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Neurobiology of Disease

Idebenone Has Distinct Effects on Mitochondrial
Respiration in Cortical Astrocytes Compared to Cortical
Neurons Due to Differential NQO1 Activity
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Idebenone is a synthetic quinone that on reduction in cells can bypass mitochondrial Complex I defects by donating electrons
to Complex III. The drug is used clinically to treat the Complex I disease Leber’s hereditary optic neuropathy (LHON), but
has been less successful in clinical trials for other neurodegenerative diseases. NAD(P)H:quinone oxidoreductase 1 (NQO1)
appears to be the main intracellular enzyme catalyzing idebenone reduction. However, NQO1 is not universally expressed by
cells of the brain. Using primary rat cortical cells pooled from both sexes, we tested the hypotheses that the level of endoge-
nous NQOI1 activity limits the ability of neurons, but not astrocytes, to use idebenone as an electron donor to support mito-
chondrial respiration. We then tested the prediction that NQO1 induction by pharmacological activation of the transcription
factor nuclear erythroid 2-related factor 2 (Nrf2) enables idebenone to bypass Complex I in cells with poor NQO1 expression.
We found that idebenone stimulated respiration by astrocytes but reduced the respiratory capacity of neurons. Importantly,
idebenone supported mitochondrial oxygen consumption in the presence of a Complex I inhibitor in astrocytes but not neu-
rons, and this ability was reversed by inhibiting NQO1. Conversely, recombinant NQO1 delivery to neurons prevented respi-
ratory impairment and conferred Complex I bypass activity. Nrf2 activators failed to increase NQO1 in neurons, but carnosic
acid induced NQOI1 in COS-7 cells that expressed little endogenous enzyme. Carnosic acid-idebenone combination treatment
promoted NQO1-dependent Complex I bypass activity in these cells. Thus, combination drug strategies targeting NQO1 may
promote the repurposing of idebenone for additional disorders.
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Idebenone is used clinically to treat loss of visual acuity in Leber’s hereditary optic neuropathy. Clinical trials for several addi-
tional diseases have failed. This study demonstrates a fundamental difference in the way idebenone affects mitochondrial res-
piration in cortical neurons compared with cortical astrocytes. Cortical neurons are unable to use idebenone as a direct
mitochondrial electron donor due to NQO1 deficiency. Our results suggest that idebenone behaves as an NQO1-dependent
prodrug, raising the possibility that lack of neuronal NQO1 activity has contributed to the limited efficacy of idebenone in
neurodegenerative disease treatment. Combination therapy with drugs able to safely induce NQO1 in neurons, as well as other
brain cell types, may be able to unlock the neuroprotective therapeutic potential of idebenone or related quinones. /
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2001), Parkinson’s disease (Schapira et al., 1990; Keeney et al.,
2006), and Friedreich’s ataxia (Heidari et al., 2009; Salehi et al.,
2014). Complex I shuttles electrons to ubiquinone, also known
as Coenzyme Q;q (CoQ), which subsequently carries electrons
downstream to Complex III (Nicholls and Ferguson, 2013).
Complex I also pumps protons out of the matrix to help generate
the proton motive force required for ATP production.

CoQ, in addition to its important role as an electron carrier,
is an antioxidant abundantly found in cellular membranes
(James et al., 2004). However, CoQ displays poor bioavailability
(Tomono et al., 1986), hindering its therapeutic use. Idebenone
contains the same quinone moiety as CoQ but has a shorter, less
hydrophobic tail that increases solubility and improves bioavaila-
bility (Gueven et al., 2015). Idebenone-mediated neuroprotection
was observed in various in vitro and in vivo models of neuronal
injury, including oxidative stress (Ratan et al, 1994), stroke
(Nagaoka et al., 1989), Alzheimer’s disease (Yamada et al., 1999),
and LHON (Heitz et al., 2012).

Idebenone was recently approved in Europe for the treatment
of LHON and mitigates loss of visual acuity (Klopstock et al.,
2011; Lyseng-Williamson, 2016). However, despite initially
positive reports (Gutzmann and Hadler, 1998; Gutzmann et al.,
2002), idebenone ultimately failed in clinical trials for Alzhe-
imer’s disease (Thal et al, 2003) and had mixed results with
regard to neurologic symptoms in patients with Friedreich’s
ataxia (Di Prospero et al., 2007a; Lynch et al., 2010; Meier et al.,
2012). Idebenone remains in several active clinical trials, includ-
ing for multiple sclerosis and Duchenne muscular dystrophy. A
better understanding of how idebenone affects the bioenergetics
of different types of brain cells may help improve on its clinical
efficacy for LHON treatment and promote success in ongoing
disease trials. Therefore, our objective was to elucidate the mito-
chondrial bioenergetic effects of idebenone on neurons and
astrocytes.

NAD(P)H:quinone oxidoreductase 1 (NQOI) is an enzyme
regulated by the nuclear erythroid 2-related factor 2 (Nrf2)-anti-
oxidant response element (ARE) transcriptional antioxidant
response pathway (Li and Kong, 2009; Dinkova-Kostova and
Talalay, 2010) that is able to reduce idebenone to idebenol via
cytoplasmic NAD(P)H oxidation (Haefeli et al., 2011). Idebenol
can then transfer electrons to Complex III like CoQ, bypassing a
need for upstream electron transport chain components, includ-
ing Complex I. The relative ability of idebenone to rescue ATP
levels in the presence of a Complex I inhibitor across several cell
types correlated well with the level of NQO1 mRNA expression
(Haefeli et al.,, 2011). NQO1 immunoreactivity was detected in
mouse retinal ganglion cells, the main degenerating cell type in
LHON (Heitz et al., 2012), coinciding with the clinical efficacy of
idebenone in that disease. However, in the brain, NQO1 is pre-
dominately expressed by astrocytes, with little to no expression
in cortical neurons (Schultzberg et al., 1988; Stringer et al., 2004;
Bell et al., 2015). We therefore tested the hypothesis that deficient
NQOL1 expression in cortical neurons relative to astrocytes is lim-
iting for the ability of idebenone to stimulate Complex I-inde-
pendent respiration.

