secondary
biochemical deficiencies, transfer electrons and
modulate endocrine function (Avula et al. 2014; Parikh
et al. 2015). Improvements following dietary modifi-
cation and exercise therapy have also been docu-
mented in individual cases or open-label trials.
Recently, new methods and agents have been intro-
duced in clinical trials for patients diagnosed with
mitochondrial diseases, and several reviews aimed at
the safety and efficiency of these treatments have been
published. However, these reviews did not evaluate
the design of each trial, nor the reliability of the re-
sults. Therefore, our objectives for this systematic re-
view were to analyze recently published studies
(during the period of 2010–2020) with revised
Cochrane Collaboration guidelines (Higgins et al.
2019), provide detailed information of the design
procedures and potential bias of the results in each
trial and comment on the direction of future treatment
for mitochondrial diseases.
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Methods

Search methods for identification of studies

We searched the Cochrane Library (6 March 2020), clinicaltrials.gov (6
March 2020), MEDLINE (5 March 2020) using the terms ‘mitochondrial
disease’ and ‘clinical trial’; ‘completed studies’ and ‘mitochondrial
disease’; ‘disorders’, ‘mitochondrial disorders’ and ‘mitochondria’
and ‘mitochondrial myopathy’, ‘disorders of mitochondrial function’
and ‘mitochondrial disease’ (Supplementary material). The details of
criteria for included studies are shown in Table 1. We primarily
focused on randomized clinical trials, and we also gathered infor-
mation from case reports and open-label trials and incorporated these
in the discussion (Table 2).

Data collection and analysis

We first checked approximately 725 abstracts and unpublished
studies, then identified 21 potentially eligible abstracts and four un-
published studies for further investigation. In total, seven published
studies and three unpublished studies fulfilled the inclusion criteria
andwere included in the review (Figure 1). The results of those studies
were reported after 2011 and thus have not been discussed in other
systematic reviews. Second, we extracted details including basic in-
formation (review date, registered trial number, citations, contact in-
formation), study design (methods, participants, interventions,
outcomes), significant results and graded risk of bias according to the
Cochrane Handbook for Systematic Reviews of Interventions (Higgins
et al. 2019). Seven types of bias were evaluated, including random

sequence generation (selection bias), allocation concealment (selec-
tion bias), incomplete outcome data (attrition bias), selective report-
ing (reporting bias), blinding of participants and personnel
(performance bias), blinding of outcome assessment (detection bias)
and other bias (such as patient distribution between groups, compli-
ance, etc.). For each part, the risk of biaswas graded as ‘low risk’, ‘high
risk’ or ‘unclear risk’. Third, we compared the available data type,
intervention and duration among the included studies to determine
whether a meta-analysis was suitable for this study. If possible, we
planned to apply Cochrane statistical software Review Manager 5
(RevMan) ([Computer program], Version 5.3, Copenhagen: The Nordic
Cochrane Centre, The Cochrane Collaboration, 2014) software using a
fixed-effect model to merge the data.

Results

Description of studies

Seven published studies and three unpublished studies were
further analyzed using revised Cochrane Collaboration
guidelines (Figure 1). Most of the studies had unclear risks of
bias in random sequence generation. Other risks of bias
included incomplete outcome data (attrition bias) and blind-
ing of outcome assessment (detection bias) (Figure 2). Among
the different interventions, six studies focused on the clinical
effect of drugs, two on dietary supplements, one on energetic
intervention and the remaining one on genetic therapy (Ta-
ble 2; Figure 3). Eight of these studies showed improvement in
outcomemeasurements with the intervention (Table 3). Given
the various types of treatments, limited numbers of partici-
pants, heterogeneous genetic background of participants and
different outcomemeasurements, we elected not to perform a
meta-analysis (Supplementary material).

Effects of interventions

Coenzyme Q10

Coenzyme Q10 (CoQ10) is a lipophilic electron carrier
(Schapira 2006). Deficiency of CoQ10 in the inner mito-
chondrial membrane blocks the flow of electrons and re-
duces adenosine triphosphate (ATP) synthesis (Horvath et
al. 2008). Evidence from different clinical trials shows that
patients with primary CoQ10 deficiency and primary mito-
chondrial diseases had improved clinical symptoms with
CoQ10 (Hirano et al. 2018). Studies of CoQ10 analogs, like
idebenone and EPI-743, demonstrated more promising ef-
fects (Kerr 2013). Kerr et al. (2017) studied the effect of CoQ10

in mitochondrial disease with a randomized, double-
blinded, crossover controlled clinical trial. Twenty-four
patients with biochemical proof of deficiency of complex I,

Table : Criteria for considering studies for this review.

Different parts of
study design

Criteria

Types of studies Randomized controlled trials (crossover
trials).

Types of participants Participants of males and females at any age
confirmed deficiencies of respiratory
complex I, II, III, IV or V, or combinations of
these, or had defined mtDNA or nDNA
mutations affecting subunits or assembly
of these complexes that were associated
with known clinical/pathological features
of mitochondrial disease.

Types of interventions Interventions of any pharmacological agent,
dietary supplement, exercise therapy or
other treatment.

Types of outcome
measures

The outcomes included biochemical markers
of the disease, motor function, muscle
strength, special sensory (vision, audi-
tory), stroke-like episodes, endocrine
deficiency, cardiac disorders, renal disor-
ders, cognition, efficacy of oxygen con-
sumption, quality of life, adverse effect or
other measures defining the safety or ef-
ficacy of the interventions.

mtDNA, mitochondrial DNA; nDNA, nuclear DNA.
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Table : List of  clinical trials.

