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Abstract
Genetic disorders due to mitochondrial dysfunction are not uncommon and the majority of these patients will have eye-
related manifestations, including visual loss from the optic nerve and retinal disease, visual field loss from retrochiasmal vi-
sual pathway damage, and ptosis and ocular dysmotility from extraocular muscle involvement. Defects in both the nuclear
and mitochondrial genomes cause mitochondrial dysfunction via several mechanisms, including impaired mitochondrial en-
ergy production, oxidative stress, mitochondrial DNA instability, abnormalities in the regulation of mitochondrial dynamics
and mitochondrial quality control, and disturbed cellular interorganellar communication. Advances in our understanding of
the molecular genetic basis of mitochondrial disease have not only improved genetic diagnosis, but they have provided im-
portant insights into the pathophysiologic basis of these disorders and potential therapeutic targets. In parallel, more sophis-
ticated techniques for genetic manipulation are facilitating the development of animal and in vitro models that should prove
powerful and versatile tools for disease modelling and therapeutic experimentation. Effective therapies for mitochondrial
disorders are beginning to translate from bench to bedside along the paths of neuroprotection, gene replacement and stem
cell-based regenerative paradigms. Additionally, preventing the transmission of pathogenic mtDNA mutations from mother
to child is now a reality with in vitro fertilization mitochondrial replacement techniques.

Introduction
Genetic disorders whose primary pathogenesis occurs via dis-
ruption of mitochondrial structure or function may individually
represent relatively uncommonly encountered conditions, but
collectively are ubiquitous. A recent comprehensive assessment
of the frequency of all forms of adult mitochondrial disease in
the North East of England found a minimum prevalence of ap-
proximately 1 in 4,300, making these disorders among the most
common adult forms of inherited neurological disease (1). Since
both nuclear and mitochondrial DNA (mtDNA) encode proteins
essential for mitochondrial function, mitochondrial disorders

are theoretically and in practice the result of abnormalities of
either genome (2,3). Disease inheritance will respect the rules of
Mendelian genetics if the disrupted genes are chromosomal,
and maternal inheritance if the mutations occur in mtDNA.
Additional genetic disorders may not cause primary mitochon-
drial dysfunction, but the cascade of pathophysiologic events
may ultimately compromise mitochondrial function and pro-
duce indistinguishable phenotypic expression (4). Clinical mani-
festations of these disorders typically reflect involvement of
those tissues most reliant on mitochondrial function, especially
the central nervous system and its sensory organs such as the
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eyes and ears, muscles, endocrine glands, and the cardiac con-
duction system. Therefore, ‘eye-related’ disorders due to mito-
chondrial dysfunction are common.

Neuro-Ophthalmologic Manifestations of
Mitochondrial Disease
Many mitochondrial disorders have clinical symptoms and
signs referable to the afferent and efferent pathways for vision
and eye movements. The most frequently encountered mani-
festations include optic neuropathy, pigmentary retinopathy,
retrochiasmal visual loss, and chronic progressive ptosis and
external ophthalmoplegia (5). The occurrence of any of these
findings in isolation, in combination, and, especially, in associa-
tion with other signs suggestive of mitochondrial dysfunction,
such as sensorineural hearing loss, muscle weakness, diabetes
mellitus and cardiac conduction defects, should raise suspicion
for a primary or secondary mitochondrial disorder.

The optic neuropathy of mitochondrial dysfunction can be in-
sidious and symmetric, as seen in patients with autosomal domi-
nant optic atrophy (DOA), or subacute and sequential, as in Leber
hereditary optic neuropathy (LHON) (6). The severity of visual
compromise varies, but essentially all of these patients ulti-
mately have bilateral loss of visual acuity. The retina is a multi-
layered structure and the axons of about 1.2 million retinal
ganglion cells (RGCs) within the inner retina converge to form the
optic nerve (Fig. 1). Intriguingly, there is a marked predilection for
damage to the papillomacular bundle, which contains the high-
est density of RGCs, resulting in central vision loss and temporal
pallor of the optic nerve (a reflection of optic atrophy) (7).

