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Mitochondrial dysfunction has been widely implicated in the neuronal degeneration in Parkinson’s disease 
(PD). The uses of mitochondria-targeted protective compounds that prevent or minimize a wide range of 
mitochondrial defects constitute potential therapeutic strategies in the prevention and treatment of neuronal 
degeneration in PD. This review discusses the latest findings in this field obtained in PD patients and 
animal and cellular models of PD with focusing on the effects of pharmacological agents on mitochondrial 
biogenesis, fission, fusion, mitophagy machinery, and transcription of endogenous cytoprotective antioxidant 
enzymes. We have also presented the data concerning the technologies for research and screening novel 
bioactive molecules to target mitochondrial dysfunction in Parkinson’s disease.
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Parkinson’s disease (PD) is a progressive age-
related neurodegenerative disease characterized 
clinically by presenting “TRAP” signs (tremor, 
rigidity, akinesia and postural instability) [1]. 
The pathological hallmarks of PD include 
preferential loss of dopaminergic (DA) neurons 
in the substantia nigra pars compacta (SNpc) of the 
brain and α-synuclein containing inclusions (the 
so-called Lewy bodies) in neurons throughout 
the brain [2]. It is now firmly established that 
dysfunctional mitochondria and oxidative stress 
are crucial in PD pathogenesis [3, 4]. The first 
evidence linking mitochondrial dysfunction 
to the PD pathogenesis was the finding of the 
selective inhibition of mitochondrial complex I 
(a component of electron transport chain) along 
with the parkinsonism development in humans 
under accidental exposure to 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) [5]. The 
other toxic inhibitors of complex I (rotenone, 
pyridaben, trichloroethylene and fenpyroximate) 
also induced the loss of nigrostriatal DA neurons 
[4]. The altered mitochondrial respiration 
has been shown to increase the production 

of reactive oxygen species (ROS) in the 
mitochondria leading to neurodegeneration 
in PD [6]. Elevation of the established mar-
kers of oxidative stress has been demonstrated 
in brain tissue under the most prevalent 
neurodegenerative diseases, including PD [7-
9]. The brain is most vulnerable to oxidative 
damage due to its high oxygen consumption, 
increased level of polyunsaturated fatty acids 
and redox-capable transition metal ions coupled 
with a relatively low level of antioxidants 
[10, 11]. So, pharmacological agents targeting  
mitochondrial dysfunction and oxidative stress 
are prime candidates for neuroprotection in PD. 

Mitochondrial dysfunction constitute poten-
tial therapeutic strategies in the prevention 
and treatment of these central nervous system 
diseases.

Mitochondrial dysfunction: pharmacological 
strategies for its ameliorating in PD
In general, mitochondrial dysfunction can be 
divided into two types: primary and seconda-
ry [12]. The primary type is connected with a 
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mutation in mtDNA or in nuclear genes encod-
ing mitochondrial proteins. Studies of mtDNA 
point mutations, typically heteroplasmic, in 
PD are extremely limited and their role in the 
development of mitochondrial dysfunction 
is difficult to interpret [2, 13]. A number of 
studies concerning mutations to nuclear genes 
encoding mitochondrial proteins and leading 
to a wide range of mitochondrial defects in PD 
have been now presented [14]. The detailed 
analysis of these studies is beyond the scope of 
this review. But genetic studies have shown that 
certain autosomal-recessively inherited forms 
of PD can be caused by loss-of-function muta-
tions in genes coding for mitochondrial proteins 
(i.e., PINK1 and DJ-1) involved in antioxidant 
protection [15, 16]. Moreover, several proteins 
that are associated with familial PD, including 
PTEN-induced putative kinase 1 (PINK1), DJ-
1, alpha-synuclein, leucine-rich repeat kinase 2 
(LRRK2), and possibly Parkin, are either mito-
chondrial proteins or are associated with mito-
chondria, and all interlace with the pathways of 
oxidative stress and free radical damage, thus 
reinforcing the relevance of oxidative stress and 
mitochondrial dysfunction in the pathogenesis 
of the disease [17]. 

The clinical prospect of effective gene thera-
pies for the primary mitochondrial disorders in 
PD remains distant. At the same time, secondary 
mitochondrial dysfunction caused by the events 
that originate outside mitochondria is a promis-
ing therapeutic target [12]. Parkinson’s disease 
is the example of neurodegenerative illness 
having common patterns of cell disruption due 
to both primary and secondary mitochondrial 
dysfunction [18]. It was noted that mitochondrial 
dysfunction is emerging as a common feature 
suggesting a great pathogenic overlap among 
the familial, environmental and even sporadic 
forms of PD with a potential convergence at the 
level of mitochondrial quality control [19, 20]. 

