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Abstract

Ubiquinone, commonly called coenzyme Q1g (CoQ), is a lipophilic electron carrier and
endogenous antioxidant found in all cellular membranes. In the mitochondrial inner membrane it
transfers electrons to complex 111 of the electron transport chain. The short chain CoQ analogue
idebenone is in clinical trials for a number of diseases that exhibit a mitochondrial etiology.
Nevertheless, evidence that idebenone ameliorates neurological symptoms in human disease is
inconsistent. Although championed as an antioxidant, idebenone can also act as a pro-oxidant by
forming an unstable semiquinone at complex I. The antioxidant function of idebenone is critically
dependent on two-electron reduction to idebenol without the creation of unstable intermediates.
Recently, cytoplasmic NAD(P)H:quinone oxidoreductase 1 (NQO1) was identified as a major
enzyme catalyzing idebenone reduction. While reduction allows idebenone to act as an
antioxidant, evidence also suggests that NQO1 enables idebenone to shuttle reducing equivalents
from cytoplasmic NAD(P)H to mitochondrial complex 111, bypassing any upstream damage to the
electron transport chain. In this mini-review we discuss how idebenone can influence
mitochondrial function within the context of cytoprotection. Importantly, in the brain NQOL1 is
expressed primarily by glia rather than neurons. As NQOL is an inducible enzyme regulated by
oxidative stress and the nuclear factor erythroid 2-related factor 2 (Nrf2)/antioxidant response
element (ARE) pathway, optimizing NQO1 expression in appropriate cell types within a specific
disease context may be key to delivering on idebenone's therapeutic potential.
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Introduction

The mitochondrial electron transport chain (ETC) consists of complexes I-1V, the lipophilic
inner membrane electron carrier ubiquinone and the soluble intermembrane space electron
carrier cytochrome c [1]. The ATP synthase, which couples the electrochemical proton
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gradient established by the respiratory chain to phosphorylation of ADP to ATP, is often
called complex V.

Ubiquinone, commonly known as coenzyme Q1 (CoQ), is present in excess relative to
other components of the ETC [1,2]. Found in other cellular membranes in addition to
mitochondria [3], the reduced ubiquinol form of CoQ is a powerful antioxidant which can
accept electrons from free radicals and inhibit lipid peroxidation [2,4]. Largely for this
radical scavenging property, CoQ supplements and skin cream are touted as “anti-aging”
elixirs, though there is no hard scientific evidence that CoQ supplementation extends
lifespan. Within the ETC, CoQ is a point of convergence for electrons originating from
Complex | or Il [1]. In nonneuronal cells, auxiliary respiratory chain components such as the
electron-transferring flavoprotein—-ETF ubiquinone oxidoreductase and glycerol-3-phosphate
dehydrogenase also feed electrons to complex Il via CoQ [1]. Due to its essential role in
electron transport, CoQ is sometimes loosely advertised as an “energy” supplement useful
for treating a wide variety of pathological conditions. Nevertheless, aside from rare
disorders caused by CoQ deficiency, there is little evidence that CoQ therapy acts by
mitigating electron transport chain deficiency [2].

CoQ is poorly soluble in aqueous solutions. A series of short chain analogues of CoQ were
synthesized with the aim of improving pharmacokinetics for patient treatment [2,5,6].
Idebenone (2-(10-hydroxydecyl)-5,6-dimethoxy-3-methyl-cyclohexa-2,5-diene-1,4-dione) is
one such quinone developed in Japan in the 1980s for the treatment of neurodegenerative
conditions (Fig. 1) [6]. Consistent with predicted antioxidant activity, idebenone inhibits
lipid peroxidation in isolated brain mitochondria, synaptosomes, and cells [5-10]. In one
study, idebenone was the most potent of 70 related quinones tested [5]. Cell-free
experiments demonstrated that idebenone per se lacks antioxidant activity, with activity
conferred solely by the reduced hydroquinone form idebenol [11]. In addition to impairing
lipid peroxidation, idebenol is capable of detoxifying a wide variety of free radicals,
including peroxyl and tyrosyl radicals and peroxynitrite [11].

