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Abstract
In familial and sporadic multiple system atrophy (MSA) patients,

deficiency of coenzyme Q10 (CoQ10) has been associated with muta-

tions in COQ2, which encodes the second enzyme in the CoQ10 bio-

synthetic pathway. Cerebellar ataxia is the most common

presentation of CoQ10 deficiency, suggesting that the cerebellum

might be selectively vulnerable to low levels of CoQ10. To investi-

gate whether CoQ10 deficiency represents a common feature in the

brains of MSA patients independent of the presence of COQ2 muta-

tions, we studied CoQ10 levels in postmortem brains of 12 MSA, 9

Parkinson disease (PD), 9 essential tremor (ET) patients, and 12 con-

trols. We also assessed mitochondrial respiratory chain enzyme

activities, oxidative stress, mitochondrial mass, and levels of en-

zymes involved in CoQ biosynthesis. Our studies revealed CoQ10

deficiency in MSA cerebellum, which was associated with impaired

CoQ biosynthesis and increased oxidative stress in the absence of

COQ2 mutations. The levels of CoQ10 in the cerebella of ET and PD

patients were comparable or higher than in controls. These findings

suggest that CoQ10 deficiency may contribute to the pathogenesis of

MSA. Because no disease modifying therapies are currently avail-

able, increasing CoQ10 levels by supplementation or upregulation of

its biosynthesis may represent a novel treatment strategy for MSA

patients.
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INTRODUCTION
Multiple system atrophy (MSA) is a late-onset, sporadic

neurodegenerative disorder clinically characterized by auto-
nomic failure, parkinsonism, and cerebellar ataxia (1).
Recently, COQ2 mutations have been described in patients
with familial and sporadic MSA in Japan (2). COQ2 encodes
4-para-hydroxybenzoate: polyprenyl transferase, the second
enzyme in the biosynthetic pathway of Coenzyme Q10

(CoQ10), a potent antioxidant and electron carrier in the mito-
chondrial respiratory chain. CoQ10 deficiency can lead to vari-
ous clinical manifestations, with cerebellar ataxia being the
most common presentation. This suggests that the cerebellum
might be selectively vulnerable to low levels of CoQ10 (3).
The association between COQ2 and MSA has been independ-
ently confirmed in a Taiwanese cohort (MSA-C) (4). More-
over, Ogaki et al (6) identified 1 heterozygous carrier of a
known loss of function p.S146N substitution in a severe MSA-
C pathologically confirmed patient, and Schottlaender et al (7)
reported 1 heterozygous p.R197H carrier in 300 pathologic-
ally confirmed MSA cases. However, several other groups did
not find the association between MSA and COQ2 variants.
This may be due to differences in ethnic backgrounds of the
study populations because MSA-C is the predominant type in
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East Asia but not in other geographical areas (4–11). Whether
CoQ10 deficiency is present in MSA brains, independent of
the presence of COQ2 mutations, and whether it plays a role
in the pathogenesis of the disease, has not been investigated.
Cerebellar ataxia associated with CoQ10 deficiency can be pri-
mary, if it is associated with mutations in genes encoding en-
zymes involved in the biosynthesis of CoQ or its regulation, or
secondary to molecular defects in genes encoding proteins
unrelated to CoQ biosynthesis and/or regulation (12, 13).
Therefore, we hypothesize that MSA is part of a broad clinical
spectrum associated with CoQ10 deficiency. Here, we provide
evidence of CoQ10 deficiency and impaired CoQ biosynthetic
pathway in postmortem cerebellar samples from pathologic-
ally confirmed MSA cases without COQ2 mutations.

