wdJN

World Journal of
Neurology

Online Submissions: http:/ /www.wjgnet.com/esps/
bpgoffice@wjgnet.com
doi:10.5316/wjn.v4.i1.1

World | Neurol 2014 March 28; 4(1): 1-6
ISSN 2218-6212 (online)

© 2014 Baishideng Publishing Group Co., Limited. All rights reserved.

EDITORIAL

Coenzyme Q10 in neurodegenerative disorders: Potential
benefit of CoQ10 supplementation for multiple system

atrophy

Hiroshi Takahashi, Kotaro Shimoda

Hiroshi Takahashi, Kotaro Shimoda, Department of Neurol-
ogy, National Hospital Organization, Tottori Medical Center, Tot-
tori 689-0203, Japan

Author contributions: Both authors contributed to the writing
of this manuscript and have read and approved the final version.
Correspondence to: Hiroshi Takahashi, MD, PhD, Depart-
ment of Neurology, National Hospital Organization, Tottori
Medical Center, 876 Mitsu, Tottori 689-0203,

Japan. hiroshi@tottori-iryo.hosp.go.jp

Telephone: +81-857-591111  Fax: +81-857-591589
Received: September 26, 2013 Revised: December 3, 2013
Accepted: April 9, 2014

Published online: March 28, 2014

Abstract

Coenzyme Q10 (CoQ10) is an essential cofactor in the
mitochondrial respiratory pathway and also functions as
a lipid-soluble antioxidant. CoQ10 deficiency has been
implicated in many clinical disorders and aging. Primary
CoQ10 deficiency is a group of recessively inherited
diseases caused by mutations in any gene involved in
the CoQ10 biosynthesis pathway. Although primary
CoQ10 deficiency is rare, its diagnosis is important be-
cause it is potentially treatable with exogenous CoQ10.
Multiple system atrophy (MSA) was recently shown to
be linked to mutations in the COQZ2 gene, one of the
genes involved in the CoQ10 biosynthesis pathway.
MSA is relatively common in adult-onset neurodegen-
erative diseases characterized by Parkinsonism, cer-
ebellar ataxia and autonomic failures. Because COQ2
mutations are associated with an increased risk of MSA,
oral CoQ10 supplementation may be beneficial for
MSA, as for other primary CoQ10 deficiencies. Statins
are 3-hydroxy-3-methylglutaryl coenzyme A inhibitors
that inhibit the biosynthesis of cholesterol, as well as
the synthesis of mevalonate, a critical intermediate in
cholesterol synthesis. Statin therapy has been associ-
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ated with a variety of muscle complaints from myalgia
to rhabdomyolysis. Statin treatment carries a potential
risk of CoQ10 deficiency, although no definite evidence
has implicated CQ10 deficiency as the cause of statin-
related myopathy.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Primary coenzyme Q10 deficiency; Multiple
system atrophy; Cerebellar ataxia; COQ2 gene; Statin;
Coenzyme Q10 supplementation; Reduced coenzyme
Q10

Core tip: Recently, multiple system atrophy (MSA),
relatively common in adult-onset neurodegenerative
diseases, was shown to be linked to mutations in the
COQ@2 gene, one of the genes involved in the Coen-
zyme Q10 (CoQ10) biosynthesis pathway. Neurologists
so far have not paid much attention to CoQ10 because
primary CoQ10 deficiency caused by mutations in the
CoQ10 synthesizing genes is very rare. The most im-
portant message is that primary CoQ10 deficiency is
treatable with exogenous CoQ10 and that oral CoQ10
supplementation might be also beneficial for patients
with MSA.
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INTRODUCTION
Coenzyme Q10 (CoQ10), or ubiquinone, is a lipophilic
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CoQ10 biosynthetic pathway
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Figure 1 Coenzyme Q10 biosynthesis pathway. Enzyme and human gene symbols are shown in italics. HMG-CoA: 3-hydroxy-3-methylglutaryl coenzyme A;
PDSS: Prenyldiphosphate synthase subunit; PP: Pyrophosphate; PHB: Para-hydroxy-benzoate; CoQ10: Coenzyme Q10; CABC: Chaperone-activity of bc1.