In vitro, idebenone attenuates oxidative injury to primary cortical neurons [12,13] and
immortalized neural cells [14,15] caused by depletion of the endogenous intracellular
antioxidant glutathione. 14C radiolabelling experiments established that idebenone crosses
the blood-brain barrier following oral administration [16,17]. Idebenone protects against
neuronal death caused by a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
glutamate receptor stimulation in vitro [18] and in vivo [19]. However, protection against N-
methyl-D-aspartate (NMDA) receptor-induced death is observed only in vitro [18,19].
Nevertheless, neurological improvement in response to idebenone treatment was reported in
rodent models of stroke [20] and Alzheimer's disease [9]. Idebenone is well-tolerated in
humans even at daily doses of 1000-2000 mg and shows linear pharmacokinetics following
single or repeated oral dosing [21]. Millions of humans have taken idebenone as part of
clinical trials or as approved treatment in various countries [22]. Its excellent bioavailability
and safety profile make idebenone an attractive neurotherapeutic drug candidate. But is it
effective?
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Idebenone in clinical trials: a short synopsis

Idebenone has been investigated most extensively for the treatment of Friedreich's ataxia, a
rare autosomal recessive disease that typically affects children and young adults [22,23].
Friedreich's ataxia is a progressive disorder characterized by degeneration of spinal cord
nerve tissue [23]. Adverse neurological symptoms include impaired movement and speech.
Hypertrophic cardiomyopathy is a serious and prominent non-neurological feature [22,23].

The majority of Friedreich's ataxia patients are deficient in the mitochondrial protein
frataxin, a protein involved in iron metabolism and redox homeostasis [23]. Frataxin
deficiency results in loss of essential iron-sulfur containing proteins found in respiratory
chain complexes I, 11, and 111, leading to impaired ETC function and reduced ATP
production [24,25]. Dysfunctional mitochondria are further burdened by iron build-up,
causing unmanaged oxidative stress [26]. Treatment of Friedreich's ataxia patients with
idebenone generally led to a reduction in oxidative stress markers, with many patients also
showing improvement of non-neurological symptoms [22,23]. However, although a six-
month, randomized, double-blind, placebo-controlled trial for idebenone in Friedreich's
ataxia patients found improvement in neurological function and activities associated with
daily living [27], a subsequent trial with a separate cohort of patients failed to recapitulate
the neurological benefits [28]. Nevertheless, a twelve-month open label extension of the
second study provided evidence for neurological improvement at the highest idebenone dose
[29]. Initially “authorized with conditions” for the treatment of Friedreich's ataxia in Canada
under the trade name CATENA®, idebenone was voluntarily withdrawn from the Canadian
market in 2013 by Santhera Pharmaceuticals without safety concerns, citing lack of efficacy.

Trials with idebenone for the most prevalent neurodegenerative disorder, Alzheimer's
disease, also generated mixed results. An early double-blind trial with only a moderate
patient number (102) found statistically significant improvement in memory, attention and
behavior [30]. Several additional trials yielded favorable results [31-34]. However,
idebenone failed to slow Alzheimer's-associated cognitive decline in a larger multicenter,
double-blind, placebo-controlled trial [35]. Approval for the use of idebenone to treat
Alzheimer's disease or related cognitive dementias in the U.S. has not been obtained. Thus,
as in the case of Friedreich's ataxia, the initial high hopes for idebenone in the treatment of
Alzheimer's disease remain unfulfilled.