MATERIALS AND METHODS

Samples
We conducted a case-control study to compare CoQ10

levels in postmortem MSA brains versus age-matched control
brains. We collected 12 pathologically confirmed MSA cases
from the New York Brain Bank, available at Columbia Uni-
versity Medical Center (14). All MSA cases had characteristic
glial cytoplasmic inclusions (GCIs) (15). Of the 12 MSA
cases, 7 were pathologically diagnosed with olivopontocere-
bellar atrophy, 3 with striatonigral degeneration, and 2 with
mixed olivopontocerebellar atrophy and striatonigral degener-
ation pathology (14). We collected 12 age-matched controls
from the New York Brain Bank. The control brains were from
individuals followed at the Alzheimer’s disease Research Cen-
ter, and the Washington Heights Inwood Columbia Aging
Project (WHICAP) at Columbia University. Those individuals
were followed prospectively with serial neurological examin-
ations, and showed no clinical signs of Alzheimer disease,
essential tremor (ET), Parkinson disease (PD), Lewy body de-
mentia, MSA, or progressive supranuclear palsy. From the
same brain bank we also collected 9 PD cases and 9 ET cases
as disease controls. The diagnosis of PD was made by the
movement disorders specialists at Columbia University during
life and was pathologically confirmed by the presence of
Lewy bodies in the substantia nigra (16). The diagnosis of ET
was made by the treating neurologist during life and con-
firmed by an Essential Tremor Centralized Brain Repository
(ETCBR) study neurologist (Elan D. Louis) using medical re-

cords, detailed videotaped neurological examinations, and
ETCBR diagnostic criteria (17, 18). All disease and control
brains were processed under the same protocol in the New
York Brain Bank with standardized neuropathological assess-
ment (19). Demographic data for the samples used in specific
assays are shown in Tables 1–3.

CoQ10 Measurement
CoQ10 was extracted from brain homogenate by mixing

tissue extracts with 1� propanol. After 2-minute vortex, the
suspension was centrifuged at 15 700 rcf for 5 minutes. The re-
sultant supernatant containing the lipid extract was injected in
a high-performance liquid chromatography system and the re-
sults were expressed in ng CoQ10/mg protein (20).

Mitochondrial Respiratory Chain
Enzymes Activities

CoQ10-dependent respiratory chain activities (NADH
cytochrome c reductase and succinate cytochrome c reductase
[complexes Iþ III and IIþ III]) were measured spectrophoto-
metrically in tissue homogenates (21). All following reactions
were measured at 30�C. Complex Iþ III activity was meas-
ured in the presence of 10 mM potassium cyanide, 2 mM
NADH, and 1 mM cytochrome c, as the rotenone-sensitive
reduction of cytochrome c assessed at 550 nm. The results
were expressed in nmol reduced cyt c/min/mg protein. Com-
plex IIþ III activity was measured in the presence of 10 mM
KCN and 30 mM succinate in KH2PO4 buffer (pH 7.5). The
reaction was initiated by addition of 1 mM cytochrome c and
the decrease in absorbance was monitored at 550 nm. The re-
sults were expressed in nmol reduced cyt c/min/mg protein.
Cytochrome c oxidase (COX or complex IV) activity was
measured following the oxidation of cyt c catalyzed by COX.
Samples were incubated in medium containing 0.01 mM
KH2PO4 (pH7.0) and 1% reduced cyt c, and the reaction
followed for 3 minutes at 550 nm. The results were expressed
in nmol oxidized cyt c/min/mg protein. Citrate synthase ac-
tivity was measured following the reduction of 1 mM 5,50-
dithiobis (2-nitrobenzoic acid) in 1M Tris–HCl (pH 8.1) at
412 nm for 2 minutes in the presence of 10 mM acetyl-CoA,
and 10 mM oxalacetic acid. Citrate synthase activity was ex-
pressed as nmol/min/mg protein.

TABLE 1. Demographic Data and Cerebellar Coenzyme Q10 Levels

Controls MSA Cases PD Cases ET Cases p value

N 12 12 9 9

Gender (Male/Female) 7/5 5/7 2/7 4/5 0.18a

Age (years) 65.4 6 2.8 63.8 6 2.3 76.7 6 1.2 82.6 6 1.7 < 0.001b

Postmortem interval (hours) 7.9 6 6.8 3.9 6 3.4 3.6 6 3.5 2.4 6 1.5 0.039b

CoQ10 levels 113.1 6 7.16 68.1 6 10.03 132.2 6 8.47 176.3 6 22.92 < 0.0001b

MSA, multiple system atrophy; PD, Parkinson disease; ET, essential tremor.
Mean 6 SE and frequency (%) are reported.
aChi-square test.
bAnalysis of variance.
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Oxidative Stress Analysis
Oxidative damage was assessed in cerebellum and