Our results support the hypothesis that idebenone and related
quinones behave as prodrugs requiring NQO1 activity and addi-
tionally show that idebenone impairs neuronal mitochondrial
respiratory capacity by inhibiting Complex I-dependent respira-
tion. We predicted that pharmacological stimulation of NQO1
expression by activators of the Nrf2 pathway would overcome
this idebenone-mediated respiratory inhibition. We provide
proof-of-principle that the induction of NQOL1 in cells with poor
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NQOL expression promotes the ability of idebenone to act as a
direct respiratory chain electron donor.

Materials and Methods

Astrocyte culture. All animal procedures were approved by the
University of Maryland Institutional Animal Care and Use Committee
and were consistent with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Cortical astrocytes were isolated
from postnatal day 1 Sprague Dawley rat pups as described previously
(Zielke et al., 1990; Danilov and Fiskum, 2008). Following killing of
the pups, cortices were separated from midbrain and meninges, and
mechanically homogenized in Eagle’s minimal essential medium
(EMEM; Quality Biological) containing 10% fetal bovine serum (FBS;
Sigma-Aldrich), 1% nonessential amino acids (NEAAs; Lonza), and
100 ug/ml gentamicin (Quality Biological). The homogenate was vor-
texed for 1 min and then filtered through a 70 um mesh filter. Cells
were plated in EMEM containing 10% FBS and 1% NEAAs into 150
cm? vented flasks (Sigma-Aldrich) and maintained in a humidified in-
cubator in 95% air/5% CO, at 37°C. Cultures were passaged after
18d in vitro (DIV) using TrypLE Express (Thermo Fisher Scientific)
and used for experiments between DIV 20 and DIV 27. This method
yields a >93% astrocyte-enriched culture, with <5% microglia and
<2% oligodendrocytes or neurons (Danilov and Fiskum, 2008).
Astrocytes were seeded at least 2d before measurement on Seahorse
XF24 V7-PS Cell Culture Microplates (Agilent Technologies) at a
density of 60,000 cells/well. Cells derived from both males and
females were used for experiments.

Neuron culture. Primary cortical neurons were prepared from em-
bryonic day 18 Sprague Dawley male and female pooled rat embryos
(one litter per preparation, ~12 embryos) as described previously
(Yakovlev et al., 2001; Stoica et al., 2005; Laird et al., 2013). Briefly, XF24
V7-PS cell plates were coated using poly-D-lysine hydrobromide
(0.1 mg/ml; Sigma-Aldrich), incubated at 37°C for at least 4 h, and
washed once with sterile water. Isolated cortices were digested in trypsin
and treated with DNase I (Sigma-Aldrich). Cell suspension was filtered
through a 70 um mesh filter and plated in Neurobasal media containing
either B27 (Thermo Fisher Scientific) or Gem21 supplement (Gemini
Bio-Products), 10% FBS, and 100 IU/ml penicillin with 100 mg/ml strep-
tomycin (Gemini Bio-Products). Neurons were plated at 60,000-80,000
cells/well for respiration measurements. After 2 h, medium was replaced
with Neurobasal media containing B27 or Gem21 without FBS. Cytosine
arabinofuranoside (5 um; Sigma-Aldrich) was added on DIV 4 to inhibit
glial proliferation. Additional FBS-free Neurobasal media equal to 50%
of the existing total media volume was added on DIV 6. This method
yields a >95% neuron-enriched culture (Laird et al., 2013). Neurons
were used for experiments between DIV 10 and DIV 14.

COS-7 cell culture. Subjects included the COS-7 cell line (catalog
#605470/p532_COS-7, CLS; RRID:CVCL_0224. COS-7 cells were main-
tained in DMEM (Corning) containing 10% FBS and 100 IU/ml penicil-
lin with 100 mg/ml streptomycin. COS-7 cells were passaged using
TrypLE Express and were plated at 20,000 cells/well for respiration stud-
ies. Cells were used after 72 h of carnosic acid (3um) or vehicle
treatment.

Cellular respirometry. Cellular respiration was measured using a
Seahorse XF24 Extracellular Flux Analyzer (Agilent Technologies) as
described (Wu et al., 2007; Clerc and Polster, 2012). Assay medium was
artificial CSF (aCSF) consisting of 120 mm NaCl, 3.5 mm KCl, 1.3 mm
CaCl,, 0.4 mm KH,PO,, 1 mm MgCl,, 5 mm HEPES, 4 mg/ml fatty-acid
free BSA, and 15 mm glucose, pH 7.4, at 37°C. When used, saponin and
sodium pyruvate were always prepared fresh from powder. Before
assays, cell culture medium was removed, cells were washed once in 1 ml
aCSF, and then cells were incubated in 675 ul of aCSF in a CO,-free in-
cubator (37°C) for 45min. Drug treatments were diluted in 75 ul of
aCSF and added to the XF24 Seahorse assay cartridge (Agilent
Technologies) at 10, 11x, 12x, or 13X the final working concentra-
tion for ports A-D, respectively. Three measurements of oxygen con-
sumption rate (OCR) were made before any drug additions to establish a
baseline. Because there are several factors that contribute to OCR
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variation of primary cell cultures, including variability in cell counting,
cell distribution in the wells relative to where the O, sensor measures,
and cell survivability (Gerencser et al., 2009; Clerc et al., 2013), OCRs are
presented throughout as a percentage of basal or maximal respiration.
We showed previously by power analysis that elimination of technical
variability by normalization reduces the number of replicates, and hence,
the number of animals, needed to observe a 20% difference in respiration
in response to acute drug treatment (Schuh et al., 2011).

Enzymatically active recombinant human NQO1 (catalog #D1315,
Sigma- Aldrich) and NADPH substrate (Sigma-Aldrich) were delivered
to neurons via saponin permeabilization. In permeabilized cell experi-
ments, saponin was used at low enough concentrations to permeabilize
cholesterol-containing membranes such as the plasma membrane while
leaving the cholesterol-poor mitochondrial inner and outer membranes
intact (Clerc and Polster, 2012). Saponin (25 ug/ml) was added with the
Complex I-linked substrates pyruvate and malate (5 mm each), the ATP
synthase substrates ADP (1 mwm) and phosphate (3.6 mm KH,PO,) to
stimulate respiration, and the calcium chelator EGTA (5 mwm) to reduce
calcium to a normal cytoplasmic level (~100 nm). Subsequent injection
of succinate (5 mm) was used to support Complex II-dependent respira-
tion in permeabilized cells.