A one-year, double-blind Huntington's disease trial for idebenone disappointingly found no
significant improvement in primary outcome measures related to disease progression [36].
Idebenone has also seen clinical trials for the mitochondrial disorders Mitochondrial
Encephalopathy Lactic Acidosis and Stroke-like Episodes (MELAS) and Leber's Hereditary
Optic Neuropathy (LHON), as well as for Duchenne muscular dystrophy and multiple
sclerosis (www.clinicaltrials.gov). While some trials are still ongoing, idebenone has yet to
be approved by the U.S. Food and Drug Administration for the treatment of any human
disease.
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Not just an antioxidant: mitochondrial mechanisms of action

A greater understanding of how idebenone interacts with mitochondria in cells is needed to
further clinical efforts with this drug. Because idebenone is described as a short chain CoQ
analogue, a common misconception is that idebenone can substitute for the function of
endogenous CoQ in the ETC. Although early work demonstrated that idebenone can restore
complete succinate oxidation in CoQ-depleted brain mitochondria, NADH oxidation in the
presence of idebenone was independent of downstream components of the ETC [37]. These
findings suggest that idebenone is effective at transferring electrons from complex Il
(succinate dehydrogenase) but not from complex | (NADH dehydrogenase) to complex I1I.
Experiments using intact cells, which oxidize primarily NADH-linked substrates, confirmed
that idebenone cannot substitute for the electron transfer function of CoQ in CoQ-deficient
fibroblasts [38]. However, several studies support the ability of idebenone to act as an
effective electron carrier from complex Il or glycerol-3-phosphate dehydrogenase to
complex 111 [37,39,40].

At apparent odds with its presumptive neuroprotective potential, multiple groups reported
that idebenone can inhibit complex | and promote superoxide production [40-48]. Most of
these studies were done with isolated complex | or submitochondrial particles—
mitochondrial membrane fractions containing functional ETC complexes. However, it was
also demonstrated that idebenone inhibits ADP-stimulated and uncoupled respiration by
intact rat brain mitochondria in the presence of complex I-linked substrates [37]. Detailed
biochemical studies by King et al. elucidated likely mechanisms of complex | inhibition and
superoxide production by idebenone [46]. In the model of King et al., idebenone is reduced
at the hydrophobic quinone-binding site within complex I like CoQ but exhibits very slow
dissociation. Consequently it acts as a competitive substrate that impairs endogenous CoQ
function without substituting for its electron transfer function to complex I11 (Fig. 2) [46].
Idebenone binds a second quinone-binding site within complex I that overlaps with the
NADH binding site and flavin mononucleotide (FMN) moiety (Fig. 2) [46]. Due to its high
lipophilicity, endogenous CoQ is incapable of binding this “non-physiological” hydrophilic
quinone-binding site. However, idebenone, which is less lipophilic than CoQ, is reduced by
the complex | flavin in the hydrophilic site to form an unstable semiquinone that generates
superoxide (Fig. 2) [46].

Mitochondrial complex I inhibition combined with superoxide generation sounds like a nice
recipe for neurotoxicity. Both events are thought to contribute to dopaminergic
neurodegeneration in Parkinson's disease [49]. So why isn't idebenone toxic? Interestingly,
idebenone at concentrations =25 UM is in fact toxic to the human dopaminergic
neuroblastoma cell line SH-SY5Y [50]. In addition, Giorgio et al. found that idebenone
causes mitochondrial depolarization and NADH depletion within a fibroblast/osteosarcoma
cybrid cell line [51]. These events are inhibited by cyclosporin A, an inhibitor of the
cyclophilin D-regulated permeability transition pore implicated in neurodegeneration [52].
Since the permeability transition pore is a large conductance ion channel in the
mitochondrial inner membrane that opens in response to oxidative stress and calcium
overload [53,54], a likely explanation is that idebenone acts as a pro-oxidant in these cells
by forming semiquinone radicals at complex I. Consistent with the possibility that idebenone
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promotes permeability transition pore opening via oxidative stress, N-ethylmaleimide, an
agent that blocks permeability transition pore-regulating sulfhydryl groups [54], prevents
idebenone from initiating pore-induced swelling of calcium-loaded mitochondria [51].
Remarkably, supplementation of idebenone with the reducing agent dithiothreitol not only
attenuates permeability transition pore opening but enables idebenone to restore oxygen
consumption in cells with deficient or inhibited complex I [51]. Respiration nevertheless
remains sensitive to the complex Il inhibitor antimycin A, indicating that distal components
of the ETC are required for idebenone to rescue oxygen consumption. Idebenol but not
idebenone maintains ATP synthesis in permeabilized cells incubated with complex I and 11
inhibitors rotenone and malonate, respectively [51], suggesting that idebenone in its reduced
form idebenol can transfer electrons to complex I11. Although complex | proton pumping
remains impaired, proton pumping at complex 111 and complex IV is recovered, allowing
restoration of proton-motive force for ATP synthesis.

