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Abstract

Introduction: Parkinson’s disease (PD) is a common adult-onset neurode-
generative disorder caused by a progressive loss of dopaminergic neurons
due to the accumulation of a-synuclein in the substantia nigra. Mitochon-
dria are known to play a key role in cell respiratory function and bioenerget-
ics. Indeed, mitochondrial dysfunction causes insufficient energy production
required to satisfy the needs of several organs, especially the nervous sys-
tem. However, the profiling of messenger RNA (mRNA) expression of mito-
chondrial subunits in PD has not been systematically investigated yet.
Material and methods: We explored the mRNA expression of mitochondrial
DNA (mtDNA) encoded respiratory chain (RC) subunits in 43 PD patients and
43 normal controls (NC). Next generation sequencing analysis (NGS) was
used and quantitative real-time polymerase chain reaction (qRT-PCR) assay
was used for confirmation of the NGS results.

Results: All tested mitochondrial RC subunits were significantly over-ex-
pressed in subjects with PD compared to NC. In gRT-PCR the mean expres-
sion of all mitochondrial subunits had an expression level of at least 7 times
compared to NC.

Conclusions: The over-expression of mitochondrial subunits in PD subjects with
respect to NC might be secondary to a degeneration-related alteration of the
mitochondrial structure and/or dynamics, or to the occurrence of a compensa-
tory mechanism. The study of specific mRNA by peripheral blood mononuclear
cells may provide a further diagnostic frame for early detection PD patients.

Key words: Parkinson’s disease, mitochondrial subunits, next generation
sequencing, quantitative real-time polymerase chain reaction.

Introduction

Parkinson’s disease (PD) is the most common neurodegenerative dis-
order after Alzheimer’s disease (AD). Parkinson’s disease typically devel-
ops between the ages of 55 and 65 years. Approximately 2% of people
over the age of 60 years are affected, and this percentage rises to 3.5%
at the age of 85-89 years [1].
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Parkinson’s disease is a complex neurological
disease associated with the progressive degen-
eration of dopaminergic neurons in the substan-
tia nigra pars compacta (SNPC) and in the locus
coeruleus. The histopathological hallmarks of PD
are the accumulation of aggregates of a-synucle-
in, known as Lewy bodies, in the SNPC, causing
degeneration of the extrapyramidal circuits of the
midbrain and basal ganglia, eventually resulting
in several signs and symptoms due to the impair-
ment of motor control and modulation [2, 3]. The
intracellular aggregates of a-synuclein damage
the neuronal membrane, inducing the phenome-
na of oxidative stress, excitotoxicity, energy fail-
ure, and neuroinflammation, thus leading to neu-
ral death [4].

Both motor and non-motor signs characterize
the clinical picture of typical PD patients. Among
the former, bradykinesia, resting tremor, muscle ri-
gidity, postural instability, and hypomimic face are
common manifestations [5]. The accumulation of
Lewy bodies also in the cerebral cortex and auto-
nomic and peripheral nervous system [6] produces
a variety of non-motor symptoms, such as cognitive
decline until dementia, mood changes, sleep dis-

Table I. Description of the studied mitochondrial subunits

orders, and dysautonomia (including hypotension
and urinary disturbances). Cognitively, sequence
learning, motor sequence, switching between dif-
ferent tasks, and verbal fluency are the cognitive
domains usually affected in PD patients [7].

In this scenario, PD pathophysiology also in-
cludes mitochondrial dysfunction and the related
inhibition of the electron transport chain. These
pathomechanisms lead to the generation of reac-
tive oxygen species (ROS) and cellular energy fail-
ure, thus consequently causing cellular damage
and neuronal death.

Mitochondria are present in all nucleated human
cells and underlie multiple functions, especially the
generation of energy for the cell. Mitochondrial
dysfunction leads to insufficient energy production
required to satisfy the needs of several organs, es-
pecially the nervous system [8]. Growing evidence
has shown that impairment of the mitochondrial
respiratory chain plays a key role in several neuro-
degenerative diseases, including PD [8, 9].

