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Leber's hereditary optic neuropathy (LHON) is a maternally inherited mitochondrial disorder characterized by
acute bilateral vision loss. The pathophysiology involves reactive oxygen species (ROS), which can be affected by
medications. This article reviews the evidence for medications with demonstrated and theoretical effects on
mitochondrial function, specifically in relation to increased ROS production. The data reviewed provides gui-
dance when selecting medications for individuals with LHON mutations (carriers) and are susceptible to con-

version to affected. However, as with all medications, the proven benefits of these therapies must be weighed
against, in some cases, purely theoretical risks for this unique patient population.

1. Introduction

Leber's Hereditary Optic Neuropathy (LHON) is a mitochondrial
genetic disorder often leading to an acute and dramatic bilateral vision
loss in young adults. First characterized by Dr. Albrecht von Graefe in
1858, LHON officially received its name in 1871 from the work of Dr.
Theodor Leber, who studied and reported a detailed account of the
disease in four different families (Leber, 1871). Leber observed family
members who were carriers of the LHON gene and “converted,” ex-
periencing vision loss between the ages of 15 and 35, and the disease
was more commonly manifesting in males with an estimated male-to-
female ratio of 4:1 (Newman, 2005; Newman et al., 1991). More re-
cently, work by Wallace and colleagues has shown LHON is inherited
via a mitochondrial inheritance pattern, such that it is only transmitted
through the maternal line (Wallace et al., 1988; Wallace, 1970). Three
different mitochondrial DNA (mtDNA) mutations at nucleotide posi-
tions 11,778, 3460, and 14,484, account for more than 90% of LHON
cases (Newman, 2005; Newman, 2002; Yu-Wai-Man et al., 2002). Mu-
tations in these genes result in defective formation of complex I, an
important protein involved in the oxidation-reduction process of the
electron transport chain (ETC) in the mitochondria (Carelli et al.,

2004).

LHON is a disorder of delayed onset and incomplete penetrance, as
not all individuals who carry a mutation will convert and experience
vision loss. Various studies have demonstrated the disease pathophy-
siology likely entails mitochondrial stress in association with reactive
oxygen species (ROS). Studies have also shown an inverse relationship
between ROS accumulation and the duration of time for disease onset,
such that with greater ROS concentration, patients convert earlier to
the affected state (Sadun et al., 2003). In turn, ROS accumulation is
now accepted as the likely trigger for the disease rather than reduced
adenosine triphosphate (ATP) production, as suggested from previous
studies (Sadun et al., 2003; Sadun et al., 2006; Sadun et al., 2013).
Thus, reducing ROS could be key to preventing conversion. Smoking
and alcohol are perhaps the two most abundant sources of environ-
mental ROS, but other sources of oxidative stress exist and should also
be considered (Sadun et al., 2003; Sadun et al., 2006; Giordano et al.,
2015). In this article, we review medications that are proposed to in-
crease ROS. Given the association between ROS and conversion, un-
derstanding the effects of these agents on mitochondria may assist
clinicians to understand the implications of these classes of medications
for patients with LHON. Medications on this list can be used in patients
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Fig. 1. Illustration of the electron transport chain and ribosome in the mitochondrion indicating the structures where each drug with a demonstrated risk to the
mitochondrion has an effect. Abbreviations: QAC, quaternary ammonium compound; Cyt C, cytochrome C; ATP, adenosine triphosphate; NADH, nicotinamide
adenine dinucleotide; FADH,, flavin adenine dinucleotide; H*, proton; e, electron; mt-LSU, mitochondrial ribosomal large subunit; mt-SSU, mitochondrial ribo-

somal small subunit.

with LHON, especially when no alternative exists. As with all therapies,
a balance must be struck between the therapeutic benefits and potential
harm, which may warrant special consideration for patients with
LHON.

2. Medications with demonstrated effects on mitochondrial
function

2.1. Antimicrobials

The endosymbiotic theory suggests a bacterial origin for mi-
tochondria which were incorporated into the eukaryotic cell (Margulis,
1970). This is supported by the plethora of genetic sequences closely
shared between mtDNA and bacterial DNA. As a result, antimicrobials
intended to be harmful to bacteria often have an effect on mitochondria
through shared homologous binding sites. Not surprisingly, anti-
microbials, including tetracyclines, aminoglycosides, linezolid, ery-
thromycin, chloramphenicol, and ethambutol, affect mitochondrial
function (Fig. 1).

Tetracyclines, a class of bacteriostatic antimicrobials, act to re-
versibly bind the bacterial 30S ribosomal subunit, thus halting bacterial
protein synthesis (Chyka et al., 2015). However, this medication has
also been shown to have indirect effects on the host eukaryotic mi-
tochondria. Studies on human and rat mitochondria have illustrated
tetracycline's inhibitory effects on mitochondrial B-oxidation of fatty
acids (Fréneaux et al., 1988). In addition, studies on mitochondria
isolated from the heart and liver in mammals have shown significant
inhibition of mitochondrial protein synthesis in the presence of tetra-
cycline (McKee et al., 2006).

