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Abstract. Parkinson’s disease (PD) is the second most common neurodegenerative disease, affecting the elderly worldwide
and causing significant movement impairments. The goal of PD treatment is to restore dopamine levels in the striatum
and regulate movement symptoms. The lack of specific biomarkers for early diagnosis, as well as medication aimed at
addressing the pathogenic mechanisms to decelerate the progression of dopaminergic neurodegeneration, are key roadblocks
in the management of PD. Various pathogenic processes have been identified to be involved in the progression of PD, with
mitochondrial dysfunction being a major contributor to the disease’s pathogenesis. The regulation of mitochondrial functions
is influenced by a variety of factors, including epigenetics. microRNAs (miRNAs) are epigenetic modulators involved in the
regulation of gene expression and regulate a variety of proteins that essential for proper mitochondrial functioning. They are
found to be dysregulated in PD, as evidenced by biological samples from PD patients and in vitro and in vivo research. In
this article, we attempt to provide an overview of several miRNAs linked to mitochondrial dysfunction and their potential as
diagnostic biomarkers and therapeutic targets in PD.
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INTRODUCTION

Parkinson’s disease (PD) is the world’s second
most common neurological disorder, impacting mil-
lions of individuals worldwide [1]. It is an age-related
progressive disorder in which the dopaminergic neu-
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rons in the Substantia Nigra pars Compacta region
(SNpc) are degenerated [2]. Men are more com-
monly affected than women. As seen in postmortem
PD brains, the disease is defined by the presence
of �-synuclein aggregates and the presence of Lewy
bodies in the surviving neurites [3]. It is characterized
clinically by severe motor symptoms such as bradyki-
nesia, rigidity, resting tremors, and an unstable gait,
as well as non-motor symptoms such as cognitive
impairment, sleep difficulties, olfactory impairment,
constipation, and so on [2]. The current diagnosis
of PD is primarily dependent on the presentation
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of motor symptoms. By the time PD is diagnosed,
between 30–70% of dopaminergic neurons have
degenerated [4]. All of the medications now available
for the treatment of PD, including the gold stan-
dard levodopa, are aimed at symptomatic relief [5].
However, no medications that can delay or stop the
progression of the disease are now available (i.e., dis-
ease modifying drug). As a result, recent research has
been focused on finding molecular pathogenic mech-
anisms that may be implicated in the development and
progression of PD. This could enable in the discovery
of biomarkers that can aid in the early detection of the
disease, as well as novel therapeutic targets that can be
targeted to slow or stop the disease’s course. Neuroin-
flammation, �-synucleinopathy, protein aggregation
and mishandling, oxidative stress, mitochondrial dys-
function, and other pathogenic processes have all
been hypothesized as possible causes of neurode-
generation of dopaminergic neurons [6]. Of them,
mitochondrial dysfunction has been recognized as
a central mechanism in the development of PD [7].
Dopaminergic neurons depend on the mitochondria
functioning for their huge energy requirements. The
control of mitochondrial function is influenced by
a variety of factors, including microRNAs (miR-
NAs). miRNAs are non-coding RNAs that are 19–24
nucleotides in length and play a critical role in reg-
ulation of gene expression and protein translation
[8]. These short sequence RNAs are currently being
investigated for their potential as early biomarkers as
well as therapeutic targets in the treatment of a var-
ious diseases including PD. In this article, we will
look at the involvement of several miRNAs involved
in the regulation of mitochondrial function, as well as
their potential as biomarkers and therapeutic targets
in PD.

MITOCHONDRIA AND THEIR ROLE IN
PD

Mitochondria are the double-membraned
organelles found in the cell’s cytoplasm and
have circular deoxyribonucleic acid (DNA) of their
own [9]. They are known as the cell’s powerhouses
due to their significant role in the production of
adenosine triphosphate (ATP), the cell’s energy
currency, via a highly integrated mechanism known
as oxidative phosphorylation. In addition to ATP
synthesis, mitochondria are involved in a variety of
functions such as calcium homeostasis, apoptosis,
redox signaling, carbohydrate and lipid metabolism,

and so on [10, 11]. Mitochondria are extremely
dynamic structures that alter their shape and number
in response to the demands of the cells. Mitophagy
and mitochondrial fusion and fission are important
dynamic characteristics of mitochondria.

VULNERABILITY OF DOPAMINERGIC
NEURONS TO NEURODEGENERATION

Many mechanisms were identified to be involved
in the pathogenesis of PD, but mitochondrial dys-
function was thought to be the major player. A
small subset of dopaminergic neurons in the SNpc
region of brain were particularly vulnerable to mito-
chondrial dysfunction. These neurons in the mid
brain are characterized by large and complex axonal
arbor which requires massive amount of energy
to maintain protein synthesis, axonal transporta-
tion, membrane potential, and propagation of action
potential. The unmyelinated nature of these neu-
rons further increases the energy demand. These
neurons also have intrinsic pace-making activity
which utilize the L-type calcium channels. The
efflux of calcium ions requires much more ATPs
than those required for the efflux of other ions like
Na+. Hence, to meet all these energy demands,
SNpc neurons depend on increased oxidative phos-
phorylation which on the other hand has negative
consequences like increased reactive oxygen species
(ROS) generation. Their energy requirement is very
delicately balanced. Any condition that disturbs this
balance make the SNpc neurons highly vulnerable
to neurodegeneration [12–15]. From this, poor mito-
chondrial activity makes dopamine neurons more
vulnerable to neurodegeneration owing to energy
depletion and severe oxidative stress, which can
lead to neuronal death. The fact that drugs like 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
and Rotenone cause Parkinsonism by inhibiting mito-
chondrial respiratory complex I demonstrates the role
of mitochondrial dysfunction in PD. Furthermore,
�-synuclein (SNCA), Parkinson juvenile disease pro-
tein (Parkin), PTEN-induced kinase 1 (PINK-1),
DJ-1, leucine-rich repeat kinase 2 (LRRK2), and
other PARK-designated PD-associated genes that are
involved in the regulation of mitochondrial function
have been found to be mutated in Familial PD [12].
In addition, the postmortem brains of PD patients
showed the signs of oxidative damage in SN due to
ROS, the primary source of which is mitochondria
[11].
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MITOCHONDRIAL DYSFUNCTION IN PD

Mitochondria dysfunction occurs due to various
genetic and environmental factors. Mutations in var-
ious genes like PINK1, DJ-1, and LRRK2 which
encode for the protein responsible for mitochon-
drial functioning are implicated in familial PD. Other
factors like aging, exposure to pesticides and environ-
mental toxins, mutations in mitochondrial genes, and
epigenetic factors regulating various mitochondrial
factors are some of the factors implicated in spo-
radic PD [16]. This impairment can be manifested
by the accumulation of dysfunctional mitochon-
dria, increased ROS production and oxidative stress,
altered mitochondrial membrane potential, reduced
ATP levels, and inhibition of the activity of respira-
tory complexes [17]. The following section briefly
discusses various aspects of mitochondrial dysfunc-
tion in PD.

