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A B S T R A C T

Multiple System Atrophy is a severe neurodegenerative disorder which is characterized by a variable clinical
presentation and a broad neuropathological spectrum. The pathogenic mechanisms are almost completely un-
known. In the present study, we established a cellular model of MSA by using fibroblasts' primary cultures and
performed several experiments to investigate the causative mechanisms of the disease, with a particular focus on
mitochondrial functioning.

Fibroblasts' analyses (7 MSA-P, 7 MSA-C and 6 healthy controls) displayed several anomalies in patients: an
impairment of respiratory chain activity, in particular for succinate Coenzyme Q reductase (p < 0.05), and a
reduction of complex II steady-state level (p < 0.01); a reduction of Coenzyme Q10 level (p < 0.001) and an
up-regulation of some CoQ10 biosynthesis enzymes, namely COQ5 and COQ7; an impairment of mitophagy,
demonstrated by a decreased reduction of mitochondrial markers after mitochondrial inner membrane depo-
larization (p < 0.05); a reduced basal autophagic activity, shown by a decreased level of LC3 II (p < 0.05); an
increased mitochondrial mass in MSA-C, demonstrated by higher TOMM20 levels (p < 0.05) and suggested by a
wide analysis of mitochondrial DNA content in blood of large cohorts of patients.

The present study contributes to understand the causative mechanisms of Multiple System Atrophy. In par-
ticular, the observed impairment of respiratory chain activity, mitophagy and Coenzyme Q10 biosynthesis
suggests that mitochondrial dysfunction plays a crucial role in the pathogenesis of the disease. Furthermore,
these findings will hopefully contribute to identify novel therapeutic targets for this still incurable disorder.
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1. Introduction

Multiple System Atrophy (MSA) is a severe neurodegenerative dis-
order which affects several areas of the Nervous System. MSA is clini-
cally characterized by variable degrees of parkinsonism, cerebellar
ataxia, dysautonomia and pyramidal features. A parkinsonian (MSA-P)
and a cerebellar (MSA-C) subtype can be distinguished according to the
predominant symptomatology [1,2].

No effective therapies are available, although many pharmacolo-
gical strategies are under investigation [3].

The heterogeneity of MSA clinical presentation correlates with the
numerous regions of the nervous system which are affected, including
striato-nigral pathway, cerebellum and ponto-cerebellar fibers, brain-
stem and autonomous nervous system. Neuropathologically, the disease
is mainly characterized by the finding of protein aggregates (glial cy-
toplasmic inclusions, GCIs) in oligodendrocytes. As alpha-synuclein is
the main component of these inclusions, MSA is classified, together
with Parkinson's disease and Dementia with Lewy Bodies, as an alpha-
synucleinopathy [4,5].

The pathogenic mechanisms of the disease are almost completely
unclear, although several hypotheses have been proposed. In particular,
most of the studies have focused on alpha-synuclein over-expression or
cell-to-cell transfer, inflammation and mitochondrial functioning [5].

Mitochondrial dysfunction has been demonstrated to be implicated
in synucleinopathies. Although most of the studies have focused on
Parkinson's disease [6], Multiple System Atrophy has been investigated,
too. Previous studies assessed the activity level of respiratory chain in
MSA patients and healthy controls, detecting a reduced complex I ac-
tivity in patients' skeletal muscle [7] but not in platelets or substantia
nigra [8]. No significant differences were observed in the amount of
mtDNA deletions or rearrangements in substantia nigra of MSA patients
compared to controls [9]. More interest was raised by a study which
suggested a causative role of mutations in COQ2, encoding the second
enzyme involved in Coenzyme Q10 (CoQ10) biosynthesis [10]. How-
ever, this result was not confirmed by other investigators [11–13] and
the issue remains controversial. Of note, recessive COQ2 mutations
cause primary CoQ10 deficiency leading to an infantile en-
cephalomyopathy/nephropathy with cerebellar atrophy and other pri-
mary CoQ10 deficiency syndromes are characterized by cerebellar
ataxia as main clinical feature [14,15]. Finally, a reduction of CoQ10
amount selectively in cerebellum of MSA patients, but not in other
brain areas, was reported in two independent studies [16,17] and a
reduced CoQ10 level was described in patients' plasma, too [18–20].

The purpose of the present work is to investigate the pathogenic
mechanisms of MSA by using fibroblasts derived from patients and
controls, with a particular focus on mitochondrial functioning. In par-
ticular, we focused our attention on respiratory chain function and
oxygen consumption, mitochondrial mass (in both fibroblasts and per-
ipheral blood cells), mitophagy, autophagy, CoQ10 amount and bio-
synthesis.