striatum from MSA patients and age-matched controls (6 vs.
4 and 5 vs. 4, respectively, Table 3) by immunohistochemistry
using 2 assays specific for lipid peroxidation: 4-hydroxyno-
nenal (4-HNE) and DNA oxidative damage 8-hydroxy-20-
deoxyguanosine (8-OHdG), respectively. Briefly, 7-mm-thick
paraffin-embedded cerebellar tissues slides were deparaffi-
nized, rehydrated, rinsed in PBS, and blocked with 3% hydro-
gen peroxide in methanol. For antigen retrieval, slides for lipid
peroxidation staining were placed in 0.1 M sodium citrate buf-
fer (pH 6.0) and heated in a microwave oven for 15 minutes;
slides for DNA damage staining were treated with 10 mg/ml
proteinase K in PBS at 37�C for 40 minutes, according to the
manufacturer’s instructions. All sections were then incubated
with donkey serum (D9663; Sigma-Aldrich, Saint Louis, MO)
for 1 hour at room temperature, followed by incubation with
anti-4 hydroxynonenal antiserum (1:1000, HNE11-S; Alpha
Diagnostic International Inc., San Antonio, TX) or anti-8-
hydroxy-20-deoxyguanosine (1:200, AB5830; Millipore, Bill-
erica, MA) overnight at 4�C. Sections were subsequently
rinsed in PBS, and incubated with species-specific, biotiny-
lated secondary antibody (1:100, GE Healthcare Life Scien-
ces, Pittsburgh, PA) for 1 hour at room temperature. Immunor-
eactivity was detected by avidin-biotin complex with 3,30-
diaminobenzidine (DAB) substrates (Vectastain ABC Kit,
Vector Laboratories, Burlingame, CA). All slides for 4-HNE
and 8-OHdG immunohistochemistry were stained and de-
veloped at the same time. Controls consisting of omission of
the primary antibodies were performed for the antibodies em-
ployed. Slides were examined by light microscopy using an

Olympus BX51 microscope (Olympus, Tokyo, Japan) and
images were captured with a QImaging Retiga EXi digital
camera, using QCapture software version 2.68.6. Images were
acquired at 20� or 40� magnification and processed by NIH
ImageJ 1.50e software. All morphological analyses were done
using a blinded code, which did not allow distinguishing be-
tween MSA cases and controls.

The numbers of positive dark stained Purkinje cells or
striatal neurons were determined from analyzing 5 randomly
chosen different areas per sample with a 40� lens. The func-
tion “color deconvolution, H DAB” was used to unmix the
RGB image into separate channels. On the new panel corres-
ponding to DAB color, we measured the mean gray level of
background and region of interest (ROI). The intensity num-
bers were then converted to optical density (OD) with the
following formula: OD¼ log (max intensity/mean intensity),
where max intensity¼ 255 in an 8-bit image. The values of
the ROIs were referred as percentage of background, con-
sidered as 100%. Cells with ROIs�140% were considered
positive. OD readings were significantly below the ROI OD
readings used as criteria accepted as “dark neurons”. The num-
bers of positive Purkinje cells or striatal neurons were normal-
ized to the total number of the respective cells in 5 randomly
chosen fields (22).