Involvement of the outer retina (retinal pigment epithelium
and photoreceptor layers) is a more variable feature of mito-
chondrial disorders, ranging from asymptomatic peripheral

‘salt-and-pepper’ changes to frank ‘bone-spiculing’ of the pe-
ripheral and macular regions with severe visual field constric-
tion and central visual acuity loss, respectively (8,9). The
pattern and type of pigmentary changes are not specific to the
particular genetic defect. Progression, albeit slow, is often noted
in an individual patient, which can have a disabling impact
when the neurodegenerative process starts to impinge on the
perifoveal and foveal regions. Classical mitochondrial syn-
dromes with prominent outer retinal involvement include: (i)
neuropathy, ataxia and retinitis pigmentosa (NARP) secondary
to the m.8993T>G mtDNA mutation in MT-ATP6 (10); (ii) mito-
chondrial encephalomyopathy, lactic acidosis and stroke-like
episodes (MELAS) secondary to the m.3243A>G mtDNA muta-
tion in MT-TL1, which encodes for the mitochondrial transfer
RNA (tRNA) for leucine (9,11); and (iii) chronic progressive exter-
nal ophthalmoplegia (CPEO), in particular the Kearns-Sayre syn-
drome (KSS) secondary to single large-scale mtDNA deletions
(12,13). The latter is a particular severe phenotypic manifesta-
tion with disease onset before the age of 20 years old, frequently
occurring in association with cardiac conduction defects leading
to heart block.

The episodes of cerebral dysfunction lasting hours, weeks or
months, accompanied by migraine-like prodromes, acute con-
fusional states and focal seizures, that are characteristic of
MELAS have a predilection for the occipital and parietal lobes,
thereby resulting in homonymous hemianopic visual field de-
fects (Fig. 1) (14). Lactic acidosis and a progressive dementing
encephalopathy complete the classic presentation, with many
other features contributing to varied phenoptypic expression,
including pigmentary retinopathy (especially of the macula),
sensorineural hearing loss, muscle weakness, peripheral
neuropathy, cardiomyopathy, diabetes mellitus and growth
failure (15).

Figure 1. Neuro-ophthalmologic and multisystemic manifestations of mitochondrial disease.
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Ptosis of the upper lids combined with a mostly generalized
limitation of eye movements and facial muscle weakness are
seen in over 40% of patients with genetically confirmed mito-
chondrial disease (PYWM, unpublished data). Ptosis typically
precedes abnormalities of eye movements, and although the
ophthalmoplegia is usually symmetrical, about a third of pa-
tients report significant diplopia, which can be managed in
most cases with appropriately fitted prisms, usually for reading
(16). The CPEO syndromes, which include KSS and mitochon-
drial neurogastrointestinal encephalomyopathy (MNGIE), the
latter caused by recessive mutations in the thymidine phos-
phorylase TYMP gene (22q13.33) (17), can present with a wide
variety of associated ophthalmologic, neurologic and systemic
manifestations, including pigmentary retinopathy, optic neu-
ropathy, cataracts, corneal opacities, myopathy, hearing loss,
peripheral neuropathy, ataxia, encephalopathy, basal gangliar
abnormalities, gastrointestinal dysmotility, cardiac conduction
defects, short stature, diabetes mellitus, and other hormonal
and metabolic imbalances (5,18).

Mitochondria in Health and Disease
Mitochondria are ubiquitous organelles that serve multiple
roles contributing to the cell’s survival under both physiological
and pathological conditions. Although it is tempting to com-
partmentalise the development of specific mitochondrial phe-
notypes into specific mechanisms, the reality is that our
knowledge is still imperfect and a critical review of the pub-
lished literature reveals diverging opinions and inconsistencies
that suggest a complex picture in which a genetic defect or the
lack of a protein eventually contribute to cell death and tissue
dysfunction through interrelated pathways (Fig. 2) (4,19).

