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ABSTRACT

Introduction: The purpose of this review is to
present the current and emerging treatment
alternatives for Leber’s hereditary optic neu-
ropathy (LHON), emphasizing the most recent
use of idebenone and stem cells or gene
therapy.
Methods: A comprehensive literature review
was performed at the PubMed database regard-
ing the various treatment modalities for LHON.
Results: Treatment modalities for LHON
include nutritional supplements, activators of
mitochondrial biogenesis, brimonidine, and
symptomatic and supportive treatment, but
nowadays attention is being paid to idebenone
and gene therapy or stem cells.
Conclusion: The treatment of LHON remains
challenging, given the nature of the disease and
its prognosis.

Keywords: Gene; Idebenone; Ophthalmology;
Leber’s hereditary optic neuropathy;
Nutritional supplements; Treatment

INTRODUCTION

Leber’s hereditary optic neuropathy (LHON) is a
rare, maternally inherited mitochondrial dis-
ease and is considered one of the most common
inherited optic neuropathies, caused by a pri-
mary mutation in mitochondrial DNA
(mtDNA), resulting in optic nerve atrophy and
loss of central vision [1, 2]. The 11778G[A/ND4
mutation is by far the most common, account-
ing for 70% of all LHON cases worldwide. Other
known mutations are 3460G[A/ND1 and
14484T[C/ND6, with the latter being prepon-
derant in patients of French Canadian origin
[3–6]. Apart from these, more than 18 mtDNA
alterations have been associated with LHON,
leading to a dysfunction of complex I of the
mitochondrial electron transport chain and
consequently to degeneration and apoptotic
cell death of retinal ganglion cells (RGCs) due to
decreased ATP synthesis and elevated levels of
oxidative stress [7–10].

The incidence of LHON ranges between
1:31,000 and 1:54,000, affecting predominantly
males (in 80–90% of cases) with typical onset of
symptoms at the 2nd and 3rd decades of life,
although there have been reports of LHON
onset from 2 to 87 years [11, 12]. It usually
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presents as painless, subacute, central visual loss
in one eye, while the fellow eye becomes
involved weeks to months later with a median
delay of 6–8 weeks. Since 97% of the affected
patients have bilateral involvement within
1 year, if patients present with unilateral optic
neuropathy for longer than 1 year they are
highly unlikely to suffer from LHON. Dyschro-
matopsia is also common and usually depends
on the degree of visual acuity loss. In addition,
pupillary light reflexes usually remain intact
because of sparing of a special class of mela-
nopsin-containing RGCs, which seem more
resistant to mitochondrial dysfunction [13].

At the clinical examination, the fundus can
look entirely normal, while the optic disc is
more commonly hyperemic with peripapillary
telangiectasias and vascular tortuosity of the
central retinal vessels. Optical coherence
tomography (OCT) can show swelling of the
retinal nerve fiber layer (RNFL), which gradually
subsides, and optic atrophy develops with pro-
gressive generalized RNFL thinning over the
subsequent 6–12 months [14]. The main differ-
ential diagnoses of LHON are other inherited
optic atrophies, such as dominant optic atrophy
and Wolfram syndrome, acquired optic atro-
phies, optic neuritis, compressive optic neu-
ropathies, metabolic or toxic optic
neuropathies, maculopathies and non-organic
visual loss [14, 15]. It has to be noted that apart
from visual loss, LHON has been associated with
cardiac, neurologic and skeletal abnormalities
[16].

The visual prognosis in LHON is generally
poor, and the majority of patients will end up
legally blind with visual acuity of 20/200 or
worse and a significant detrimental impact on
their quality of life [17, 18]. However, prognosis
may range, since spontaneous improvement
may occur within the 1st year, but has also been
reported several years or even decades after
initial visual loss. LHON carriers rarely lose
vision after the age of 50 years [13]. Addition-
ally, LHON carriers harboring the 14484T[C
mutation have the best visual prognosis with a
partial visual recovery rate of 37–58% compared
with 4–25% for the 11778G[A mutation
[13, 19]. Other positive prognostic factors for
visual recovery may include an earlier age of

onset, subacute presentation with slow visual
deterioration and a relatively large optic disc
[20].

Several treatment modalities have been pro-
posed for LHON, including nutritional supple-
ments, activators of mitochondrial biogenesis,
phytoestrogens, hyperbaric oxygen therapy,
and symptomatic and supportive treatment
[21, 22]. Recently, idebenone has gained scien-
tific interest for the treatment of LHON, along
with gene therapies [23, 24]. In light of the
above, the purpose of this review is to present
the current and emerging treatment alternatives
for LHON, emphasizing the most recent use of
idebenone and gene therapy or stem cells.