To assess whether 4-HNE staining colocalizes with a-
synuclein aggregates, we performed double anti-4-HNE/
a-synuclein staining of representative MSA and control cere-
bellum samples. Slides were deparaffinized, rehydrated, and
rinsed in PBS. For antigen retrieval, slides were placed in 0.1
M sodium citrate buffer (pH 6.0) and heated in a microwave
oven for 15 minutes. Slides for DNA damage staining were

TABLE 3. Demographic Data of Controls and Multiple System Atrophy Cases Used for Analyses of Oxidative Stress Markers

Cerebellum Striatum

Controls MSA Cases p value Controls MSA Cases p value

N 4 6 6 6

Gender (Male/Female) 2/2 2/4 1.00a 4/2 3/3 1.00a

Age (years) 65.5 6 6.6 68.2 6 1.5 0.96b 67.8 6 13.8 69.3 6 8.3 0.82b

Postmortem interval (hours 6) 5.8 6 8.8 4.4 6 3.2 0.74b 3.1 6 4.1 2.6 6 2.4 0.88b

MSA, multiple system atrophy.
aFisher exact test;
bIndependent t-test.

TABLE 2. Demographic Data and Striatal and Occipital Cortical Coenzyme Q10 Levels

Striatum Occipital Cortex

MSA Cases Controls p value MSA Cases Controls p value

N 7 7 9 10

Gender (Male/Female) 4/3 6/1 0.56a 2/7 4/5 0.31a

Age (years) 70.3 6 2.03 70.1 6 2.2 0.96 b 69.7 6 1.65 69.6 6 2.72 0.98 b

Postmortem interval (hours) 9.4 6 4.0 [median¼ 295] 8.0 6 5.9 0.24 c 8.6 6 4.4 7.2 6 5.3 [median¼5.2] 0.22 c

CoQ10 levels 244.2 6 27.2 230.8 6 28.6 0.74 b 277.1 6 29.7 267.3 6 21.8 0.79 b

MSA, multiple system atrophy.
Mean 6 SE, [median], and frequency (%) are reported.
aFisher exact test;
bIndependent t-test;.
cMann-Whitney test.
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subsequently treated with 10 mg/ml proteinase K in PBS at
room temperature. All slides were blocked with horse serum
for 25 minutes followed by a 1.5-hour incubation at room tem-
perature with primary antibody anti a-synuclein (1:100,
610786; BD Bioscience, San Jose, CA), and then incubated
with horse anti-mouse (1:200, BA-2000; Vector Laboratories)
and with streptavidin Alexa Fluor 488 (1:300, S32354;
Thermo Fisher Scientific, Waltham, MA). Half of the slides
were blocked for 25 minutes with donkey serum, incubated
overnight at 4�C with anti 4-HNE (1:100) and with donkey
anti rabbit Alexa Fluor 594 (1:4000, A-11037; Thermo Fisher
Scientific) for 30 minutes at room temperature. The other half
were blocked for 25 minutes with rabbit serum, incubated
overnight at 4�C with anti 8-OHdG (1:400), with biotinylated
rabbit anti goat (1:200, BA-5000; Vector Laboratories), and
with streptavidin Alexa Fluor 594 (1:4000, S11227; Thermo
Fisher Scientific) for 30 minutes at room temperature. Slides
were then covered with DAPI (H-1200; Vector Laboratories).
Single Z stacks were acquired with Leica SP5 confocal micro-
scope and entire images were elaborated with ImageJ public
software (NIH) and Photoshop CS5 (Adobe).

COQ2 Molecular Analysis
DNA was extracted from cerebellar tissues of 12 MSA

patients and 12 controls. Mutational analysis was performed
by PCR followed by direct Sanger sequencing of coding
exons and flanking intronic regions of human COQ2
(NM_015697.7). PCR products were purified on Montage
PCR96 Cleanup Plates (Millipore, Billerica, MA) and used in
sequencing reaction with ABI BigDye Terminator Kit
(Applied Biosystems, Foster City, CA). Primers and PCR con-
ditions have been described by Emmanuele et al (3).