So, pharmacological intervention can be 
useful to treat PD patients with primary and 
secondary mitochondrial disorders [20, 21]. 

The spectrum of mitochondrial disorders in 

PD is very wide, it includes the respiratory chain 
dysfunction (inhibition of NADH-oxidation), 
hyperproduction of ROS in mitochondria, ni-
trosative stress development, an increase in the 
lipid peroxidation and protein oxidation levels 
in mitochondria, disruption to ATP synthesis, 
calcium dyshomeostasis, the mitochondrial 
permeability transition pore (mPTP) opening, 
the mitochondrial dynamic perturbation, and the 
mitochondrial clearance dysregulation [6, 18, 
22, 23]. These disorders were demonstrated in 
brain, skeletal muscle, lymphocytes and platelets 
of PD patients and in toxic and genetic experi-
mental models of PD [17, 24-26]. 

There are at least three general pharmaco-
logical strategies for ameliorating of mitochon-
drial dysfunction [12]:1) targeting bioactive 
molecules to mitochondria; 2) modulating 
druggable mitochondrial targets and processes, 
and 3) affecting mitochondria indirectly by phar-
macological agents acting on the transcription 
of mitochondrial genes.

Mitochondria-targeted drugs in PD
The first (delivery) strategy pivots primarily 
around the direction of bioactive molecules to 
mitochondria [27]. There was first demonstration 
the use of lipophilic cations to facilitate the 
delivery of attached mitochondria-targeted 
drugs within cells [28]. Since then, lipophilic 
cations such as triphenyl-phosphonium (TPP) 
as well as the Szeto-Schiller (SS) peptides 
and the mitochondria-penetrating peptides 
(MPPs) were used to direct small molecules to 
mitochondria [29, 30]. In particular, SS31 and 
SS20 are novel peptide antioxidants targeted to 
the inner mitochondrial membrane and protected 
neurons  in MPTP model of PD: they decrease 
mitochondrial ROS production, inhibit the 
mPTP opening and mitochondrial swelling,  
reduce cytochrome c release, prevent apoptosis 
and necrosis [27]. The mitochondria-targeting 
strategies were recently expanded owing to 
extensive work on mitochondria-targeted TPP 
compounds [12]. In particular, the mitochondria-
targeted antioxidant MitoQ (the TPP-modified 
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ubiquinone) has shown efficacy in the animal 
models and human studies of PD [31, 32]. It was 
shown that MitoQ inhibits mitochondrial lipid 
peroxidation and reacts directly with oxidants 
such as peroxynitrite. The other TPP-modified 
antioxidants (targeted versions of nitroxide, 
nitrones, plastoquinons and tocopherol) have 
also shown to be effective in animal models of 
PD [33]. 

In our opinion, the distinction between 
second and third strategies for   mitochondrial 
pharmacology are quite conditional because  
mitochondria form a complex reticulum with 
other cell organelles and this complex is highly 
dynamic [34]. The modern approaches to de-
velop mitochondrial pharmacology for PD are to 
modulate different pathways that are involved in 
pathogenesis of mitochondrial dysfunction and 
oxidative stress [18]. 

Untargeted mitochondrial antioxidants in PD 
Oxidative damage to proteins, lipids and DNA 
and reduced levels of GSH, a major antioxidant 
in cells, provide compelling reasons for an 
antioxidant approach to the treatment of PD.  
The hormone melatonin has been shown to 
exert in vivo mitochondrial protective action 
in MPTP-induced mice model, 6-OHDA- and 
rotenone-induced rat models by maintaining 
mitochondrial membrane potential, increasing 
antioxidant enzymates activity (i.e., SOD, CAT) 
and the content of nonenzymatic compounds (i.e., 
glutathione), inhibiting ROS overproduction, 
increasing ATP production, decreasing cal-
cium concentration levels, and enhancing 
mitochondrial complex I activity [35, 36]. 
Several natural products from medicinal plants, 
both isolated compounds and extracts, have been 
demonstrated in in vitro and in vivo studies to 
exert promising mitochondrial protection. As 
extracts, it has been reported that berries rich in 
anthocyanidins and proanthocyanidins protect 
mitochondria from rotenone-induced changes in 
the respiratory chain [37]. The silymarin, which 
is a standardized extract of the milk thistle seeds, 
sustained mitochondrial integrity and function 