molecule present in cell membranes that functions as
an essential cofactor for electron transport in the mito-
chondprial respiratory chain and as an endogenous anti-
oxidant'!, CoQ10 is synthesized in all cells from tyrosine
(or phenylalanine) and mevalonate, with its highest levels
found in tissues with high energy turnover, including the
heart, brain, liver and kidneysm. Levels of CoQ10 are
known to decrease with age in various tissues of healthy
normal humans and rats'™",

CoQ10 may be used to improve mitochondrial dys-
function and act as an antioxidant in various clinical con-
ditions'. Although CoQ10 has been approved in some
countries to treat conditions such as congestive heart
failure, it is generally classified as a dietary supplement in
most countries and can be purchased over the counter.
Interest is particularly keen in the United States where
CoQ10 is available in more than 100 single and com-
bination ingredient products, although it has not been
approved by the Food and Drug Administration for the
medical treatment of any condition.

Primary CoQ10 deficiency is a group of rare, reces-
sively inherited diseases. Its recognition is very impot-
tant because it is potentially treatable with exogenous
CoQ10"". A study by the multiple system atrophy (MSA)
Research Collaboration, published in a recent issue of
the New England Journal of Medicine, reported a link
between MSA and mutations in the COQ2 gene, which
encodes one of the proteins involved in the CoQ10
biosynthesis pathwaylsj. MSA is relatively common in
adult-onset neurodegenerative diseases characterized by
Parkinsonism, cerebellar ataxia and autonomic failures.
This discovery prompted the reconsideration of the roles
of mitochondrial function and oxidative stress in the
pathogenesis of these neurodegenerative diseases and
the potential benefit of CoQ10 supplementation in pa-
tients with MSA and related diseases. In this mini review,
we also discuss the potential risk in these patients of
statins, a group of 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) inhibitors, because statin inhibition of
mevalonate synthesis not only inhibits the biosynthesis
of cholesterol, but may also inhibit the biosynthesis of
CoQ10.
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BIOSYNTHESIS OF COQ10

CoQ10 is a vital component of the mitochondrial respi-
ratory chain, with de novo biosynthesis of CoQ10 oc-
curring mainly in the mitochondria. CoQ10 biosynthesis
is a complex biological process that is not completely
understood in humans'”. Therefore, its biosynthesis path-
way has been elucidated in other organisms, including
yeasts and bacteria. CoQ10 consists of a benzoquinone
ring and a polyprenyl side chain; the benzoquinone ring is
synthesized from tyrosine or phenylalanine and the poly-
prenyl side chain from intermediates in the mevalonate
pathwayp].

As shown in Figure 1, decaprenyl diphosphate (decap-
renyl-PP) is synthesized from mevalonate by the PDSS1-
PDSS2 enzyme complex via the intermediates farnesyl-PP
and geranylgeranyl-PP. Para-hydroxybenzoate-polyprenyl
transferase, or COQ2, subsequently catalyzes the con-
densation of decaprenyl-PP with para-hydroxybenzoate,
synthesized from tyrosine or phenylalanine. At least eight
more COQ enzymes (COQ3-COQ10A, B), which cata-
lyze methylation, decarboxylation and hydroxylation reac-
tions, are required to produce functional CoQ10.

COQ10-DEFICIENT DISEASES AND
COQ10 SUPPLEMENTATION

Primary CoQ10 deficiency is caused by mutations in
any of the COQ genes, whereas secondary COQ10 de-
ficiency is caused by genetic defects independent of the
CoQ10 biosynthesis pathway or by other inhibitors of
the CoQ10 biosynthesis pathway[é’m’m.