As outlined above, the human safety of idebenone is well-established. Therefore it follows
that most cells must have an efficient means of reducing idebenone to idebenol to avert the
potentially disastrous consequences of oxidative stress-induced permeability transition pore
opening. Idebenone is reduced by succinate dehydrogenase, and succinate greatly
potentiates the ability of idebenone to impede lipid peroxidation in brain mitochondria [7].
However, once idebenone reaches mitochondria, reduction at complex I is also likely to
occur, leading to respiratory inhibition and superoxide production. Recent studies by Haefeli
et al. identified NAD(P)H:quinone acceptor oxidoreductase (NQQO) enzymes, also known as
DT-diaphorases, as major enzymes catalyzing extramitochondrial idebenone reduction at the
expense of cytoplasmic NAD(P)H [55]. Idebenone is able to rescue ATP levels in a variety
of cell types exposed to the complex I inhibitor rotenone and the extent of rescue correlates
with NQO1 mRNA expression level [55]. Idebenone also protects against the loss of retinal
ganglion cells in vivo caused by intravitreal rotenone injection [56]. In vitro evidence
supports an electron bypass model of cytoprotection whereby idebenone shuttles electrons
from cytoplasmic NAD(P)H to complex 111 of the ETC in NQO1-expressing cells (Fig. 3),
restoring mitochondrial ATP synthesis following complex I inhibition [5,55,56]. A similar
NQO1-dependent complex I bypass mechanism was previously proposed for the related
quinones CoQq and menadione [57,58].

Notably, virtually no NQO1 mRNA expression is observed in SH-SY5Y cells [55], perhaps
explaining the reported toxicity of idebenone to this cell type [50]. Regarding idebenone's
neuroprotective potential, a critical question now emerges: where in the central nervous
system is NQO1 expressed and can its expression be manipulated?

inducible enzyme expressed predominantly by glial cells

NQOL1 is an antioxidant flavoprotein regulated by the nuclear factor erythroid 2-related
factor 2 (Nrf2)/antioxidant response element (ARE) pathway [59,60]. While NQO1 is found
mainly in the cytoplasm, small amounts localize to the mitochondria, endoplasmic reticulum
and nucleus [61]. NQO1 catalyzes the two-electron reduction of quinones to hydroquinones
[60,62]. This reaction counteracts the one-electron reduction of quinones to free radical
semiquinones catalyzed by NADPH:cytochrome P450 reductase and other enzymes [62—
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64]. Thus, the antioxidant activity of NQO1 limits superoxide formation by minimizing
redox cycling of quinones between their semiquinone and quinone forms [62,63]. Because
NQOL1 catalyzes the two-electron reduction of idebenone, NQOL1 activity is predicted to
limit the formation of semiquinones from idebenone at complex I or other one-electron
reduction sites (see Fig. 2) while also supplying idebenol for electron transfer to complex 111

(Fig. 3).

NQOL is expressed in many tissues throughout the body including the brain [65-67]. In the
healthy brain, NQO1 expression is predominately restricted to astrocytes and a subset of
oligodendrocytes [66], although expression in narrow neuronal subpopulations is also
reported [67]. Because the transcription factor Nrf2 is implicated in basal as well as
inducible NQO1 expression [68], the relative lack of neuronal NQO1 expression may be due
to the low basal level of Nrf2 in these cells [69]. Given that NQO1 promotes the ability of
idebenone to act as an effective antioxidant and electron carrier to complex 111 [55], the low
expression of NQOL1 in neurons may mean that idebenone has limited potential to protect
these cells by cell autonomous mechanisms.