Likewise, aminoglycosides target the 30S bacterial ribosome which
is homologous to the small subunit of the mitochondrial ribosome
(Moazed and Noller, 1987). A particular aminoglycoside, streptomycin,
has been associated with mitochondrial damage. A previous histologic
study evaluated the dark cells of the utricle in guinea pigs injected in-
tramuscularly with 400 mg/kg streptomycin daily for one and two
weeks. Electron microscopy indicated altered mitochondrial structure
in the one-week group and severe mitochondrial degeneration in the
two-week group (Ge and Shea, 1993). A case report described a 34-

year-old male treated with streptomycin and chloramphenicol fol-
lowing a surgical procedure. After five months of treatment, he had
bilateral decreased visual acuity with central scotomas. After one
month of discontinuation of both medications, his vision improved
significantly. It is possible the reduced visual acuity was related to
treatment with streptomycin, chloramphenicol, or both (Walker, 1961).
A more recent study demonstrated aminoglycosides also bind the helix
69 subunit of the large ribosomal subunit in bacteria (Borovinskaya
et al., 2007). A study using ultraviolet light-monitored thermal stability
and spectroscopy analyses demonstrated the chemically synthesized E.
coli helix 69 subunit and the homologous human mitochondrial helix 69
subunit have similar binding affinities to aminoglycosides. In addition,
the human mitochondrial helix 69 subunit had greater conformational
stability upon binding to the aminoglycosides compared to the E. coli
helix 69 subunit. These findings suggested the similar binding affinities
at the helix 69 subunit may explain aminoglycoside-induced toxicity
(Hong et al., 2015). In tissue culture, aminoglycosides have also been
associated with increased ROS production in a variety of human cell
types, leading to oxidative stress and compromised mitochondrial in-
tegrity (Chyka et al., 2015). This collateral damage to mitochondria by
aminoglycosides has been demonstrated clinically in patients with
aminoglycoside-induced deafness, where a mtDNA polymorphism in-
creases the risk of aminoglycoside hypersensitivity (Hutchin et al.,
1993).

In contrast, linezolid binds to the 50S bacterial ribosomal subunit,
effectively halting bacterial protein synthesis. Nevertheless, the shared
homology between bacterial DNA and mtDNA also predisposes line-
zolid to have inevitable effects in the eukaryotic cell. This collateral
effect on mitochondria has been demonstrated by in-vivo studies which
have shown reduced activity of mitochondrial complexes I, III, and IV
in linezolid-treated cells and tissues in humans and rats (Dykens and
Will, 2008). Further, a case report described a 6-year-old boy treated
with linezolid for one year and presented with bilateral painless, de-
creased vision. His exam was notable for bilateral optic disc and peri-
papillary retinal nerve fiber layer swelling. Two weeks after linezolid
discontinuation, his color vision and visual acuity significantly im-
proved (Javaheri et al., 2007). The similarity of clinical findings to
those found in affected LHON patients suggest similar pathologic
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mechanisms of action in causing optic neuropathies. Linezolid's po-
tential to interfere with mitochondrial ribosomal activity can be miti-
gated by avoiding a prolonged antimicrobial course, especially in pa-
tients with underlying mitochondrial mutations such as LHON.

Erythromycin, a macrolide antimicrobial, is another agent that
binds to the 508 bacterial ribosomal subunit to impair protein synthesis
(Thomas and Wilkie, 1968). A case report described a 23-year-old male
experiencing bilateral vision loss 2-3 weeks after finishing a clinical
trial involving a 14-day trial of erythromycin. On exam, he had tem-
poral optic disc pallor, peripapillary vessel tortuosity, and count fingers
visual acuity bilaterally. He tested positive for the 11,778 mtDNA
mutation (Luca et al., 2004). To further demonstrate the effect of the
mtDNA mutation on cell function, cybrid experiments were performed
in which the patient's mtDNA was introduced into osteosarcoma cells
devoid of mtDNA. Erythromycin was shown to inhibit cell growth in a
dose-dependent manner beginning at 100 pg/ml (Luca et al., 2004).
Although the patient was also treated with cetirizine prior to his vision
loss, cetirizine has not been associated with reduction in mitochondrial
function. Considering his family members, including his mother and
nine siblings, do not have a history of vision loss and also tested positive
for the same LHON mutation, it is unlikely his vision loss was due to
coincidence (Luca et al., 2004). Their findings suggest erythromycin
may precipitate conversion to the affected state in carriers of the LHON
mutation.