Ten genes implicated in the biosynthesis of CoQ10
have been characterized in yeast and 16 human homo-
logs of these genes have been identified in the human
genome database!"”. To date, primary CoQ10 deficiency
has been linked to 7 of the 16 human genes, PDSS7,
PDSS2, COQ2, COQ4, COQ6, COQS8 (ADCK3/CABCT)
and COQ9"**" (Table 1). CoQ10 deficiency has been as-
sociated with five major clinical phenotypes: (1) encepha-
lomyopathy; (2) severe infantile multisystemic disease;
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Table 1 Genotype-phenotype correlation in primary coenzyme Q10 deficiencies

Clinical features Age at onset Response to CoQ10 supplementation Ref.
PDSS1 Severe infantile multi-systemic disease 1-2 year Improved and alive [12]
PDSS2 Severe infantile multi-systemic disease 3 mo No clinical response [13]
Leigh syndrome
COQ2 Nephropathy Infantile-or early Dramatic improvement of neurological [12,14-17]
Severe infantile multi-systemic disease childhood-onset manifestations and nephritic syndrome
Multiple system atrophy Adult-onset Unknown [8]
COQ4 Encephalomyopathy <3yr Significant improvement of neuromuscular [18]
symptoms
COQ6 Nephropathy with sensorineural deafness Infantile-or early Improvement of nephritic syndrome and [19]
childhood-onset hearing loss
Severe infantile multi-systemic disease <3yr
COQ8 Cerebellar ataxia Juvenile-or adult-onset Severe neurological deficit with epilepsy [20-23]
(CABCI) ~mild improvement of ataxia
COQ9 Severe infantile multi-systemic disease Birth No clinical response [24]

CoQ10: Coenzyme Q10; PDSS: Prenyldiphosphate synthase subunit; CABC: Chaperone-activity of bcl.

(3) cerebellar ataxia; (4) isolated myopathy; and (5) ne-
phropathy™. Primary CoQ10 deficiency is clinically and
molecularly heterogeneous and phenotypes differ even in
patients with the same gene mutation. Importantly, pri-
mary CoQ10 deficiency is generally responsive to CoQ10
supplementation (Table 1).

Primary CoQ10 deficiency is unique among mito-
chondrial diseases because an effective therapy is avail-
able, at least for some patients. Early and sufficient ad-
ministration of primary CoQ10 is considered important
for good outcomes™. Early administration of CoQ10
was found to resolve renal symptoms and prevent neu-
rological damage in a patient with a COQ2 mutation'™.
In contrast, a patient with a COQ9 mutation and severe
infantile multisystemic disease did not respond to CoQ10
treatment””, The reason that patients with a CoQ10
deficiency vary in response to CoQ10 treatment is not
completely understood. Insufficient improvement may
be due, however, to the occurrence of irreversible dis-
ease manifestations prior to diagnosis and treatment.
Therefore, correct and timely diagnosis allows prompt
treatment with exogenous CoQ10 and may improve the
outcome of these otherwise devastating and potentially
fatal disorders.

The amount of CoQ10 in the diet is not sufficient to
significantly increase the serum CoQ10 level”. Rather,
a significant increase in its serum level requires supple-
mentation with about 100 mg/d CoQ10". Patients with
CoQ10 deficiency have been treated with 100-3000 mg/d
of this agent™. High doses and long-term administra-
tion of exogenous CoQ10 are considered necessary for
patient benefit. The bioavailability of different CoQ10
formulations should also be considered”. Although
CoQ10 is present as both oxidized and reduced forms in
the body and both forms are commercially available, the
absorption rate of the reduced form is higher than that
of the oxidized form because the oxidized form must
be reduced upon absorption from the gastrointestinal
tract™.

CoQ10 content in vatious tissues increases after CoQ10
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supplementation. Oral administration of CoQ10 was
found to increase CoQ10 levels in both the brain and
brain mitochondria®™. Transfer of exogenous CoQ10
across the blood-brain barrier may require higher CoQ10
doses, perhaps explaining why cerebellar ataxia in patients
with primary CoQ10 deficiency shows variable responses
to exogenous CoQ10 treatment.

No absolute contraindications are known for CoQ10.
Adverse effects with CoQ10 are rare, with fewer than 1%
of patients reporting mild gastrointestinal discomfort™".
Even oral administration of 3000 mg/d for 8 mo was
reported to be safe and well tolerated in patients with
amyotrophic lateral sclerosis™

C0OQ2 GENE MUTATIONS IN MSA

MSA is an adult-onset, progressive, neurodegenerative
disorder that clinically presents as autonomic failure and
cerebellar ataxia and/or parkinsonism[32’33]. To date, few
symptomatic therapies are available. L.-dopa therapy has
been shown to be effective for motor symptoms of Par-
kinsonism for a limited period and several drugs have
been used to treat autonomic failure, such as orthostatic
hypotension and urinary bladder disturbance®™. Symp-
toms in MSA progress rather rapidly and its prognosis is
relatively poor; overall survival after disease onset is less
than 10 years on average”™,