This article is based on previously conducted
studies and does not involve any new studies of
human or animal subjects performed by any of
the authors.

TREATMENT MODALITIES
FOR LHON

Traditional Treatment and Supportive
Approaches

Traditional treatment and supportive approa-
ches include nutritional supplements, activa-
tors of mitochondrial biogenesis, brimonidine,
phytoestrogens, cyclosporine A, low vision aids,
and change in nutritional and environmental
factors, with several options seen as more
fringe—a testament to the prior lack of an
effective treatment option.

Nutritional Supplements
Several combinations of vitamins (B2, B3, B12,
C, E and folic acid), coenzyme Q10 and other
supplements, such as alpha-lipoic acid, car-
nitine, creatine, L-arginine and dichloroacetate,
have been tried for the treatment of mito-
chondrial disorders, including LHON. The
rationale for using nutritional supplements is to
increase mitochondrial respiration and simul-
taneously scavenge free radicals to reduce reac-
tive oxygen species (ROS) and toxic acyl
coenzyme A molecules, which are produced in
mitochondrial diseases. Moreover, some
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supplements act as alternate energy fuels and
possibly bypass the block within the respiratory
chain complexes. However, the benefit of the
above-mentioned treatment alternatives in
patients with LHON remains limited and vari-
able [25, 26].

Activators of Mitochondrial Biogenesis
Mitochondrial biogenesis is the process by
which cells increase their individual mito-
chondrial mass and copy number to increase
the production of ATP as a response to greater
energy expenditure. Since increased mitochon-
drial biogenesis has been significantly associ-
ated with unaffected LHON mutation carriers
and may have a protective effect, activators of
mitochondrial biogenesis have been tried for
the treatment of LHON [27]. Specifically, mito-
chondrial biogenesis is partly regulated by the
transcriptional activator PGC-1a, which is con-
trolled by peroxisome proliferator-activated
receptors and AMP-activated protein kinase
[28]. Pharmacologic activators of these proteins
include fibrates, rosiglitazone, metformin and
5-aminoimidazole-4-carboxamide ribonucle-
oside (AICAR) [29]. However, it remains to be
proven whether pharmaceutical activation of
PGC-1a will be effective for the treatment of
LHON-affected patients or mutation carriers.

Brimonidine
Brimonidine is a topical a2-agonist, with known
neuroprotective action, which is used for the
treatment of glaucoma and has been shown to
protect RGCs from oxidative damage in animal
models [30]. Although the drug was not effec-
tive in preventing visual loss in the fellow eye of
patients with monocular visual loss, its neuro-
protective properties enhance the potential of
being a good treatment alternative for unaf-
fected LHON carriers diagnosed with glaucoma
or ocular hypertension, as raised intraocular
pressure has been associated with an increased
risk of visual loss in LHON [31, 32].

Phytoestrogens
Studies have shown that targeting estrogen
receptor b by using phytoestrogens may become
a therapeutic strategy for LOHN, trying to avoid

or delay the onset of the disease in mutation
careers. It seems that these molecules improve
cell viability by reducing apoptosis, inducing
mitochondrial biogenesis and strongly reducing
the levels of ROS in LHON cells [33].

Cyclosporin A
Pre-treatment with cyclosporin A blunted the
deleterious consequences of hydrogen peroxide
by blocking the MTP pore, indicating a possible
therapeutic pathway for LHON. The antiapop-
totic effect of cyclosporine A has also been
demonstrated in LHON cybrids harboring the
m.14484T4C and m.14279G4A mutations [34].

Symptomatic and Supportive Treatments
Low vision aids may benefit patients with severe
vision loss. In particular, patients with LHON
are often young adults with preserved periph-
eral vision, who make excellent candidates for
low vision rehabilitation. Patients should also
be counseled to optimize environmental risk
factors for vision loss by avoiding tobacco use,
heavy alcohol consumption, cyanide-contain-
ing products, medications with mitochondrial
toxicity and exposure to environmental toxins,
especially during the acute phase of visual loss
[25].

Fringe Treatment Modalities
Near-infrared light therapy has been shown to
improve mitochondrial function and cellular
survival in various experimental models.
Although these findings are not universally
accepted and the mechanisms are not fully
understood, near-infrared light is thought to
increase ATP synthesis by stimulating the
activity of cytochrome c oxidase (complex IV)
[35]. In LHON, although a study conducted to
investigate the visual benefit of this therapy in
affected LHON carriers failed, it could be con-
sidered as a possible rescue treatment strategy
[36].