and inhibited mitochondrial apoptotic pathway 
in MPP(+)-induced rat model [38]. Green tea 
polyphenols have been also evidenced to inhibit 
mitochondrial apoptotic pathway (increasing 
Bcl2 and decreasing caspase-3 activity) and to 
preserve mitochondrial membrane potential, 
to inhibit ROS production and calcium con-
centration levels [39]. The licorice (root of 
Glycyrrhiza glabra) inhibited dopaminergic 
apoptotic cell death as evidenced in the increase 
in Bcl2 levels and in the decrease in Bax levels, 
caspase-3 activity, cytochrome c release, and 
c-Jun N-terminal kinase (JNK) and mitogen-
activated protein kinase (MAPK) activities 
in a model of 6-OHDA-induced Parkinson’s 
disease [40]. The herbal medicine Chunghyuldan 
inhibited caspase-3, ROS generation and retained 
mitochondrial membrane potential in 6-OHDA 
Parkinson’s disease model [41]. The polyphenol 
hesperidin inhibited  mitochondrial apoptotic 
pathway (increased Bcl2 levels, decreased Bax, 
caspase-3 and caspase-9 activities and inhibited 
cytochrome c release), supported mitochondrial 
membrane potential, inhibited ROS production, 
and increased glutathione levels in in vitro 
human neuroblastoma SK-N-SH cells and in 
rat model of rotenone-induced parkinsonism 
[42]. Quercetin rescued toxic-induced defects in 
mitochondria in in vitro and in vivo experiments. 
Quercetin inhibited ROS generation and 
maintained mitochondrial membrane potential 
in rotenone-induced rat model of PD [43]. 
Moreover, quercetin decreased the production of 
superoxide radicals and inhibited the expression 
of the inducible nitric oxide synthase protein 
expression in in vitro glial-neuronal system 
model of MPP(+)-induced Parkinson’s disease 
[44]. The flavonoid baicalein inhibited in vitro 
apoptotic mitochondrial cell death and saved 
mitochondrial integrity and function in both SH-
SYTY and PC12 cells in 6-OHDA and rotenone 
Parkinson’s disease models as evidenced in the 
decrease in caspase-3, caspase-7, caspase-9 
and JNK activities and in the maintenance of 
mitochondrial membrane potential, increment of 
ATP content and reduction of ROS production 
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[45-47]. The polyphenol curcumin derived 
from the spice turmeric acts as mitochondrial 
antiapoptotic agent through the inhibition of 
caspase-3 and caspase-9 activities and cytochrome 
c release and it also protects mitochondrial 
integrity and function via ROS production 
inhibition and complex I activity enhancement 
[48]. Other natural products with mitochondrial 
protective effect are the coumarins umbelliferone, 
esculetin and osthole which in in vitro and in 
vivo Parkinson’s disease models have been 
demonstrated to possess antiapoptotic properties 
on mitochondria [49, 50]. The carotenoid lycopene 
inhibited macromolecular mitochondrial damage 
(lipids, DNA and proteins), overproduction of 
ROS, ATP failed production, and cytochrome c 
release in MPP(+)-induced human neuroblastoma 
SK-N-SH cells and rotenone-induced rat model 
of PD [51, 52]. 

A number of compounds have been proposed 
to reduce oxidative stress and prevent dopami-
nergic cell death in toxic models of PD. They 
scavenged oxygen free radicals, inhibited iron 
accumulation, prohibited the peroxidation of 
membrane lipids, participated in a wide range of 
redox reactions and decreased the accumulation 
of oxidized proteins in the SNpc. Antioxidative 
and neuroprotective properties of these com-
pounds (vitamins, stimulants, supplements and 
other drugs) have been reported (for review, see 
[53]). This review also identifies  Rasagline, 
Minocycline and creatine as the most promising 
neuroprotective agents for PD patients targeting 
oxidative stress and mitochondrial dysfunction.

We can consider recent promising investiga-
tions of NAD+-precursors as pharmacological 
agents to correct the original metabolic defect. 
The using of NAD+ -precursors could be benefi-
cial for the PD therapy in the future correcting a 
decrease in the NAD+/NADH ratio, increasing 
mitochondrial biogenesis, and reducing mtDNA 
deletion accumulation [54]. Modulating path-
ways that are involved in transcription of the 
antioxidant enzymes in PD

Although oxidative stress has been impli-
cated in the pathogenesis of several neurodegen-

