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Abstract
Optic neuropathies are frequently associated with mitochondrial dysfunction and the associated vision loss has a
severe impact on the patient’s quality of life. Our understanding of disease progression of one of the most frequent
mitochondrial disorders, Leber’s hereditary optic neuropathy (LHON), together with results of recent clinical trials
might provide us with new insights that are relevant not only to the progression of the disease but more importantly
also for therapeutic intervention. One of the crucial hallmarks of LHON is the occasional recovery of vision in some
patients. This rare and spontaneous process highlights that blindness in LHON patients is not irreversible per se and
suggests that this process could potentially be induced by pharmacological intervention. Strikingly, spontaneous
recovery of vision has been reported in some patients several years after disease onset, which indicates the
presence of an extended time window where recovery is still possible, before over time the terminal loss of retinal
neurons renders visual recovery impossible. Several recent encouraging trials in LHON and related disorders
support this view and extend this model to other optic neuropathies that are not associated with spontaneous
recovery. This concept provides hope not only to mitochondrial optic neuropathy patients, but also to patients that
suffer from one of the major ocular disorders such as glaucoma.

LHON as Example of a Neurodegenerative Retinal
Disease
Among many of the known neurodegenerative diseases, disorders
that affect vision are ideally suited to test potential therapeutic
interventions. This advantage is a direct consequence of the possibility
to monitor and quantify degenerative processes in a timely and noninvasive manner, using standardized tests to easily quantify visual
acuity and retinal pathology. In their own right, optic neuropathies are
a major public health issue with glaucoma being one of the most
prominent disorders. However, a relatively rare disorder, Leber’s
hereditary optic neuropathy (LHON; OMIM 535000), might serve as a
promising model system for the experimental analysis of a range of
optic nerve diseases. LHON was first described by German
ophthalmologist Theodor Leber in 1871 as a distinct clinical entity [1].
For North-East England, a minimum prevalence of 1 in 31 000 was
estimated for LHON [2] and a recent meta-analysis suggests a
prevalence of 1 in 48 000 across Europe [3]. LHON is characterized by
acute or sub-acute vision loss in one eye, generally followed by loss of
visual acuity in the second eye within 2 to 4 months [4,5]. Initially,
LHON patients experience painless vision loss, which is severe and
associated with dense central or centrocecal scotoma and impaired
colour vision. Typically, LHON affects young adult males of all ethnic
groups, with a peak of onset in young adulthood. While in most cases
vision loss is permanent, a minority of patients show spontaneous
recovery of visual acuity [4,6] by a mechanism that is not yet
understood. Consequently, for the vast majority of young patients the
diagnosis of LHON is associated with a significant reduction in their
quality of life, even when compared to other ophthalmic disorders [7].
LHON is a mitochondrial disease that is caused by well
characterized mutations in mitochondrial DNA (mtDNA), with a
prevalence of carriers of about 1 in 300 [8]. In 95% of all cases, LHON
is caused by one of three point mutations in subunits of complex I:
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3460G>A in MTND1, 11778G>A in MTND4, and 14484T>C in
MTND6 [8]. The 11778G>A mutation is generally the most abundant,
although there is considerable variation in the relative frequency of the
three primary LHON mutations worldwide. In addition to the primary
mtDNA mutations and the overall load of mutants versus wild-type
mtDNA, the individual genetic mitochondrial haplotype also plays a
major role for disease onset and severity [9]. A significantly increased
risk of vision loss was observed when the 11778G>A and 14484T>C
mutations were present in a carrier with mtDNA haplogroup J
background. On the other hand, 3460G>A carriers were more likely to
lose vision when also belonging to the mtDNA haplogroup K. In
contrast, haplogroup H was associated with a protective effect in
combination with the 11778G>A mutation [9].