Central visual loss is a devastating complication of mi-
tochondrial disease and much effort has been invested in

understanding the processes that trigger RGC loss, especially
because this neuronal cell type provides several attractive para-
digms with relevance to other visual and neuromuscular mani-
festations of mitochondrial disease, and the pursuit of targeted
therapeutics. Three of the most important causes of mitochon-
drial blindness, namely, DOA, linked to mutations in the nu-
clear genes OPA1 (3q28-q29) and MFN2 (1p36.2); Wolfram
syndrome, secondary to WFS1 (4p16.1) and CISD2 (4q24) muta-
tions; and LHON, most commonly caused by one of three patho-
genic mtDNA mutations (m.3460G>A in MT-ND1, m.11778G>A
in MT-ND4, and m.14484T>C in MT-ND6), which all encode for
complex I subunits of the mitochondrial respiratory chain, illus-
trate the advances and challenges in this area of active research
(20). Despite the genetic heterogeneity spanning both the mito-
chondrial and nuclear genomes, the neuropathological basis of
mitochondrial optic neuropathies is strikingly similar to their
preferential vulnerability of RGCs above other neuronal popula-
tions and a characteristic wave of RGC loss that starts within
the papillomacular bundle (accounting for the central or caeco-
central scotoma) before spreading to other retinal locations.
What differs among them are the patient demographics and the
course of visual loss, with LHON characteristically having an
abrupt onset and a relatively rapid evolution among young
adult men, whereas the visual loss in DOA and Wolfram syn-
drome usually starts insidiously in early childhood with a
slower rate of progression and with no gender bias (5,20).
Investigations are focusing on what contributes to RGC loss in
these mitochondrial optic neuropathies and what are the over-
lapping disease mechanisms.

Mitochondrial Respiratory Chain Dysfunction
Mitochondria exist to produce energy in the form of ATP and
this evolutionary adaption is both a necessity and a potential

Figure 2. Mitochondrial disease mechanisms implicated in inherited eye-related disorders.
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source of danger when the process is inhibited by whatever
means. The mitochondrial respiratory chain consists of five
complexes located along the inner mitochondrial membrane. In
a finely choreographed series of biomechanical events, high-
energy electrons are transferred serially to drive the transfer of
protons from the matrix compartment into the intermembrane
space. This proton motive force is then used by Complex V (ATP
synthase) to synthesize ATP from ADP, resulting in a virtuous
circle that can adapt to a cell’s demands. It is inevitable that the
three primary LHON mutations will disrupt Complex I activity,
but lack of the OPA1 protein, which is a mitochondrial inner
membrane protein, also has a disruptive effect on the assembly
of Complex I and its stability within mitochondrial supercom-
plexes (21).

Complexes I and III are major sources of superoxide (O•�
2 )

production and these potent molecules can damage proteins,
lipids and DNA if left unchecked (22,23). To counter this, super-
oxide is converted to hydrogen peroxide by superoxide dismut-
ase (Mn-SOD in the mitochondrial matrix and Cu/Zn-SOD in the
cytosol), followed by breakdown of hydrogen peroxide to water
and oxygen by catalase or glutathione peroxidase. Besides a re-
duction in ATP synthesis, the impaired flow of high-energy elec-
trons along the mitochondrial respiratory chain has another
dangerous consequence for the cell if the resulting increase in
superoxide production overwhelms the cell’s constitutive anti-
oxidant defences. There is often a circular debate about the con-
tribution of impaired mitochondrial energy production and
oxidative stress, and the relative primacy of these two factors,
in driving a cell’s fate towards apoptosis. A pragmatic approach
when it comes to therapeutic directions is that both are intrinsi-
cally related and any remedial process that improves mitochon-
drial electron flux should result in both an increased efficiency
of ATP production and a decrease in free radical associated
damage (24).

Mitochondrial DNA Instability
The mitochondrial genome is a relatively small, 16-kilobase-
pair, circular molecule, but it is a very high copy number ge-
nome, with up to 100,000 mtDNA copies per cell depending on
the cell’s overall metabolic requirements (2,3). Unlike nuclear
DNA, mtDNA is constantly replicating even in resting post-
mitotic cells and the cell’s copy number remains stable as
mtDNA replication is closely matched to the rate of degrada-
tion. MtDNA maintenance disorders arise when this balance is
disturbed and the two major subgroups are defined by either
mtDNA depletion (due to a reduction in mtDNA copy number)
or the accumulation of multiple mtDNA deletions (i.e. mtDNA
molecules of variable size that lack the full mitochondrial gene
complement) (25,26). Next-generation exome and whole-
genome sequencing is contributing to a rapidly expanding list
of nuclear genes that cause mtDNA instability and CPEO is a
prominent clinical manifestation. For example, recessive TYMP
mutations in MNGIE cause severe mtDNA depletion, whereas
mutations in POLG and PEO1 are important causes of CPEO with
cytochrome c oxidase (COX) deficient and ragged red fibres
(RRFs) in muscle histopathological specimens, with the individ-
ual fibres harbouring high levels of somatic mtDNA deletions
(17,27).