Specific elements of the respiratory chain with-
in the mitochondrial membrane can be impaired
following a disruption of the electron transport
efficiency. Namely, defects of complex I, which

Gene ID Symbol Aliases Descrip- Chromosome genomic_ start_posi-
tion nucleotide_ tion_end_
accession. position_
version
4512 MT-CO1 COl, Mitochondrially encoded MT NC_012920.1 5904 7445
MTCO1, cytochrome c oxidase |
COX1
4535 MT-ND1 MTND1, Mitochondrially encoded MT NC_012920.1 3307 4262
ND1 NADH dehydrogenase 1
4538 MT-ND4 MTND4, Mitochondrially encoded MT NC_012920.1 10760 12137
ND4 NADH dehydrogenase 4
4540 MT-ND5 MTNDS5, Mitochondrially encoded MT NC_012920.1 12337 14148
ND5 NADH dehydrogenase 5
4508 MT-ATP6  ATPase6,  Mitochondrially encoded MT NC_012920.1 8527 9207
MTATPS6, ATP synthase 6
ATP6
4537 MT-ND3 MTND3, Mitochondrially encoded MT NC_012920.1 10059 10404
ND3 NADH dehydrogenase 3
4541 MT-ND6 MTND6, Mitochondrially encoded MT NC_012920.1 14149 14673
ND6 NADH dehydrogenase 6
4513 MT-C02 coll, Mitochondrially encoded MT NC_012920.1 7586 8269
MTCO2, cytochrome c oxidase Il
COX2
4509 MT-ATP8  ATPase8,  Mitochondrially encoded MT NC_012920.1 8366 8572
MTATPS, ATP synthase 8
ATP8
4514 MT-C03 coli, Mitochondrially encoded MT NC_012920.1 9207 9990
MTCO3, cytochrome c oxidase Il
COX3
4536 MT-ND2 MTND2, Mitochondrially encoded MT NC_012920.1 4470 5511
ND2 NADH dehydrogenase 2
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represents the first step in the electron transport
chain of mitochondrial oxidative phosphorylation
(OXPHOS), have been documented in SNPC, plate-
lets, and skeletal muscle of idiopathic PD patients
[10-12]. Since then, altered complex | activity has
been reported in fibroblasts and in the frontal cor-
tex [13, 14]. Complex IV (or cytochrome c oxidase)
represents the last enzyme of this chain, whereas
complex V (ATP synthase) is a ubiquitarian mem-
brane enzyme playing a crucial role in energy me-
tabolism [15].

In this context, mitochondrial dysfunction
has been closely linked to the development and
pathophysiology of PD [16]. In particular, damage
of the electron transport chain, inhibition of com-
plex | activity, mishandling of calcium, enhanced
sensitivity to mitochondrial toxins, oxidative
stress, and dysfunctional mitochondrial dynam-
ics might all contribute to neuronal dysfunction
and take part in the onset, course, and severity of
PD [17]. As the relevant energy-producing organ-
elles within the cell, mitochondria oxidize carbon
and further release adenosine triphosphate (ATP)
through oxidative phosphorylation [18]. Further-
more, progressive mitochondrial damage might
lead to the accumulation of non-functional mito-
chondria, thus further contributing to cellular dys-
function and neuronal degeneration [17].

Based on these considerations, in the present
study we evaluated the expression of the mRNA of
eleven mitochondrial subunits (Table 1) in a sam-
ple of PD patients compared to normal controls
(NQ). We hypothesized that specific mRNA expres-
sion profiling of mitochondrial subunits might be
useful for early detection of PD and differentiation
with NC.

Material and methods

Participants and samples for qRT-PCR
and RNA sequencing study

For the analysis through gRT-PCR, a total of
86 participants, including 43 NC (15 females and
28 males; age range 56-84 years) and 43 PD pa-
tients (15 females and 28 males; age range 56-84
years) were enrolled at the Oasi Research Insti-
tute-IRCCS, Troina (Italy). Both NC and PD patients
were Caucasian and of Sicilian ancestry. Family
history was obtained through a detailed interview
with a first-degree relative or the proband spouse.
Clinical and past medical history of each patient
was collected, including drug prescriptions, medical
records, and medical certificates. Clinical diagnoses
were provided by a trained neurologist according to
the current diagnostic criteria for PD [19].

For the analysis through next generation se-
quencing (NGS), 16 NC (9 females and 7 males;
age range 50-88 years) and 21 PD patients (8 fe-

males and 13 males; age range 51-86 years) were
recruited at the Oasi Research Institute-IRCCS,
Troina (Italy). Blood samples were obtained from
each participant, as described by Salemi et al.
(2018) [20].

