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ABSTRACT Coenzyme Q9 is an essential cofactor of the
electron transport chain as well as a potent free radical
scavenger in lipid and mitochondrial membranes. Feeding
with coenzyme Q¢ increased cerebral cortex concentrations
in 12- and 24-month-old rats. In 12-month-old rats adminis-
tration of coenzyme Q;o resulted in significant increases in
cerebral cortex mitochondrial concentrations of coenzyme
Q10. Oral administration of coenzyme Q;o markedly attenu-
ated striatal lesions produced by systemic administration of
3-nitropropionic acid and significantly increased life span in
a transgenic mouse model of familial amyotrophic lateral
sclerosis. These results show that oral administration of
coenzyme Qo increases both brain and brain mitochondrial
concentrations. They provide further evidence that coenzyme
Q10 can exert neuroprotective effects that might be useful in
the treatment of neurodegenerative diseases.

Coenzyme Q is an essential cofactor in the electron transport
chain where it accepts electrons from complex I and II (1-3).
Coenzyme Q also serves as an important antioxidant in both
mitochondria and lipid membranes (4, 5). Coenzyme Q, which
also is known as ubiquinone, is a lipid-soluble compound
composed of a redox active quinoid moiety and a hydrophobic
“tail.” The predominant form of coenzyme Q in humans is
coenzyme Qjo, which contains 10 isoprenoid units in the tail,
whereas the predominant form in rodents is coenzyme Qy,
which has nine isoprenoid units in the tail. Coenzyme Q is
soluble and mobile in the hydrophobic core of the phospho-
lipid bilayer of the inner membrane of the mitochondria where
it transfers electrons one at a time to complex III of the
electron transport chain.

There has been considerable interest in the use of coenzyme
Qo for the treatment of mitochondrial disorders. Several
reports found both clinical and biochemical improvement in
patients with mitochondrial disorders (6-10). If defects in
energy metabolism and oxidative damage play a role in the
pathogenesis of neurodegenerative diseases (11, 12), then
treatment with coenzyme Qo could exert beneficial therapeu-
tic effects. We previously showed that oral administration of
coenzyme Qg significantly attenuated lesions produced by
intrastriatal administration of malonate in rats, as well as
malonate-induced depletions of ATP and increases in lactate
concentrations (13). In the present study, we examined the
effects of oral administration of coenzyme Qjy on brain and
brain mitochondrial concentrations. We examined both oxi-
dized and reduced coenzyme Qg levels because the latter is
the form that exerts antioxidant effects (4, 5). We examined
neuroprotective effects against striatal lesions produced by
systemic administration of 3-nitropropionic acid (3-NP) and
survival in a transgenic animal model of familial amyotrophic
lateral sclerosis (ALS).

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1998 by The National Academy of Sciences 0027-8424/98/958892-6$2.00/0
PNAS is available online at http://www.pnas.org.

8892

MATERIALS AND METHODS

Studies of coenzyme Q;¢ were carried out in male Sprague—
Dawley rats. Coenzyme Qo powder (Vitaline Formulas, Ash-
land, OR) was formulated in rat chow (Agway Prolab 3200,
Syracuse, NY). Animals were treated at a dose of 200 mg/kg
per day, a dose that we previously found was neuroprotective
(13). Controls received unsupplemented rat chow. We exam-
ined the effects of oral administration of coenzyme Qg at 200
mg/kg for up to 2 months in 12-month-old male Sprague—
Dawley rats as compared with 12-month-old animals on un-
supplemented rat chow (n = 7). Animals were sacrificed, and
cerebral cortex was dissected and frozen at —80°C. Mitochon-
drial preparations were made as previously described (14). In
a follow-up experiment we examined the effects of oral
administration of coenzyme Qj at a dose of 200 mg/kg for 1
month in 24-month-old Fisher 344 rats as compared with
unsupplemented rat chow (n = 8).