There is some ‘‘internet’’ evidence that
hyperbaric oxygen has helped patients with
LOHN. In this therapy, increased levels of oxy-
gen are provided to RGCs during the acute
phase of LOHN, aiming at improving mito-
chondrial biogenesis. However, it seems to be a
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controversial treatment modality, and the the-
oretical toxic effects of supra-physiologic levels
of oxygen in LHON should be considered in the
context of a dysfunctional mitochondrial res-
piratory chain, which is already producing
increased ROS levels [20].

Novel Therapies for LHON

Novel therapies for LHON include idebenone
and quinine analogs as well as the most recent
gene therapy and stem cells.

Idebenone and Quinone Analogs
Ubiquinone, known as coenzyme Q10 (CoQ), is
a lipophilic electron carrier and endogenous
antioxidant found in all cellular membranes.
Specifically, in the mitochondrial inner mem-
brane ubiquinone transfers electrons to com-
plex III of the electron transport chain.
Idebenone [2,3-dimethoxy-5-methyl-6-(10hy-
droxydecyl)-1,4-benzoquinone] is a human-
made short-chain CoQ analog, which is con-
sidered for use as a CoQ replacement. The
mechanism of action of idebenone involves its
antioxidant properties and ability to act as a
mitochondrial electron carrier, overcoming
mitochondrial complex I respiratory chain
deficiency in patients with LHON by transfer-
ring electrons directly to mitochondrial com-
plex III (bypassing complex I), thereby restoring
cellular energy (ATP) production and reactivat-
ing inactive-but-viable RGCs, which ultimately
prevents further vision loss and promotes vision
recovery. Although championed as an antioxi-
dant, idebenone can also act as a prooxidant by
forming an unstable semiquinone at complex I
[37].

In vitro studies of RGC deficiency in com-
plex I demonstrated a protective role of idebe-
none against cell death [38], while in the past
patients with LHON reported improvement in
vision following treatment with the short-chain
synthetic benzoquinone [39, 40]. Until 2011,
since no randomized clinical trials were per-
formed regarding idebenone for the treatment
of LHON, patients were initially treated ‘‘off
label,’’ and only isolated case reports or small
retrospective studies were published [39–43].

Carelli et al. retrospectively reviewed a
cohort of idebenone-treated patients with
LHON (44 patients) and compared them with
59 untreated patients with LHON. All patients
were older than 10 years within 1 year of the
onset of visual loss, because this is the frame to
reach the nadir of the visual loss, and had
undergone at least 5 years of follow-up. The
11,778 patients had an earlier onset of recovery
and longer duration of therapy. Furthermore,
all patients treated with idebenone prior to
second eye involvement had an apparent delay
in visual loss in the second eye, although all
second eyes were involved or got worse regard-
ing their final visual function [44].

The first randomized study using idebenone
for the treatment of LHON, called RHODOS
(Rescue of Hereditary Optic Disease Outpatient
Study), was a 24-week, multi-center, double-
blind, randomized, placebo-controlled trial. The
study included 85 patients with LHON due to
m.3460G[A, m.11778G[A and m.14484T[C or
mitochondrial DNA mutations who described
loss of vision within 5 years and received ide-
benone 900 mg/day [45]. The study did not
show any benefit for the primary outcome of
best recovery of visual acuity after 24 weeks.
However, it provided evidence that patients
with discordant visual acuities are the most
likely to benefit from idebenone treatment,
which was safe and well tolerated; discordant
means that the visual acuity was different
between the two eyes of a patient, which is
usually observed in early stages of the condi-
tion. For these patients, there was a 45% dif-
ference in the responders for the best recovery
of visual acuity (P = 0.024) and a 32.5% differ-
ence in the end point assessing the change in
visual acuity for all eyes (P = 0.011). The study
also found that patients with the 11,778 or 3460
mutation presented the largest treatment effect,
while those with the 14,484 mutation had a
high spontaneous recovery rate in the placebo
group [45]. The patients of this trial were fol-
lowed up for 30 months after termination of
treatment (RHODOS-OFU study), and it was
found that the beneficial effect from the
6-month treatment with idebenone persisted
despite discontinuation of therapy [46]. More-
over, a sub-analysis of the RHODOS trial,
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including 39 LHON patients with disease dura-
tion \ 5 years, revealed a significant improve-
ment in the tritan color contrast (blue-yellow
color domain) in the idebenone group at 12 and
24 weeks [47].