Antibodies. The following antibodies were used: primary rabbit poly-
clonal anti-NQO1 (catalog #N5288, Sigma- Aldrich; RRID:AB_1841045);
primary rabbit monoclonal anti-3-glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; catalog # 2118, Cell Signaling Technology; RRID:
AB_561053); and secondary goat anti-rabbit IgG (H + L) HRP antibody
(catalog #65-6120, Thermo Fisher Scientific; RRID:AB_2533967).

Western blot. Cells were hypotonically lysed in 25 mm Tris-HCI and
1:200 protease inhibitor cocktail (EMD Millipore). Novex Tris-Glycine
SDS Sample Buffer and Novex NuPAGE Sample Reducing Agent
(Thermo Fisher Scientific) were added, and the samples were heated for
10 min at 95°C. Samples were then centrifuged for 10 min at 14,000 g,
and protein concentrations were measured using a NanoDrop ND-1000
(Thermo Fisher Scientific). Novex WedgeWell Tris-Glycine gels
(Thermo Fisher Scientific) were loaded with 10 ug of protein per well.
Transfer to a polyvinylidene difluoride membrane was performed using
the Trans-Blot Transfer System (Bio-Rad). Membranes were probed
overnight at 4°C using the NQO1 and GAPDH antibodies described
above at 1:10,000 dilution. Blots were then washed and treated with
horseradish peroxidase-conjugated secondary anti-rabbit antibody
(Thermo Fisher Scientific). Bands were visualized using SuperSignal
West Pico ECL (Thermo Fisher Scientific) and imaged using the Bio-
Rad ChemiDoc XRS. Densitometric quantification of band intensities
was performed using Image] software (National Institutes of Health).

Experimental design and statistical analysis. NQO1 protein levels
were analyzed by Student’s f test. OCR data from the experiment evalu-
ating the effects of idebenone on neurons compared with astrocytes were
analyzed using a two-way ANOVA, with cell type and idebenone treat-
ment as factors. OCR data from the experiment evaluating the effect of
idebenone treatment on astrocytes plus and minus concomitant dicou-
marol treatment were analyzed using two-way ANOVA, with idebenone
and dicoumarol treatment as factors. OCR data from the experiment
evaluating the effect of recombinant NQOI treatment on astrocytes plus
and minus idebenone were analyzed using two-way ANOVA, with ide-
benone treatment and the enzyme cotreatment as factors. OCR data
from the experiment evaluating the effect of idebenone on carnosic acid-
pretreated versus vehicle-pretreated cells were analyzed using a two-way
ANOVA, with the pretreatment and the subsequent treatment as factors.
All other OCR data were analyzed by one-way ANOVA. Statistical anal-
yses were performed using GraphPad Prism (GraphPad Software).
Significance level was set at p < 0.05. When a significant overall differ-
ence was detected, Tukey’s post hoc analysis was used to compare indi-
vidual groups and p values for comparisons of interest are reported.
Data from two to three wells (technical replicates) per experiment were
averaged to obtain one biological replicate from an independent cell cul-
ture preparation. Biological replicates are reported as the mean = SE in
all figures.
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Results

Idebenone differentially affects oxygen consumption by
neurons compared with astrocytes

We previously characterized the respiratory characteristics of
primary rat cortical neurons (Clerc and Polster, 2012; Clerc et al.,
2013) and astrocytes (Jaber et al., 2018), including responses to
oligomycin and uncoupler. Here, the effects of idebenone on cel-
lular basal respiration and the respiratory capacity of these cells
were investigated using a Seahorse XF24 Extracellular Flux ana-
lyzer. Oligomycin was not included in these experiments because
it blunts the response to uncoupler, underestimating respiratory
capacity (Ruas et al., 2016). We found a significant idebenone by
cell type interaction in basal and maximal oxygen consumption
rate, driven by the different responses of neurons and astrocytes
to idebenone treatment (F(437) = 11.74, p<0.001; and F 33 =
24.28, p<0.001, respectively; Fig. 1, compare A, neurons, B,
astrocytes). OCR by cortical neurons was not altered in response
to idebenone injection (all post hoc comparisons, p > 0.998; Fig.
1A,C), but maximal respiration, measured after the addition of
the uncoupler 2,4-dinitrophenol (DNP) and excess mitochon-
drial substrate, was inhibited in a dose-dependent manner
[p=0.0359 for 10 um idebenone compared with control (0 um
idebenone); p < 0.001 for all other post hoc idebenone to control
comparisons; Fig. 1A,D]. Idebenone can donate electrons to
Complex IIT of the mitochondrial electron transport chain in
some cell types, bypassing Complex I (Haefeli et al., 2011;
Giorgio et al,, 2012). There was a significant idebenone by cell
type interaction on the measured OCR subsequent to addition of
the Complex I inhibitor piericidin A (F(433) = 22.28, p <0.001),
which was driven by an effect of idebenone in astrocytes (Fig. 1B;
discussed below) that was absent in neurons. In neurons, pierici-
din A injection after idebenone and DNP were added impaired
respiration to the same extent as in cells that received no prior
idebenone treatment (all post hoc comparisons, p > 0.999; Fig.
1A,E), suggesting that idebenone does not support electron flux
directly to Complex III in neurons.

In contrast to neurons, primary rat cortical astrocytes treated
with idebenone demonstrated a rapid, dose-dependent stimula-
tion of basal respiration compared with control (p = 0.288,
0.0036, 0.0015, and <0.001 for 10, 20, 40, and 80 um idebenone,
respectively; Fig. 1B,C), and no effect on maximal O, consump-
tion rate was observed (all post hoc comparisons, p > 0.848; Fig.
1B,D). Additionally, a dose-dependent rescue of piericidin A-
impaired respiration was seen with increasing concentrations of
idebenone (p < 0.001 for 20, 40, or 80 um idebenone compared
with control; and for 40 um compared with 80 um idebenone;
Fig. 1B,EF), suggesting the bypass of inhibited Complex I
Oxygen consumption in the presence of piericidin A and idebe-
none was blocked by injection of the Complex III inhibitor
antimycin A (Fig. 1B,F), indicating that Complex III and down-
stream components of the ETC are required for the idebenone
rescue of respiration in astrocytes.