Biochemical defects in LHON cells
It is striking that all of the three main primary LHON mutations
result in amino acid changes in subunits of complex I
(NADH:ubiquinone oxidoreductase) of the mitochondrial respiratory
chain. Experimental evidence strongly connects complex I dysfunction
to reduced mitochondrial membrane potential, decreased ATP
synthesis and elevated levels of oxidative stress. Consistent with the
11778G>A mutation being associated with the most severe disease
phenotype, this mutation is also associated with the most pronounced
reduction in mitochondrial ATP synthesis followed by the 14484T>C
and then the 3460G>A mutation [10-12]. However, it is important to
point out that with regards to reduced ATP synthesis no major
differences between LHON patients and unaffected carriers have been
demonstrated so far. This entirely mutation-dependent reduction in
energy supply is supported by studies using cybrids carrying LHON
mutations as well as peripheral lymphocytes from patients and
mutation carriers [13].
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In addition to reduced energy output, impaired mitochondrial
electron flow is well known to generate elevated levels of reactive
oxygen species (ROS). In line with this defect, elevated levels of ROS
were also observed in LHON cybrids in vitro, harboring any of the
three primary LHON mutations [14-17]. Consistent with these in vitro
data, elevated biomarkers of oxidative stress were also found in blood
leucocytes of LHON patients [18,19]. It is thought that elevated ROS
levels are also responsible for a glutamate transport defect observed in
LOHN cybrids, since antioxidants were able to correct this deficiency
[20]. In the acute phase of the disease, which can last for prolonged
periods of time (years rather than weeks), this reduced energy
production combined with elevated levels of ROS is thought to impair
the primary function of retinal ganglion cells (RGC), which is to
transmit optical signals to the brain. Over time, during the atrophic
phase, elevated ROS levels and as a secondary event, glutamate
excitoxicity [21], which are both potent inducers of cell death, lead
RGCs to die by a specific form of apoptosis that is thought to be Fasdependent but caspase independent [22,23]. This apoptotic loss of
RGC is regarded as the reason for the final and permanent loss of
vision (Figure 1).

Figure 1: Molecular pathology of LHON RGC; Mitochondrial DNA
mutations, which are responsible for impaired energy production
and excess ROS, have to act in concert with other risk factors to
impair RGC function. This RGC dysfunction eventually leads to
RGC loss by an apoptotic cell death mechanism.

Why are RGCs especially vulnerable?
It is important to point out that in LHON patients mtDNA
mutations and the associated mitochondrial dysfunction are prevalent
in all cells including lymphocytes [13]. However, despite some
peripheral neuropathy, tremor, CNS signs and rare cases of LHONmultiple sclerosis-overlap syndrome [24-27], the disease pathology is
largely restricted to the RGC. Although, no unambiguous reason for
this selective vulnerability has been identified, it was proposed that it
arises as consequence of the unique structure of RGC within the retina
and the optic nerve [28,29]. Overall, given the high energy
requirements of the Central Nervous System (CNS) compared to other
tissues, it is not surprising that a dysfunction of energy production
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would affect neurons of the CNS. At the same time, it has to be noted
that this high energy expenditure of the CNS has already been
optimized by nature by the invention of axonal myelin sheeting. The
use of myelin significantly saves cellular energy by allowing the
saltatory conduction of signals along the axon, where the de-and
subsequent repolarization of the axonal membrane is restricted to the
nodes of Ranvier [30] (Figure 2). Unlike CNS neurons however, the
intraocular component of the RGC fibers are not myelinated. Only
after passing through the lamina cribrosa, do the RGC-derived fibers
acquire myelin sheeting by oligodendrocytes (Figure 2). In line with
this structural distinction, significantly higher numbers of
mitochondria were observed in the un-myelinated, intraocular part of
the axon, while in the optic nerve lower numbers of mitochondria are
mostly restricted to the nodes of Ranvier (Figure 2), representing areas
of different energy requirements [31]. Consequently, the unique
absence of myelination of the intraocular part of RGC axons, together
with the resulting much higher energy demand in this area, could well
be the reason for the selective vulnerability of RGC to impaired energy
supply. The hypothesis that the retinal part of the axon is important
for the neurodegeneration seen in LHON is also supported by the
regional increased thickness of the retinal nerve fibre layer (RNFL),
which is observed early on in disease development [32].

Figure 2: Structural determinant of selective RGC vulnerability in
LHON; Differential distribution of mitochondria (red) of the RGC
axon in the retina (pre-laminar) and within the optic nerve (postlaminar). Significantly higher mitochondrial numbers are present
in the pre-laminar region as opposed to the post-laminar regions,
where mitochondria are largely restricted to the Nodes of Ranvier
to energize salutatory electrical signal transduction (adapted from
[6]).