Interventions Mechanism Diseases Primary outcomes Trial number References

Aerobic training Mitochondrial biogenesis MM ROS production NA Siciliano et al.


Bezafibrate Pan-PPAR agonist MM Safety and tolerability NCT Steele et al.


CoQ (included) Electron carrier and
antioxidant

MD GMFM /PedsQoL NCT Kerr et al. 

CoQ Electron carrier and
antioxidant

MD Motor function and
quality of life

NA Stacpoole et al.


Elamipretide (MTP-)
(included)

Protect cardiolipin MM MWT NCT Karaa et al.


Energetic intervention
(included)

Mitochondrial biogenesis NMD COPM performance NCT Veenhuizen
et al. 

EPI- Structurally related to
CoQ

FA Visual acuity NCT Zesiewicz et al.


EPI- Structurally related to
CoQ

Leigh
syndrome

NPMDS NCT Martinelli et al.


GS (included) Allotopic expression of ND LHON Visual acuity NCT Nancy 
Idebenone Electron carrier and

antioxidant
LHON Visual acuity NA Zhao et al.



Idebenone (included) Electron carrier and
antioxidant

LHON Visual acuity NCT Klopstock et al.


Idebenone (included) Electron carrier and
antioxidant

MELAS Cerebral lactate
concentration

NCT Hirano 

KH (included) Antioxidant, redox
modulator

m.A > G Gait parameters NCT Janssen et al.


L-Arginine NO precursor MELAS Aerobic capacity, mus-
cle metabolism

NCT Rodan et al.


L-Arginine NO precursor MELAS Oral L-arginine: MELAS JMACTR-IIA
JMACTR-IIA

Koga et al.
stroke scale;

intravenous L-
arginine:
improvement rates of

headache and
nausea/vomiting at
 h
after completion of
the
initial intravenous

administration
L-Arginine/L-citrulline NO precursor MELAS NO synthesis rates NA El-Hattab et al.



L-Carnitine (included) Fat oxidation MM (CPEO) Exercise tolerance NA Gimenes et al.


Omaveloxolone (included) Potently activated NRF MM Maximal exercise test NCT Madsen et al.


rAAV-ND Allotopic expression of ND LHON Visual acuity NCT Wan et al. 
scAAV(Y,,F)-

PNDv
Allotopic expression of ND LHON Visual acuity NA Guy et al. 

Sodium nitrate NO donor MM Oxygen cost of sub-
maximal exercise

NTR Nabben et al.


Taurine tRNALeu(UUR) taurine
modification

MELAS Complete prevention of
stroke-like episodes

UMIN Ohsawa et al.

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III or IV or molecular genetic proof of mutations in mtDNA
or nDNA mutations in genes known to be associated with
dysfunction of the electron transport chain were enrolled
in this study. They received CoQ10 (at 10 mg/kg daily up to
400 mg) or placebo for six months, with an intervening
washout period of three months. Outcome assessments
were performed at the end of each trial period, including
McMaster gross motor function measure, version 88
(GMFM 88) scale, and pediatric quality of life scale

Table : (continued)

Interventions Mechanism Diseases Primary outcomes Trial number References

Tetracycline (included) Antiapoptotic, antiin-
flammation,
antioxidation

PEO Eye movements and
ptosis

-- Mancuso et al.


WBOS Cysteine donor PEO Oxidative stress
biomarkers

NA Mancuso et al.


COPM, Canadian occupational performance measure; CoQ, Coenzyme Q; CPEO, chronic progressive external ophthalmoplegia; FA,
Friedreich ataxia; GMFM , McMaster grossmotor functionmeasure, version ; GS, a recombinant adenoassociated viral vector serotype
 containing the wild-type ND gene (rAAV/-ND); LHON, Leber hereditary optic neuropathy; MD, mitochondrial disease; MELAS,
mitochondrial encephalomyopathy, lactic acidosis and stroke-like episode; MM, mitochondrial myopathy; NA, not available; NADH, reduced
form of nicotinamide adenine dinucleotide; ND, NADH dehydrogenase subunit ; NMD, neuromuscular disease; NO, nitric oxide; NPMDS,
Newcastle Pediatric Mitochondrial Disease Scale; NRF, nuclear factor erythroid –related factor ; PedsQoL, pediatric quality of life scale;
PNDv, nuclear encoded ND with the appended subunit c of ATP synthase targeting sequences; PPAR, peroxisomal proliferator activated
receptor; PEO, progressive external ophthalmoplegia; rAAV-ND, recombinant adeno-associated virus  containing the wild-type ND gene;
ROS, reactive oxygen species; scAAV, self-complementary adenoassociated viral vector; MWT, -min walk test; WBOS, whey-based oral
supplementation (containing .% cysteine).

Figure 1: The process of study identification, screening and
evaluation of the eligibility of included studies.

Figure 2: Risk of bias summary: judgments about each risk of bias
item for each included study.
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(PedsQoL). Datawere analyzed via theWilcoxon test, using
Kendall’s Tau-B as an estimation parameter. Nine patients
did not complete the study for unknown reasons. Gener-
ally, three serious adverse events (SAEs) (CoQ10 group:
seizure activity; placebo group: lumbar vertebrae frac-
tures, altered mental state) were reported without direct
relationships with CoQ10; other adverse events (AEs)
included decreased white blood count, elevated liver en-
zymes, neuromuscular changes and gastrointestinal dis-
orders. There were improvements in scores of GMFM 88
and PedsQoL after treatment.