Idebenone-stimulated respiration in astrocytes is coupled to
ATP synthesis

To test whether uncoupling contributes to idebenone-stimulated
OCR in astrocytes, cells were treated with the ATP synthase in-
hibitor oligomycin after the addition of idebenone (Fig. 2A).
Oligomycin suppresses oxygen consumption due to ATP synthe-
sis (Brand and Nicholls, 2011). Residual OCR is primarily due to
proton leak across the mitochondrial inner membrane. The oli-
gomycin sensitivity of respiration can therefore be used to
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Idebenone stimulates Complex I-independent respiration in astrocytes but inhibits maximal respiration in neurons. A, OCR measurements from primary rat cortical neurons.

Idebenone (Ideb) was added at 0 (ethanol vehicle) to 80 wm, as indicated. The uncoupler 2,4-dinitrophenol (DNP; 200 wm) was then added in the presence of pyruvate (Pyr; 10 mu) to induce
maximal OCR. Piericidin A (Pier A; 100 nm) and Antimycin A (AA; 1 um) were added to inhibit Complex | and Complex IlI, respectively. B, The same experiment described in 4, but using primary
rat cortical astrocytes in place of neurons and 150 m DNP rather than 200 wum. Data in A are the mean == SE from three to five independent experiments, and data in B are mean = SE from
three to seven independent experiments. (—E, Bar graph representations of data from A and B. (, OCR after idebenone injection relative to basal OCR. Some values were slightly negative com-
pared with baseline but are depicted as zero since OCR stimulation is plotted. D, OCR after injection of DNP plus pyruvate (“Maximal OCR”) with increasing idebenone concentration relative to
vehicle (0 v idebenone). E, OCR after injection of piericidin A with increasing idebenone concentration, relative to maximal OCR of control (0 1um idebenone). F, Schematic diagram illustrating
the ability of idebenone to support Complex I-independent respiration. The Complex | inhibitor piericidin A suppresses the flow of electrons (e-, shown in red) from Complex | to CoQ
(Q). Idebenone, when reduced to idebenol, transfers e- to Complex Ill, bypassing the block at Complex I. Electron entry through Complex Il (green arrows) can also bypass Complex |
inhibition (Fig. 4). IMS, Intermembrane space. **p << 0.01 relative to vehicle control; ***<<0.001 relative to control; two-way ANOVA followed by Tukey's post hoc test.
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Figure 2.  Idebenone-stimulated astrocytic respiration is coupled to ATP synthesis. A, OCR measurements from primary rat

ATP synthesis, consistent with the ability
of idebenone to rescue ATP levels when
Complex I is inhibited (Haefeli et al,
2011; Giorgio et al,, 2012). The stimula-
tion of basal respiration by idebenone
suggests that astrocyte respiration may
be limited by mitochondrial substrate
supply when glucose is the lone biofuel. Consistent with this pos-
sibility, we found that the acute addition of the cell-permeable
Complex I substrate pyruvate stimulated OCR to 161 = 8% of
the baseline rate (mean = SD; n =5 wells; data not shown).

Inhibition of NQOL1 in astrocytes reverses the ability of
idebenone to promote Complex I-independent respiration
The enzyme NQOI reduces idebenone to idebenol in the pres-
ence of NAD(P)H, altering bioactivity (Haefeli et al., 2011). We
quantified NQO1 protein expression levels in whole-cell lysates
of primary rat cortical astrocytes and neurons. As predicted
by the reported expression pattern of NQOI in the brain
(Schultzberg et al., 1988; Stringer et al., 2004; Bell et al., 2015),

cortical astrocytes. Idebenone (Ideb) was added at 0 (vehicle) to 80 rum, as indicated, followed by oligomycin (Oligo; 0.3 g/
ml). Data are the mean = SE from three independent experiments. B, Bar graph representation of the data in A, showing
the OCR values after oligomycin addition (gray bars) across increasing concentrations of idebenone. The OCR values just
before oligomycin addition (“without oligomycin,” black bars) are plotted for comparison. There were no significant differen-
ces in OCR after oligomycin addition (gray bars, one-way ANOVA).

astrocytes displayed abundant expression of NQOI1, while
NQO1 immunoreactivity was essentially absent in neurons (Fig.
3A; tgy = 22,96, p<0.001). To test whether NQOI activity is
required for the direct electron transfer activity of idebenone in
astrocytes, idebenone was added in the presence or absence of
the NQO1 inhibitor dicoumarol (Fig. 3B). Dicoumarol was used
at concentrations (20-80 um) that did not induce uncoupling or
respiratory inhibition (Fig. 3B; data not shown). There was a sig-
nificant idebenone-dicoumarol treatment interaction on maxi-
mal OCR (F3, 27y = 4.399, p=0.0121) and on OCR in the
presence of the Complex I inhibitor piericidin A (F3, 57) = 10.31,
p=0.0001), driven by the abilities of dicoumarol to unmask and
reverse the effects of idebenone on these parameters, respectively.
In the presence of dicoumarol (40 or 80 um), 80 um idebenone
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way ANOVA followed by Tukey's post hoc test.

significantly impaired maximal respiration compared with con-
trol (p=0.0144 and p=0.0100 for 40 and 80 um dicoumarol,
respectively; Fig. 3C), and piericidin A-insensitive respiration
was reduced (p < 0.001 for both 40 and 80 um dicoumarol added
with 80 um idebenone compared with 80 um idebenone alone;
Fig. 3D). Thus, the addition of NQO1 inhibitor to astrocytes
recapitulates the bioenergetic effects of idebenone on neurons
that lack NQOI.