Western Blot Analyses of COQ Biosynthetic
Proteins and TOM20

To assess steady state levels of proteins involved in
CoQ10 biosynthetic pathway, approximately 40 mg of frozen
cerebellar tissues from 12 MSA cases and 12 controls were
homogenized on ice in 10 mM Tris-HCl buffer (pH 7.4) con-
taining sucrose. The homogenates were centrifuged at 1000
rcf for 10 minutes at 4�C and the supernatant was collected
and centrifuged at 17 000 rcf for 45 minutes. Thirty micro-
grams of protein were mixed with 4� LDS sample buffer and
25% DDT. After denaturation at 55�C for 5 minutes, samples
were loaded in 10%–20% SDS-PAGE gels. Proteins were
transferred on a methanol activated PDVF membrane and
blocked with 5% nonfat milk at room temperature for 1 hour.
Membranes were incubated at 4�C overnight with primary
antibodies, anti-PDSS1 (1:100, AV46195, Aviva, San Diego,
CA), anti-COQ2 (1:200, ab89706, Abcam, Cambridge, MA),
anti-COQ7 (1:200, PA5-25774, Thermo Scientific Fisher),
anti-COQ5 (1:200, PA5-26327, Thermo Scientific Fisher),
anti-ADCK3 (1:100, H00056997-M04A, Abnova, Taipei
City, Taiwan), and anti-TOM20 (1:500, sc-11415, Santa Cruz
Biotechnology Inc., Santa Cruz, CA), a mitochondrial outer
membrane protein, used as index of mitochondrial mass,
and anti-b actin (1:1000, A1978, Sigma-Aldrich), used as

loading control. Protein–antibody interaction was detected
by peroxidase-conjugated antibodies, using ECL Prime West-
ern Blotting detection reagents (GE Healthcare Life Sciences).
Quantification of proteins was carried out using NIH
ImageJ 1.50e software. Average gray value was calculated
within selected areas as the sum of the gray values of all the
pixels in the selection divided by the number of pixels. No
postprocessing modifications of the gels were made prior to
quantification.

Statistical Analyses
Demographic and clinical characteristics, and cerebellar

CoQ10 levels in controls, MSA, PD, and ET cases were all nor-
mally distributed (Kolmogorov-Smirnov test) and thus were
analyzed using analysis of variance (ANOVA) followed by
Tukey post hoc analysis. We additionally constructed a linear
regression model for the cerebellar CoQ10 levels in different
diagnostic groups and adjusted for age, gender, and postmor-
tem interval (PMI). To compare striatal and occipital cortical
CoQ10 levels, CoQ biosynthetic pathway proteins levels, and
TOM20, between MSA and controls, we used independent
t-test. The results of oxidative stress markers from immunohis-
tochemical assays in MSA cases and controls were not
normally distributed; therefore, we used nonparametric Mann-
Whitney test. Correlation analyses were performed using
Pearson’s correlation coefficient. Statistical significance was
assumed for p< 0.05. Data are expressed as mean 6 SE.

RESULTS

CoQ10 Measurements
Cerebellar CoQ10 levels were measured in: 12 MSA

cases, 9 PD cases, and 9 ET cases, and 12 controls. These 4
groups showed no differences in gender (p¼ 0.18) but differ
in age of death (p< 0.001) and Post-mortem interval (PMI)
(p¼ 0.039). Age of death was similar between controls and
MSA cases, whereas PD cases and ET cases were significantly
older than the other 2 groups (Tukey post hoc analysis,
p< 0.01). In addition, PMI was not significantly different be-
tween controls and MSA cases or PD cases but significantly
higher in controls when compared to ET cases (Tukey post
hoc analysis, p¼ 0.042) (Table 1). Cerebellar CoQ10 levels in
the control group did not correlate with either age of death or
with PMI (For age of death: Pearson’s r¼ 0.14, p¼ 0.67; for
PMI: r¼ 0.006, p¼ 0.99).

CoQ10 levels were significantly different among 4
groups (ANOVA, p< 0.0001). MSA cerebellum had a 40%
decrease in CoQ10 levels versus control cerebellum (MSA¼
68.1 6 10.03 nmol CoQ10/mg protein, control¼ 113.1 6 7.16,
p¼ 0.047). Levels of CoQ10 in PD cerebellum (132.2 6
8.47 nmol CoQ10/mg protein, p¼ 0.71) were not significantly
different from levels in control cerebellum; however, ET cere-
bellum had significantly greater CoQ10 levels (176.3 6
22.92 nmol CoQ10/mg protein, p¼ 0.006) versus controls
(Fig. 1a, b). Cerebellar CoQ10 levels still remained significant
between MSA cases and controls in a linear regression model
adjusting for age, gender, and PMI (b¼�47.53 nmol CoQ10/
mg protein, p¼ 0.016). Within MSA cases we did not observe
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significant differences in CoQ10 levels between patients with
MSA-olivopontocerebellar atrophy, MSA-striatonigral degen-
eration, or MSA-olivopontocerebellar atrophy and striatonigral
degeneration pathology (data not shown).