Idebenone

Idebenone is a synthetic quinone with a shorter and less
lipophilic tail than CoQ10, which thus has higher solubility

in water compared with CoQ10 and acts as an antioxidant
(Hirano et al. 2018). Several studies have assessed the ef-
ficacy and safety of idebenone in Friedreich ataxia (FA),
mitochondrial encephalomyopathy, lactic acidosis and
stroke-like episodes (MELASs) and Leber hereditary optic
neuropathy (LHON), but their primary endpoints did not
reach statistical significance (Avula et al. 2014; Hirano et al.
2018). Klopstock et al. (2011) performed a multicenter
double-blind, randomized, placebo-controlled trial of 85
patientswith LHON (57withm.11778G >Amutation, 17with
m.14484T > C mutation, 11 with m.3460G > A mutation),
with 900 mg/day of idebenone (300 mg three times a day
during meals) or placebo for 24 weeks. Outcomes were
assessed at baseline and week 24, including best recovery
of visual acuity (VA), change in best VA, change in VA of
the best eye, change in VA for both eyes, color contrast
sensitivity, retinal nerve fiber layer thickness (RNFLT) and

Figure 3: Mechanisms of different therapies. There are 16 kinds of interventions showed in this figure. Tetracycline inhibits the release of the
apoptosis-inducing factor (AIF) and cytochrome c (Cyt C) frommitochondria by controllingmitochondrial permeability and upregulating Bcl-2,
which prevents cleavage of Bid to truncated Bid (tBid) and antagonizes the death-promoting factors Bax and Bak. CoenzymeQ10, idebenone
and EPI-743might act as electron carriers and antioxidants. Cysteine supplementationmight enhancemuscle cysteine and glutathione (GSH)
availability. Omaveloxolone (RTA-408) prevents nuclear factor erythroid 2–related factor 2 (NRF2) from degradation and induces NRF2
transportation to the nucleus. KH176might bind to peroxiredoxin (Prx) and promote its role of antioxidation to detoxify hydroperoxides (H2O2)
by interacting with the thioredoxin (Trx) systems. Gene therapy like allotopic expression of ND4 subunit may repair the deficient complex I.
L-Arginine, L-citrulline and inorganic nitrate induce nitric oxide (NO) synthesis. Energetic intervention and bezafibrate induce mitochondrial
biogenesis by activating peroxisomal proliferator activated receptor (PPAR). L-Carnitine is needed for the translocation of fatty acids into the
mitochondrial compartment for β-oxidation. Taurine modification of mitochondrial tRNALeu(UUR) is important for mtDNA translation. Elami-
pretide protects cardiolipin from peroxidation by preventing Cyt C from unfolding and activating. AMPK: AMP-activated protein kinase; C I–IV:
complex I–IV; CoA: acyl coenzyme A; CoASH: coenzyme A with a sulfhydryl functional group; CPT1/2: carnitine O-palmitoyltransferase 1/2;
LCAC: long-chain acylcarnitines; LCFA: long-chain fatty acids; NOS, nitric oxide synthase; PGC-1α: peroxisomal proliferator activated receptor-
γ coactivator-1α mtDNA : mitochondrial DNA.
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responder analysis. Data were analyzed using the mixed-
model repeated measures method.

According to results of the intent-to-treat population,
therewere two discontinuations related to AEs (one in each
group). Two SAEs were reported: infected epidermal cyst
and epistaxis. The nature, severity and frequency of AEs
were indistinguishable between the treatment and placebo
groups. There was no statistically significant difference in
best recovery of VA, change in best VA, VA of the best eye,
responder analysis, protan color contrast or RNFLT; there
were statistically significant differences in the mean VA of
all eyes (vs placebo, logMAR −0.100; 95% confidence in-
terval (CI): −0.188,−0.012; p = 0.026) and tritan color
contrast (vs placebo, −13.63%; 95% CI: −23.61,−3.66;
p = 0.008). However, the authors noted that patients with
discordant VA at baseline showed a significant difference
in best recovery in VA (p = 0.011), change in best VA
(p = 0.003), change in VA of the best eye (p = 0.003) and
change in the mean VA of all eyes (p = 0.0001) after

idebenone application, and 20% of the eyes of patients
unable to read any letters at baseline were able to read at
least one full line on the chart at week 24.

Hirano (2016) implemented a double-blind, random-
ized, placebo-controlled trial among 27 participants with
MELASs to determine whether idebenone could relieve the
symptoms of these patients. Participants received idebe-
none (at 900 mg/day or 2,250 mg/day) or placebo for one
month. The outcomes of the trial were cerebral lactate
levels measured by magnetic resonance spectroscopy,
venous lactate concentration and the fatigue severity scale
(FSS) score, all of which were recorded after four weeks of
treatment. The authors did not provide specific details of
the data analysis. Six patients dropped out of the trial
without detailed information. There were no SAEs. AEs
included symptoms of blood and lymphatic system disor-
ders, cardiac disorders, eye disorders, gastrointestinal
disorders, nervous system disorders and renal and urinary
disorders. The levels of cerebral lactate concentration and
venous lactate concentration increased compared to
baseline in the group given idebenone at 2,250mg/day and
decreased in the group given idebenone at 900mg/day and
in the placebo control. Both of the treatment groups had
lower FSS scores, while FSS scores in the placebo-
controlled group were higher.