Informed consent for inclusion in the study was
obtained from all subjects or their legal guardians.
The study was carried out in accordance with
the Declaration of Helsinki of 1964 and its later
amendments, and the Ethics Committee of the
Oasi Research Institute—IRCCS, Troina (Italy) ap-
proved the protocol on June 3, 2017 (2017/05/31/
CE-IRCCS-0ASI/9).

RNA extraction for gRT-PCR

RNA extraction by peripheral blood mononu-
clear cells (PBMCs) and subsequent retro-tran-
scription were performed using the RNeasy Mini
Kit and QuantiTect Reverse Transcription Kit (Qia-
gen Sciences, Germantown, USA), as previously
described [15]. For mRNA extraction, each whole
blood sample (approximately 8 ml) was processed
within 2 h of collection and the mRNA was stored
at —80°C. Two whole blood samples were pro-
cessed for each patient.

The quantification of RNA was performed using
the Nanodrop ND-1000 spectrophotometer (Nan-
oDrop Technologies). The tracks of genomic DNA
were removed using the QuantiTect Reverse Tran-
scription Kit (Qiagen, Germany), with the ther-
mocycler program: 2’ at 42°C with gDNA wipeout
buffer. Complementary DNA (cDNA) synthesis was
carried out using 100 ng of RNA and the Quan-
tiTect Reverse Transcription Kit (Qiagen Sciences,
Germantown, USA), thermocycler program: 15’ at
42°Cand 3" at 95°C.

RNA extraction for RNA sequencing

PBMC separation was performed using Fi-
coll-Paque (Ficoll Plaque PLUS — GE Healthcare
Life Sciences, Piscataway, USA) and the RNA
was extracted using the TRIzol reagent (TRIzol
Reagent, Invitrogen Life Technologies, Carlsbad,
CA, USA), according to the instructions provided
by the manufacturer. For mRNA extraction, each
whole blood sample (approximately 10 ml) was
processed within 2 h of collection and the mRNA
was stored at —-80°C. One whole blood sample was
processed for each patient.

qRT-PCR

In a total volume of 25 pl, the qRT-PCR exper-
iments were performed using the Light Cycler
480 instrument (Roche Diagnostics; Mannheim,
Germany). The mitochondrial subunits target
gene assays (assay ID ATP6 Hs02596862 gl;
assay ID ATP8 Hs02596863_gl; assay ID CO1
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Hs02596864_g1;assaylDCO2Hs02596865_g1;
assay ID CO3 Hs02596866_gl; assay ID ND1
Hs02596873_s1;assayIDND2Hs02596874_g1;
assay ID ND3 Hs02596875_s1; assay ID ND4
Hs02596876_gl;assayIDND5Hs02596878_g1;
assay ID ND6 Hs02596879_gl1) [21] and
the glyceraldehyde-3-phosphate  dehydroge-
nase (GAPDH) reference gene assay (assay
IDHs99999905_m1) were obtained from Applied
Biosystems (Carlsbad, CA, USA).

The thermal cycling conditions consisted of
one cycle of 2 min at 50°C (Uracil-DNA glycosy-
lases incubation), one cycle of 15 min at 95°C (en-
zyme activation) and 42 cycles of 15 s at 94°C,
followed by 1 min at 60°C (PCR). The QuantiTect
Probe PCR Kit (Qiagen Sciences, Germantown,
USA) was used.

The amplified cDNA was quantified using the
threshold cycle (Ct) method and the relative quan-
tification analysis data were generated using the
comparative 2%t method: each ¢cDNA from PD
subjects was coupled with the cDNA from NC. The
Light Cycler 1.5 software package supplied with
the Light Cycler 480 was used to analyze the rela-
tive quantification.

Statistical analysis for gRT-PCR

Distribution analysis of mitochondrial subunit
levels was performed using the Shapiro-Wilk test,
whereas the inferential statistical analysis was
carried out using the Wilcoxon rank-sum test and
bivariate linear regression analysis. Graph Pad
Prism 5 software was used for statistical analy-
sis. We considered a p-value < 0.05 as statistically
significant.