Striatum is another brain region that is histologically af-
fected whereas the occipital cortex is relative spared in MSA
(5, 15). Therefore, we investigated whether these brain areas
had altered CoQ10 levels in MSA cases. We analyzed striatum
of 7 MSA cases and 7 age-matched controls, and occipital cor-
tex of 10 MSA cases and 9 age-matched controls (Table 2).
CoQ10 levels in both striatal and the occipital cortical samples
were similar in MSA cases and controls (occipital cortical
CoQ10 levels: 277.1 6 29.73 nmol CoQ10/mg protein in MSA
cases vs. 267.3 6 21.88 in controls, p¼ 0.79; striatal CoQ10
levels: 244.2 6 27.16 nmol CoQ10/mg protein in MSA cases
vs.230.8 6 28.62 in controls, p¼ 0.74) (Fig. 1c, d).

Mitochondrial Respiratory Chain Enzymes
Activities and Mitochondrial Mass

To assess the effects of CoQ10 deficiency on the
mitochondrial bioenergetics, we measured activities of
CoQ-dependent respiratory enzymes, complexes Iþ II and

IIþ III, which showed no differences between MSA cases
and control cerebellar samples (Fig. 2a). To exclude the
possibility that low CoQ10 in MSA cerebellum was due to
the marked neuronal loss and degenerative changes relative
to controls, we measured the activity of citrate synthase (a
mitochondrial matrix enzyme), and the level of TOM20 (a
mitochondrial outer membrane protein), indices of mito-
chondrial mass. We also assessed COX activity, a non-
CoQ10-dependent mitochondrial respiratory enzyme. Cit-
rate synthase and COX activities as well as TOM20 levels
were comparable in MSA cases and controls (Fig. 2b).
Therefore, CoQ10 levels in MSA cerebellum were signifi-
cantly reduced compared with controls also when normal-
ized to citrate synthase (17.26 6 2.87 vs. 36.66 6 7.46;
p¼ 0.030). These data indicated that CoQ10 reduction was
not a consequence of mitochondrial mass reduction in
MSA cerebellum.

We assessed mitochondrial respiratory chain and mito-
chondrial mass also in the striatum. As expected, complexes
Iþ III and IIþ III activity, and citrate synthase were comparable
between MSA patients and controls (Supplementary Data Fig.
1a); however, we observed a slight but significant increase in

FIGURE 1. CoQ10 levels in different brain regions. (a, b) CoQ10 is significantly reduced in the cerebellum of multiple system
atrophy ([MSA] n¼12) versus control ([CTRL] n¼12) patients, but not in Parkinson disease ([PD] n¼9) patients. Essential
tremor ([ET] n¼9) patient samples had increased CoQ10 levels versus controls. (c, d) CoQ10 levels in MSA occipital cortex
(n¼9) (c) and striatum (n¼7) (d) are comparable to those in control occipital cortex (n¼10) and striatum (n¼7). *p<0.05;
**p<0.01; ns, not significant.
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COX activity of MSA patients. On the contrary, TOM20 was
reduced in MSA striatal samples (Supplementary Data Fig. 1b).