KH176

KH176 is a water-soluble derivative of vitamin E and a
potent redox-modulating compound that enhances the
antioxidant thioredoxin/peroxiredoxin system. A dosage
escalating clinical trial with KH176 in healthy volunteers
indicated good tolerability and provided a detailed phar-
macokinetic profile (Hirano et al. 2018; Koene et al. 2017).
Janssen et al. (2019) conducted a double-blind, random-
ized, placebo-controlled, crossover trial in 19 patients
confirmed to have the m.3243A > G mutation with a heter-
oplasmy percentage of ≥20% in urinary epithelial cells.
Patients received oral KH176 at 100 mg twice daily or pla-
cebo for 28 days; then, they were given another treatment
after a washout period of 28 days. The outcome measure-
ments were determined two days before the start of the
intervention and on the last two days of the intervention
period and included gait parameters, plasma concentra-
tion analysis of KH176, biomarkers, safety measurements,
6-min walk test (6MWT), 6-min mastication test (6MMT),
maximal grip strength, the 3-s sit-stand test, accel-
erometery, spirometry, Newcastle Mitochondrial Disease
Adult Scale (NMDAS), checklist individual strength (CIS),
SF-36 scale of quality of life (QoL), hospital anxiety and

Table : Eight included studies showed improvement in outcome
measurements with the interventions.

Interventions Patients Results

Coenzyme Q Respiratory com-
plexes deficiency

Favor trend in scores of
GMFM /PedsQoL

Energetic
intervention

Neuromuscular
disease

Significant increase in the
mean COPM performance
scores

GS LHON Significant improvement in
foveal threshold
sensitivities

Idebenone LHON Significant improvement in
the mean visual acuity of
all eyes and the tritan
color contrast

Idebenone MELAS Lower fatigue severity scale
scores

KH m.A > G
mutation

Significant improvement in
mental condition

L-Carnitine Mitochondrial
myopathy

Significant increase in ex-
ercise tolerance and oxy-
gen consumption

Omaveloxolone Mitochondrial
myopathy

Lower increase in blood
lactate and lower heart
rate during submaximal
exercise

GMFM , McMaster gross motor function measure, version ;
PedsQoL, pediatric quality of life scale; COPM, CanadianOccupational
Performance Measure; GS, a recombinant adenoassociated viral
vector serotype  containing the wild-type ND gene (rAAV/-ND);
LHON, Leber hereditary optic neuropathy; MELAS, MELAS,
mitochondrial encephalomyopathy, lactic acidosis and stroke-like
episode.

40 T. Liufu and Z. Wang: Treatment for mitochondrial diseases



depression scale (HADS), beck depression inventory (BDI),
test of attentional performance (AP), sleep quantity and
goal attainment scale.

Data were analyzed using the mixed model. No SAEs
were reported. The total numbers of treatment-emergent
AEs were 35 in the KH176 arm and 51 in the placebo arm. A
higher plasma concentration of KH176 was identified as an
important potential risk because it was related to cardiac
repolarization. The peak plasma concentration of KH176
during treatment ranged from 125 to 351 ng/mL, well below
the predefined safety threshold of 1,000 ng/mL. The basic
rhythm of total beats per minute was significantly lower
during the active treatment period (p = 0.0036). There were
no differences in the corrected QT interval. The results
showed improvement in AP for alertness in test conditions
with and without alarm and a positive trend in the HADS
total score. The total score (vs placebo, −2.9; 95%
CI: −5.7,−0.13; p = 0.04) and affective subscale (vs pla-
cebo, −1.1; 95% CI: −1.7,−0.4; p = 0.004) of BDI was
significantly lower after treatment. There were no signifi-
cant differences in biomarkers, gait parameters, 6MWT,
6MMT, maximal grip strength, the 3-s sit-stand test,
accelerometery, spirometry, NMDAS or the CIS scale.

Elamipretide

Elamipretide is a Szeto-Schiller peptide that targets the
inner mitochondrial membrane and is associated with
cardiolipin. Through this interaction, elamipretide protects
cardiolipin from peroxidation and depletion (Szeto 2014).
Karaa et al. (2018) carried out a multicenter double-blind,
randomized, placebo-controlled trial in 36 participants
with primary mitochondrial myopathy (MM) and different
genetic backgrounds, including 11 with mtDNA deletion
syndrome, eight with mitochondrial tRNA mutations
(A3243G, A8344G, T12148C), four with DNA polymerase
gamma (POLG)-related disorders, three with LHON, two
with Kearns-Sayre syndrome (KSS), five with multisystem
mitochondrial disorder, one with Leigh syndrome, one
with 3-methylglutaconic acidemia, deafness, encephalop-
athy, and Leigh-like syndrome (MEGDEL) syndrome and
one with MM. During the study, elamipretide (at 0.01, 0.1
and 0.25 mg/kg·h) or placebo were infused intravenously
over 2 h for five consecutive days. Apart from the daily
symptom questionnaire (DSQ), other outcomes were
determined at baseline (day 1), at the end of treatment (day
5) and at the end of the trial (day 7). These outcomes
included a 6MWT, cardiopulmonary exercise testing