Recently, in the International Consensus on
the clinical and therapeutic management of
LHON, idebenone was proposed to be started as
soon as possible at 900 mg/day and to be con-
tinued at least 1 year in patients with disease
\ 1 year. Furthermore, there is not enough
evidence to recommend treatment in chronic
patients between 1- and 5-year duration (after
the second eye onset) and no evidence to rec-
ommend treatment in chronic patients older
than 5 years after the second eye onset [48].

Additionally, EPI-743 is structurally similar
to CoQ10 and idebenone with a modified ben-
zene ring to improve efficiency by 1000- to
10,000-fold compared with either drug in
accepting electrons to reduce oxidative stress
while improving mitochondrial function. EPI-
743 works by interacting with the enzyme
NADPH quinone reductase (NQO1) to form
stable hydroquinones with excellent antioxi-
dant properties [49]. The initial results from EPI-
743 appear promising, since four out of five
LHON patients with different mtDNA muta-
tions showed an improvement in visual recov-
ery based on various tests, such as visual acuity,
field, color vision and other metrics, without
developing any adverse effects [50].

Gene Therapy
Gene therapy, in which the defective gene is
replaced by the normal wild-type gene so that
the normal gene is expressed, has shown some
promise for mitochondrial diseases. For LHON
in particular, it is an even more appealing
treatment option because the RGC layer in the
retina can be easily accessed, while LHON offers
a unique ‘‘laboratory’’ for the investigation of
new interventions in mitochondrial disease
[51]. Since LHON vision loss often occurs in a
bilateral sequential fashion, a window of
opportunity exists for possible therapeutic
intervention after vision loss in the first eye but
before second eye involvement [52]. However,
the double-membrane nature of mitochondria
presents a formidable series of technical

challenges that need to be overcome [51]. As a
result, a highly efficient vector, such as the
adeno-associated virus (AAV), is needed to
penetrate the relatively impermeable inner
mitochondrial membrane, bypassing the mito-
chondrial genome altogether, so as to success-
fully integrate the normal gene into the
mitochondrial genome [51].

The potential of the gene therapy approach
was first demonstrated in m.11778G[A LHON
cybrids [53]. Due to the difficulty of inserting a
gene directly into mitochondria, the principle
of allotopic gene expression was used. In this
technique, the gene construct is inserted into
the nuclear genome, and the resulting protein
has a mitochondrial targeting sequence, which
then allows its import into the mitochondrial
compartment. Specifically, rescue of a mutant
mouse model of LHON by AAV vector con-
taining wild-type allotopic ND4 was successful,
with preserved vision, restoration of ATP syn-
thesis, and prevention of loss of RGCs and optic
nerve axons [54]. Moreover, in a rat model of
LHON, Cwerman-Thibault et al. demonstrated
the safety and efficacy of allotopic expression of
wild-type human ND4 introduced by a recom-
binant AAV2/2 vector containing ND4, provid-
ing further evidence that gene therapy through
allotopic expression in humans may be useful
for LHON [55]. Gene therapy has also been
implemented in humans. Wan et al. conducted
a clinical trial, which showed improvement in
visual acuity in six of nine LHON patients at the
9-month follow-up without complications dur-
ing or after the procedure [56]. Accordingly,
Guy et al. showed favorable results in patients
with LHON using low and medium doses of
allotopic gene therapy, suggesting that high
doses should also have been tested [57], while
other authors supported these findings [58, 59].

Stem Cells
The Stem Cell Ophthalmology Treatment Study
(SCOTS) utilizes autologous bone-marrow-
derived stem cells to treat optic nerve and reti-
nal diseases. Patients with LHON had visual
acuity gains of up to 35 letters and Snellen
acuity improvements from hand motion to
20/200 and from counting fingers to 20/100,
while visual field improvement was also noticed
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without serious complications [60]. However,
further research is needed to examine the role of
stem cells in the treatment of LHON.

CONCLUSIONS

LHON is a rare disease, characterized by the
degeneration of RGCs, involving bilateral visual
loss with poor prognosis. The disease is expres-
sed because of mitochondrial mutations, but
several risk factors have also been involved.
Regarding treatment, there are many suggested
therapies with variable outcomes, while the
most recent idebenone and gene therapy or
stem cells have provided encouraging results,
leading to a new era, where LHON will no
longer be faced as an incurable disease.
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