Chloramphenicol, another bacteriostatic antimicrobial that binds to
the 50S ribosomal subunit, has also been shown to inhibit mitochon-
drial protein synthesis. In in-vitro studies using non-small-cell lung
cancer-derived cells, chloramphenicol was associated with inhibition of
mitochondrial protein synthesis, mitochondrial stress, and reduced ATP
synthesis in a dose-dependent manner (Li et al., 2010). Other in-vitro
studies in small mammal heart and liver cells suggested chlor-
amphenicol inhibited mitochondrial protein synthesis (McKee et al.,
2006). Chloramphenicol was previously used to treat infections in pa-
tients with cystic fibrosis, but due to its toxic side effect profile, it is no
longer standard of care. A case report described three patients with
cystic fibrosis, treated with chloramphenicol for recurrent pulmonary
infections. All three patients developed optic neuropathies character-
ized by reduced visual acuity, central scotomas, swelling of the pa-
pillomacular bundle, temporal optic disc atrophy, and red-green dys-
chromatopsia. The patients recovered visual function after cessation of
chloramphenicol, implicating chloramphenicol-related toxicity. How-
ever, loss of the papillomacular nerve fibers persisted (Godel et al.,
1980). These clinical observations are strikingly similar to those ob-
served in patients with the LHON mutation at the conversion to affected
stage (Sadun, 2002). These similarities suggest chloramphenicol toxi-
city and the pathophysiology of LHON involve similar pathways, and if
possible, chloramphenicol should be avoided in carriers.

Ethambutol, an anti-mycobacterial agent commonly used as part of
a first-line treatment regimen for tuberculosis, has also been associated
with an increased risk of deleterious mitochondrial effects. In a study
involving retinal ganglion cells cultured from rats, ethambutol de-
monstrated chelating effects on mitochondrial zinc-containing en-
zymes, leading to downstream upregulation of caspases and disruption
of mitochondrial function (Shindler et al., 2000). Propensity for
ethambutol toxicity is further increased when dosing is not adjusted for
the patient's weight and renal function (Wang and Sadun, 2013). Fur-
ther, a case report demonstrated loss of visual acuity in a carrier of a
LHON mutation. A 70-year-old woman was treated with ethambutol for
tuberculosis, and after three months of treatment, she experienced bi-
lateral decreased visual acuity with centrocecal scotomas. One month
after ethambutol cessation, her scotomas were enlarged, and she tested
positive for the 11,778 mtDNA mutation. Even with idebenone treat-
ment, she failed to regain visual function, and her optic discs remained
pale (Ikeda et al., 2006). Another case report described a 53-year-old
male treated with ethambutol for pulmonary tuberculosis. Eight months
after treatment initiation, he experienced bilateral subacute vision loss
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with temporal optic disc pallor and circumpapillary microangiopathy.
He also tested positive for the 11,778 mtDNA mutation, and two years
after treatment cessation, he failed to regain significant visual function
(Dotti et al., 1998).

All of these antimicrobial classes have clinical utility even in LHON
carriers. However, awareness of the potential side effects on mi-
tochondrial function should be considered as part of the clinical deci-
sion regarding which antimicrobial to treat infections, and may influ-
ence the dose and duration of therapy.

2.2. Hyperbaric oxygen

Hyperbaric oxygen has been shown to induce mitochondrial da-
mage by increasing ROS production. A mouse model of Leigh syn-
drome, a mitochondrial disorder most frequently characterized by
Complex I deficiency and neurodegeneration by two years of age, was
used to demonstrate the effects of hyperbaric oxygen (Ferrari et al.,
2017; Jain et al., 2016). Leigh syndrome mice models and wild type
mice were exposed to 55% oxygen. While no effects were seen in the
wild type mice, all Leigh syndrome mice died within 2 to 11 days of
exposure (Jain et al., 2016). Pulmonary edema was also seen in the
Leigh syndrome mice, as demonstrated by histopathology and enzyme
studies (Ferrari et al., 2017). In addition, Leigh syndrome mice were
exposed to 11% oxygen, which improved body weight gain, main-
tenance of core temperature, and neurologic behavior (Jain et al.,
2016). Neuroimaging demonstrated no lesions in hypoxia-treated mice
at 250 days of age, but lesions in the brainstem and vestibular nuclei
were present by 55 days of age in the untreated Leigh syndrome mice.
When untreated Leigh syndrome mice were administered 11% oxygen
just before death at 55days of life, these mice attained body weights
and temperatures similar to hypoxia-treated mice and lived longer than
untreated mice. Neuroimaging also demonstrated reductions in brain
lesions in these mice, and histologic studies indicated the hypoxia-
rescued brains appeared similar to wildtype mice (Ferrari et al., 2017).
These findings suggest the toxic effects of hyperbaric oxygen in mi-
tochondrial disorders are applicable to LHON carriers. Considering both
Leigh syndrome and LHON are mitochondrial disorders affecting
complex I, it is possible hyperbaric oxygen could trigger conversion in
carriers. Although there is a lack of in-vivo results, patients with a
known LHON mutation should be advised to avoid hyperbaric oxygen,
if possible.