MSA is generally considered a sporadic disease but
several familial cases have been reported, suggesting that
some genetic factors are associated with susceptibility
to MSA®". Using linkage analysis and whole genome
sequencing, the Multiple System Atrophy Research Col-
laboration team in Japan identified mutations in the
COQ2 gene in members of two multiplex families with
autopsy-proven MSA". These mutations include a ho-
mozygous mutation (M78V-V343A/M78V-V343A) and
compound heterozygous mutations (R337X/V343A).
Moteover, a common variant (V343A) and multiple rare
variants in the COQ2 gene were found to be associated
with sporadic MSA. The frequency of the V343A allele
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1s significantly higher in MSA patients than in controls
(4.8% w5 1.6%-2.2%). The V343A variant has been found
exclusively in Japanese individuals. Thus, this variant rep-
resents a susceptibility factor rather than a causative fac-
tor for MSA.

Each variant of COQ2 was functionally impaired in
yeast complementation assays. Intracellular CoQ10 levels
and COQ?2 enzyme activities in lymphoblast cell lines es-
tablished from MSA patients with the two variant alleles
were substantially lower than those in controls. Intracellu-
lar levels of CoQ10 in the brain tissue of individuals with
the homozygous mutation (M78V-V343A) were much
lower than in controls. A previous study revealed that the
activity of mitochondrial complex I was significantly low-
er in muscle mitochondria from patients with MSA than
in mitochondria from age-matched controls™, Because
COQ2 mutations are associated with an increased risk of
MSA, oral CoQ10 supplementation may be beneficial for
patients with MSA, similar to findings in other primary
CoQ10 deficiencies.

EFFECT OF STATINS ON COQ10

Statins are the most effective medications currently in

use for reducing low-density lipoprotein cholesterol lev-
els. Statins competitively inhibit HMG-CoA reductase,
thereby blocking the synthesis of mevalonate, a critical
intermediate in the cholesterol synthesis pathway (Figure
1). Although statins have revolutionized clinical cardiol-
ogy and are generally safe, statin therapy has been associ-
ated with a variety of muscle complaints from myalgia
to life-threatening rhabdomyolysismm. The mechanism
of statin-related myopathy is unknown but may involve
mitochondrial dysfunction resulting from intramuscular
CoQ10 deficiency which, in turn, may be due to statin
interference with CoQ10 biosynthesis in the same meval-
onate pathway.

Statins have been found to reduce circulating CoQ10
levels in humans but low-dose statin treatment does not
appear to reduce intramuscular CoQ10 levels. Studies
using muscle biopsy materials from patients with statin-
related myopathy have yielded conflicting results, with
one study suggesting that morphological changes are
consistent with mitochondrial dysfunction, while another
found that the muscle CoQ10 level is mildly decreased
but there was no biochemical or histochemical evidence
of mitochondrial myopathy™*. CoQ10 supplementation
can increase circulating CoQ10 levels but it is not clear
whether this relieves muscle complaints.

Collectively, no definite evidence has implicated
CoQ10 deficiency as the cause of statin-related myopa-
thy. However, case reports have described patients with
mitochondrial encephalomyopathy, lactic acidosis and
stroke-like episodes whose symptoms were temporally
related to statin therapym’w, suggesting that statins may
provoke mitochondrial diseases in susceptible individu-
als. The same may be true for individuals susceptible to
MSA as well as to other primary and secondary CoQ10
deficiencies.
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CONCLUSION

CoQ10 deficiencies ate clinically and genetically het-
erogeneous. Although they are rare, their recognition is
important because clinical improvement after CoQ10
supplementation has been repeatedly documented in
many patients. The discovery of a link between a CoQ10
synthesizing enzyme and MSA provides new insights
into the pathogenesis of MSA and suggests the potential
benefit of CoQ10 supplementation. Further studies may
lead to effective therapies for MSA and other CoQ10
deficiencies.
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