MITOCHONDRIAL RESPIRATORY
COMPLEX I DEFICIENCY AND
OXIDATIVE STRESS IN PD

Defects in the activity of the mitochondrial res-
piratory chain in PD have been explored in several
studies [18]. Respiratory chain or electron transport
chain is located in the inner mitochondrial membrane
and consists of five complexes (complex I to complex
V). Complex I to IV are involved in electron transfer
in return to proton efflux creating a proton gradient
across the membrane. Complex V is known as ATP
synthase which couples the ATP production with the
re-entry of protons through the complex [19]. Despite
some individual heterogeneity, several findings con-
sistently described a selective deficit of respiratory
complex I, which is evident when the activity of vari-
ous enzymes in the respiratory chain were assayed in
the SN postmortem brain samples of PD patients. The
activity of rotenone sensitive NADH CoQ1 reductase
was assessed according to the method described by
Hatefi and Rieske and was found to be significantly
reduced in the samples [20]. Two neuropathological
studies conducted on patients’ SN and striatum to
examine the amount of respiratory chain complexes
in these tissues have revealed a decrease in complex
I subunits [21, 22]. The deficiency was also observed
in frontal cortex, platelets, and skeletal muscles and
can be attributed to oxidative damage or misassembly
of complex I [21–23]. The deficit of additional res-
piratory chain complexes (namely complexes II, III,

and IV) has been rarely reported [24, 25]. Complex
III dysfunction has also been observed in platelets
and lymphocytes of the PD patients [23]. MPTP and
rotenone causes parkinsonism by inhibition of com-
plex I and induced PD [22, 26]. Annonacin is another
complex I inhibitor that is found to cause neurode-
generation in rats [27]. The mitochondrial complex
I is composed of nearly 45 subunits including 14
core subunits. 7 of the core subunits were encoded by
mitochondrial DNA and the other 7 by nuclear DNA.
NDUFS2 gene encodes for a subunit of complex I
which has the binding site for ubiquinone, the elec-
tron carrier as well as rotenone. It is also essential for
the assembly of the other subunits to form complex I
[28]. In a recent study, knockdown of NDUFS2 gene
in the dopaminergic neurons resulted in the parkin-
sonism in the experimental mice [29, 30]. �-synuclein
(a protein encoded by SNCA gene) which is the major
component of Lewy bodies is found to be associated
with the inner mitochondrial membrane and reduce
the mitochondrial complex I activity. Accumulation
of wild type �-synuclein in the mitochondria resulted
in the reduction of complex I activity [31] The local-
ization of A53T mutant form of �-synuclein with
the mitochondrial membrane coincides with the age-
related mitochondrial complex-1 inhibition in trans-
genic animals [32]. Damage to complex I or III results
in the leakage of electrons from the electron transport
chain into the mitochondrial matrix where they react
with the molecular oxygen resulting in the genera-
tion of superoxides [33, 34]. These ROS cause lipid
oxidation, protein oxidation, and mitochondrial DNA
oxidation, all of which were found in the SN region of
post-mortem brains of PD patients. In addition, ROS
also promotes excitotoxicity, which further exacer-
bates the oxidative stress besides activating various
neurotoxic mechanisms [23].

ALTERED MITOCHONDRIAL DYNAMICS
IN PD

Mitochondria are a highly active organelle whose
dynamics are critical to the proper functioning of
neurons. Mitochondrial dynamics is a broad term
used to include fission, fusion, trafficking, biogen-
esis, and degradation [35]. Mitochondrial fission
is the division of a single mitochondrial cell into
two daughter cells. It is necessary for mitochondrial
clearance and transportation. The process is regu-
lated by GTPase proteins, dynamin related protein
1 (Drp1), and mitochondrial fission (Fis1) protein
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[36]. LRRK2 is a GTPase and kinase domain con-
taining protein present in cytosol. It phosphorylates
Drp1 protein and promotes mitochondrial fission
[37]. PTEN-induced putative kinase-1 (PINK1) is
another protein kinase that promotes mitochondrial
fission by indirect activation of Drp-1 protein [38].
Mitochondrial fusion is a dynamic process in which
two mitochondria fuse together to form an elongated
mitochondrion. Optic atrophy protein 1 (OPA1), and
mitofusins 1 and 2 (Mfn1 and Mfn2) are the impor-
tant proteins that regulate mitochondrial fusion [36,
39]. Mitofusins (Mfns) mediate the fusion of outer
membranes of the neighboring mitochondria while
OPA1 mediates the fusion of the inner mitochon-
drial membranes. PINK-1 and parkin proteins also
play an important role in regulating fusion by pro-
moting the ubiquitination subsequent degradation of
Mfns [40]. These fission-fusion cycles are critical
for maintaining homogeneous and healthy mitochon-
drial population in the cell [41]. They maintain
mitochondrial integrity, mitochondrial turnover, and
mitochondrial DNA (mtDNA) and are essential for
the formation of synapses and dendritic spines [35].