Oxidative Stress Analyses
Because CoQ10 acts as an antioxidant, we assessed oxi-

dative stress as a possible consequence of CoQ10 deficiency in
MSA samples. Specific staining against oxidized membrane

lipids revealed that a subset of Purkinje cells had increased
signals for 4-HNE (Fig. 3a). We quantified the percentage of
Purkinje cells positive for 4-HNE staining and found that in
MSA cases the percentage of 4-HNE-positive Purkinje cells
was almost 4-fold higher than in controls (88 6 9.15% vs.
22.9 6 13.8%; p¼ 0.049) (Fig. 3b). Also, the proportion of
Purkinje cells positive for 8-OHdG was higher in MSA cases
than controls although the difference was not significant

FIGURE 2. Cerebellum. (a) Activities of CoQ-dependent respiratory chain enzymes, NADH cytochrome c reductase and
succinate cytochrome c reductase (complexes Iþ III and IIþ III), in samples from MSA patients are not different from those in
control samples. (b) Mitochondrial mass: measurements of TOM20 levels, citrate synthase (CS) activity, indices of mitochondrial
mass, and cytochrome c oxidase (COX, complex IV) activity showed no difference between MSA brain and control brain
samples. A representative Western blot with 5 controls and 5 MSA cases is shown. CTRL, controls, n¼12; MSA, multiple system
atrophy, n¼12; ns, not significant.
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(17.1 6 8.98% vs. 2.08 6 2.08%, p¼ 0.33) (Fig. 3b). We did
not detect any significant staining in the omitted primary anti-
body control samples (Supplementary Data Fig. 2). Oxidative
stress was assessed also in striatum, a region affected by MSA
but with normal CoQ10 levels. Both 4-HNE and 8-OHdG
immunostaining were not different in MSA versus control
samples (Supplementary Data Fig. 3).

To verify that lipid oxidation was independent of a-syn-
uclein inclusions in Purkinje cells, double immunofluores-
cence staining was performed. Immunofluorescence con-
firmed that 4-HNE signal is increased in Purkinje cells of

MSA patients (Fig. 4B, B’’’), and that a-synuclein accumu-
lated in the white matter of MSA patient samples but not in
Purkinje cells of controls (Fig.4A, A’’) or of MSA patients
(Fig. 4B, B’’).

COQ Biosynthetic Enzymes Analysis
By direct sequencing of DNA from cerebellar sam-

ples, we did not find any COQ2 sequence variants in the
patients of the cohort tested, including the, p. S146N, p.
R197H, or p. V393A mutations previously identified in MSA

FIGURE 3. Oxidative stress in cerebellum. (a) Representative images of immunohistochemistry with anti-4-HNE and anti-8-
OHdG (indices of lipid and DNA oxidation, respectively) in samples from controls (CTRL) (n¼4 per staining) and multiple system
atrophy (MSA) patients (n¼6 per staining). Figures are representative of 5 different areas per slide. Scale bar: 50 mm. (b) Image J
analysis showed increased signals in brains of MSA cases versus controls for HNE but not for 8-OHdG. 4-HNE, 4-hydroxynonenal;
8-OHdG, 8-hydroxy-2’-deoxyguanosine; P, Purkinje cells. *p<0.05.
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patients (2). To assess whether CoQ10 biosynthesis was im-
paired, we measured steady state levels of proteins involved in
CoQ10 synthesis and its regulation (PDSS1, COQ2, COQ5,
COQ7, ADCK3). Levels of PDSS1 and COQ5, but not of
other CoQ10 biosynthetic proteins, were significantly reduced
in MSA compared with control samples (Fig. 5a, b).

DISCUSSION
We found decreased CoQ10 levels in MSA cerebellum

even in samples from patients without COQ2 mutations.
Although the relatively mild reduction of CoQ10 observed in
this study was insufficient to impair mitochondrial respiratory
chain electron flux, we noted signs of increased oxidative
stress, which has been described in MSA (23), and frequently
observed with CoQ10 deficiency in vitro (24) and in vivo (25).
Consistent with the fact that CoQ10 inhibits lipid peroxidation
directly and indirectly (via recycling of vitamin E), we
observed significantly increased 4-HNE staining indicating
enhanced lipid peroxidation in MSA cerebellum. We excluded
the possibility that CoQ10 deficiency was caused by nonspe-
cific degenerative processes leading to the loss of mitochon-
dria in MSA cerebellum compared to control tissue because
we did not observe any significant decrease in the total mito-
chondrial mass in MSA cases.