RNA sequencing and data analysis

In each sample, the RNA concentration was as-
sayed with a ND-1000 spectrophotometer (Nano-
Drop) and its quality assessed with the TapeSta-
tion 4200 (Agilent Technologies). Indexed libraries
were prepared from 1 pg/ea purified RNA with
TruSeq Stranded Total RNA (lllumina) Library Prep
Kit, according to the manufacturer’s instructions.
Libraries were quantified using the Agilent 2100
Bioanalyzer (Agilent Technologies) and pooled
such that each index-tagged sample was present
in equimolar amounts, with a final concentration
of the pooled samples of 2 nM. The pooled samples
were subjected to cluster generation and sequenc-
ing using an Illumina NextSeq 500 System (lllumi-
na) in a 2x75 paired-end format. The raw sequence
files generated (fastq files) underwent quality con-
trol analysis using FastQC (https://www.bioinfor-
matics.babraham.ac.uk/projects/fastqc/). Subse-
quently, the quality checked reads were trimmed
with cutadapt v.1.10 and then aligned to the hu-

man genome (hg38 assembly) using STAR v.2.5.2
[15], with standard parameters. The read-count for
the genes of interest was computed using feature-
Counts [22] and normalized, considering all genes
expressed in the samples, using DESeq2 [23]. RNA
sequencing was performed by Genomix4Life srl
(Baronissi, Italy). Raw RNA sequencing data are
available in the NCBI SRA database (http://www.
ncbi.nlm.nih.gov/bioproject/680218) with Acces-
sion Number PRJNA680218.

Results

NGS transcriptome analysis showed that
the mitochondrial subunits MT-ATP6, MT-ATPS,
MT-CO1, MT-CO2, MT-CO3, MT-ND1, MT-ND2,
MT-ND3, MT-ND4, MT-ND5, and MT-ND6 were all
upregulated in PD patients compared with NC
(Figure 1). Except for the MT-CO1 (p = 0.07), all
the other subunits were compared with NC with
a p <0.03 and, in particular, a p < 0.01 was ob-
tained for these subunits (Table I1).

QRT-PCR analysis confirmed the NGS data. Ac-
cordingly, the mean expression of all mitochon-
drial subunits had an expression level of at least
7 times compared with NC (Figure 2). Statistical
analysis showed a significant difference between
PD and NC (p < 0.05) for all mitochondrial sub-
units, whereas no significant difference was found
by analyzing subgroups by sex (p > 0.05).

To summarize, the results confirmed the data
obtained by NGS analysis, and differences in val-
ues may reflect the methodological differences.

Discussion

The main finding of this study is an overall
increase in mitochondrial gene expression in PD
patients compared to NC. Given that all the mito-
chondrial subunits were found to be up-regulated,
it is likely that mitochondrial complexes to which
they belong might be considered to be impaired
as well, probably suggesting a compensatory
mechanism secondary to a deficient mitochondri-
al quantity or dynamics.

Mitochondria play a number of pivotal roles
in respiratory functions and bioenergetics of the
cell through several biochemical processes, such
as the Krebs cycle and oxidative phosphorylation
(OXPHOS) [24-26]. In this scenario, mitochondria
continuously modulate their structure and func-
tioning in response to the stimuli that the cell
receives, the so-called “mitochondrial dynamics”,
in order to maintain proper cellular homeosta-
sis. A reduction or lack of nutrients exposes mi-
tochondria to elongation (fusion) in the attempt
to increase the OXPHOS activity [25, 26], whereas
an excess of nutrients induces mitochondrial frag-
mentation (fission) [24].

Arch Med Sci 3, 15t May / 2023
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Mitochondrial dynamics also allows the com-
pliance of mitochondrial activity with some phys-
iological demands, such as Ca* homeostasis, ATP
production, and regulation of ROS production [27].
Moreover, a selective autophagosomal process of
mitochondrial degradation (mitophagy) to ensure
quality control and cellular homeostasis [28] re-
moves damaged mitochondria. Thus, a dysfunc-
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Figure 1. Cont. Box plots showing normalized ex-
pression values between the 15 samples of normal
controls and 21 samples of PD patients, for each
selected gene. *p < 0.03. Box plot of the distribu-
tion count for each sample. The frequency distribu-
tion, mean, median, and outliers are also present-
ed. log, normalized counts

tion of mitochondrial dynamics or mitophagy is
a key factor involved in the pathogenesis of dif-
ferent types of cancers, metabolic diseases, and
neurodegenerative disorders [29, 30].