Trafficking of the mitochondria through axons and
dendrites to the sites of energy requirements is impor-
tant to maintain the localization, maintenance, and
function of the mitochondria [35]. Kinesins drive
the anterograde (soma to synapse) transport whereas
dyneins drive retrograde (synapse to soma) trans-
port. Trafficking Kinesis Proteins 1 and 2 (TRAK
1 and 2) and Mitochondrial Rho GTPase 1 (MIRO-
1) are the adaptor proteins involved in mitochondrial
movement. PINK1 and parkin regulate the antero-
grade transport by the ubiquitination of (MIRO-1)
[35, 42]. This movement depends on mitochon-
drial bioenergetics, ATP synthesis, and mitochondrial
membrane potential [35, 43]. Mitophagy is the pro-
cess in which mitochondria are engulfed in the
double membrane autophagosomes that fuse with
lysosomes, resulting in the destruction of defec-
tive mitochondria [44]. There are two types of
mitophagy pathways: Parkin-dependent and Parkin-
independent mitophagy. The former is a well-studied
pathway in which recessive mutations have been
linked to hereditary and idiopathic PD [45, 46].
In healthy neurons, PINK1 is incorporated into the
mitochondrial outer membrane and is cleaved at
its N-terminal by mitochondrial proteases such as
presenilin. The cleaved PINK1 is re-translocated
from the mitochondrial membrane into the cytoplasm
and is destroyed via ubiquitin-mediated proteasome
degradation [47]. During mitochondrial injury, the

un-cleaved PINK1 becomes stabilized on the mito-
chondrial membrane and phosphorylate a variety of
proteins, including ubiquitin and parkin [48]. Acti-
vation of parkin through phosphorylation of serine
located in parkin’s N-terminal ubiquitin like domain
and serine 65 of ubiquitin trigger mitophagy by ubiq-
uitination of multiple outer mitochondrial membrane
proteins [48–51]. LRRK2 which is associated with
outer mitochondrial membrane (OMM) also pro-
motes mitophagy [52]. DJ-I is a highly conserved
protein performing various functions like modu-
lation of transcription, chaperone-like action with
antioxidant properties. Under oxidative stress, DJ-
1 is converted to acidic variant and quenches ROS.
This variant also localizes to OMM and promotes
mitophagy [53]. Abnormal mitochondrial mitophagy
and mitochondrial dynamics may arise due to the
mutations in Parkin, PINK-1, LRRK2, DJ-1, and
SNCA genes, accumulation of �-synuclein, and
oxidative stress. This impairment results in accumu-
lation of defective mitochondria, which ultimately
leads to neurodegeneration [54].

MITOCHONDRIAL BIOGENESIS IN PD

Mitochondrial biogenesis is a highly integrated
process which involves mtDNA replication, gene
expression, protein synthesis, formation of mitochon-
drial membrane, and mitochondrial division. It occurs
in the distal axons and the cell bodies of the dopamin-
ergic neurons which require huge amounts of ATP
[55]. Mitochondrial biogenesis occurs in response to
oxidative stress, energy requirement, exercise, cell
differentiation, etc. [56]. Even though, mitochondria
have their own genetic material, they rely on approx-
imately 1000–1500 proteins encoded by the nuclear
genes for proper mitochondrial biogenesis. Of them,
Peroxisome proliferator activated receptor gamma
coactivator (PGC)-1� is considered as the master
regulator of mitochondrial biogenesis [57]. It acti-
vates mitochondrial transcription factor A (TFAM)
by inducing nuclear respiratory factors 1 and 2 (NRF
1 and 2). TFAM regulates the mtDNA transcription,
packaging of mtDNA and copy number of mtDNA
[58]. Mitochondrial biogenesis is impaired in PD due
to the suppression of the above-mentioned regulators
and leads to alteration in the mitochondrial dynamics
and subsequent detrimental effects on the neurons
[55]. This impairment in various aspects of mito-
chondrial homeostasis is a highly complex process
and occurs in an interdependent manner. Impaired
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mitochondrial functions and homeostasis results in
energy depletion, accumulation of defective mito-
chondria, severe oxidative stress, and excitotoxicity
all together causing neuronal damage and ultimately
neurodegeneration [11, 59].

miRNAs INVOLVED IN MITOCHONDRIAL
DYSFUNCTION IN PD

Various factors were identified to be involved in the
regulation of mitochondrial functions. Recently, the
research has been focused on understanding the role
of epigenetics in the regulation of mitochondrial func-
tions. miRNAs are one of the epigenetic regulators
which are involved in the maintenance of cellu-
lar homeostasis including mitochondrial functions
[17, 60].

miRNAs AND THEIR ROLE IN
REGULATION OF GENE EXPRESSION

miRNAs belong to non-coding single stranded
RNA molecules that have been shown to control the
expression of genes involved in cellular event, along
with differentiation, proliferation, migration, and
apoptosis [61–63]. They are about 18–22 nucleotides
long and are termed as “master regulators of gene
expression”. More than 5000 miRNAs have been
found and described in the human genome to date
[64]. miRNAs are encoded either in the non-coding
regions or within the introns of protein coding genes.
miRNAs encoded within the introns are known as
mirtrons. miRNAs are transcribed from the DNA
into primary miRNA (pri-miRNA) with the help
of RNA polymerase II [65, 66] which is further
processed by RNase III DROSHA and DiGeorge
Syndrome critical region 8 (DGCR8) protein or pasha
to form precursor-miRNA (pre-miRNA) [67]. The
pre-miRNA is transported to the cytoplasm with the
help of exportin-5 and Ran GTP. There it undergoes
cleavage by Dicer (an endoribonuclease belonging
to RNAse III family) and forms a double stranded
short interfering RNA (siRNA) known as miRNA:
miRNA∗ complex. This complex consisting of a
guide strand and a passenger strand from which
the guide miRNA is loaded into the RNA induced
silencing complex (RISC) and passenger strand is
removed and degraded. The RISC loading complex
(RLC) along with the catalyst, Argonaute protein
(AGO), is responsible for the final maturation of
the miRNA. This form of biogenesis is known as
the canonical miRNA biogenesis. Non-canonical bio-

genesis of miRNA is a process in which the DROSHA
and DGCR8 pathway is bypassed. Mirtrons, miRNA
derived from small nucleolar RNA (snRNA), endoge-
nous short hairpin RNA and tRNA undergo this
pathway [68]. The miRNAs bind to the 3’ Untrans-
lated Region (3’-UTR) of the target mRNAs and they
can also interact with 5’ UTR, coding sequences,
gene promoters, and transcription factors [69]. Base
complementarity between the seed region of the
miRNA and 3’-UTR of the target mRNA is respon-
sible for the regulation of gene expression. Based
on their complementarity, miRNA binding to tar-
get mRNA in the RISC causes mRNA degradation,
translational repression, or both [64]. Thus, miRNAs
prevent protein translation through the degradation
and sequestration of their target mRNAs [70]. Any
dysregulation of those miRNAs may lead to various
disorders ranging from cancer to neurodegenerative
diseases like PD and Alzheimer’s disease [71, 72]. A
plethora of in vitro and in vivo studies have found that
several miRNAs were dysregulated in PD [72].