Spontaneous recovery of visual acuity in LHON
It is important to point out that LHON differs from other related
mitochondrial optic neuropathies, such as dominant optic atrophy
(DOA), since in a small portion of patients spontaneous recovery of
vision was described. Indeed, in those patients, particular during the
first year after disease onset, vision can improve to near normality of
20/40 [33], which normally manifest itself as small islands that can
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support scanning vision [8]. Strikingly however, in some patients,
recovery of near normal vision in at least one eye has been described
even several years after disease onset [30]. Although recovery rates
have been estimated at only 4% for the 11778G>A mutation [31],
recovery rates in general are dependent on the underlying LHON
mutation. While patients harboring the 11778G>A mutation display
the lowest recovery rates, patients with the 14484T>C mutation have
the highest chance of visual recovery, with the 3460G> mutation being
intermediate between the two [34,35]. Given the molecular defects and
the etiology of LHON described above, the question arises why
recovery of vision, as observed in some patients, is possible at all?
Surely, RGC loss has to be seen as a terminal endpoint that could only
be overcome by de-novo neurogenesis, a process, which is highly
unlikely in the adult human retina. On the other hand, it is conceivable
that a better understanding of this naturally occurring mechanism of
visual recovery could indeed serve as a guide to therapeutically
influence the pathology of LHON and might even be applicable to
other related diseases. Most of the currently available data point
towards a hypothesis that could explain this phenomenon, which was
initially postulated by Howell [36]. Howell highlighted the importance
to distinguish between the initial loss of RGC/optic nerve-function, as
opposed to the late stage RGC death and optic nerve degeneration,
which included the formal division of disease progression of LHON
patients into three separate stages: the pre-symptomatic phase, the
acute phase and the atropic phase (Figure 3). Although, visual acuity is
unaffected in pre-symptomatic carriers of LHON mutations, this
phase is already characterized by peripapillary microangiopathy [1],
which involves tortuous vessels in the central retina and telangiectatic
capillaries. The combination of LHON mutations with the presence of
unidentified, secondary, genetic or environmental factors will initiate
the acute phase of the disease (Figure 3). This phase is first and
foremost characterized by a loss of visual acuity that is associated with
all the cellular pathologies such as swelling of the retinal nerve cell
layer, energy deficiency and oxidative stress and as a consequence,
dysfunctional RGC that, despite being alive, are unable to transmit the
optical information to the brain. Only in the final, atrophic phase are
RGC terminally lost and the degeneration of the optic nerve becomes
evident (Figure 3). It is obvious that in this terminal phase of LOHN,
visual recovery appears very unlikely. On the other hand, the presence
of dysfunctional RGC in the acute phase opens up a realistic possibility
of rescuing and restoring vision, as illustrated by the reported cases of
spontaneous recovery. Based on this hypothesis, it is of course of
extreme interest to understand the time periods for the acute phase
that can be expected in LHON patients, since this time interval would
represent a window of opportunity in which recovery of vision is
possible. Disease progression will certainly differ from patient to
patient depending on the underlying mutation and the presence of
additional factors. However, based on the available information of
spontaneous recovery, in some patients, time periods of up to several
years are not unrealistic for the acute phase [33]. This potentially large
window of opportunity is an encouraging concept for our ability to
therapeutically restore vision in these patients.
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Figure 3: Natural history of LHON; Loss of vision during the acute
phase of LHON is thought to be a result of a loss of RGC function,
whereas during the atrophic phase this loss of vision is made
irreversible by a terminal loss of RGC together with a degeneration
of the optic nerve. During the acute phase of LHON, the possibility
for natural recovery of vision highlights that pharmacological
interference at this time with the aim to restore RGC function
could also rescue visual acuity (adapted from [36]).

Treatment options
Several strategies and compounds have been tested in pre-clinical
model systems and a limited number of clinical trials to alleviate the
pathology associated with LHON have been reviewed previously [37].
The currently investigated approaches range from pharmacological
intervention to physical therapy and gene therapy. Gene therapy aims
to restore the underlying defect of each individual patient by ectopic
expression of the defective mitochondrial subunit and could therefore
by a curative approach. However, despite encouraging-preclinical
reports [38] and ongoing trials [37] this method is still unproven and it
should not be ignored that some criticism of this approach has been
voiced [39,40]. Therefore, only the results of the ongoing and future
clinical trials will indicate if this approach will be effective.
Furthermore a single attempt at testing a physical therapy for LHON
was conducted (NCT01389817) that aimed to test if near-infrared
therapy might stimulate mitochondrial function, attenuate oxidative
stress, and/or improve cell survival. This trial was initiated based on
encouraging neuroprotective data from preclinical studies of other
indications [41]. Unfortunately, the trial was terminated early as the
patients were unable to focus sufficiently for the primary measure.
Overall, the majority of studies aimed at identifying pharmacological
interventions to improve vision in LHON patients, although with
mixed success [37].