2.3. Quaternary ammonium compounds

Quaternary ammonium compounds (QAC) are commonly used as
antimicrobial agents in household products, including toothpaste,
throat lozenges, nasal sprays, and mouthwashes. Benzalkonium
chloride (BAK) and cetylpyridinium chloride (CPC) are two examples of
QAC compounds that may interfere with mitochondrial function.
Although BAK is the most common preservative found in eye drops
(Baudouin et al., 2010), several studies on conjunctival cells have
suggested that BAK toxicity may be related to induction of mitochon-
drial damage (Debbasch et al., 2001; Clouzeau et al., 2012). A recent
study using osteosarcoma cybrid cells treated with BAK demonstrated
decreased mitochondrial oxygen consumption, ATP production, and
complex I activity in a dose-dependent manner (Datta et al., 2017a).
Mitochondrial dysfunction was evident at concentrations 50-fold lower
than concentrations found in pharmaceutical eye drops. In addition,
cybrid cells with mutant LHON 11778 mtDNA demonstrated increased
sensitivity to BAK compared to the cybrid cells with nonmutant mtDNA
(Datta et al., 2017a). Additional studies have also demonstrated in-
hibition of mitochondrial oxygen consumption, ATP production, and
complex I function in LHON 11778 mtDNA osteosarcoma cybrid cells
incubated with CPC in a dose-dependent manner (Datta et al., 2017b).
In in-vitro human breast carcinoma cells incubated with BAK and CPC,
anti-estrogenic activity was observed with each individual compound.
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Rotenone, a known complex I inhibitor, was used as a control and was
also shown to have anti-estrogenic effects. Thus, Datta et al. hypothe-
sized that the anti-estrogenic effects of CPC and BAK were related to
ETC inhibition (Datta et al., 2017b). These findings suggest that the
QAC-associated mitochondrial toxicity is likely related to complex I
inhibition. Toxicity may occur at commonly encountered levels in the
form of pharmaceutical eye drops and household products. Carriers of
the LHON mutation may be at risk for conversion due to their inherent
complex I deficiency and increased vulnerability to mitochondrial
dysfunction. In addition, exposure to QACs in LHON affected in-
dividuals may negatively influence the disease course and prognosis.
However, there are no in-vivo studies in LHON affected or carrier pa-
tients to demonstrate harmful effects related to QAC exposure.

2.4. Other medications

The primary mechanism of therapeutic action of medications, other
than antimicrobials, do not typically involve mitochondria with the
notable exception of Ringer's lactate (Fig. 1). An aqueous solution
commonly prescribed for fluid resuscitation, Ringer's lactate, has been
associated with mitochondrial dysfunction. Several studies have shown
an increased rate of apoptosis in rat cells derived from various organs
when resuscitated with Ringer's lactate solution following hemorrhagic
shock (Deb et al., 2000; Deb et al., 1999; Nishi et al., 2013; Murao et al.,
2009). In addition, rat liver cells resuscitated with Ringer's lactate so-
lution under hypoxic and ischemic conditions have decreased action of
succinate dehydrogenase, a key mitochondrial enzyme, and an asso-
ciated decrease in mitochondrial activity (Cheng et al., 2014). Fur-
thermore, in-vivo studies in small mammals have a slower rate of re-
covery in mitochondrial function following resuscitation with Ringer's
lactate solution relative to resuscitation with autologous blood after an
acute ischemic event (Cheng et al., 2014). The resultant increase in cell
apoptosis following resuscitation with Ringer's lactate solution is the-
orized to be due to increased mitochondrial membrane permeability, a
known trigger of apoptosis (Cheng et al., 2014).

The risk of conversion with any of these agents is unknown. The
mitochondrial dysfunction induced by these agents would theoretically
increase the propensity of conversion in LHON carriers. As with all
clinical therapies, appropriate precautions should be considered to
minimize risk while maximizing potential benefit. Limiting the ex-
posure of LHON carriers to these medications would be medically
prudent. However, when alternative therapeutics are not available,
prescription of these medications should be considered with appro-
priate informed consent. Most importantly, we are reminded of the
pharmacological maxim: “It's not the poison, it's the dose.”

3. Medications with theoretical effects on mitochondrial function

Other pharmacologic agents pose a theoretical ability to impair
mitochondrial function. However, clinical studies have not been able to
conclusively show a deleterious effect in-vivo in humans. The classes of
medication in this category include psychotropic medications, choles-
terol medications, analgesics, anti-arrhythmic medications, beta
blockers, steroids, antiviral medications, chemotherapeutics, and dia-
betic agents.

3.1. Psychotropic medications

3.1.1. Antidepressants

Several psychotropic drugs are theoretically toxic to mitochondria.
For example, the antidepressants, including amitriptyline, amoxapine,
fluoxetine, and citalopram, have been associated with an “uncoupling”
of the mitochondrial membranes that maintain the proton gradient
during oxidative phosphorylation, effectively decreasing production of
ATP. In a study of rat liver mitochondria, antidepressants were shown
to disturb ATP production not only by uncoupling mitochondria, but by
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also increasing consumption of oxygen (Burbenskaya et al., 1998). In
addition, in-vivo studies of rat liver mitochondria with fluoxetine de-
monstrated an overstimulation of mitochondrial respiration when ad-
ministered at high doses through accumulation of the drug within the
inner mitochondrial membrane (Souza et al., 1994).