Coenzyme Qo and vitamin E measurements were made by
HPLC with electrochemical detection. Tissue samples weigh-
ing 50 mg were sonicated in 0.4 ml of HPLC running buffer
consisting of 50% methanol/50% ethanol with 0.1 M sodium
perchlorate, 6.15 mM perchloric acid. The samples were
centrifuged at 12,000 g twice for 10 min. Twenty microliters of
the supernatant was injected. The system consisted of WISP
12B refrigerated autosampler, a Waters 510 HPLC pump, a
Nikko Bioscience 15 cm 3 um C18 column (ESA, Bedford,
MA), and an ESA model 5100A coulochem detector. Samples
are eluted isocratically with the running buffer at 1 ml/min.
The guard cell and the first electrochemical cell were set at
—600 mV whereas the second cell was set at +200 mV.
Coenzyme Qo, coenzyme Qio, and a-tocopherol standards
were obtained from Sigma. Reduced standards were made by
reacting coenzyme Qg or coenzyme Qg with dithionite and
extracting in hexane. The retention times of standards were: «
tocopherol, 4.9 min; coenzyme Qg H, 8 min; coenzyme Qo Hy,
10 min; coenzyme Qo 12 min, and coenzyme Qjo, 20 min. The
sensitivity of the assay for coenzyme Qj at a signal to noise of
5:1 is 0.5 ng. Recovery of spiked samples is 93.3 = 8.4%
(mean = SD) n = 4. The identity of peaks was confirmed by
coelution with synthetic standards and by varying chromato-
graphic conditions. We also verified peaks in samples by
reducing with dithionite and showing that the oxidized coen-
zyme Qo and Qi peaks disappeared with a corresponding
increase in reduced coenzyme Qg and Qj peaks.

The effects of oral administration of coenzyme Qjp on
3-NP-induced striatal lesions were examined in 300- to 350-g
rats (n = 10). Animals received either rat chow supplemented
with coenzyme Qg at 200 mg/kg or unsupplemented rat chow.
After 1 week they were treated with 3-NP at a dose of 10 mg/kg
i.p. twice a day until either a control or treated animal became
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symptomatic with hindlimb dystonia, and then sacrificed in
pairs as previously described (15). Animals became ill after
5-6 days. Brains were removed, and 2-mm thick sections were
stained with 2% 2,3,5-triphenyltetrazolium chloride (in the
dark, at room temperature, 30 min), and then placed in 4%
paraformaldehyde, pH 7.3. Lesions, demarcated by pale stain-
ing, were evaluated on the posterior surface of each section by
using a Bioquant 4 system, by an experienced histologist
blinded to experimental conditions. In the same rats we
measured reduced and oxidized coenzyme Qg and Qq levels
in a section of frontal cortex.

To determine whether coenzyme Qo exerts neuroprotective
effects in a transgenic mouse model of a human neurodegen-
erative disorder, we administered coenzyme Q1 (200 mg/kg)
orally to 16 transgenic mice overexpressing a human Cu/Zn
superoxide dismutase (SOD1) mutation, as compared with 13
animals that received unsupplemented rat chow. The mice
used were the G1 line, which expresses high levels of human
SOD with the G93A mutation (16). Treatment was started at
50 days after birth. We were unable to obtain reliable data for
disease onset as assessed behaviorally. We therefore examined
the time to mortality as a primary end point. Treatment was
continued until mice reached end-stage disease. At end stage,
mice laid on their sides in their cage and were fed moistened
food. They were sacrificed if they could not right themselves
from a flat surface within 30 sec or if they could not groom
their faces.

The data are expressed as the means = SEM. Statistical
comparisons were made by unpaired Student’s ¢ test or one-
way ANOVA with the Fisher protected least significance
difference (PLSD) test. All animal experiments were carried
out in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were
approved by the local animal care committee.