Furthermore, we observed that PD cerebellum had
normal CoQ10 levels whereas ET cerebellum had increased
CoQ10 levels. The increased CoQ10 in ET is intriguing be-
cause ET also shows cerebellar degenerative changes, al-
though milder than those in MSA cases (18, 26). Because
dysfunction of autophagy and increased mitochondrial accu-
mulation have been observed in ET cerebellum (27), the
increased CoQ10 levels in ET cases may reflect increased
mitochondrial mass.

Whether oxidative stress is increased in MSA brains
remains controversial (28, 29). Shibata et al (28) described
4-HNE immunoreactivity in a-synuclein-containing GCIs
and neuronal cytoplasmic inclusions (NCIs) in pontine neu-
rons, and it is possible that increased 4-HNE staining could
be due to the presence of GCIs and NCIs in MSA cases.
Therefore, we analyzed oxidative stress in Purkinje cells,
which have very few a-synuclein-containing NCIs in MSA
(29). We found that 88% of Purkinje cells had dark 4-HNE
staining and that Purkinje cells in the MSA cases did not
have a-synuclein-containing NCIs. Therefore, our observa-
tion of increased 4-HNE staining in MSA Purkinje cells can-
not be attributed to NCIs. Furthermore, in Purkinje cells of
MSA cases, we observed 4-HNE in a diffuse cytoplasmic
distribution rather than in localized cytoplasmic inclusions,
further supporting our hypothesis that increased 4-HNE

FIGURE 4. Anti-a-synuclein and anti-4-HNE double immunofluorescence. (A) Control Purkinje cell. (B) MSA sample Purkinje
cell. (C) a-synuclein accumulation in the white matter of a sample from an MSA patient (arrows). 4-HNE, 4-hydroxynonenal.
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staining is not secondary to neuronal inclusions. In addition,
we observed colocalization of 4-HNE and a-synuclein-con-
taining GCIs, consistent with the previous report (28).
Nevertheless, we cannot exclude the possibility that lipid
peroxidation in MSA is due to the combination of excessive
a-synuclein and deficiency of CoQ10.

Importantly, we noted that CoQ10 deficiency is limited
to MSA cerebellum whereas the striatum, another affected
area in MSA, is spared. The cerebellum is frequently affected
in CoQ10 deficiency, suggesting specific vulnerability of this
brain region. The low levels of CoQ10 in normal cerebellum
compared with the other brain regions observed in this and
previous studies suggest that a threshold is necessary for
CoQ10 biological function. In MSA, CoQ10 may be below a
physiological threshold necessary for normal cerebellar
function (30). However, we observed reduced TOM20 and
increased COX activity in MSA striatum samples. Therefore,
other pathogenetic mechanisms involving mitochondria
and independent of CoQ10 deficiency may account for the
disease in this area. This notion is further supported by our

observation that there was a nonsignificant trend of increased
4-HNE and 8-OHdG staining in striatal neurons. A study of a
larger sample size is needed.

Interestingly, low CoQ10 levels in MSA brains were
associated with low levels of 2 CoQ10 biosynthetic proteins,
PDSS1 and COQ5, which may contribute to the CoQ10 defi-
ciency in MSA cerebellum. PDSS1 is one of the 2 subunits of
decaprenyl diphosphate synthase, the first enzyme of the
CoQ10 biosynthetic pathway, which generates the decaprenyl
side chain of CoQ10. COQ5 is the C-methyltransferase of the
CoQ10 biosynthetic pathway (31). MSA patients without
COQ2 mutations might have CoQ10 deficiency because of the
decrease of these 2 critical enzymes in the cerebellum.

Our results are consistent with those in a recent report of
Schottlaender et al (32), and further indicate that deficiency of
CoQ10 and ensuing oxidative stress could play a role in the
pathophysiology of MSA. Because disease-modifying thera-
pies for this disorder are not currently available, increasing
CoQ10 levels by supplementation or upregulation of the bio-
synthetic pathway might represent a novel treatment strategy
for MSA patients.
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