Idebenone inhibits Complex I-dependent neuronal
respiration

Next, we sought to determine the site of respiratory inhibition
by idebenone in neurons (Fig. 1A4,D), with the goal of revers-
ing inhibition. Neurons were permeabilized by saponin to
deliver substrates for specific ETC complexes. Saponin, when
titrated carefully, permeabilizes the plasma membrane without
affecting the integrity of mitochondrial membranes (Safiulina
et al, 2004; Clerc and Polster, 2012). When idebenone was
added to permeabilized neurons exposed to Complex I-linked
substrates, we found that idebenone impaired ADP-stimulated
oxygen consumption in a dose-dependent manner (Fig. 4A,B;
Fa10) = 11.87, p<0.001). The Complex II substrate succinate
rescued the majority of the respiratory impairment by idebe-
none, suggesting that idebenone inhibits the electron transport
chain at or upstream of Complex I (Fig. 44,C). Following suc-
cinate treatment, we still detected a minor respiratory impair-
ment across all concentrations of idebenone (F( 10y = 3.495,
p=0.0494); however, none of the post hoc comparisons were
significant.

Dicoumarol Concentration (uM)

The ability of idebenone to support Complex |-independent respiration in astrocytes is reversed by NQO1 inhibi-
tor. A, Immunoblot for NQO1 in primary rat cortical astrocytes and neurons, along with immunodetection of GAPDH as a
loading control. NQO1 levels are expressed as a ratio to GAPDH and are the mean = SE from three independent experi-
ments. ***p <0001, Student’s t test. B, OCR measurements from primary rat cortical astrocytes. The initial injection con-
tained vehicle, dicoumarol (Dic; 80 wm), idebenone (Ideb; 80 zum), or the two drugs combined. 2,4-dinitrophenol plus
pyruvate (DNP + Pyr) was added as in Figure 1, followed by piericidin A (Pier A; 500 nw), and then antimycin A (AA; 1 um).
Data are the mean = SE from three to seven independent experiments. C, D, Bar graph representations of data in B and
including additional dicoumarol treatments not depicted in B for clarity. ¢, Maximal OCR with and without idebenone and
increasing concentrations of dicoumarol, expressed as a percentage of control (no dicoumarol or idebenone). D, OCR after
injection of piericidin A with and without idebenone and increasing concentrations of dicoumarol, relative to maximal OCR of
control (no dicoumarol or idebenone). *p << 0.05 relative to vehicle control; **p << 0.01 relative to control; ***p << 0.001
relative to control; ##p << 0.01 relative to 80 um idebenone alone; ##p << 0.001 relative to 80 um idebenone alone, two-

OCR (F(3.22) = 3.985, p = 0.0208), driven
by the ability of recombinant NQO1 +
NADPH to rescue the inhibitory effect
of idebenone on respiration and allow it
to increase OCR in the presence of
Complex I inhibitor, respectively. As
shown earlier, ADP-stimulated oxygen
consumption was inhibited after the
addition of idebenone alone (Fig. 54;
p<<0.001). Respiratory inhibition was
reversed when idebenone was added in
the presence of both exogenous NQO1
and its substrate, NADPH (p = 0.0014),
but not when NQO1 alone (p=0.975)
or NADPH alone (p > 0.999) was added
(Fig. 5A,B). The joint addition of idebe-
none, NQO1, and NADPH also induced a significant increase
in piericidin A-insensitive oxygen consumption (p<<0.001;
Fig. 5A,C) that was inhibited by antimycin A (Fig. 5A).
Collectively, results indicate that idebenone behaves as a pro-
drug that requires reduction by NQO1 to acquire Complex I
bypass activity.

The Complex I bypass activity of two natural
naphthoquinones is also absent in neurons

Next, we sought to determine whether other quinones with
Complex I bypass potential would display bypass activity in cort-
ical neurons lacking NQO1 expression. Like idebenone, a-toco-
pherolquinone [a-TPQ (also called EPI-A0001)] was tested in a
clinical trial for the treatment of Friedreich’s ataxia (Lynch et al.,
2012). However, a-TPQ did not significantly affect the basal,
maximal, or piericidin A-insensitive respiration of either neu-
rons (one-way ANOVA: F 0 = 0.3518, p=0.8371; F10) =
0.3694, p=10.8252; and F(4 10y = 1.263, p =0.347, respectively; Fig.
6A) or astrocytes (one-way ANOVA: F4 ;5 = 0.1654, p=0.9527;
Fi415) = 0.6166, p=0.6574; and F45) = 1.598, p = 0.2263, respec-
tively; Fig. 6B). Thus, a-TPQ not only has no Complex I bypass
activity in neurons, but also lacks idebenone-like bypass activity
in astroyctes.

Two naphthoquinones, 2-methoxy-1,4-naphthoquinone (MNQ)
and 2-methoxy-3-methyl-1,4-naphthoquinone (Me-MNQ), were
shown to stimulate respiration in a Complex I-deficient myoblast
cell line (Vafai et al., 2016). We found that MNQ dose-depend-
ently increased basal respiration (one-way ANOVA, F 7 =
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Figure 4.  Idebenone inhibits Complex I-dependent respiration, but not the downstream electron transport chain. A, OCR measurements from cortical neurons. Neurons were first permeabil-
ized by the injection of saponin in the presence of the Complex I-linked substrates pyruvate and malate (collectively abbreviated as S/P/M), as described in Materials and Methods, with ADP (1
mu) added to stimulate respiration. Idebenone (Ideb) was then added at a concentration of 0 (vehicle) to 80 wu, as indicated. Subsequent additions were succinate (Succ; 5 mw) followed by
antimycin A (AA; T um). OCR measurements are normalized to the point just before idebenone/vehicle addition (ADP-stimulated baseline). Data are the mean = SE from three to four inde-
pendent experiments. B, (, Bar graph representations of data in A. B, OCR after idebenone addition with ADP and Complex | substrates present (pyruvate and malate). ¢, OCR after idebenone
addition once the Complex Il substrate succinate was added. **p << 0.01 relative to vehicle control; ***p << 0.001 relative to control; one-way ANOVA followed by Tukey's post hoc test.
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Figure 5.  Delivery of recombinant NQO1 and NADPH reverses neuronal respiratory inhibition by idebenone. A, 0CR measurements from cortical neurons. Cells were first permeabilized with
Complex | substrates present (saponin/pyruvate/malate; S/P/M), as in Figure 4A. Next, vehicle, idebenone (Ideb; 80 ), NADPH (0.5 mm), and recombinant human NQO1 (15-25 U/ml) were
injected either individually or in the combinations indicated. Piericidin A (Pier A; 500 nm) was then added to inhibit Complex |, followed by antimycin A (AA; 1 um). OCR measurements are nor-
malized to the point just before idebenone/vehicle addition (ADP-stimulated baseline). Data are the mean == SE from four to six independent experiments. B, C, Bar graph representations of
data in A and including additional controls not depicted in A for clarity. B, OCR after the addition of idebenone/vehicle plus and minus the indicated treatments, expressed as a percentage of
the ADP-stimulated baseline OCR. €, OCR after injection of piericidin A with and without idebenone and the indicated treatments, relative to the ADP-stimulated control (Ctrl) group (point just
before piercidin A addition). **p << 0.01 relative to vehicle control; ***p << 0.001 relative to control; ##p << 0.01 between idebenone-treated and vehicle-treated groups; @@p << 0.01 relative