Until recently, OPA1-related DOA was widely regarded as an
isolated optic neuropathy that starts in childhood with a rela-
tively slow rate of visual deterioration (28,29). More detailed
phenotypic characterisation and the greater availability of OPA1
genetic testing has expanded the clinical spectrum associated

with OPA1 mutations to encompass additional varying combi-
nations of sensorineural hearing loss, CPEO, myopathy, ataxia
and peripheral neuropathy (30–32). Interestingly, muscle biop-
sies from patients with these so-called DOA ‘plus’ syndromes
show evidence of multiple DNA deletions (33,34). Hence, OPA1
is emerging as a key regulator of mtDNA replication, possibly
helping to anchor mtDNA nucleoids, the putative replicative
units located within the matrix compartment, to the inner mi-
tochondrial inner membrane (35). Due to the lack of human op-
tic nerve specimens for analysis, it is still not clear whether the
accumulation of mtDNA deletions represents an epiphenome-
non or whether these also primarily contribute to RGC loss in
DOA.

Mitochondrial Dynamics
Far from being static organelles, mitochondria are in a constant
state of fusion and fission, producing a long interconnected net-
work that is especially relevant for neuronal cells with axons
stretching over long distances. Two important pro-fusion medi-
ators are mitofusin 2 (MFN2) and OPA1, which localise to the mi-
tochondrial outer and inner membrane, respectively (36,37).
These two sister proteins belong to the GTPase dynamin family
of mechanoenzymes and they operate in tandem to allow se-
quential fusion of the mitochondrial outer and inner mem-
branes. Analogous to OPA1 mutations, MFN2 mutations have
been associated with the syndromic form of DOA, with evidence
of mtDNA instability in the form of multiple mtDNA deletions
in skeletal muscle biopsies (38–40). Regulated fusion is critical
not only for the structural integrity of the mitochondrial inner
membrane, which contains the essential apparatus for oxida-
tive phosphorylation (OXPHOS), but it also allows the seques-
tration of pro-apoptotic cytochrome c molecules within the
mitochondrial cristae spaces and functional complementation;
for example, a depolarised mitochondrial segment can merge
with the larger network to reconstitute its normal complement
and thus recover (41,42). The mediators involved in regulating
mitochondrial dynamics have taken centre stage in the field of
late-onset neurodegenerative diseases, such as Alzheimer dis-
ease and Parkinson disease, a perfect illustration of the insight
that rare monogenic diseases can provide by clarifying multi-
step relationships in a simpler model (43,44).

Mitochondrial Quality Control
Mitochondrial dynamics is intrinsically linked to mitochondrial
quality control, which is a powerful mechanism by which a cell
can eliminate defective mitochondria before they can trigger
deleterious pathways (45,46). As already emphasized, mito-
chondria are ‘metabolic time bombs’ that hold the cell’s fate
with the imperative being cell destruction rather than an ineffi-
cient OXPHOS system contributing to elevated ROS levels or the
accumulation of defective mtDNA molecules. Depolarised mito-
chondrial segments are detected by a complex machinery
whose components are still being dissected, but OPA1, MFN2
and WFS1 all play a role, be it direct or indirect via the Parkin-
Pink1 canonical pathways (Fig. 2) (4). It has been shown that
mtDNA LHON and OPA1 mutations result in dysfunctional upre-
gulation of mitophagy, which can be associated with mitochon-
drial network fragmentation and a reduction in mtDNA content,
thereby producing a perfect storm for irreversible neuronal cell
loss (44,47,48). A similar picture is emerging in the context of
more complex central nervous system (CNS) neurodegenerative
diseases, and it is therefore not surprising that some patients
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with mitochondrial optic neuropathies can develop more severe
neurological ‘plus’ features (4).