How can a therapeutic strategy be rationalized?
LHON is characterized by incomplete penetrance, with only about
50% of males and 10% of female carriers actually loosing visual acuity
[24]. These epidemiological observations, together with experimental
data using cells from carriers and LHON patients, indicate that energy
deficiency, elevated levels of ROS and apoptosis susceptibility are not
solely responsible for the development of LHON but act in
conjunction with secondary genetic, epigenetic or environmental
factors. However, it is clear that energy deficiency and oxidative stress
are major contributing factors, either directly or indirectly, for
example by influencing additional pathologies such as axonal
transport and excitotoxicity that lead to cell death. Given their
importance, it can be speculated that compounds that can reduce the
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oxidative burden and/or improve energy supply in RGC should
therefore be of therapeutic value. In fact, supportive evidence for the
concept of quiescent, dysfunctional retinal neurons due to limited
energy supply could come from a recent placebo- controlled,
randomized trial involving patients with non-diabetic open-angle
glaucoma [42]. Patients were given either saline or eye drops
containing 50% glucose before contrast sensitivity and best-corrected
logarithm of the minimum angle of resolution (logMAR) were
evaluated. Overall, glucose treatment significantly improved contrast
sensitivity compared to saline treatment by 0.26 log units (95%
confidence interval [CI], 0.13-0.38; P<0.001) and 0.40 log units (95%
CI, 0.17-0.60; P<0.001) in a follow-up study. Importantly, this glucoseinduced, temporary improvement of visual parameters was not
associated with changes in intraocular pressure, refraction or central
corneal thickness. This observation led the authors to speculate that
energy substrate delivery could be responsible for the functional
recovery of “sick” retinal neurons [42]. Given the strong similarity
between LHON and glaucoma with respect to disease pathology,
affected cells and dysfunction of mitochondrial complex I in both
diseases [43], this study supports the idea that an improved energy
supply could alleviate the dysfunctional state of RGC in LHON before
these cells are irreversibly lost. Several strategies to achieve improved
energy production in LOHN RGC could be envisaged. As rationalized
in the clinical study above [42], an increased supply of energy rich
substrates could indeed facilitate higher production of chemical energy
but it can be expected that these effects are likely only functional in the
short term before cells adapt to this glucose oversupply, for example by
down regulating the endothelial and/or retinal glucose transporter
[44]. Given what we know about mitochondrial dysfunction in LHON
and in particular the elevated ROS levels, it is unlikely that an
increased oxygen supply could be of much benefit to increase energy
output in this disease. However, even if mitochondrial function is
reduced in LHON, this could conceptually be overcome by simply
increasing mitochondrial numbers. While this strategy has some merit
in other disorders, it is questionable if this approach could work given
the structural limitations of the specific cells affected in LHON. As
pointed out above, in contrast to RGC axons in the optic nerve, the
retinal part of the RGC is already heavily populated with mitochondria
so it remains questionable, if mitochondrial mass could be further
increased in this crucial compartment. In addition, it is specifically the
small diameter fibers that are predominantly affected in LHON, which
further suggests that increasing mitochondrial numbers might simply
be not possible due to intraaxonal space limitations.
This leaves the option of improving mitochondrial function itself.
However, in the light of a dysfunctional complex I in LOHN cells,
attempts to increase mitochondrial productivity have to involve
strategies that are independent of complex I.