to 80 um idebenone alone; two-way ANOVA followed by Tukey's post hoc test.

7.167, p=0.0014; Fig. 6C) and inhibited maximal respiration in
neurons at all tested concentrations (one-way ANOVA: Fy 7 =
7.116, p=0.0015; Fig. 6C). MNQ induced a very slight increase
in piericidin A-insensitive respiration in neurons (one-way
ANOVA: Fy 17 = 3.206, p = 0.03292; Fig. 6C) that is unlikely to
be biologically significant. In astrocytes, MNQ dose-dependently
increased basal and piericidin A-insensitive respiration (one-way
ANOVA: Fu, = 4599, and p=0.0080; Fu,) = 5907, p =
0.0024, respectively; Fig. 6D), with no effect on maximal respira-
tion (one-way ANOVA: F(,) = 0.283, p=0.8857; Fig. 6D).
However, the piericidin A-insensitive OCR was completely resist-
ant to antimycin A at MNQ concentrations >20 uM, indicating
that MNQ-stimulated OCR is primarily independent of the ETC
(one-way ANOVA: F,1y = 5.059, p=0.0052; p=0.0487 and
0.0072 for 40 and 80 um MNQ compared with control, respec-
tively; Fig. 6D).

Like MNQ, Me-MNQ increased the basal respiration
and inhibited the maximal respiration of neurons (one-way
ANOVA: Fu1s) = 5.878, p=0.0047; and Fi4,5 = 5112, p =
0.0084, respectively; Fig. 6E). However, Me-MNQ significantly
altered basal and maximal respiration only at concentrations
>40um (p=0.0246 and p=0.0283 for 40um Me-MNQ,
respectively; and p=0.0035 and p=0.0236 for 80um Me-
MNQ, respectively). In astrocytes, Me-MNQ increased basal

and piericidin A-insensitive respiration in a dose-dependent
manner (one-way ANOVA: Fu,s = 7.518, p=0.0004; and
Fape) = 4.000, p=0.0117, respectively; Fig. 6F) and had no
effect on maximal respiration (one-way ANOVA: Fy,s =
1.409, p=0.2588; Fig. 6F). However, Me-MNQ, when added at
40 um (p=0.0239) or 80 um (p=0.0155), caused a significant
increase in antimycin A-independent OCR (one-way ANOVA:
Fuaze) = 5.331, p=0.0028; Fig. 6F).

Pharmacological NQO1 induction abolishes the inhibitory
effect of idebenone on cellular respiration and facilitates
electron transfer to Complex ITI

NQOL1 expression is regulated by the Nrf2-ARE antioxidant
response pathway and is induced in many cell types by activators
of the transcription factor Nrf2 (Li and Kong, 2009; Dinkova-
Kostova and Talalay, 2010). We hypothesized that Nrf2 acti-
vators would reverse respiratory inhibition by idebenone in
neurons and allow for bypass of Complex I-impaired respiration
by enhancing NQO1 activity. We failed to increase Nrf2 or
NQOL1 in primary cortical neurons using several different Nrf2
activators, including sulforaphane, tert-butylhydroquinone, and
carnosic acid (data not shown). However, carnosic acid treat-
ment for 72 h led to a robust elevation of NQOI1 in COS-7 cells,
indicating that the drug was active (f4) = 19.33, p <0.001; Fig.
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Figure 6.

7A). Because basal NQO1 expression in COS-7 cells was low, we
tested whether COS-7 cells could act as a surrogate for neurons
to show proof-of-principle. We detected a significant interaction
between carnosic acid pretreatment and idebenone treatment on
the basal OCR, maximal OCR, and piericidin A-insensitive OCR
of COS-7 cells (F35) = 4.828, p=0.0070; F33 = 7.018,
P <0.001; and F3 3,y = 12.44, p < 0.001, respectively). As in neu-
rons, idebenone inhibited maximal respiration in COS-7 cells
that were not pretreated with carnosic acid (p < 0.001; Fig. 7B,
C). Although idebenone supported significant piericidin A-
insensitive respiration in untreated COS-7 cells (p =0.0070; Fig.
7B,D), the extent of this respiration was low relative to that
observed in astrocytes (19.5% compared with 59.5% of maximal
OCR; compare Figs. 7D, 1E). In carnosic acid-treated COS-7
cells, idebenone stimulated basal respiration (p=0.0440 com-
pared with control; Fig. 7B, first arrow), did not impair maximal
respiration (p = 0.2617; Fig. 7B,C), and greatly augmented pierici-
din A-insensitive oxygen consumption (to 52.2% of maximal
OCR, p <0.001; Fig. 7B,D). Thus, the bioenergetic responses of
astrocytes to idebenone were recapitulated in COS-7 cells follow-
ing carnosic acid treatment. Addition of the NQO1 inhibitor di-
coumarol significantly reversed these effects [p < 0.001 for the
effect on basal OCR (Fig. 7B, first arrow); p = 0.0053 for maximal
OCR (Fig. 7B,C); and p < 0.001 for piericidin A-insensitive OCR
(Fig. 7B,D)], suggesting that carnosic acid-induced NQO1 activ-
ity is causally involved in the transformed response of COS-7
cells to idebenone.