Other classes of antidepressants such as tricyclic antidepressants
have been demonstrated to deplete coenzyme Q10 (CoQ10), a key
carrier of electrons in the ETC. A study involving psychiatric patients
treated for depression with amitriptyline isolated peripheral blood
mononuclear cells to evaluate levels of CoQ10, ATP, lipid peroxidation,
and citrate synthase activity. The results demonstrated, in addition to
decreasing CoQ10 levels, ATP levels and mitochondrial mass, were
diminished in white blood cells of patients following oral amitriptyline
therapy (Moreno-Fernandez et al., 2012). The effects of the decrease,
however, was not demonstrated to be deleterious.

3.1.2. Antipsychotics

Antipsychotic medications have also been demonstrated to cause
mitochondrial dysfunction in-vitro. In a study of the bioenergetics of
human microvascular endothelial cells, Alamar blue and ATP assays
revealed several antipsychotics, including chlorpromazine, haloperidol,
and risperidone, inhibited vascular bioenergenesis by disrupting com-
plexes I and III of the ETC (Elmorsy and Smith, 2015). The effect of this
disruption in-vivo is poorly understood and any effect on patients is
purely theoretical.

3.1.3. Barbiturates

Barbiturates are a class of psychotropics widely used as anesthetics,
anticonvulsants, and neuroprotective agents to depress activity in the
musculoskeletal and nervous systems. The potential toxic effects of
barbiturates on mitochondrial function have been postulated to include
mitochondrial structural, functional, and enzymatic changes. In support
of this, studies on rat livers exposed to phenobarbital have shown se-
lective increases of structural protein synthesis in the mitochondria
resulting in pleomorphic and aberrant mitochondrial morphology, in-
cluding dumbbell, U-type (crescent), and O-type (ring-like) shapes
(Almsherqi et al., 2007). Other barbiturates, such as secobarbital and
amobarbital, have been illustrated to potentiate neuronal death in rat
cortical cultures at clinically relevant concentrations by amplifying
NMDA-induced mitochondrial depolarization, effectively inhibiting
mitochondrial respiration (Anderson et al., 2002). These studies de-
monstrate that barbiturates may alter mitochondrial structure and
function, though it is unclear to what extent these mitochondrial
changes lead to pathological disease in humans and at what dose these
changes would occur.

3.1.4. Anxiety medications

A fourth class of psychotropics are the benzodiazepines which, si-
milar to barbiturates, have been associated with an increased risk of
ultrastructural mitochondrial damage. Electron microscopy studies of
male guinea pig hepatocytes revealed cristae destruction and aberrant
mitochondrial morphology (Bisher and Ahmed, 2008). Studies using
isolated rat liver mitochondria and rat hepatocytes have also demon-
strated that low concentrations of the benzodiapene, alpidem, increases
calcium-induced mitochondrial permeability, interfering with oxidative
phosphorylation (Berson et al., 2001). These data suggest benzodiaze-
pines have potential to influence mitochondrial morphology and pos-
sibly interfere with mitochondrial function, though there is little evi-
dence of the biological effect in-vivo.

3.1.5. Anticonvulsants

Anticonvulsants are a diverse class of drugs used to treat both sei-
zures and mood disorders. Several case reports of patients with in-
herited mitochondrial disease treated with valproate demonstrated
detrimental side effects ranging from fulminant hepatic failure
(Krahenbuhl et al., 2000) to increased seizure activity (Lin and Thajeb,
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2007; Lam et al., 1997). A study of in-vitro rat liver mitochondria de-
monstrated valproate was associated with increased ROS production,
lipid peroxidation, mitochondrial swelling, and cytochrome c release,
which is associated with the activation of apoptosis (Jafarian et al.,
2013). Other in-vitro HepG2 human liver carcinoma cell studies have
also suggested increased mitochondrial ROS and oxidative stress are
major factors in valproate-mediated mitochondrial toxicity
(Komulainen et al.,, 2015). As a branched chain carboxylic acid,
valproate depletes carnitine by combining with it for urinary excretion.
It has also been shown to reduce tubular reabsorption and endogenous
synthesis of carnitine by blockade of the butyrobetaine hydroxylase
enzyme, and decrease transport of extracellular carnitine into mi-
tochondria. Further, valproate metabolites combine with and decrease
the free pool of mitochondrial coenzyme A, impairing fatty acid p-
oxidation and ATP production. This depletion of ATP further hinders
the action of ATP-dependent carnitine membrane transporter (Lheureux
et al., 2005). These alterations could, theoretically, interfere with spe-
cific types of mitochondrial metabolism.

Collectively, the effects of psychotropic medications on mitochon-
dria are not well established. The degree to which this interference
would be pathologic is, at this stage, theoretical. The appropriate use of
these medications in patients with LHON should be continued until
there is convincing evidence of a deleterious effect.