(CPET) parameters, participant-reported symptoms, bio-
markers and AEs. Data were analyzed with the analysis of
covariance (ANCOVA) model and mixed-model repeated
measures method. There were no SAEs, and the most
common AE was headache (16.7%), followed by dizziness
(8.3%); no differences in AEs were identified between the
treatment and placebo groups. In addition, there was no
statistically significant difference in distance walked in the
6MWT, CPET parameters, the modified NMDAS symptom
scores, DSQ scores, levels of biomarkers (fibroblast growth
factor 21 [FGF-21], glutathione, 8-isoprostane and
8-hydroxy-2-deoxyguanosine) after treatment. However,
the authors used the ANCOVA model and mixed-model
repeatedmeasures method to further analyze the results of
6MWT among different dosage groups and found a dosage-
related increase of change in distance (p = 0.014); adjusted
change for the highest dosage group was 51.2 vs 3.0 m in
the placebo group (p = 0.0297).

L-Carnitine

L-Carnitine is a dietary supplement that functions as a
mitochondrial substrate. In normal physiological condi-
tions, L-carnitine is needed for the translocation of fatty
acids into the mitochondrial compartment for β-oxidation
and has a role in carbohydrate metabolism (Stephens et al.
2007). Gimenes et al. (2015) carried out a double-blind,
randomized, placebo-controlled, crossover trial to study
the effect of L-carnitine on exercise tolerance in 12 patients
with chronic progressive external ophthalmoplegia
(CPEO). Patients received L-carnitine at 3 g or placebo in
one daily dose (with breakfast or lunch) for eight weeks,
with an intervening washout period of four months. Out-
comes included body composition, pulmonary function
testing, CPET and peripheral muscle testing. After the
pretest evaluation, data of the outcomes were obtained
after two periods of treatment. Data were analyzed using a
generalized linear mixed model. The results showed a
significant increase of inspiratory capacity in the L-carni-
tine group. In the constant work rate exercise, there was a
significant increase in the time limit of tolerance (Tlim),
oxygen uptake at isotime and Tlim, oxygen uptake per
heartbeat at Tlim and a significant decrease in gas ex-
change ratio at isotime after L-carnitine supplementation.
There were no statistically significant differences in body
composition, peripheral muscle testing, metabolic, venti-
lator or cardiovascular variables compared to the placebo
group. No AEs were reported.
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Omaveloxolone

Omaveloxolone is a synthetic triterpenoid that inhibits
KEAP1 and prevents nuclear factor erythroid 2–related
factor 2 (NRF2) from degradation. NRF2 is a promising
therapeutic target with antiinflammatory and anti-
oxidation effects because it regulates the expression of
genes related to inflammation, redox metabolism and
proteostasis (Liu et al. 2016). Madsen et al. (2020) tried to
prove its effect among 53 patients with MM (18 with CPEO,
one with KSS, two with Leigh syndrome, five with MELAS,
four with myoclonic epilepsy associated with ragged-red
fibers, two with neuropathy, ataxia and retinitis pigmen-
tosa and 21 with unclear disease) with a multicenter
double-blind, randomized, placebo-controlled trial. Pa-
tients received omaveloxolone at 5, 10, 20, 40, 80 or 160mg
or placebo once daily for 12weeks. Outcomemeasurements
included change in the maximal exercise test (MET),
6MWT, submaximal exercise test (SET), pharmacodynamic
markers and safety measures. These evaluations were
conducted after four, eight and 12 weeks of treatment, and
a follow-up visit occurred four weeks after treatment
termination (week 16). Data were analyzed with the mixed-
model repeated measures method. Seven SAEs were re-
ported, three of which were possibly related to the study
drug, including tachycardia, fatigue and ventricular
tachycardia and atrioventricular dissociation. Four pa-
tients in the treatment groups withdrew due to AEs, but the
frequency of discontinuation did not significantly differ
from the placebo group. Participants at 80 and 160 mg had
significantly increased plasma ferritin and γ-glutamyl
transferase, alanine transaminase and aspartate trans-
aminase (AST) after four weeks of treatment compared to
baseline without increases in bilirubin. Participants at
160mg had lower increases in blood lactate during the SET
(vs baseline,−1.6±0.5mM; 95%CI:−2.7,−0.6; p =0.003; vs
placebo,−1.4± 0.7mM; 95%CI:−2.8,−0.04; p = 0.04) and a
lower heart rate at the end of the SET (vs base-
line, −8.7 ± 3.5 bpm; 95% CI: −15.8,−1.6; p = 0.02; vs pla-
cebo, −12.0 ± 4.6 bpm; 95% CI: −21.2,−2.7; p = 0.01) at week
12. There were no statistically significant differences in
peak workload, maximal oxygen uptake, peak lactate
production of MET or 6MWT.