In PD, the impairment of mitochondrial dy-
namics exposes neuronal cells to a greater sus-
ceptibility to oxidative stress, eventually leading
to mitochondrial fragmentation and fusion [31].
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Table I1. Difference of expression, along with p value in normal controls and patients with Parkinson disease (PD)

Mitochondrial subunits P-value FC Mean_CTRL Mean_PD

MT-ND6 0.02 1.747 927.916 1338.082

MT-ND1 0.029 1.181 30366.911 35914.986
MT-ATP6 0.0001087 1.287 32660.876 42581.551
MT-ND2 2.96E-05 1.321 30833.090 41148.994
MT-ND3 0.01 1.505 10668.535 14514.746
MT-ND4 0.004 1.163 61605.741 73001.353
MT-CO2 0.0004059 1.282 45747.429 56915.571
MT-CO3 0.004072 1.317 61376.485 75332.634
MT-CO1 0.07 1.120 119436.076 136255.858
MT-ATP8 0.001 1.226 6623.219 8333.715

MT-ND5 0.002 1.281 30404.932 39995.435

FC - fold change, mean CTRL — mean of normalized count in control (n = 15) samples, mean_PD — mean of normalized count in Parkinson

disease (n = 21) samples.
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Figure 2. mRNA mitochondrial expression in
43 patients with Parkinson’s disease and 43 nor-
mal controls (not included in the figure with val-
ue 1). Data were obtained by gRT-PCR, elaborated
media mRNA levels by comparative AACt method
are shown

Mitochondrial fusion compensates the functions
of mitochondria through elongated tubules that
facilitate the spread of various molecules through-
out the mitochondrial compartments. Therefore,
mitochondrial fusion is of crucial importance to
avoid accumulation of damaged mitochondria,
although excessive fusion of mitochondria inhib-
its the segregation and removal of damaged mi-
tochondria themselves. Moreover, altered fusion
inhibits the respiratory function in mitochondria,
which, in turn, triggers excessive ROS production
and leads to defective mitochondrial transports in
dendrites or axons, with subsequent ATP deficien-
cy in peripheral sites [32-37].

Taken together, these considerations might ex-
plain the over-expression of mitochondrial mRNA
subunits we observed in PD patients, possibly
acting as a compensatory mechanism triggered
by the alteration of mitochondrial structure and

function. Conversely, the reduced expression of
mitochondrial mRNA in dementia with Lewy bod-
ies [38] suggests that the molecular mechanisms
affecting mitochondrial structure and functioning
may differ between PD and atypical parkinson-
isms also at the subcellular level.

Environmental and food-related factors cer-
tainly correlate with the reduced risk for PD,
including caffeine intake, and can positively af-
fect the integrity of mtDNA by favoring a milder
course of PD [39]. There is also evidence on how
mitochondrial dysfunctions can affect neurode-
generative diseases other than PD, such as AD
[40, 41]. These neurodegenerative conditions in-
deed show some similarities in the impairment
of enzyme activities of complex | (to which the
subunits MT-ND1, MT-ND2, MT-ND3, MT-ND4,
MT-ND5 and MT-ND6 belong) and complex IV (to
which the subunits MT-CO1, MT-CO2, MT-CO3 be-
long) at the level of the frontal cortex, substantia
nigra, and cerebellum. These brain regions are all
involved in patients with cognitive decline and in
both motor and non-motor-related impairment of
different neurotransmission systems [42]. In par-
ticular, complex | dysfunction seems to be critical
in PD pathogenesis, because it correlates with
the degeneration of dopaminergic neurons in the
SNPC [43, 44].

The main limitation of this study is that the
analysis of expression levels was performed on
mRNA obtained from PBMCs. Given that neu-
rons and blood cells have different environment
and energetic demands, caution is needed when
translating the results from blood cells to neu-
rons. However, we cannot exclude that the mech-
anisms highlighted in PBMCs are not activated
also in the brain (dopaminergic neurons) of the
same subjects. In fact, as in other neurodegener-
ative diseases, a neurological impairment might
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be the result of a lack or a partial turnover of
neurons.

In conclusion, our data showed overexpression
of the mRNA mitochondrial subunits in PD pa-
tients, suggesting an alteration of the mitochon-
drial structure or the presence of compensatory
mechanisms that would preserve the cell from
programmed death (e.g. apoptosis due to the ac-
cumulation of ROS). The study of specific mMRNA by
PBMCs will provide further diagnostic frames for
the early detection of PD patients. Future studies,
also including patients with early-onset PD, are
needed to validate this hypothesis and to expand
the present findings to atypical parkinsonisms
and other neurodegenerative diseases.
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