RESULTS

Coenzyme Q levels are known to decrease with aging in several
animal species and in humans (17, 18). We therefore admin-
istered coenzyme Qo to 12- and 24-month-old rats. Oral
supplementation with coenzyme Qg at a dose of 200 mg/kg to
12-month-old Sprague-Dawley rats produced significant in-
creases in coenzyme Qjg, coenzyme Qg Hy, coenzyme Qqp Ha,
and total coenzyme Qg and coenzyme Qg levels in cerebral
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cortex (Figs. 1-3). Increases were in the 30% range. The
increases restored levels of coenzyme Qg and coenzyme Qg to
levels similar to those seen in young animals (2-3 months old).
In 24-month-old Fisher 344 rats fed with coenzyme Q; for 1
month there was a significant increase in cerebral cortex-
reduced coenzyme Qo from 68.6 = 3.9 to 74.4 * 2.8 ng/mg
of protein (P < 0.05), and the total coenzyme Qo concentra-
tion increased from 75.2 * 4.0 to 81.4 * 2.7 ng/mg of protein
(P < 0.05).

The effects of oral supplementation of coenzyme Qj¢ on
cerebral cortex mitochondria levels of total coenzyme Qg and
total coenzyme Qg in 12-month-old rats are shown in Fig. 4.
Oral supplementation with coenzyme Qo resulted in progres-
sive increases in brain mitochondrial concentrations of coen-
zyme Qo at 7, 30, and 60 days, with increases at 60 days being
significant (P < 0.05) as compared with levels in controls.
Coenzyme Qg levels also increased, but the increases were not
significant. Vitamin E levels increased from 136.8 * 24.8
ng/mg of protein at 0 days to 157.9 = 24.6 ng/mg of protein
at 7 days, to 164.7 = 20.6 ng/mg of protein at 30 days, and to
176.4 + 15.4 ng/mg of protein at 60 days, but the increases
were not significant. In 24-month-old Fisher 344 rats fed with
coenzyme Qo for 1 month, total coenzyme Q; corrected for
mitochondrial citrate synthase significantly increased from
0.005 = 0.001 to 0.007 *= 0.001 (ng/nmol of citrate syn-
thase/mg of protein per min, P < 0.05).

Coenzyme Qo supplementation for 1 week before admin-
istration of 3-NP dramatically reduced the size of the lesions
in the treated animals (Fig. 5). Oral supplementation with
coenzyme Qj also significantly attenuated reductions in re-
duced coenzyme Qg and reduced coenzyme Qg after 3-NP
administration in the same animals (Fig. 6). We also examined
the effects of coenzyme Qjp in a transgenic model of familial
ALS, expressing high amounts of human SOD carrying the
G93A mutation (16). Heterozygote mice were placed on a diet
supplemented with either 200 mg/kg of coenzyme Q; or on
anormal diet starting at 50 days of age. As shown in Fig. 7, oral
supplementation with coenzyme Qj¢ produced a significant
increase in survival from a mean of 135-141 days, P < 0.05.

DISCUSSION

Coenzyme Qg is a molecule that acts as both an essential
cofactor of the electron transport chain and an endogenous
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FiG. 1. Cerebral cortex concentrations of oxidized coenzyme Qg and coenzyme Qo in 12-month-old rats treated for 2 months with 200 mg/kg

of coenzyme Qqo. *, P < 0.05.
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FIG. 2. Cerebral cortex concentrations of reduced coenzyme Q¢ H> and coenzyme Qjo H» in 12-month-old rats treated with 200 mg/kg of

coenzyme Qqq. **, P < 0.01.

antioxidant (1, 19, 20). Lipid peroxidation leads to a decrease
in coenzyme Qo content and inactivation of respiratory chain
enzymes, whereas administration of coenzyme Qq preserves
mitochondrial respiratory function in aged rat skeletal muscle
(5,21). NADPH:quinone oxidoreductase maintains coenzyme
Qo in a reduced state, promoting its antioxidant function (22).
Administration of coenzyme Qj increases the activity of the
electron transport chain both in vitro and in vivo and protects
against ischemia/reperfusion damage in the heart (23-28) and
against damage produced by adriamycin in perfused rat livers
(29). Coenzyme Qo protects against glutamate toxicity in
cultured cerebellar neurons (30) and against mumps and
sendai virus-induced degeneration of neurons (31).