The Complex | bypass activity of two naphthoquinones is absent in cortical neurons that lack NQO1. A-F, OCR
measurements from neurons and astrocytes in response to the injection of vehicle (“0 zm”) or the indicated concentrations of
alpha-tocopherolquinone (c-TPQ; A and B), 2-methoxy-1,4-naphthoquinone (MNQ; € and D), or 2-methoxy-3-methyl-1,4-naph-
thoquinone (Me-MNQ; E, F). Subsequent injections consisted of 2,4-dinitrophenol (DNP; 150 M) + pyruvate (Pyr; 10 mu), pierici-
din A (Pier A; 500 nu), and antimycin A (AA; 1 ). Data are the mean == SE from three to eight independent experiments.

capacity. The difference between astro-
cytes and neurons was attributable to
a large disparity in expression of the
idebenone-reducing enzyme NQO1. Im-
portantly, we showed proof-of-principle
that pharmacological induction of NQO1
through the Nrf2-ARE transcriptional
pathway can reverse the negative bioen-
ergetic effects of idebenone while promoting the potentially cyto-
protective Complex I bypass mechanism.

There is evidence that several different enzymes can reduce
idebenone, including succinate dehydrogenase (Complex II),
glycerol-3-phosphate dehydrogenase, NQO1, and NQO2 (Haefeli
et al,, 2011; Rauchova et al., 2012). However, our data not only
showed that idebenone is reduced primarily by NQO1 in astro-
cytes, but also revealed that cortical neurons, which lack
NQO1, are unable to compensate for the absence of NQO1 by
reducing idebenone via other enzymes. Notably, we demon-
strated that exogenous NQO1, when added with its substrate
NADPH, is able to reverse the respiratory impairment by idebe-
none in neurons and induce oxygen consumption in the pres-
ence of Complex I inhibitor. Furthermore, an inhibitory effect
of idebenone on maximal respiration appeared in astrocytes
following the addition of the NQO1 antagonist dicoumarol,
mirroring the effect of idebenone observed in NQO1-deficient
neurons.

Prior evidence suggests that idebenone impairs Complex I ac-
tivity only when in the oxidized quinone form by competitively
occupying the CoQ binding site (Degli Esposti et al., 1996; King
et al, 2009). Thus, idebenone reduction by NQO1 appears to
both allow idebenone to act as a Complex III electron donor and
to eliminate Complex I inhibition by removing the oxidized
form of the quinone. These findings led us to predict that



4616 - J. Neurosci., June 3, 2020 - 40(23):4609-4619

Jaber et al. e NQO1 Dictates How Idebenone Affects Cortical Cells

pharmacological induction of NQOL1 in A c0S.7 B
neurons by activation of the Nrf2-ARE Vehicle _ Carnosic Acid oCtrl
pathway would abolish inhibition of NQm’ === | 400 1cos.7 £30uM |deb
— i o

Complex I-dependent respiration by Ta00 - Pier A L CA: ldeb
: : T £ DNP+Pyr ©CA! Ideb +Dic
idebenone and enable direct electron GAPDH |me e e s e i +ddeb
transfer to Complex III. 5 .‘.: 200 - +/-Dic

We were unable to upregulate NQO1 -7 L — E—
protein in cortical neurons using several 8 %3 g100
known Nrf2-ARE activators, likely due ééz

. . . . a1 0 . . - 3 ,
to epigenetic repression of Nrf2 in =g . o 20 40 60 80 100
mature. neurons (Bell et a.l., 2015). Vehitie PRI Time (min)
Carnosic acid was found to activate Nrf2 C D
in COS-7 cells, among several cell types mctrl mCtrl
=200 1 i . i 100 1 cos-7 i i
(Satoh et al., 2008). As COS-7 express 5 cos-7 o72hr Camosic Acid x O72hr Carnosic Acid
) E eee
little NQO1, we used these cells to estab- £ 150 00 © _80 1 .
lish proof-of-principle that induction of < ] %g 60 A T
NQO1 can unleash the Complex I 5100 i 8 §40
bypass activity of idebenone in cells in ] s £
which it otherwise lacks activity. We E 3 207
found that the effect of idebenone on g o & 4
mitochondrial respiration in COS-7 Ctrl  80uM 80uM Ideb + Ctrl  80uyM 80uM Ideb +
Ideb  Dic  Dic Ideb Dic  Dic

cells was phenotypically similar to that
observed in neurons, namely, inhibition
of respiratory capacity. In contrast, cells
pretreated with carnosic acid were phe-
notypically comparable to astrocytes,
exhibiting preserved respiratory capacity
and robust Complex I inhibitor-insensi-
tive respiration. As predicted, carnosic
acid treatment led to strong upregula-
tion of NQO1 enzyme. NQO1 inhibi-
tion reversed the effect of carnosic acid
treatment on the bioenergetic response
to idebenone, shifting the astrocyte-like
phenotype back to one resembling neu-
rons. In sum, these results showed that
pharmacological NQO1 upregulation
mitigates the inhibitory action of idebenone on respiratory
capacity and induces the Complex I bypass mechanism mediated
by the reduced form, idebenol.

Despite our finding that idebenone reduces neuronal respira-
tory capacity, idebenone doses up to 75mg/kg, which yields
~30 uM idebenone in plasma, are safe in people (Di Prospero et
al., 2007b). Although idebenone is rapidly metabolized by the
liver, rodent experiments using '*C-labeled drug established the
presence of unmetabolized idebenone in the brain within 15 min
of administration (Torii et al., 1985; Nagai et al, 1989).
Extrapolating from these studies, the concentration of idebenone
in human cortex is likely ~0.5 um. However, idebenone is hydro-
phobic and concentrates in membranes. In rats, '*C-idebenone
was enriched in the mitochondrial fraction (Torii et al., 1985)
and oral drug administration enhanced the phosphorylating res-
piration of isolated brain mitochondria measured ex vivo
(Sugiyama and Fujita, 1985). In addition, both idebenone and a
major metabolite, QS-10, displayed the ability to rescue oxygen
consumption in vivo by zebrafish embryos exposed to the
Complex I inhibitor rotenone (Giorgio et al, 2018). Further-
more, QS-10 did not share the negative properties of oxidized
idebenone (e.g., the ability to induce permeability transition;
Giorgio et al,, 2018). These findings support the possibility that
mitochondria are a site of idebenone action in vivo.