Fortuitously, NQOL1 is an inducible enzyme [60]. Relevant to neurodisease, a primary
inducer is oxidative stress [70]. Oxidation of cysteine residues on Kelch-like ECH-
associated protein 1 (KEAP1) releases the transcription factor Nrf2 from an inhibitory
cytoplasmic interaction, enabling Nrf2 relocalization to the nucleus where it initiates
transcription of NQO1 and other ARE-controlled genes (Fig. 4) [71]. Interestingly, while
NQOL is expressed sparingly by neurons in the healthy brain, neuronal NQOL is elevated in
Alzheimer's disease [72-74] and Parkinson's disease [75], two neurodegenerative conditions
with a major oxidative component [76]. In Alzheimer's disease, NQO1 expression and
activity are observed in hippocampal neurons in close proximity to pathology, including in
neurofibrillary tangles [72—74]. Therefore it is possible that oxidative stress associated with
the disease process itself will enhance the antioxidant and electron transport functions of
idebenone by upregulating NQOL. However, it is also possible that NQO1 is expressed
primarily by dying neurons that are beyond rescue.

Idebenone and combination therapy: wave of the future?

To this point idebenone has been investigated in human disease as a single-agent therapy.
What if we could upregulate NQOZ1 in the degenerating brain in a cell-specific and
controlled fashion? Given the underwhelming success of idebenone in clinical trials,
targeted induction of NQOL1 in concert with idebenone treatment would seem to be the wave
of the future. In addition to evidence that the Nrf2 antioxidant response pathway per se is
neuroprotective, NQOL is predicted to greatly increase the neuroprotective potential of
idebenone by lessening unstable semiquinone formation while at the same time enhancing
antioxidant and electron transfer activity. Therefore, idebenone and an Nrf2-inducing agent
may be a strongly synergistic drug combination that is far more effective than either drug
alone. Several small molecule electrophiles, including sulforaphane and tert-
butylhydroquinone, initiate Nrf2-dependent gene expression (Fig. 3 and 4) [71,77].
However, in most cases induction of Nrf2-responsive genes by these agents is selective for
astrocytes over neurons both in vitro and in vivo [59,69,77-79]. Neuroprotective changes in
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neuronal gene expression seem to depend on altered neuron-glial interactions initiated by
Nrf2 activity in astrocytes (Fig. 4) [77,78]. While enhancing idebenone metabolism in
astrocytes is indeed desirable as this may increase the neuroprotective potential of
astrocytes, improving NQO1-catalyzed idebenone reduction in both neurons and astrocytes
may ultimately yield the greatest therapeutic benefit.

Evidence that the Nrf2 pathway can also be recruited by small molecules in neurons as well
as astrocytes is gradually accumulating. Uptake of a class of electrophilic neurite outgrowth-
promoting prostaglandin compounds known as NEPPs is reportedly selective for neurons
compared to astrocytes [80]. NEPP11 crosses the blood-brain barrier, activates the Nrf2
pathway in neurons in vitro and in vivo, and exhibits neuroprotection in an animal stroke
model [80]. Carnosic acid was described by the same group to activate the Nrf2 pathway in
both neurons and astrocytes and exhibit protection against focal ischemia/reperfusion brain
injury [81]. Interestingly, chlorogenic acid, a compound found in both caffeinated and
decaffeinated coffee, increases NQO1 expression in primary embryonic neurons without
induction of other prototypical Nrf2-responsive genes such as heme oxygenase-1 [82].

The idea of combination therapy is not without caveats. One important caveat is that NQO1-
dependent shuttling of electrons to complex I11 by idebenone has not been demonstrated to
occur in neurons, astrocytes, or other glia; cell-specific metabolic differences may preclude
this mechanism of action. Another caveat is that QS-10, a primary metabolite of idebenone
[17], is not capable of transferring electrons to complex 11 though it is reduced by NQO1
[55]. Thus, idebenone metabolism upstream of NQO1 may limit the efficacy of the proposed
electron bypass mechanism. A third caveat is that while the human safety of idebenone is
well established, combination therapy may cause unexpected, dose-limiting toxicity that
precludes usefulness. For example, a high level of cytoplasmic NAD(P)H oxidation by
NQO1 may alter the redox state of cells if NAD(P)H-regenerating capacity is low or
impaired [83,84].