Interorganellar Communication
Traditionally, mitochondria have been viewed in isolation as
the cell’s powerhouse and as the effector arm of programmed
cell death. In parallel with the greater appreciation of mitochon-
drial dynamics in health and disease states, the dynamic com-
munications among different organelles have emerged as
crucial factors that ensure the cell’s rapid adaptation to various
stresses and the coordination of either increased or decreased
synthesis of proteins and intermediary metabolites depending
on the cell’s metabolic needs (49,50). The close juxtaposition of
the mitochondrial network and the endoplasmic reticulum is
particularly prominent at areas referred to as mitochondria-
associated membranes (MAMs) where there is actually physical
tethering mediated by a cluster of proteins that includes MFN2,
WFS1 and CISD2 (51). WFS1 and CISD2 are transmembrane ER
proteins that are either mutated or degraded prematurely in pa-
tients with Wolfram syndrome type 1 and type 2, respectively,
with early-onset optic atrophy and diabetes mellitus being the
defining hallmarks in addition to other more variable neurologic
and endocrinologic manifestations (52,53). MAMs are hotspots
for a number of important activities ranging from the regulation
of ER stress and the unfolded protein response (UPR), to the
careful buffering of calcium flux among the ER, mitochondria
and the cytosol, and to the fine-tuning of insulin sensitivity and
glucose homeostasis (54–56). There is mounting evidence that
disturbed interorganellar cross-talk is involved in the pathogen-
esis of DOA and Wolfram syndrome, and it is equally compel-
ling that serum samples from patients with LHON seem to carry
a specific metabolomic signature indicative of elevated ER
stress, thus providing another possible pathway amenable to
therapeutic manipulation (57,58).

The Next Decade
Understanding tissue specificity and phenotypic
heterogeneity

Our understanding of the molecular genetic basis of mitochon-
drial disease has expanded exponentially since the first mtDNA
mutations associated with human disease were reported in
1988 (59,60). The advent of high-throughput next-generation se-
quencing will further accelerate the pace of new gene discovery
until all patients with suspected mitochondrial disease will
have a confirmed genetic diagnosis with the benefit of appropri-
ate counselling. However, gene identification is only the first
step in understanding disease evolution and progression. There
is a daunting list of unanswered questions in the field of mito-
chondrial medicine, several of which are centred on the mys-
tery surrounding tissue specificity and the wide phenotypic
variability seen with the same genetic defect, frequently within
the same family (3,61). For example, it remains unclear why
there is such a marked incomplete disease penetrance and
male bias in LHON, why some DOA patients develop ‘plus’ fea-
tures in addition to optic atrophy, and why extraocular muscles
are more vulnerable compared with skeletal muscle in CPEO?
(6,62)

A major challenge for mitochondrial eye diseases is the lack
of diseased human tissues available for analysis and the inher-
ent anatomical complexity of RGCs and photoreceptors that
cannot be substituted with more readily available in vitro

models such as fibroblasts and immortalised cancerous cell
lines. There is still a paucity of animal models, especially those
that harbour bona fide pathogenic mtDNA mutations. Targeted
gene editing with the CRISPR-Cas9 system is an exciting devel-
opment that could help scientists generate various models
(mouse, zebrafish and drosophila) carrying specific mutations,
providing powerful tools not only for unravelling the chronol-
ogy of cell loss and the underlying driving mechanisms, but also
making available ideal pre-clinical models for drug screening,
gene therapy and toxicology studies (63,64). Animal models,
however, have their own set of limitations. Mice do not have a
macula and hence a papillomacular bundle, which is the pri-
mary site of pathology in mitochondrial optic neuropathies, and
mutant mice are invariably established from highly inbred colo-
nies, dissimilar to the heterogeneous nuclear genetic back-
ground observed in human populations. An altogether different
strategy is the so-called ‘disease in a dish’ model whereby so-
matic cells, such as skin fibroblasts, are transformed into in-
duced pluripotent stem cells (iPSCs) by delivering a potent
combination of transcription factors with viral vectors or plas-
mids (65,66). Although the generation of iPSCs is now a rela-
tively straightforward process, their differentiation and
maintenance into specific cell lineages are more challenging.
Generating photoreceptors and RGCs, and the application of
CRISPR-Cas9 technology, would open up a whole new avenue
for disease modelling and therapeutic experimentation, espe-
cially crucial for rare disease-causing genes that affect only a
few patients or families (67–69).