3.2. Cholesterol medications

Statins, also known as 3-hydroxy-3-methyl-glutaryl-coenzyme A
(HMG-CoA) reductase inhibitors, lower cholesterol levels by inhibiting
the biosynthetic pathway responsible for cholesterol production.
However, HMG-CoA reductase also contributes to the production of
CoQ10, a vital enzyme in the mitochondria. This suggests the potential
for statin medications to induce mitochondrial injury (Nawarskas,
2005). In support of this view, several studies have noted significant
decreases in CoQ10 blood concentrations in both healthy and hy-
percholesterolemic patients who have received several months of statin
treatment (Nawarskas, 2005). Additionally, mitochondrial dysfunction
has been suggested in several human studies demonstrating higher
blood lactate/pyruvate ratios in hypercholesterolemic patients re-
ceiving statins, compared to non-treated controls (Apostolopoulou
et al., 2015). These disturbances may interfere with mitochondrial
homeostasis and function, and have the potential to exacerbate un-
derlying mitochondrial dysfunction. Nevertheless, there is a lack of
evidence on the impact of statins in patients with mtDNA mutations,
and the theoretical risk at this time would be heavily outweighed by the
potential cardiovascular benefits.

Other cholesterol medications with suggested mitochondrial toxi-
city include bile acids such as ursodiol, which function by desaturating
bile and solubilizing cholesterol gallstones (Rubin et al., 1994). A study
utilizing rat hepatocytes suggested mitochondrial injury can result from
increased mitochondrial transmembrane potential and hence, changes
in the mitochondrial permeability, which leads to uncoupling of the
ETC and decreased ATP production (Solé et al., 2002). Other in-vitro
investigations of normal human liver mitochondria have suggested bile
acids can lead to the generation of ROS (Sokol et al., 2005). It is hard,
however, to conclude a clinical effect from these in-vitro studies at this
time.

Fibrates, another commonly prescribed medication to treat dysli-
pidemias, function by mediating transcriptional gene alterations in li-
poprotein metabolism, decreasing low-density lipoprotein cholesterol,
and increasing high-density lipoprotein cholesterol concentrations
(Staels et al., 1998). A study conducted by Brunmair et al. using rat
skeletal muscle mitochondria, demonstrated increased lactate 90 min
following fenofibrate exposure, suggesting fibrates may potentially
disrupt complex I activity and reduce mitochondrial respiration
(Brunmair et al., 2004). Immunocapture experiments in mitochondrial
assays by Nadanaciva et al. also support the notion there may be a
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significant inhibition of complex I by fenofibrate (Nadanaciva et al.,
2007). The inhibition of the respiratory chain and consequent increases
in lactate suggest fenofibrate can alter mitochondrial function. How-
ever, studies have not thoroughly analyzed the effect of these choles-
terol medications on in-vitro human cells, let alone in-vivo.

3.3. Inflammatory/analgesic medications

Anti-inflammatory agents have been extensively studied for their
toxic effects including those on the mitochondria. For example, meta-
bolism of acetaminophen has been associated with the formation of a
reactive intermediate that causes mitochondrial oxidative stress and
activates protein kinases, which in turn increase the mitochondrial
membrane permeability (Jaeschke et al., 2012). Studies by Zhao et al.
have demonstrated the toxic effects of acetaminophen on mitochondria
in anterior ocular tissues in rats by observing defective mitochondrial
energy metabolism and subsequent morphological changes (Zhao et al.,
1997). Similarly, studies of rat liver mitochondrial preparations have
shown non-steroidal anti-inflammatory drugs (NSAIDs) can also alter
energy balance by uncoupling mitochondrial oxidative phosphoryla-
tion, increasing oxygen consumption by 2-3 fold and lowering ATP
production (Mahmud et al., 1996). Aspirin, in particular, has been
shown to play a role in uncoupling mitochondrial oxidation and indu-
cing the mitochondrial permeability transition pore to open, which in
turn releases cytochrome c and activates the apoptotic caspases
(Zimmermann et al., 2000).

Other NSAIDs have been shown to exert their cellular effects by
altering calcium fluxes in the mitochondria. Studies on the effect of
ibuprofen, a commonly prescribed NSAID, on isolated liver mitochon-
dria suggest a calcium-mediated opening of the mitochondrial perme-
ability transition pore, leading to loss of membrane potential and
swelling of the matrix (Al-Nasser, 2000). In addition, studies using
isolated mitochondria and renal cortex mitochondria have suggested
the mechanism of membrane permeability for naproxen, salicylates,
and diclofenac are also dependent on calcium. This leads to uncoupling
of mitochondrial oxidative phosphorylation and mitochondrial swelling
in the presence of high intra-mitochondrial calcium levels (Salgueiro-
Pagadigorria et al., 2004; Uyemura et al., 1997). Studies using isolated
rat kidney mitochondria have revealed diclofenac further contributes to
mitochondrial stress by inhibiting the malate-aspartate shuttle, which
transports malate and glutamate into the mitochondria. This inhibition
leads to decreased ATP production and increased mitochondrial da-
mage (Ng et al., 2006). The decreased inner mitochondrial membrane
potential may ultimately lead to mitochondrial death, influencing pa-
thologic expression of disease in individuals with mtDNA mutations.
Another type of NSAID, indomethacin, has been shown to affect the
mitochondrial ETC by targeting subunits of complexes III and IV (van
Leeuwen et al., 2012). In studies involving mitochondria derived from
rat kidneys, indomethacin has been shown to uncouple oxidative
phosphorylation and restrict mitochondrial function through its ability
to produce nicotinamide adenine dinucleotide via the a-glycerol-phos-
phate shuttle (Cooney and Dawson, 1979). In turn, these NSAID-related
disturbances to the mitochondrial inner membrane effectively decrease
ATP production and increase ROS production.