Finally, cells may have enzymes in addition to NQOL that can reduce idebenone effectively
without semiquinone radical formation. As we learn more about the cellular metabolism of
this intriguing molecule, new avenues for its therapeutic use may emerge. Efforts are
underway to synthesize idebenone analogues with preserved electron transfer function but
reduced ability to impair complex | activity [48]. It remains to be seen whether the ability of
idebenone to inhibit complex | activity and stimulate mitochondrial superoxide production,
phenomena so far observed only in vitro, impacted the success of idebenone in clinical
trials.
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CoQ coenzyme Q1g
ETC electron transport chain
FMN flavin mononucleotide
IdBH» idebenol
Keapl Kelch-like ECH-associated protein 1
NQO NAD(P)H:quinone acceptor oxidoreductase
Nrf2 nuclear factor erythroid 2-related factor 2
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Fig 1.
Chemical structures of coenzyme Q1 and idebenone
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Fig 2.

M?)del of how idebenone interacts with electron transport chain complex I. The oxidation of
NADH by complex | results in the transfer of two electrons to complex 11 via ubiquinone/
coenzyme Q1g (Q), accompanied by the pumping of four protons (H*) from the
mitochondrial matrix to the intermembrane space. Idebenone (1dB) competes with
endogenous Q at the physiological hydrophobic quinone binding site for electrons from
upstream iron-sulfur (FeS) clusters. The two-electron reduction of idebenone results in a
product, idebenol (IdBH), with very slow dissociation kinetics from the quinone binding
site. This slow dissociation not only makes idebenol ineffective at electron transfer to
complex 111 but also allows it to competitively inhibit the electron transfer to complex I11
that normally occurs via endogenous ubiquinol (QH5). A second interaction of idebenone
with complex I occurs at a non-physiological hydrophilic quinone binding site that overlaps
with the flavin mononucleotide (FMN) moiety. Here, the one electron reduction of
idebenone yields an unstable semiquinone intermediate (IdBH-). This semiquinone causes
the one-electron reduction of oxygen (O,) to superoxide (O,-7), regenerating idebenone. The
net results of idebenone-complex I interactions are impaired complex | functionality and
superoxide generation
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Fig. 3.
Model of NQO1-dependent shuttling of reducing equivalents from cytoplasmic NAD(P)H to

mitochondrial electron transport chain complex |11 via idebenone. The two-electron
reduction of idebenone to idebenol is catalyzed by NAD(P)H:quinone oxidoreductase 1
(NQO1) and occurs primarily in the cytoplasm. Idebenol is hydrophilic enough to traverse
the cytoplasm but lipophilic enough to mediate electron transfer to complex Il in the
mitochondrial inner membrane. NQO1-catalyzed idebenone reduction may elude the
deleterious consequences of idebenone-complex | interaction while idebenol may exert
cytoprotection by bypassing disease-associated inhibition of complex | or upstream
tricarboxylic acid cycle (TCA) enzymes. This bypass would restore oxygen (O5)
consumption at complex 1V and ATP production by the ATP synthase. Stimuli which
activate the nuclear factor erythroid 2-related factor 2 (Nrf2) transcription factor, including
mild oxidative stress and the drugs sulforaphane and tert-butylhydroquinone, are predicted
to synergize with idebenone by upregulating NQO1 expression
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Fig. 4.
Nrf2 is inactive when sequestered by Keapl. Oxidative stress leads to Keapl dissociation

and Nrf2 activation. Nrf2-dependent gene expression can be activated by small molecule
electrophiles, including sulforaphane (SFP) or tert-butylhydroquinone (tBHQ) in astrocytes,
by carnosic acid in both astrocytes and neurons, and by NEPP11 in neurons. Chlorogenic
acid may induce neuronal NQO1 expression by Nrf2-independent mechanisms [82],
although this has yet to be firmly established
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