miRNAs ASSOCIATED WITH
MITOCHONDRIAL DYSFUNCTION IN PD

Many miRNAs target the mRNAs of the
proteins like LRRK2, DJ-1, PINK-1, Parkin,
and voltage-dependent anion-selective channel-1
(VDAC1) which are associated with mitochondrial
functioning as shown in Fig. 1. They were found to
be dysregulated in various biological samples of the
PD patients as well as in several in vitro and in vivo PD
models as demonstrated in various studies [73]. The
list of such miRNAs that are found to be dysregulated
in PD are given below in the Table 1.

miR-34b and miR-34c indirectly target the parkin
and DJ-1 proteins. miRNA profiling in the post-
mortem brain samples PD patients (Braak stages 4
and 5) has revealed decrease levels of miR-34b and
miR-34c in various regions like amygdala (AM),
frontal cortex (FC), substantia nigra and cerebellum.
Besides altered regulation of miR-34b/c was also
identified in prodromal stage of PD. This miR-34b/c
downregulation is associated with decreased DJ-1
and parkin expression in the differentiated SH-SY5Y
cell line and also in the postmortem brain samples
of PD patients [74]. miR-494 binds to the 3’-UTR
of DJ-1 with complete complementarity and nega-
tively regulates it translation. Transfection of Neuro
2a cell lines exposed to 1-Methyl-4-phenyl pyri-
dinium (MPP+) and paraquat with miR-494 increased
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Fig. 1. miRNAs associated with mitochondrial dysfunction in PD. Various miRNAs were involved in the regulation of mitochondrial
biogenesis, mitochondrial fission, fusion, mitophagy, electron transport chain by targeting key proteins like PGC-1�, LRRK2, PINK 1,
Parkin, DJ-1, and SNCA. miRNAs in red are those that downregulate their respective target whereas those in green upregulate them. Green
and red arrows indicate stimulation and inhibition of downstream pathway respectively. Created with BioRender.com.

Table 1
miRNAs associated with mitochondrial dysfunction in PD

Targeted
mRNA

miRNA Effect on
mRNA

Region where miRNAs were
identified

Reference

�-synuclein miR-7 ↓ SNpc [90]
miR-153 ↓ Plasma, saliva [91]
miR-214 ↓ Serum [83]
miR-34b, miR-34c ↓ AM, FC, SNpc, cerebellum [92]

Parkin miR-103a-3p ↓ Brain, serum [79]
miR-146a ↓ Serum, PBMC [76]
miR-218 ↓ FC [78]
miR-34b, mir-34c ↑ AM, FC, SNpc, cerebellum [92]
miR-181a ↓ Brain, CSF [81]

PINK1 miR-27a, miR-27b ↓ PBMC [89]
DJ-1 miR-494 ↓ SNpc [75]

miR-145-3p ↓ Saliva [93]
miR-34b, miR-34c ↑ AM, FC, SNpc, cerebellum [74]
miR-4639-5p ↓ Plasma [82]

LRRK2 miR-205 ↑ Brain, CSF [88]
VDAC1 miR-7 ↓ SNpc [84]
PGC1-� MiR-485-3p ↓ SNpc [94, 95]

MiR-144-3p ↑ FC, serum [96]
miR-376 ↓ PBMC [97]

Bim miR-124 ↑ FC, SNpc [98]

“↓” indicates down regulation, “↑” indicates upregulation.

the susceptibility of the cells to oxidative stress due
to down regulation of DJ-1. miR-494 was found to
be highly expressed in SNpc region of the MPTP-

induced PD mice model which resulted in decreased
DJ-1 protein levels and exacerbation of neurodegen-
eration in the experimental mice [75]. Global miRNA

https://www.BioRender.com
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profiling conducted by Jauhari et al. in a systemic
rotenone induced PD rat model found that miR-146
is highly upregulated. Rotenone induced oxidative
stress activated NF-kB which binds to the promoter
region of miR-146 and upregulated its expression.
miR-146 negatively regulates Parkin by binding to
the 3’-UTR of PRKN. Over expression of miR-146
in SH-SY5Y cells resulted in increased mitochon-
drial fragmentation and the same was decreased when
miR-146 was inhibited using synthetic inhibitors
in rotenone exposed SH-SY5Y cells [76]. miR-218
binds to the 3’-UTR of PRKN, reduce the lev-
els parkin and inhibit the mitophagy mediated by
PINK1/PRKN. It was found to be downregulated
in PD [77, 78]. miR-103a-3p was identified to be
highly expressed in brain and plasma samples of PD
patients. It binds to the 3’-UTR of PRKN and down-
regulate it. Parkin interacts with Ambra 1 and clears
the dysfunctional mitochondria through mitophagy.
Both Parkin and Ambra 1 were found to be downreg-
ulated and miR-103a-3p was upregulated in MPTP
induced PD mice model and MPP+ exposed SH-
SY5Y cells. The inhibition of miR-103a-3p exerted
neuroprotective effect besides improving mitophagy
in PD. The SH-SY5Y cell transfected with miR-103a-
3p antagomir showed an increase in cell viability
with no cytotoxicity as compared to the MPP+
treated group. Additionally, knock down of miR-
103a-3p in mice by antagomir led to reduction in
the loss of Tyrosine hydroxylase (TH) +ve cells in
the SN due to improved mitophagy and alleviation
of neurodegeneration [79]. miR-181a is abundantly
expressed in brain and is found to be increased in post-
mortem brain samples and cerebrospinal fluid (CSF)
of PD patients. The target mRNAs of miR-181a were
found to be downregulated in aging and PD brains.
miR-181a overexpression exacerbated �-synuclein
induced neurotoxicity whereas its inhibition resulted
in neuroprotection in mouse brains [80]. It downreg-
ulates parkin by binding to the 3’-UTR of PRKN and
impacts mitophagy in a negative manner. SH-SY5Y
cells co-transfected with GFP-LC3 (a fusion protein
used to study autophagosome formation), mito-RFP
(a lentiviral vector used to label mitochondria in the
cells), and miR-181a showed a marked reduction
in colocalization of mitochondria with autophago-
somes/lysosomes in contrast to cell not transfected
with miR-181a following FCCP (Carbonyl cyanide-
p-trifluoro methoxy phenylhydrazone, mitochondrial
uncoupler which induce mitophagy and stimulate
PINK/Parkin pathway) treatment due to inhibition
of parkin. In contrast, treatment with antagomir-