We previously found that coenzyme Qo exerts neuropro-
tective effects in the central nervous system in vivo (13). Oral
administration of coenzyme Qo for 10 days dose-dependently
protected against striatal lesions produced by the succinate
dehydrogenase inhibitor malonate, and attenuated malonate
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induced ATP depletions. This finding is consistent with a
recent study showing that coenzyme Qo attenuated decreases
in ATP and phosphocreatine produced by ischemia and reper-
fusion in the heart (28). We also found that coenzyme Qqq
administration attenuated striatal lesions produced by amin-
oxyacetic acid (32), and dopamine depletions produced by
1-methyl-4-phenyl-1,2,5,6 tetrahydropynidine (MPTP) in
older mice (33).

An increase in plasma concentrations of coenzyme Qj after
oral supplementation in both humans and animals is well
documented. Previous work, however, questioned whether
coenzyme Qg accumulates in tissues (34). In young rats
(180-200 g) plasma concentrations of coenzyme Q;y doubled
after 4 days of supplementation at 100 mg daily, and there were
significant increases in the liver and spleen, but no changes in
the heart or kidney (35, 36). Similarly, we and others found no
increases in brain concentrations after oral administration of
coenzyme Qg in young (1-2 months old) animals (36, 37). This
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F1G.3. Cerebral cortex concentrations of total coenzyme Qo (oxidized and reduced) and total coenzyme Qg in 12-month-old rats treated with

200 mg/kg of coenzyme Qqq. **, P < 0.01.
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F1G. 4. Cerebral cortex mitochondrial total coenzyme Qg and total coenzyme Qo concentrations in 12-month-old rats treated for 2 months

with 200 mg/kg of coenzyme Qjo.

finding suggests that coenzyme Qq levels are tightly regulated
in young animals and levels in membranes may be saturated.
Consistent with this finding myocardial ischemia and reper-
fusion deplete coenzyme Qg levels and stimulate coenzyme Qg
synthesis in young, but not old, rats (38).

Coenzyme Qg levels are known to decrease with aging in
both human and rat tissues (17, 18, 39). This decrease may be
caused by reduced synthesis or age-dependent increases in
lipid peroxidation that can reduce coenzyme Qg levels (5).
Beyer and colleagues (17) found a significant decrease in brain
coenzyme Qo levels as early as 5 months of age (17). It is
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possible that age-dependent decreases could be restored by
dietary supplementation. We therefore examined the effects
of dietary supplementation with coenzyme Qjo for 2 months
in 12-month-old Sprague-Dawley rats and for 1 month in
24-month-old Fisher 344 rats. After supplementation with
coenzyme Qo there were significant increases in oxidized
coenzyme Qg and coenzyme Q; as well as their reduced forms
in cerebral tissue. Coenzyme Qo supplementation resulted in
30-40% increases in 12-month-old Sprague—Dawley rats, re-
storing levels to those seen in the young animals. In 24-month-
old Fisher 344 rats we also found a significant increase in
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FiG. 5. Effects of coenzyme Q1o supplementation on striatal lesion volumes produced by 3-NP. =, P < 0.001.
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Fic. 6. Effects of coenzyme Qjo supplementation versus a normal diet on reduced coenzyme Qg and reduced coenzyme Qjo levels after

administration of 3-NP. %, P < 0.05; =%, P < 0.01.

coenzyme Qg levels after feeding for 1 month; however, in
those rats the increase was only about 10%, perhaps reflecting
strain differences as well as the duration of treatment. We
examined brain mitochondrial concentrations of coenzyme
Qo because coenzyme Qg is particularly concentrated in
mitochondrial membranes, where it serves as an important
antioxidant (4, 5, 35). Coenzyme Q1o supplementation resulted
in significant increases in mitochondrial total coenzyme Q19
concentrations. There was a nonsignificant trend toward an
increase in vitamin E concentrations at 30 days, consistent with
a vitamin E sparing effect that was observed in other studies
(35). These results therefore provide evidence that oral sup-
plementation with coenzyme Q;( can increase brain concen-
trations in adult animals.