Tetracycline

Tetracyclines, a class of antibiotics, have neuroprotective
properties for Huntington disease, Parkinson disease,
stroke and multiple sclerosis. Tetracyclines inhibit micro-
glial activation, apoptosis and reactive oxygen species

production (Mancuso et al. 2012). Mancuso et al. (2011)
carried out a double-blind, randomized, placebo-
controlled trial studying tetracycline treatment in 16 pa-
tients with progressive external ophthalmoplegia (PEO).
Patients received oral tetracycline at 500 mg/day or pla-
cebo 14 days a month for three months. Outcomes were
quantitative measurements of eye movements and eyelid
ptosis, oxidative stress biomarkers (advanced oxidation
protein products [AOPPs], ferric reducing antioxidant po-
wer [FRAP] and total glutathione [GSH]), lactate concen-
tration, muscle strength, QoL (SF-36), NMDAS and AEs.
They were evaluated at baseline and after three months of
treatment. Overall, two AEs were observed, including cre-
atine kinase blood elevation (2,432 U/l, normal
values < 190) and dermatitis. There was a statistically sig-
nificant change in GSH levels (vs baseline, +17.8%,
p = 0.001). There were no statistically significant differ-
ences in FRAP, AOPP, lactate levels, total ocular motility,
vertical, horizontal or oblique movements, eyelid ptosis,
QoL (SF-36) score, NMDAS score or Medical Research
Council scale of muscle strength.

Energetic intervention

Aerobic endurance training may increase mitochondrial
mass, muscle mitochondrial enzyme activities and muscle
strength. However, there is still a lack of effective individ-
ual exercise planning for patients with different degrees of
muscle weakness and personal preference of training
pattern (Voet et al. 2013). Veenhuizen et al. (2019) carried
out a multicenter assessor-blinded, two-arm randomized
controlled trial to search for an effective plan of energetic
intervention among 53 patients with neuromuscular dis-
ease, including five with facioscapulohumeral dystrophy,
five with inclusion body myositis, 18 with MM, five with
hereditary motor and sensory neuropathy, four with
myasthenia gravis, three with myotonic dystrophy type 1,
two with hereditary spastic paraplegia, one with chronic
idiopathic axonal polyneuropathy, one with congenital
myopathy, one with McArdle syndrome, two with
congenital fiber type disproportion, one with limb girdle
muscular dystrophy, one with autosomal dominant distal
and anterior dystrophy, one with Kennedy syndrome, one
with hyperkalemic periodic paralysis, two with Duchenne
carriers and one with postpolio syndrome.

Patients received energetic intervention combining
aerobic exercise training (AET), energy conservation
management and relapse prevention or nonprescribed
intervention (such as physical therapy, rehabilitation care
or no intervention at all) for four months. Outcomes were
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measured with social participation assessed by the Cana-
dian Occupational Performance Measure (COPM) perfor-
mance scale, COPM satisfaction scale, 6MWT, CIS fatigue
subscale, activity card sort (ACS),HADS, general self-efficacy
scale (GSES) and perceived caregiver burden. Outcome
data for patients and caregivers were collected before
randomization (T0), immediately after the four-month
intervention period (T1), at three-month follow-up (T2) and
at 11-month follow-up (T3). Data were analyzed using
linear models that account for repeated measurements. A
total of 76% of patients in the intervention group and 79%
of patients in the control group had a caregiver who was
able and willing to coparticipate. During the study, one
patient (intervention group) was admitted to a hospital for
pneumonia and one patient (intervention group) dropped
out due to the inability to continue the energetic program.
At T1, there was a statistically significant increase in the
mean COPM performance scores (vs control, 1.7; 95% CI:
1.0,2.4; p < 0.0001), COPM satisfaction score (vs control,
2.1; 95% CI: 1.2,3.0; p < 0.0001), 6MWT (vs control, 30.3;
95% CI: 12.4,48.2; p = 0.00073) and ACS (vs control, 4.3;
95% CI: −0.02,8.5; p = 0.047) after treatment. Moreover,
there was a statistically significant decrease in HADS
depression scores (vs control, −2.1; 95% CI: −3.4,−0.71;
p = 0.0022). There were no statistically significant differ-
ences in the CIS fatigue subscale, GSES, HADS anxiety
scores or perceived caregiver burden.

Genetic therapy

The approach of allotopic expression of the ND4 subunit
has been widely employed in clinical trials. By delivering a
nuclear-encoded version of the ND4 gene into cells, a full-
length mitochondrial encoded ND4 subunit would be
expressed in the nucleus, translated in the cytoplasm, then
imported into the mitochondrion by adding a mitochon-
drial targeting sequence. A prospective open-label trial
studied the effect of nuclear encoded ND4 with the P1
isoform of subunit c of ATP synthase targeting sequences
(P1ND4v2), which was inserted into a self-complementary
adenoassociated viral vector (scAAV2) (Y444,500,730F) in
five patients with LHON. The preliminary results of this
study showed improvement in VA of the patients (Feuer
et al. 2016).

Recently, Nancy (2020) implemented a double-blind,
randomized, sham-controlled trial in 39 patients with
LHON. Participants received a single dose of GS010
(rAAV2/2-ND4) in one of their randomly selected eyes, via
intravitreal injection containing 9 × 1010 viral genomes (vg)
in 90 µL balanced salt solution plus 0.001% Pluronic

F68®, while the other eye of participants received a sham
injection. Four patients withdrew for unclear reasons. The
authors evaluated a series of outcomes including VA, the
number of eye responders to treatment, the number of
subject responders to treatment, ganglion cell layer (GCL)
macular volume, total macular volume, RNFL temporal
quadrant thickness, retinal nerve fiber layer (RNFL) pap-
illomacular bundle thickness, foveal threshold sensitiv-
ities, visual field (VF), contrast sensitivity and color vision.
These data were collected at weeks 48, 72 and 96 after
treatment. All-cause mortality risk was 5.13% (two deaths).
Five SAEs (alcoholic liver disease, alcohol poisoning,
malnutrition, alcohol withdrawal syndrome, renal failure)
were reported. Other AEs included symptoms of eye dis-
orders, vascular disorders and nervous system disorders.
The study showed significant improvement in foveal
threshold sensitivities and a tendency of increase in the
number of eye responders and subject responders after
treatment. There were no significant differences in early
treatment diabetic retinopathy study score at week 48, GCL
macular volume, total macular volume, RNFL temporal
quadrant thickness, RNFL papillomacular bundle thick-
ness, VF, contrast sensitivity or color vision.