Encouragingly, structural modifications of idebenone and
library screens for compounds with Complex I bypass activity

Figure 7.

Upregulation of NQO1 by the Nrf2 activator camosic acid mitigates the inhibitory effect of idebenone on cellular
respiration. A, Immunoblots for NQO1 and GAPDH in COS-7 cells after a 72 h treatment with carnosic acid (CA; 3 ) or vehidle.
NQOT levels are expressed as a ratio to GAPDH and are the mean = SE from three independent experiments. ***p << 0.001,
Student’s ¢ test. B, 0CR measurements from C0S-7 cells after the 72 h CA or vehicle treatment described in A. Idebenone (Ideb;
80 um), dicoumarol (Dic; 80 ), 2,4-dinitrophenol (DNP; 150 pm) + pyruvate (Pyr; 10 mu), piericidin A (Pier A, 500 nw), and
antimycin A (AA; 1 um) were added as indicated. Data are the mean == SE from three to seven independent experiments. C,
D, Bar graph representations of the data in B and including additional controls not depicted in B for clarity. ¢, Maximal OCR
with and without idebenone and/or dicoumarol, expressed as a percentage of control (no dicoumarol or idebenone). D, OCR af-
ter injection of piericidin A with and without idebenone and/or dicoumarol, relative to maximal OCR of control (no dicoumarol
or idebenone). **p << 0.01 relative to vehicle control; ***p << 0.001 relative to control; ###p << 0.001 between camosic acid-
treated and vehicle-treated groups; @@p << 0.01 for carnosic acid plus idebenone-treated groups with and without dicoumarol
treatment; @@@p << 0.001 for carnosic acid plus idebenone-treated groups with and without dicoumarol treatment, two-way
ANOVA followed by Tukey's post hoc test.

have already identified compounds with a more potent ability to
rescue mitochondrial function and cellular viability (Duveau et
al,, 2010; Fash et al., 2013; Vafai et al., 2016; Woolley et al., 2019).
Here, we found that relative to idebenone, the naphthoquinone
Me-MNQ exhibited a similar ability to bypass Complex I, but at
substantially lower concentrations (Fig. 6F). Recently, others
have identified redox-active naphthoquinone derivatives that
were superior to idebenone in their ability to rescue ATP levels
in Complex I inhibitor-treated cells (Woolley et al, 2019).
Hence, it is plausible that the direct electron transfer function of
idebenone and other quinones can be harnessed in vivo.
Unfortunately, we saw the Complex I bypass activity of Me-
MNQ in cortical astrocytes but not neurons, as was the case for
idebenone. This finding suggests that the bypass activity of naph-
thoquinone derivatives may also require NQO1-reducing activ-
ity, as MNQ is a preferred NQO1 substrate (Ravasz et al., 2018).
Unlike idebenone, we found that the naphthoquinones MNQ
and Me-MNQ increase antimycin A-insensitive oxygen con-
sumption, likely due to superoxide generation, which may limit
their therapeutic potential.

The beneficial effect of idebenone to LHON patients and the
detection of NQO1 immunoreactivity in mouse retinal ganglion
cells (Heitz et al., 2012; Smith et al., 2016) suggest that, in con-
trast to the cortical neurons investigated in our study, some neu-
rons are able to reduce idebenone to idebenol -effectively.
Interestingly, neuronal NQO1 expression was observed in the
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brains of patients with Alzheimer’s disease (Raina et al., 1999;
Wang et al., 2000; SantaCruz et al., 2004) and Parkinson’s disease
(van Muiswinkel et al., 2004). Thus, although little to no NQO1
is expressed by most neurons of the healthy brain, disease-associ-
ated changes may overcome the epigenetic repression of Nrf2,
enabling activation of the antioxidant response pathway in
stressed cells. Importantly, such cells may regain the ability to
respond to Nrf2-ARE activators, enabling further elevation of
NQOL1 to levels where idebenone or analogs become effective.
Multiple studies have demonstrated a protective effect of Nrf2
overexpression in neurons (Xiong et al,, 2015; Skibinski et al,,
2017), indicating that although Nrf2 expression is normally
repressed in mature neurons, its induction is tolerated and can
be beneficial.

In this study, we demonstrated synergism at the mitochon-
drial functional level between idebenone and carnosic acid. Like
idebenone, carnosic acid crosses the blood-brain barrier and is
nontoxic to healthy animals (Romo et al., 2013; Miller et al.,
2015). Treatment with carnosic acid alone shortly after con-
trolled cortical impact traumatic brain injury to mice improved
the function of nonsynaptic brain mitochondria assessed ex vivo
(Miller et al.,, 2015). Combining idebenone with carnosic acid
treatment may have further protective potential by promoting
NQO1-dependent mitochondrial bioenergetic rescue in cells
competent to activate the Nrf2-ARE pathway.

Finally, while mitochondrial bioenergetic rescue in neurons
is an important goal, the potential for targeting astrocytes in
neurodegenerative diseases should not be overlooked. Aberrant
astrocyte phenotypes have been described in multiple neurodege-
nerative disease states, including amyotrophic lateral sclerosis
and Alexander disease (Liddelow et al., 2017; Verkhratsky et al.,
2019). Our finding that idebenone promotes mitochondrial bio-
energetic function in cultured cortical astrocytes, but not in neu-
rons, suggests that idebenone may be more effective in diseases
in which astrocytes contribute significantly to pathology.

Although much work is still necessary, our findings hint at
why idebenone has not lived up to its initial promise as a neuro-
therapeutic agent—it may behave as a prodrug, with insufficient
neuronal idebenone-reducing activity to convert it to its active
form. Importantly, our results suggest that combination therapy
with NQO1-inducing drugs like carnosic acid may be a way to
overcome this limitation and capitalize on the therapeutic poten-
tial of idebenone. In the long run, the discovery of drugs display-
ing protective synergism with idebenone in vivo could have a
positive impact on how idebenone is used to treat LHON
patients, as well as in the design of clinical trials for other
diseases.
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