Short-chain Quinones
One potential pathway to achieve a complex I-independent form of
mitochondrial respiration was recently described by us and others and
involves the use of short-chain benzoquinones. We observed that
some of those compounds are able to partially restore mitochondrial
electron flow under conditions of a dysfunctional complex I [45,46];
an observation that was later independently confirmed [47]. This
mechanism is based on the repeated transfer of NAD(P)H equivalents
from the cytosol into the mitochondria and is dependent on a specific
cellular reductase activity [45]. Some short-chain quinones are
efficiently reduced by the cytoplasmic enzyme NADH-quinone
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oxidoreductase 1 (NQO1), before they enter the mitochondria to
become re-oxidized by complex III of the mitochondrial electron
transport chain. This process directly restores electron flow from
complex III to cytochrome c and as a consequence, supports the
mitochondrial proton gradient and ATP synthesis by circumventing
complex I-dependent electron transport [45,46]. Because this
mechanism requires the quinones to repeatedly cross membranes
when shuttling between cytoplasma and mitochondrial matrix, these
quinones have to meet certain physico-chemical requirements, the
most important of which is a balanced lipophilicity [46]. This
requirement is also the reason why related molecules with higher
lipophilicity such as CoQ10 are unable to perform this function. One
of the short-chain benzoquinones that can maintain this form of
complex I-independent respiration is idebenone (INN: 2-(10Hydroxydecyl)-5,6-dimethoxy-3-methyl-cyclohexa-2,5-diene-1,4dione). Since idebenone also stimulates additional metabolic pathways
that are complex and independent and that transfer NAD (P) H
equivalents into the mitochondria, such as the glycerophosphate
(G3PDH) shuttle [48], it can’t be concluded that the above described
NQO1-dependent mechanism is solely responsible for the beneficial
effects observed in vitro and in vivo. Nevertheless, in preclinical
experiments idebenone not only reduced oxidative stress, it also
protected retinal cell viability and reduced lactate production under
conditions of mitochondrial dysfunction. Importantly, idebenone was
also able to rescue vision and normalize retinal pathology in a mouse
model of LHON [49]. Given that idebenone can act as a potent
antioxidant and can initiate a complex I-independent form of
respiration that sustains mitochondrial energy production, the current
data suggest that idebenone would be ideally suited to counteract the
molecular pathologies associated with LHON.
Consistent with this hypothesis, a number of studies and trials
suggested that idebenone could have a therapeutic effect in LHON
patients [50,51] and provided the rationale for the first randomized,
placebo-controlled study in LHON (NCT01421381) [52,53]. In this
trial, idebenone improved visual acuity particularly in LHON patients
with recent disease onset but not in patients of the placebo group
[52,53]. It is encouraging to note that in patients, followed up 30
months after treatment had been terminated, the protective effect of
idebenone still persisted [53]. Subsequently, this protective activity was
also reported in a non-randomized, retrospective trial of idebenone
[54]. It is very exciting to note that the current data seem to indicate
that the concept of vision loss by dysfunctional RGC, which are
nevertheless in a position to be rescued, might not be restricted to
LHON but could also apply to other optic neuropathies as well. Two
recent reports suggest that short-chain quinones, such as idebenone,
have the potential restore vision in other optic neuropathies that in
contrast to LHON normally do not show spontaneous recovery of
vision [55,56]. In a small, pilot open-label trial, seven patients with
confirmed dominant optic atrophy (DOA) were treated with
idebenone (270–1000 mg/day) for at least one year and the authors
reported improved visual function in all patients when compared to
baseline [55]. Overall, mean visual acuity improved in both eyes and
five patients reported bilateral, subjective improvement of visual
function. Even in the other two patients that did not report any
subjective
improvement,
objective
measurements
showed
improvement of some visual functions, such as visual field, visual
acuity or colour discrimination [55]. Similar results were also reported
for a single Wolfram syndrome patient (WS) [56]. Like in LHON and
DOA, WS is thought to be caused by mitochondrial dysfunction and is
also characterized by loss of visual acuity. In this patient, increasing
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concentrations of idebenone (150-450 mg/day) led to a progressive but
subjective visual recovery at 6 months. In this context, it is important
to note that in this patient, idebenone treatment started at least 5 years
after the onset of vision loss, which could explain the absence of
measurable improvement using ophthalmologic and OCT
examinations [56]. Finally, in line with the concept described above
that complex I-dysfunction and elevated ROS level also apply to
glaucoma [43], a recent preclinical study showed that idebenone
reduced oxidant-induced cell death in human optic nerve head
astrocytes from glaucoma patients [57]. This protection by idebenone
was associated with reduced ROS levels, a reduction of several
apoptosis markers and with increased levels of the anti-apoptotic
protein bcl-2. Although, this study did not measure energy levels or
ATP production in these cells in response to idebenone, the authors
suggested that idebenone might also be helpful in preventing the
progression of glaucomatous degeneration [57].

Conclusion
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