Discussion

General discussion

There is no standard and effective treatment for mito-
chondrial disease at present due to the lack of high-quality
randomized controlled trials, as well as the diversity of
study designs and outcome measurements in each trial
(Stacpoole 2011). According to the consensus recommen-
dations from the Mitochondrial Medicine Society pub-
lished in 2015 (Parikh et al. 2015), there are several optimal
options for general treatment of mitochondrial disease. L-
Arginine and citrulline are recommended for the treatment
of MELAS (m.3243A > G)-related stroke; in the acute phase
of stroke-like episodes, patients should be treated with L-
arginine intravenously, and the role of oral L-arginine and
citrulline in preventing strokes should be considered. Vi-
tamins and xenobiotics, like CoQ10, α-lipoic acid and
riboflavin, should be offered to patientswithmitochondrial
disease, though solid evidence of efficacy is sparse. L-
Carnitine should be used when there is a documented
deficiency, and folinic acid should be considered in pa-
tients with mitochondrial disease and central nervous
system manifestations. For patients with MM, having
endurance exercise and resistance exercise in a
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supervised, progressive fashionwith training that begins at
a low intensity and duration is recommended.

However, those reference recommendations are not
specific in practical management. Notably, several reviews
summarized meaningful results of clinical trials, and some
treatments that had not been included in our review should
be discussed (Avula et al. 2014; Hirano et al. 2018; Horvath
et al. 2008; Pfeffer et al. 2012). In 2006, a long-term study
conducted in adults using dichloroacetate at a dosage of
25 mg/kg·day had to be terminated prematurely due to
documented peripheral nerve toxicity and no therapeutic
benefit. Three studies of treatment with creatine showed
conflicting data in locomotor function, indicating the treat-
ment response of creatine may be unsustainable. There was
no evidence of clinical response to dimethylglycine. A trial
studying the effect of curcumin in patients with LHON was
completed, but no results were available. One retrospective
study of 24 patients with mitochondrial neuro-
gastrointestinal encephalomyopathy treated with alloge-
neic hematopoietic stem cell transplant to replace
thymidine phosphorylase which is encoded by the TYMP
gene showed that only nine (37.5%) were alive at the last
follow-up. In terms of exercise training, a systematic review
analyzed six randomized controlled design studies on the
effect of training in patients with muscle disease. The au-
thors concluded that no clearly defined exercise protocols
could bedrawn from the research evidence (Voet et al. 2013).

Included and excluded studies

Ten included studies followed randomized, placebo-
controlled design, all but one of the studies were double
blind. The study using energetic intervention as treatment
was unable to keep the information of patients secret from
caregivers and therapists. Three of the studies in a range of
12–24 patients were crossover with different washout pe-
riods according to the pharmacokinetic profile of each
drug, while these studies might ignore the natural clinical
courses of individuals, and thus reduce the comparability
between the treatment and placebo groups. There were 16
kinds of interventions in both the included studies and
excluded studies (14 studies). For most of the studies,
participants had a variety of genetic backgrounds,
excepting five studies (two included studies) of patients
with LHON carrying m.11778G > A, m.14484T > C or
m.3460G > A mutation and five studies (one included
study) of patients with MELAS carrying m.3243A > G mu-
tation. The primary outcomes of the studies were quite
different as listed in Table 2. The major endpoints for pa-
tients with MELAS included symptoms and biomarkers

related to stroke-like episodes,which are themost common
features of patients with MELAS. For patients with LHON,
all of the studies used VA as the primary outcome. Ten of
the studies (six included) focused on patients with MM,
namely patients who experienced muscle weakness and
fatigue, and used biochemical, physiologic and question-
naire data indicating motor function and muscle strength
as primary outcome measurements. Three studies for
children with mitochondrial diseases mainly evaluated
motor function and quality of life. The remaining one study
measured change in VA of patients with FA. Eight included
studies applied the mixed model to analyze repeated
measurement data, effectively and comprehensively. Five
included studies had low risks for selection bias and
reporting bias (Figure 2); in two of them, idebenone in
patients with LHON and energetic intervention in patients
with neuromyopathy showed significant results of primary
outcomes after treatment according to the original data.
There were significant results in excluded studies, despite
the lack of randomized, placebo-controlled design. The
results of those studies provide important information
about potential effective indicators and the AEs of each
drug; thus, we incorporated these results with the results of
included studies in the following discussion to evaluate the
effect of each intervention objectively.