181a enhanced mitophagy following FCCP treatment
due to increased expression of parkin [81]. miR-
4639-5p was found to be expressed in significantly
higher levels in the plasma samples of early stage
(Hoehn and Yahr stage 1-2.5) sporadic PD patients
when compared to that of the healthy subjects.
It negatively regulates DJ-1 by binding to its 3’-
UTR and causes downregulation of DJ1 protein
leading to severe increase in oxidative stress and
mitochondrial fragmentation. SH-SY5Y cells treated
with MPP+ or rotenone and transfected with miR-
4639 mimics exhibited higher ROS and superoxide
levels than those cells transfected with miR-4639
inhibitors [82]. miR-214 had been found to be
involved in neuronal differentiation ad control neu-
ronal outgrowth. miR-214 directly targets 3’-UTR
of �-synuclein and decreases the expression of the
protein. miR-214 levels were found to be signifi-
cantly downregulated in MPTP induced PD mice
model and MPP+ exposed SH-SY5Y cells. Trans-
fection with miR-214 mimics and antagomirs in
SH-SY5Y cells resulted in the reduction and eleva-
tion of �-synuclein aggregates in the cells. miR-214
was found to be the mediator of the neuroprotec-
tive effects of resveratrol by inhibiting �-synuclein.
[83]. miR-7 has been shown to exhibit neuroprotec-
tive effect by inhibiting mitochondrial fragmentation,
regulating the mitochondrial membrane potential and
decreasing mitochondrial depolarization, regulating
mitochondrial permeability transition pore (mPTP)
and inhibiting cytochrome c release in MPP+ treated
SH-SY5Y cells by directly targeting the 3’-UTR of
VDAC1(an integral protein of mitochondrial OMM
which forms channel for mPTP). Overexpression of
miR-7 in the mice primary cortical neurons also led
to downregulation of VDAC1 resulting in the mod-
ulation of mitochondrial morphology by regulation
of mitochondrial membrane potential and mPTP. It
also downregulated �-synuclein levels by directly
targeting its 3’-UTR [84]. miR-7 and miR-153 are
brain enriched miRNAs and they both target the
3’-UTR of �-synuclein [85]. miR-7 and miR-153
levels were found to be decreased in the substan-
tia nigra and plasma samples of the PD patients
respectively [86, 87]. LRRK2 levels were found
to be upregulated in frontal cortex tissue of spo-
radic PD patients. miR-205 expression was found
to be significantly downregulated in sporadic PD
patients. miR-205 binds to the 3’-UTR of LRRK2
and down regulates its expression. Transfection of
pre-miR-205 into HEK293T cells resulted in the sup-
pression of LRRK2 protein. Transfection of neuronal
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cells with anti-miR-205 increased the expression of
LRRK2 [88]. miR-27a and miR-27b directly target
the 3’-UTR of PINK1 mRNA and downregulate its
expression. Thereby they inhibit the PINK1 local-
ization to damaged mitochondria, decrease in the
phosphorylation of ubiquitin, Parkin translocation
and LC3-II accumulation in mitochondria resulting in
impaired mitophagy. Transfection of anti-miR-27a/b
in HeLa cells and M17 cells increased the PINK1
protein level [89].

miR-124 is expressed abundantly in the dopamin-
ergic neurons. Its neuroprotective effect has been
demonstrated in various CNS diseases. miR-124
targets 3’-UTR of Bim (a proapoptotic protein asso-
ciated with mitochondrial membrane which inhibits
autophagy) and downregulates its expression. Thus,
it mediates neuroprotection through the upregulation
of autophagy and attenuation of apoptosis. mir-124
level was found to be significantly decreased in SNpc
dopaminergic neurons of MPTP induced PD mice and
MPP+ treated SH-SY5Y cells.

miR-124 mimics reduced the Bim levels in exper-
imental animals and decreased neurodegeneration.
Inhibition of miR-124 by transfection of ant-miR-
124 into SH-SY5Y cells suppressed autophagy [98].
mir-485-3p and mir-485-5p were shown to exert
tumor suppressor action by inhibiting the PGC-1�
expression and subsequent mitochondrial respiration
in breast cancer [94]. mir-485-3p is found to be ele-
vated in the serum of PD patients and plays a role in
neuroinflammation, suggesting that it could be used
as a new diagnostic marker and therapeutic target
in the disease [95]. miR-144-3p targets amyloid-�
protein precursor (A�PP) and indirectly upregulates
the genes involved in mitochondrial biogenesis, i.e.,
PGC-1�, NRF-1, and TFAM. Thus miR-144-3p plays
an important role in mitochondrial functioning. In one
study, miR-144-3p is found to be significantly down
regulated in MPTP exposed SH-SY5Y cell lines.
Transfection of MPTP treated SH-SY5Y cells with
miR-144-3p mimics restored mitochondrial func-
tion [96]. miR-376 is a negative regulator of genes
like PGC-1�, TFAM was found to be increased in
MPP+ exposed SH-SY5Y cells. Peripheral blood
mononuclear cells (PBMCs) of 33 PD subjects and
25 age-matched controls were assessed by measuring
the mRNA levels of mitochondrial-related genes. A
significant drop in both PGC-1� and TFAM levels
occurred in PD patients compared with age matched
controls. The results also represented that miR-376a
was strongly upregulated in the PBMCs of the PD
patients [97].

miRNAs REGULATING
MITOCHONDRIAL FUNCTION AS
POTENTIAL BIOMARKERS

Researchers have recently concentrated their
efforts on developing miRNAs as biomarkers for
the early detection of PD. The circulatory miRNAs
which are secreted from cells and found in the various
biological fluids such as cerebrospinal fluid (CSF),
plasma, serum, saliva, urine, and pleural fluid serve
as biomarkers for the early detection of the disease
[73].