From bench to bedside—the long road ahead

A critical review of the published literature provides a rather so-
bering picture of the poor evidence base that underpins the use
of a myriad of treatments for patients with mitochondrial dis-
ease (70). The majority of studies are small case series, often ret-
rospective in nature, with no control groups, variable lengths of
treatments and follow-ups, and inconsistencies in the reporting
of outcome measures. The lack of effective disease-modifying
treatments for patients with mitochondrial disorders will not be
overcome until we have a better understanding of the missing
links between a genetic defect and loss of a specific cell type.
The promise of personalised genomic medicine could become a
reality thanks to a confluence of advances in targeted drug dis-
covery, gene replacement and stem cell-based regenerative par-
adigms, guided by a more complete understanding of the
natural history of disease, and in the case of mitochondrial eye
diseases, highly sophisticated non-invasive tools for assessing
ocular structure and function both pre- and post-treatment. For
example, in LHON, a number of neuroprotective drug molecules
are in early-phase clinical studies and pivotal gene therapy tri-
als are currently ongoing in Europe and North America for pa-
tients carrying the most common m.11778G>A mutation (71).
Whilst daunting because of the prerequisite for accurate axonal
guidance from the inner retina to the optic nerve, RGC replace-
ment is being explored by a number of research programmes. A
more viable approach, at least in the short term, could be the
transplantation of stem cell progenitors that exert a local tro-
phic influence and promote neuronal survival, not only for
RGCs, but also for oligodendrocytes and other supporting glial
cells, which are equally important in ensuring optimal optic
nerve function (Fig. 2) (72,73). The development of more precise
methods for genetic manipulation has ushered in the possibility
of correcting the actual genetic defect in the cells that are most
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at risk or in the patient’s autologous-derived iPSCs with a view
to future differentiation and transplantation. Lastly, preventing
the transmission of a pathogenic mtDNA mutation from mother
to child is also now a reality with the use of modified in vitro fer-
tilisation (IVF) techniques that involve the use of a donor egg
from a healthy woman (containing wild-type mitochondria) to
accommodate the pronuclei of the biological parents (74). A
child born from mitochondrial donation would therefore inherit
a limited number of 37 mitochondrial genes from the female do-
nor rather than the biological mother (75–77). There are risks at-
tached to any experimental treatment, but this potentially
groundbreaking approach remains controversial as it entails
germline modification, with possible adverse effects not becom-
ing apparent until much later in life (78). The report of the first
live birth arising from the mitochondrial replacement therapy in
a woman with the m.8993T>G mtDNA mutation has generated
considerable scientific and media attention (79,80). The baby boy
was reported to be healthy and a long-term follow-up plan is in
place to fully assess the child’s neurodevelopmental progress.

Conclusions
After 30 years since its inception, mitochondrial medicine has
matured into a multidisciplinary specialty that combines the
latest genetic diagnostic technology with a better appreciation
of the heterogeneous clinical manifestations and variable dis-
ease progression seen in this group of disorders. Neuro-
ophthalmologic complications arise in over half of all patients
with mitochondrial disease and the pattern of involvement can
help direct the diagnostic work-up and, importantly, avoid un-
due diagnostic delays, a frequent source of distress for patients
and their families. The cumulative knowledge gained from
studying mitochondrial genes and their downstream effects is
building a remarkable picture of the multiple pathways under
direct mitochondrial control and the dynamic cross-talk be-
tween mitochondria and other cellular organelles. The transla-
tion of this knowledge into tangible patient benefit will take
time and patience, but there is no doubt that we are currently
entering an exciting phase in this journey from bench to bed-
side for mitochondrial diseases.
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