LHON causes progressive and mostly irreversible loss
of central VA and dyschromatopsia. Among the five studies
for patients with LHON, two discussed the effect of idebe-
none (one retrospective case-controlled, one multicenter
double-blind, randomized, placebo-controlled study)
(Klopstock et al. 2011; Zhao et al. 2020). The identical result
was improvement in VA over time in all eyes, while the
multicenter study emphasized that patients with discor-
dant VA at baseline had significant change in all outcomes
assessing VA after treatment. In addition, genetic treat-
ment seemed to be effective for patients with the G11778A
mutation according to three studies (one double-blind,
randomized, sham-controlled, two open-label studies)
(Guy et al. 2017; Nancy 2020; Wan et al. 2016) using viral
vector carrying the nuclear encoded ND4 with mitochon-
drial targeting sequences to relieve the visual defect of
patients with LHON through intravitreal injection. All three
studies showed improvement in VA, while the double-
blind study showed a tendency to improve after 72–
96 weeks; one open-label trial with 14 participants showed
improvement in five participants after one month and the
remaining trial showed significant improvement in six of
nine patients after nine months of follow-up.

Patients with MELAS have common symptoms
including muscle weakness, headaches, seizures and
stroke-like episodes (Horvath et al. 2008). The included
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study that treated patients with MELAS with idebenone
(Hirano 2016) showed no significant results in primary
outcomes, while patients in treatment groups had an
improvement trend in muscle strength. For L-arginine, one
nine-year open-label trial (Koga et al. 2018), in which the
authors abandoned the initially designed randomized
placebo-controlled trial considering the severe features of
the disease, demonstrated the effect of oral L-arginine and
intravenous L-arginine in preventing the ictuses and pro-
gression and fatal outcome of MELAS. In both the two-year
clinical trials and the seven-year follow-up, the mortality
rate was 17.39%, while the mortality rates of a five-year
cohort study (Yatsuga et al. 2012) and an eight-year cohort
study (Zhang et al. 2018) were 20.8 and 23.1%, respectively.
The other dosage of oral L-arginine (Rodan et al. 2015)
showed an improvement in oxygen and ATP consumption.
Inaddition to these studies, one study compared the efficacy
between L-arginine and L-citrulline (El-Hattab et al. 2012),
and the results indicated that the plasma nitric oxide con-
centration showed no difference between the two drugs.
One new study (Ohsawa et al. 2019) that focused on the
effect of taurinewas carried out based on the theory that the
defect in taurine modification in mutant mitochondrial
tRNALeu(UUR) causes a failure in deciphering the cognate
codon and leads to mitochondrial dysfunction in patients
with MELAS harboring the m.3243A > G or m.3271T > C
mutation. Patients enrolled in this study experienced a
significant decrease in the frequency of stroke-like episodes.

Skeletal muscle is one of the most affected sites in
mitochondrial diseases. The treatments of 10 studies for
patients with MM included drugs (elamipretide, omave-
loxolone, tetracycline, KH176, bezafibrate), nutritional
agents (L-carnitine, inorganic nitrate, cysteine) and exer-
cise training. Patients treated with omaveloxolone (Mad-
sen et al. 2020) had lower increases in blood lactate during
submaximal exercise and lower heart rate at the end of
submaximal exercise, while the drug may cause tachy-
cardia, fatigue and ventricular tachycardia and atrioven-
tricular dissociation. Treatment with tetracycline
(Mancuso et al. 2011) significantly increased the GSH level,
while there was no improvement in related clinical syn-
drome. KH176 (Janssen et al. 2019) affected mental condi-
tion of patients with MM and the m.3243A > G mutation.
Bezafibrate (Steele et al. 2020) may lead to an exacerbation
of the mitochondrial pathology in patients, even though it
reduced the number of complex IV-deficient muscle fibers.
The result of 12 patients with CPEO treated with L-carnitine
(Gimenes et al. 2015) indicated improvement in oxygen
consumption. Whey-based oral cysteine supplementation
(Mancuso et al. 2010) in patients with PEO showed
improvement in oxidative stress biomarkers at rest and

after exercise. However, no significant result was observed
in treatment with elamipretide (Karaa et al. 2018) or inor-
ganic nitrate (Nabben et al. 2017). A study using energetic
intervention (Veenhuizen et al. 2019) showed improvement
in social participation, motor function and mental condi-
tion after treatment. Another study with 10 weeks of AET
(Siciliano et al. 2012) showed a reduction of the increase of
lactate during the exercise test and lower mean blood lip-
operoxide level.

In three studies (one included) for children with
mitochondrial disease, one open-label trial treated Leigh
syndrome with EPI-743 (Martinelli et al. 2012), a para-
benzoquinone analog resembling CoQ10, which has shown
an effect in patients with FA (Zesiewicz et al. 2018). The
results showed significant increases in Newcastle Pediatric
Mitochondrial Disease Scale scores, GMFM scores and QoL
score on the PedsQoL neuromuscular module. The other
two studies used CoQ10 (Kerr et al. 2017; Stacpoole et al.
2012) to treat children with mitochondrial disease. Ac-
cording to the results, there was an improvement in scores
of GMFM 88 and PedsQoL after treatment.

Conclusion

We evaluated 24 studies in this review and provided a
detailed introduction of ten randomized clinical trials. In
particular, two of the interventions, idebenone in patients
with LHON and energetic intervention in patients with
neuromyopathy, followed strict study design and showed
significant results, which we believe deserve further clin-
ical trials. Additionally, recombinant adenoassociated
viral vector serotype 2 (rAAV2/2) containing the wild-type
ND4 gene (rAAV2/2-ND4) seemed to be a new effective
treatment for patients with LHON, while the comparable
effect between idebenone and this invasive treatment is
worthy of further evaluation.
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