CURRENT DIAGNOSTIC APPROACH
AND IMPORTANCE OF EARLY
DIAGNOSIS IN PD

Currently the diagnosis of PD is majorly based
on the clinical symptoms like bradykinesia, dysk-
inesia, gait freezing, tremors of hand, foot, and
jaw, decreased facial expression, and decreased arm
swinging, along with frozen shoulder presented
in those affected by the disease. Although motor
symptoms are characteristic of PD, there are many
non-motor functions associated with the disease
which are seen right from the prodromal stage, about
20 years before the onset of the actual disease. These
include constipation, REM sleep behavior disorder
(RBD), olfaction impairment, depression, dysphagia,
and neuropsychiatric disorders. The diagnosis of PD
can be further assisted by other methods like neu-
roimaging, metabolite profiling, and analysis of some
neurochemical biomarkers. The various neuroimag-
ing techniques like magnetic resonance imaging,
transcranial doppler ultrasonography, positron emis-
sion tomography (PET scan), and single photon
emission computed tomography (SPECT) help in the
differential diagnosis of the disease. PET and SPECT
scans are used to assess the dopamine metabolism
and deficiency [99]. There are certain neurochemi-
cals and biochemicals present in the body that are
altered due to the diseased state which can be used to
confirm the disease. An exclusive characteristic of PD
is the presence of Lewy bodies due to accumulation
of �-synuclein. Several neurochemical biomarkers
that can be useful in diagnosis of PD includes 8-
Hydroxy-2’-Deoxyguanosine (a marker for oxidative
stress), Orexin (a neuropeptide implicated in the
non-motor manifestations of PD), peripheral pro-
teosomes, dopamine, apolipoproteins, etc. Metabolic
profiling also provides valuable information about
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the severity of PD. In the advanced stage of PD,
lactate levels were found to be increased in striatum,
and N-acetyl aspartate/citrate ratio levels were found
to be decreased [100]. However, all these diagnoses
are only possible after the establishment of the dis-
ease. Even though the non-motor symptoms appear
at quite an early stage, they are often ignored and
not seen seriously due to their non-specific nature.
Many studies have shown that by the time the motor
symptoms appear there is a 30-70% evident neu-
ronal cell loss in the SNpc of the patient [4]. The
reversal of the disease is difficult and only the rate
of progression of the disease is merely mitigated.
Hence, it becomes essential that early diagnostic tech-
niques should be explored and established. Active
research is ongoing to establish better biomarkers
to solve the problem of early detection of PD. This
will open the possibility of providing better medical
care and even stopping the progression of the neu-
rodegeneration. Many studies showed that miRNAs
are implicated in occurrence and progression of PD.
Besides gene regulation, miRNAs are also found to be
involved in intercellular communication. To carry out
the function they migrate outside the cell and circu-
late in various body fluids in the form of exosomes,
protein complexes. These are termed as circulatory
miRNAs and are being investigated extensively to be
established as biomarkers for their non- or minimally
invasive diagnostic potential [101].

miRNAs ASSOCIATED WITH
MITOCHONDRIAL DYSFUNCTION
IDENTIFIED IN BIOLOGICAL SAMPLES
OF PD PATIENTS

Several miRNAs are associated with mitochondrial
dysfunction and are found to be dysregulated in PD.

In a study conducted by Mo et al. to identify the
miRNAs involved in �-synuclein aggregation, it was
observed that miR-144-5p was upregulated in CSF
of PD patients. There was a significant difference
between the expression of mir-144-5p in PD patients
when compared to that of the control group. The
upregulation was consistent across all forms of sever-
ity of the PD patients [102]. A study done on the
CSF miRNA and protein profiles showed that PD
patients in early stages show a low level of miR-
27a-3p as compared to control. This miRNA has
potential to be a biomarker of PD in the early stages
itself [103]. miR-145-3p regulates the expression of
DJ-1 protein and maintains mitochondrial homeosta-

sis. However, in PD patients an overexpression of
miR-145-3p results in reduction of DJ-1 and hence,
increase in oxidative stress. miR-145-3p has been
detected in the saliva of PD patients and could serve
as a potential auxiliary biomarker of PD [93].

In a study conducted by Shu et al., miR-146b-5p
was found to be significantly decreased according to
severity of PD in patient groups as compared to the
healthy group [104]. miR-485-3p was shown to be
significantly upregulated in serum of PD patients. A
study compared the serum miR-485-3p levels in nor-
mal, Alzheimer’s disease, and PD patients and found
that it was significantly higher in PD patients as com-
pared to the other two and can be used for diagnostic
screening of PD [95]. In a study conducted by Ding et
al., miR-181a was found to be downregulated in the
serum samples of sporadic PD patients along with
alteration in the levels of four other miRNAs [105].
miR-214 was found to be upregulated in the serum
samples of prodromal PD patients whereas it was
found to be lower in advanced PD. Thus miR-214
levels negatively correlate with the severity of the
disease and can be used as biomarker for diagnosing
prodromal PD [106, 107]. miR-27a bind to the 3’-
UTR of PINK1 protein and dysregulates mitophagy.
It increases the phosphorylation of ubiquitin, Parkin
translocation, and LC3-II accumulation in mitochon-
dria. A study conducted by Chen et al. showed that
miR-27a is upregulated and is detected in the plasma
of PD patients [108]. miR-4639 levels were found
to be significantly high in PD patients in a study
conducted to explore a peripheral biomarker with a
potential to be the therapeutic target. Increased miR-
4639-5p levels in plasma comes from the exosomes
derived from the CNS [82]. miR-153, miR-124 were
found to be downregulated in different studies and
could be used as potential biomarkers for the diag-
nosis of PD [87, 109]. miR-7 and miR-103-3p were
identified to be significantly increased in the periph-
eral blood of the PD patients [110, 111]. Various
miRNAs identified in the biological fluids of PD
patients are given in Table 2.

miRNAs ASSOCIATED WITH
MITOCHONDRIAL DYSFUNCTION AS
POTENTIAL THERAPEUTIC OPTIONS IN
PD

The treatment of PD available to date is aimed
at restoring the dopamine levels in the striatum but
long-term treatment is associated with severe side
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Table 2
miRNAs identified in various biological fluids

Biological fluid MiRNAs Expression Reference

CSF miR-144-5p ↑ [102]
miR-27a-3p (Early stages of PD) ↓ [103]

Saliva miR145-3p ↑ [112]
Serum miR-146b-5p ↓ [104]

miR-485-3p ↑ [95]
miR-181a ↓ [105]
miR-214 (prodromal PD) ↑ [107]
miR-214 (advanced PD) ↓ [106]

Plasma miR-27a ↑ [108]
miR-4639-5p ↑ [82]
miR-153-3p ↓ [87]
miR-124 ↓ [109]