The dosing of anti-inflammatory drugs in these studies have been
compared to therapeutic plasma levels in humans. Naproxen works
synergistically with calcium to promote mitochondrial uncoupling,
swelling, and increased permeability in rat liver cells (Salgueiro-
Pagadigorria et al., 2004). However, these changes were only apparent
at 0.5 mM, which is well above the therapeutic plasma levels of 0.2 mM
(Salgueiro-Pagadigorria et al., 2004). In contrast, HeLa cell death was
studied in various aspirin concentrations ranging from 0.1 to 5 mM for
24 and 48h. Cell death was significant at aspirin concentrations of
1 mM, and dead cells were evident after 24 h in 5mM, a therapeutic
serum concentration observed in patients with chronic inflammatory
disease (Zimmermann et al., 2000). In another study evaluating
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therapeutic doses of acetaminophen ranging from 50 to 1200 mg in
healthy volunteers, only higher doses of 600 and 1200 mg drastically
reduced the pool of cysteine, which is required for glutathione synthesis
and detoxification of acetaminophen metabolites. Their results sug-
gested that patients who cannot increase glutathione synthesis may be
at increased risk for acetaminophen toxicity (Lauterburg and Mitchell,
1987). While it is possible to obtain chronic serum levels above those
shown to be toxic with long-term use of these medications, this theo-
retical risk has not been demonstrated in-vivo. It needs to be emphasized
the clinical significance of NSAID toxicity in-vivo in humans with the
LHON mutation is unknown.

3.4. Anti-arrhythmic medications

Many drugs used to treat cardiac conditions have the potential to be
toxic to mitochondria (Finsterer and Zarrouk-Mahjoub, 2015). Amio-
darone, a commonly used drug for atrial or ventricular tachyar-
rhythmias, has been associated with mitochondrial damage thought to
occur by uncoupling oxidative phosphorylation. Amiodarone has also
been found to inhibit B-oxidation of fatty acids, as supported by ex-
periments demonstrating inhibition of long-chain acyl-coenzyme A
dehydrogenase without causing inhibition of ketogenesis in isolated rat
liver mitochondria (Spaniol et al., 2001). Such interference of [3-oxi-
dation can lead to fatty acid accumulation within mitochondria, ex-
acerbating damage induced by uncoupling of oxidative phosphoryla-
tion and ETC inhibition. Existing in-vivo data, however, is insufficient to
allow for any recommendations as to whether amiodarone should be
applied with caution in patients with mitochondrial disorders.

3.5. Beta blockers

While B-blockers are common medications used to manage cardiac
arrhythmias, their effects on mitochondrial disorders remain unknown.
Several studies in mitochondria derived from guinea pig and rat heart
preparations have suggested the 3-blocker, propranolol, may be asso-
ciated with inhibition of mitochondrial ATPase, an essential protein
involved in ATP production (Almotrefi and Dzimiri, 1992; Wei et al.,
1985). Other studies of mitochondria isolated from various rat organs
and bovine heart suggest the P-blocker, carvedilol, may induce un-
coupling of oxidative phosphorylation and subsequent production of
ROS as a consequence of its inhibition of steady-state respiration (Cocco
et al., 2002). Some P-blockers may therefore impair mitochondrial re-
spiration and oxidative phosphorylation by inhibiting mitochondrial
ATPase activity in-vitro. Findings at present are inconclusive and further
studies are needed to determine the clinical significance of prolonged
administration of (-blockers in patients with mitochondrial disorders.

3.6. Antiviral medications

Antiviral medications may render mitochondria particularly sus-
ceptible to damage, which may potentially be explained by reported
bacteriophage origins of mitochondrial DNA polymerase. Studies by
Kortsaris et al. using mitochondria isolated from L cells pretreated with
anti-viral cytokines or interferons illustrated the potential of these cy-
tokines to disrupt mitochondrial protein translation in a dose-depen-
dent manner (Kortsaris et al., 1976). Other classes of drugs, including
highly active antiretroviral therapy (HAART), may also inhibit mi-
tochondrial bioenergetics machinery. Mitochondrial proteomic analysis
performed on mononuclear cells isolated from patients with human
immunodeficiency virus (HIV) receiving zidovudine or stavudine re-
vealed a significant down-regulation of the mitochondrial chaperone,
prohibitin, and other enzymes associated with energy production, il-
lustrating the potential toxic nature of nucleoside reverse transcriptase
inhibitors on mitochondrial function (Ciccosanti et al., 2010). Early
studies on muscle biopsy specimens from HIV-positive patients treated
with zidovudine also showed mtDNA depletion due to inhibition of
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DNA polymerase-y (Arnaudo et al., 1991). These studies support the
notion that prolonged exposure to anti-viral medications, such as long-
term HAART therapy, may lead to abnormal mitochondrial energy
metabolism, but the effects of this in-vivo remain unknown. Further, this
information should be weighed against the lifesaving benefit of these
medications in patients with HIV.