2. Materials and methods

2.1. Ethical issues

All the experiments were performed in compliance with the Helsinki
declaration and informed consent was obtained from all the subjects
involved in the study.

2.2. Patients selection and skin biopsies withdrawal

Skin biopsies were obtained from 7 MSA-P patients, 7 MSA-C pa-
tients and 6 age-matched healthy controls. Seventeen samples were
obtained from the Italian movement disorders outpatient service of
Fondazione IRCCS Ca' Granda Ospedale Maggiore Policlinico (Milan),
where biopsies were withdrawn from the ventral surface of the right

arm through a 5mm punch. Three fibroblast cell lines were obtained
from the Italian Telethon Network of Genetic Biobanks [21]. Details
about age and sex of each subject are reported in Table S1.

Diagnosis of probable MSA was performed in compliance with
widely accepted clinical criteria (Gilman et al., 2008) [22].

2.3. PBCs samples

DNA extracted from peripheral blood cells of patients affected with
MSA was obtained from three Italian movement disorders outpatient
services. Details about the composition of each group are reported in
Table S2.

2.4. Fibroblasts culture

Fibroblasts were isolated from skin biopsies and expanded in
Dulbecco's modified eagle medium supplemented with fetal bovine
serum (15%), penicillin/streptomycin (1%) and amphotericin B (1%).

2.5. Spectrophotometric analyses

Protein extraction was performed by sonication (50W for 10 s, 3
times) after resuspending cell pellets in proper buffer (pH 7.2). Lysates
were centrifuged at 750g for 10min and supernatant was recovered.
Lowry method was used for protein quantification. A Lambda 2 Parkin
Elmer spectrophotometer was used to assess enzymatic activities.
Analyses were performed at specific wave lengths for each enzymatic
activity after preparing proper solutions as previously described [23]
with mild changes. NADH dyhydrogenase (340 nm): H2O (455 μl), K-
phosphate pH 7.5 0.1 M (340 μl), K3[Fe(CN)6] 17mM (100 μl), NADH
2mM (100 μl), homogenate (5 μl). NADH ubiquinone 1 reductase
(340 nm): H2O (610 μl), K-phosphate pH 7.5 0.1M (200 μl), albumin
1% (100 μl), NADH 2mM (70 μl), homogenate (10 μl), sodium azide
100mM (10 μl), CoQ1 6mM (5 μl); activity measured after rotenone
administration (1mM, 5 μl) was subtracted. Succinate dehydrogenase
(SDH) (600 nm): K-phosphate pH 7 0.1M (500 μl), 2,6 di-
chloroindophenol 0.5 mM (200 μl), H2O (130 μl), succinic acid 200mM
(100 μl), KCN 30mM (50 μl), homogenate (20 μl). Succinate CoQ Re-
ductase (600 nm): K-phosphate pH 7 0.1M (500 μl), 2,6 di-
chloroindophenol 0.5 mM (200 μl), H2O (127 μl), succinic acid 200mM
(100 μl), KCN 30mM (50 μl), homogenate (20 μl), CoQ1 15mM (3 μl).
NADH cytochrome C reductase (550 nm): H2O (490 μl), K-phosphate
pH 7.5 0.1 M (250 μl), NADH 2mM (120 μl), cytochrome C 1mM
(100 μl), KCN 30mM (20 μl), homogenate (20 μl). Succinate cyto-
chrome C reductase (550 nm): K-phosphate pH 7.5 0.1 M (500 μl), H2O
(300 μl), cytochrome C 1mM (100 μl), succinate 400mM (50 μl),
homogenate (30 μl), KCN 30mM (20 μl). Cytochrome oxidase (550 nm):
H2O (680 μl), K-phosphate pH 7 0.1M (200 μl), reduced cytochrome C
1% (100 μl), homogenate (20 μl). Citrate synthase (412 nm): H2O
(800 μl), DTNB 1mM (100 μl), oxaloacetic acid 10mM (50 μl), Acet-
ylCoA 10mM (30 μl), homogenate (20 μl). Experiments were performed
at 30 °C. Analyses were performed through a Parkin Elmer software.
Measurements were normalized over the activity level of citrate syn-
thase, a stable matrix mitochondrial enzyme; this latter step was per-
formed in order to normalize respiratory chain activity over mi-
tochondrial mass.

2.6. High resolution respirometry

A high-resolution respirometry Oxygraph-2k (Oroboros
Instruments, Innsbruck, Austria) was used to assess oxygen consump-
tion in fibroblasts [24]. For each analysis, 800,000 cells were re-
suspended in proper medium (MiRO5) and injected into the in-
strument's chambers. Oxygen flux was measured at basal level and after
the progressive administration of several compounds: digitonin
(4.1 μM), malate (2 mM) and glutamate (10mM), ADP (1–5mM),
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