Peripheral blood miR-7 ↑ [110]
miR-103-3p ↑ [111]

effects. Several new strategies which are aimed at
controlling various pathogenic mechanisms are being
explored. They include immunotherapy, regenera-
tive therapy, gene therapy using CRISPR technology,
viral vectors, use of natural products with neuro-
protective action, and various targeted therapies [1,
113]. Recently small RNA drugs are also being
explored as treatment options in various diseases.
FDA approved the first siRNA drug, Patisiran, for a
rare polyneuropathy which occurs due to hereditary
transthyretin-mediated (hATTR) amyloidosis. Sev-
eral miRNA drugs are being tested in clinical trials
for various diseases [114]. miRNA based therapeu-
tics can be categorized in to two groups: Agomirs or
miRNA-mimics and antagomirs or antimiRs. The for-
mer over express the miRNA transcripts whereas the
latter repress the function of corresponding miRNA
[114]. The miRNA-based therapeutics are studied
due to their different advantages. At first, one sin-
gle miRNA has the ability to downregulate several
targets by joining the 3’-UTR of a gene. Another
advantage is its size of roughly 22 nucleotides aids
in the development of miRNA medicines. Further-
more, they can be administered by a variety of drug
delivery systems that have already been approved
for human use. In peripheral tissues, miRNA-based
medicines have proven clinical usefulness. The dis-
tribution of drugs into the brain, however, is a key
barrier in the treatment of neurodegenerative illnesses
like PD. Many viral vectors are available to deliver
the mRNAs to the desired site of action but besides
ensuring effective transfection, they may cause infec-
tion in the cells. Non-viral methods of delivery such as
intranasal route, liposomes, nanoparticles, micelles,
and others are being investigated [115]. Another
limitation is degradation of miRNAs by endonucle-

ases and circulating macrophages. Formulating the
miRNA-based therapeutics in the form of micelles,
liposomes, nanoparticles, etc., may overcome this
limitation [116]. Various miRNAs associated with
mitochondrial dysfunction in PD were studied for
their therapeutic potential as agomirs and antagomirs
in several preclinical models as given in Table 3.

AGOMIRS OF MIRNA ASSOCIATED
WITH MITOCHONDRIAL DYSFUNCTION
SHOWING NEUROPROTECTIVE EFFECT
IN PRECLINICAL PD MODELS

miR-214 is a negative regulator of SNCA gene
which is involved in the oxidative stress and
mitochondrial impairment. Its levels were found
to be downregulated in PD mouse model and
MPP+ exposed SH-SY5Y cell line. Transfection
of 100 nmol miR-214 mimic with lipofectamine
2000 downregulated the �-synuclein levels in in
vitro model after 48 h of incubation and in vivo
model after 21 days of injection [83]. miR-144-3p
is a negative regulator of A�PP which decreases
the mitochondrial functions by downregulation of
PGC-1�, TFAM. Transfection of miR-144-3p mim-
ics in MPTP exposed SH-SY5Y cells decreased
A�PP expression and also alleviated MPTP induced
mitochondrial dysfunction [96]. In MPP+ treated SH-
SY5Y cells and primary cortical neurons, increased
expression of miR-7 decreased the opening of mPTP
channels and reduced the mitochondrial fragmenta-
tion/depolarization, mitigated oxidative stress and the
release of pre-apoptotic proteins. In addition, it also
decreased the level of pro-inflammatory cytokines by
down regulating the NLRP3 inflammasome. These
results show that miR-7 could be a promising tar-
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Table 3
miRNAs evaluated for therapeutic potential in preclinical models

Targeted
miRNA

Agomir or
AntagomiR

Biological
model/tissue

Mode of neuroprotective action Reference

miR-214 Agomir MPP+ treated
SH-SY5Y cells,
PD mice model

Downregulated �- synuclein [83]

miR-144 Agomir MPTP exposed
SH-SY5Y cells

Improved mitochondrial function by
downregulating APP

[96]

miR-7 Agomir MPP+ treated
SH-SY5Y cells

Reduced the mitochondrial fragmentation/
depolarization, mitigated oxidative stress
and release of pre-apoptotic proteins. Also
decreased pro-inflammatory cytokines by
down regulating the NLRP3 inflammasome.

[84, 117]

miR-124 Agomir MPP+ treated
SH-SY5Y cells

Regulated cell survival, autophagy,
mitochondrial dysfunction in PD.

[118]

miR-146 Antagomir Rotenone exposed
SH-SY5Y cells

Reduced mitochondrial fragmentation and
oxidative stress

[76]

miR103a-3p Antagomir C57BL/6 mice
model and
SH-SY5Y cells

improved mitophagy invitro and in vivo
through Parkin/ Ambra1 pathway.

[79]

miR-181a/b Antagomir SH-SY5Y human
neuroblastoma
cells

Stimulated mitochondrial biogenesis,
regulate in vitro the expression of ATG5 and
PARK2, which are involved in autophagy
and mitophagy

[122]

miR-200a Antagomir MPTP treated
SH-SY5Y cells

Increased SIRT1 which controls PGC-1�
and exerted anti-oxidative effects and
protected mitochondria

[124]

miR-376a AntagomiR MPTP treated
SH-SY5Y cells

Improved PGC-1� and TFAM levels which
are main players in mitochondrial biogenesis

[97]

get for the treatment of PD [117]. miR-124 which is
abundantly expressed in brain and regulates cell sur-
vival, autophagy, mitochondrial dysfunction in PD.
Through these functions, it exhibits a neuroprotec-
tive role and acts as a potential therapeutic candidate
[118]. The role of miR-425 in neuroprotection has
been explored in the C57BL/6 mice PD model. Its
inhibition promotes mitochondrial accumulation in
the cell body accompanied by increased ROS pro-
duction. Therefore, miR-425 has protective role in
PD and its mimics can be used as therapeutic option
to treat PD [119].

ANTAGOMIRS OF MIRNA ASSOCIATED
WITH MITOCHONDRIAL DYSFUNCTION
SHOWING NEUROPROTECTIVE EFFECT
IN PRECLINICAL PD MODELS

miR-146a promotes mitochondrial fragmentation
by inhibiting parkin. Its levels were found to be
increased in PD. Transfection of rotenone-exposed
SH-SY5Y cells with anti-miR-146a resulted in
rescue of the cells from mitochondrial fragmen-
tation and oxidative stress [76]. miR-103a-3p is
a negative regulator of Parkin and regulates its