3.7. Chemotherapeutics

Several cancer medications have been reported to induce mi-
tochondrial damage by various mechanisms. For example, tamoxifen, a
lipophilic molecule that incorporates into the inner mitochondrial
membrane, has been associated with disruption of the bilayer structure
and lipid metabolism. Studies performed on isolated rat mitochondria
showed this ability to influence the lipid environment enhances its
function as an inhibitor of complexes III and IV and as an uncoupling
agent of the membrane potential (Tuquet et al., 2000). Doxorubicin is
another anti-neoplastic medication which induces apoptosis in a variety
of cells (Arola et al., 2000). Studies using embryonic rat heart-derived
cell lines showed doxorubicin appears to induce apoptosis by cyto-
chrome c release from mitochondria, which may be associated with the
increased production of ROS (Reeve et al., 2007). Cisplatin is another
chemotherapeutic agent which induces oxidative damage to mi-
tochondrial lipids and proteins by decreasing the activity of antioxidant
enzymes, including superoxide dismutase, catalase, and glutathione
peroxidase, as shown by studies conducted on cells collected from
tumor-bearing mice (Khynriam and Prasad, 2002). In-vitro and in-vivo
renal cell studies and chemiluminescence studies support the finding of
cisplatin increasing levels of superoxide anion, hydrogen peroxide, and
the hydroxyl radical (Tsutsumishita et al., 1998; Masuda et al., 1994).
These studies demonstrate the central role of mitochondria in the
general pathogenesis of chemotherapeutic toxicity. As a class, these
medications are typically used to treat life-threatening debilitating
disease and the risk-to-benefit ratio will generally favor their use versus
a theoretical risk of adverse consequences from increased ROS pro-
duction. To date, there are no reported examples of chemotherapeutic
agents leading to conversion in LHON.

3.8. Diabetes medications

Metformin, a medication commonly prescribed for treating non-in-
sulin-dependent diabetes, may have potential mitochondrial toxic ef-
fects. Studies in isolated rat hepatocytes demonstrate impairment of
gluconeogenesis in relation to metformin accumulation within the mi-
tochondrial matrix and associated inhibition of complex I (Owen et al.,
2000). Metformin has also been seen to contribute to an energy deficit
by inhibiting mitochondrial glycerophosphate dehydrogenase, an en-
zyme that converts lactate to pyruvate in gluconeogenesis (Sliwinska
and Drzewoski, 2015). This theoretically could result in lactic acid
buildup, which may increase anaerobic respiration and stress mi-
tochondrial function. Despite the availability of other hypoglycemic
medications, it is important to note to the best of our knowledge, that
there are no published cases of metformin-induced conversion in
LHON.

4. Conclusion

Certain medications have the potential to influence ETC disorders
such as LHON. We have reviewed the current understanding of various
commonly prescribed pharmaceutical agents, their potential impact on
mitochondrial function, and their potential, often theoretical, risk for
LHON carriers. For some drugs with theoretical risk, the disruption of
mitochondrial respiration and oxidative phosphorylation has been
shown usually in in-vitro studies and further investigations are needed
to understand the clinical significance of these findings. Several studies
evaluated doses that were much higher than usually prescribed in
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Table 1
Medications with demonstrated and theoretical effects on mitochondrial func-
tion.

Medications with demonstrated effects Medications with theoretical effects

Antimicrobials Psychotropic medications
Erythromycin® Antidepressants
Ethambutol® Antipsychotics
Linezolid® Barbiturates
Chloramphenicol® Anxiety medications
Aminoglycosides Anticonvulsants
Tetracyclines Cholesterol medications

Hyperbaric oxygen
Quaternary ammonium compounds
Ringer's lactate

Inflammatory/analgesic medications
Anti-arrhythmic medications

Beta blockers

Antiviral medications
Chemotherapeutics

Diabetes medications

% Antimicrobial medications with the most robust evidence suggesting toxi-
city in Leber's hereditary optic neuropathy.

clinical practice, with a minority suggesting that therapeutic levels of
these drugs may affect mitochondrial structure and function, but pro-
vide little in-vivo evidence.

As neuro-ophthalmologists who see patients with LHON, our stan-
dard recommendation is to avoid the antimicrobial medications which
have been demonstrated to have a deleterious effect on mitochondria,
along with Ringer's lactate, alcohol, and smoke (Table 1). Balancing
therapeutic benefit against harm is key when prescribing any medica-
tion, especially for rare patient populations such as LHON. Although
evidence for the deleterious mitochondrial effects of these medications
remains largely inconclusive, this review may serve as a guide con-
taining potential considerations for clinicians prescribing medications
to LHON affected and carrier patients.
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