We examined whether coenzyme Q;o could attenuate stri-
atal lesions produced by 3-NP. Systemic administration of
3-NP, an irreversible inhibitor of succinate dehydrogenase,

1 n 1 1 1

produces selective striatal lesions in both rats and primates that
closely resemble those found in Huntington’s disease. In
primates the toxin also produces a choreiform movement
disorder and frontal-type cognitive deficits (32, 40). The
pathogenesis of the lesions involves both impaired energy
metabolism and oxidative stress (41). The present results show
that coenzyme Qg is highly effective in attenuating 3-NP
neurotoxicity. Furthermore, coenzyme Q;¢ supplementation
maintained significantly higher levels of reduced coenzyme Qg
and coenzyme Qg after administration of 3-NP as compared
with rats on unsupplemented diets. This finding provides
further evidence that coenzyme Qo might be useful in the
treatment of Huntington’s disease.

We also examined whether coenzyme Q; supplementation
could exert neuroprotective effects in a transgenic mouse
model of familial ALS (Fig. 7). A major advance in under-
standing ALS was the finding that a subset of families with

17 L
®
=
5 .8 1 -
1
=
(%]
L™
0 .6 7 L
=2
=
B 4- i
e .4
o
o
|
& 2 -
0 A -
T T T M T T T T T T T T
0 20 40 60 80 100 120 140 160
Age(days)

Fic.7. Effects of coenzyme Qjo supplementation on survival in a transgenic animal model of ALS. The graph shows the cumulative probability
for survival. Survival was significantly increased in mice receiving coenzyme Qqo. P < 0.05.
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autosomal-dominant inherited ALS harbor point mutations in
the enzyme SOD1 (42). Substantial evidence suggests that
these point mutations result in a gain of function of the mutant
enzyme that may be caused by oxidative stress (43). Overex-
pression of the mutant enzyme in transgenic mice leads to
motor neuron degeneration whereas overexpression of wild-
type human SOD1 does not (16). We found increased levels of
3-nitrotyrosine, a marker of peroxynitrite induced damage in
transgenic ALS mice (44, 45). An early pathologic finding in
these mice as well as in other transgenic SOD1 mutation mice
is mitochondrial swelling and vacuolization (16, 46), suggesting
that mitochondrial dysfunction may contribute to pathogene-
sis. In the present experiments we found that oral administra-
tion of coenzyme Qy significantly increased the life span of
transgenic mice with the human G93A SOD1 mutation. Both
antioxidant effects and preservation of mitochondrial function
may contribute to the observed neuroprotection. Although
vitamin E supplementation delays disease onset in G93A mice
it has no effect on survival (47). This finding suggests that
coenzyme Qo may be a more effective strategy than vitamin
E in the treatment of neurodegenerative diseases.

Studies of coenzyme Qg levels in Parkinson’s disease plate-
lets show reduced levels that correlate with decreases in
mitochondrial complex I activity (48). Coenzyme Q;¢ admin-
istration reduces elevated cortical and basal ganglia lactate
concentrations in Huntington’s disease patients as assessed by
using magnetic resonance spectroscopy (49). The present
results show that oral administration of coenzyme Qi in-
creases brain mitochondrial concentrations and produces neu-
roprotective effects in animal models of Huntington’s disease
and ALS, strengthening the prospect that coenzyme Q;o may
be a useful treatment for neurodegenerative diseases.
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