expression by targeting a conserved binding site in
the 3’-UTR of PRKN. miR-103a-3p inhibition by
using antagomiR-103a-3p resulted in neuroprotec-
tive effects and improved mitophagy in vitro and
in vivo. These findings suggested that miR-103a-
3p inhibition has neuroprotective effects in PD by
regulating mitophagy through the Parkin/Ambra1
pathway. Thus, modulating miR-103a-3p levels may
be an applicable therapeutic strategy for PD [79].
Sirtuin 3 (SIRT3) is one of the sirtuins that are
important for mitochondrial functioning. SIRT3
was identified as a target of miR-494-3p and this
miRNA negatively regulated SIRT3 expression in
SH-SY5Y cells. A study demonstrated that miR-
494-3p expression and SIRT3 was increased and
decreased respectively in SH-SY5Y cells follow-
ing MPP+ treatment [120]. miR-494-3p inhibition
promoted cell viability and superoxide dismutase
activity and suppressed apoptotic rate and ROS gener-
ation in MPP+ induced SH-SY5Y cells. Additionally,
it was found that upregulation of miR-494-3p sup-
pressed SIRT3 expression and exacerbated motor
impairment in MPTP induced PD mouse model.
Thus miR-494-3p antagomir exerted a neuroprotec-
tive role in MPP+ induced PD by targeting SIRT3
and could be a therapeutic target in PD patients
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[121]. miR-181a and miR-181b regulate the key
genes involved in mitochondrial biogenesis and
autophagy. These miRNAs negatively target NRF1,
Cytochrome oxygenase 11 (COX11), and Coen-
zyme Q binding protein 10B (COQ10B). Studies
showed that downregulation of miR-181a/b stimu-
lated mitochondrial biogenesis. In in vitro studies,
miR-181a/b regulated the expression of Autophagy
related gene 5 (ATG5) and PARK2 which encodes
Parkin, which are the main player in autophagy and
mitophagy respectively. An increase in mitophagy
occurred in miR-181a/b antagomir treated PD mice
model. It was also shown that miR-181a/b silenc-
ing protects cells from mitochondrial damage after
FCCP treatment. These findings suggest that miR-
181a/b could be a potential therapeutic method for
PD [122]. Sirtuin 1 (SIRT1) is involved in vari-
ous physiological processes. It activates PGC-1� to
exert anti-oxidative effects and protect mitochon-
dria and activates AMP-activated protein kinase
(AMPK) mediated autophagy to remove abnormal
proteins. miR-200a is a negative regulator of SIRT1.
It binds to SIRT1 mRNA in its 3’-UTR. miR-200 was
found to be overexpressed SH-SY5Y cells treated
with MPP+ [123] resulting in the downregulation of
SIRTI. Hence, therapeutic potential of AntagomiR-
200a may be considered as a possible approach to
prevent PD progression [124].

The above listed agomirs and antagomirs can be
further explored for their clinical efficacy in treat-
ment of PD and can be used as potential therapeutic
options in PD. miRNAs are identified to play a major
role in many pathogenic mechanisms involved in PD.
Hence, they can be effectively targeted to manage
PD. Various miRNAs are being evaluated for their
effectiveness in PD in various preclinical and clinical
models. Since PD is a chronic and progressive disor-
der, the miRNA-based drugs should have a durable
concentration in the brain to act over a longer period
of time. Chemical modification of the miRNAs may
enhance their sustainable action. Site specific deliv-
ery is also an important factor. Various strategies like
Stereotaxic injection, convention-enhanced delivery,
magnetofection, etc., are being explored for the effec-
tive delivery of miRNAs to the target site [125].

CONCLUSION

PD is becoming more common, and there is a
pressing need to address the limitations that PD
patients face in order to improve their quality of life.

Recent studies are focused on identifying the various
pathogenic mechanisms involved in the occurrence
and progression of PD. Mitochondrial dysfunction
has been identified to play a central role in the pro-
gression of PD. Many factors were identified to be
involved in the regulation of mitochondrial functions
and miRNAs are one among them. Several miR-
NAs associated with mitochondrial functioning were
found to be dysregulated in PD. Some of them were
found to be present in various biological samples like
cerebrospinal fluid, serum, plasma, and saliva. They
can be utilized as potential biomarkers for the early
diagnosis of PD. Some of the miRNA mimics and
antagomirs were tested for their efficacy in the exert-
ing neuroprotective action in various in vitro and in
vivo PD models. Those agomirs and antagomirs could
be explored further to be the potential therapeutic
options in the treatment of PD.
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D, Huang Y, Zhou C, Alessi Wolken DM, Voos W, Liu Y,
Przedborski S (2014) Cytosolic cleaved PINK1 represses
Parkin translocation to mitochondria and mitophagy.
EMBO Rep 15, 86-93.

[48] Narendra DP, Jin SM, Tanaka A, Suen DF, Gautier CA,
Shen J, Cookson MR, Youle RJ (2010) PINK1 is selec-
tively stabilized on impaired mitochondria to activate
Parkin. PLoS Biol 8, e1000298.

[49] McWilliams TG, Barini E, Pohjolan-Pirhonen R, Brooks
SP, Singh F, Burel S, Balk K, Kumar A, Montava-Garriga
L, Prescott AR, Hassoun SM, Mouton-Liger F, Ball G,
Hills R, Knebel A, Ulusoy A, di Monte DA, Tamjar J,
Antico O, Fears K, Smith L, Brambilla R, Palin E, Valori
M, Eerola-Rautio J, Tienari P, Corti O, Dunnett SB, Ganley
IG, Suomalainen A, Muqit MMK (2018) Phosphorylation
of Parkin at serine 65 is essential for its activation in vivo.
Open Biol 8, 180108.

[50] Koyano F, Okatsu K, Kosako H, Tamura Y, Go E, Kimura
M, Kimura Y, Tsuchiya H, Yoshihara H, Hirokawa T, Endo
T, Fon EA, Trempe JF, Saeki Y, Tanaka K, Matsuda N
(2014) Ubiquitin is phosphorylated by PINK1 to activate
parkin. Nature 510, 162-166.

[51] Narendra D, Tanaka A, Suen DF, Youle RJ (2008) Parkin
is recruited selectively to impaired mitochondria and pro-
motes their autophagy. J Cell Biol 183, 795-803.

[52] Plowey ED, Cherra Iii SJ, Liu Y-J, Chu CT (2008) Role
of autophagy in G2019S-LRRK2-associated neurite short-
ening in differentiated SH-SY5Y cells. J Neurochem 105,
1048-1056.

[53] Krebiehl G, Ruckerbauer S, Burbulla LF, Kieper N, Mau-
rer B, Waak J, Wolburg H, Gizatullina Z, Gellerich
FN, Woitalla D, Riess O, Kahle PJ, Proikas-Cezanne
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