erative diseases, therapies based on exogenous 
antioxidants have been disappointing [55]. High 
levels of antioxidants are needed to achieve pro-
tective effects in the CNS, as most exogenous 
antioxidants do not efficiently cross the blood–
brain barrier owing to their hydrophilic nature. 
Furthermore, administration of antioxidants is 
limited because of their toxicity at high doses, 
resulting in a small therapeutic window of these 
agents [55]. This emphasizes the need for alter-
native strategies to therapeutically counteract 
the detrimental effects of ROS and restore the 
cellular redox balance. A promising possibility 
to limit ROS-mediated damage is the activation 
of endogenous antioxidant enzymes present in 
the CNS, such as catalase, superoxide dismutase, 
and peroxiredoxins [56]. Transcription of these 
cytoprotective proteins is under control of the 
nuclear transcription factor NF-E2-related factor 
2 (Nrf2), which plays a central role in the regula-
tion of the cellular redox status [57]. Modulat-
ing  pathways that are involved in transcription 
of the antioxidant enzymes is the approach to 
develop therapeutic strategies for PD. The Nrf2/
ARE  pathway is one such pathway. Expression 
of most antioxidant enzymes is tightly controlled 
by the antioxidant response element (ARE) and 
nuclear factor Nrf2 which is a major regulator 
of the cellular response to oxidative stress by 
induction of antioxidant and detoxification en-
zymes and proteins such as glutathione-S-trans-
ferase, NAD(P)H: quinoneoxidoreductase-1, 
superoxide dismutase, glutathione peroxidase, 
heme oxygenase-1, glutamate cysteine ligase, 
thioredoxin and catalase  [58-60]. The ability 
of the Nrf2/ARE pathway to regulate genes as-
sociated with antioxidant defense, autophagy 
and proteasome activation has been attracting 
attention to the use of Nrf2 activators as thera-
peutic strategies for neurodegenerative diseases. 
Small food-derived inducers of the Nrf2/ARE 
pathway including l-sulforaphane from broccoli 
and isoliquiritigenin from licorice displayed 
promising protection of mitochondrial function 
in models of oxidative stress and neurodegenera-
tive diseases and represent a novel approach to 
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prevent and treat aging-associated neurodegen-
erative diseases  [61, 62]. 

Several constituents of vegetables such as l-
sulforaphane (SFN) from broccoli or ingredients 
of spices such as S-allyl-l-cysteine (SAC) from 
garlic are known to activate the transcription 
factor Nrf2. A variety of these natural Nrf2 ac-
tivators have proven efficiency in both in vitro 
and in vivo models of neurological disorders 
[59, 62]. These activators (such as triterpenoids) 
were shown to offer neuroprotection against 
MPTP-induced toxicity [63]. Synthetic triterpe-
noids (TP) inhibit oxidative stress and cellular 
inflammatory processes by potently activating 
the antioxidant response element (ARE)-Nrf2-
Keap1 signaling pathway. Activation of Nrf2 by 
TP leads to dissociation of Nrf2 from Keap1, 
translocation to the nucleus and binding to the 
ARE promoter sequences. Such binding results 
in coordinated induction of a battery of cytopro-
tective genes, including antioxidant and anti-
inflammatory genes. It has been proposed that 
the new activator of the Nrf2 pathway dimethyl-
fumarate (DMF) may be used for the treatment 
of not only multiple sclerosis but PD, too [64]. 
It was recently shown that monomethylfumarate 
which is a bioactive metabolite of DMF acts as 
a neuroprotector in the MPTP model of PD [65]. 

So, the activation of the Nrf2/ARE signaling 
pathway might represent a therapeutic target for 
the treatment of PD. Remarkably, only limited 
studies have been performed with these inducers, 
emphasizing the need for future experiments. 
Hence, additional studies are essential to further 
unravel the functional role of these inducers in 
different animal models of neurodegeneration. 
However, further studies are required to obtain 
more insights into the molecular mechanisms of 
Nrf2 activation and clinical application of these 
small compounds.

Drugs acting on mitochondrial biogenesis and 
dynamics in PD
The novel strategy for mitochondrial pharma-
cology is related with using small molecules 
to modulate systems outside mitochondria 

that control the number and activity of the 
organelles. Such modulation can be achieved 
by altering the transcription of nuclear-enco-
ded mitochondrial proteins that control the 
major mitochondrial pathways regulating 
mitochondrial biogenesis , fission, fusion 
and  mitophagy [66]. Mitochondrial dynamics 
includes processes of fission and fusion, mi-
tophagy and movement with varying degrees of 
speed within cells [67, 68]. Fission and fusion 
are highly regulated and controlled by GTPases: 
with dynamin-related  protein1 (Drp1) driving 
fission and the collaboration of  mitofusions 1 
and 2 (Mfn1 and Mfn2) with Opa 1 facilitating 
fusion. Perturbations in mitochondrial dynamics 
and activity are directly or indirectly involved in 
neurodegenerative diseases [68, 69].  In general, 
fusion is a pro-survival mechanism protecting 
against apoptosis and neurodegeneration 
whereas mitochondria undergoing fission 
are prone to disposal [70].  There are now a 
limited number of compounds that specifically 
regulate  mitochondrial fission and fusion: 
Mdivi-1 (mitochondrial division inhibitor) that 
inhibits Drp1, and 15-oxospiramilactone (S3) 
that inhibits USP30, a mitochondrially localized 
deubiquitinase, and hydrazine (M1) with an 
unknown target [71, 72]. These small molecules 
may represent useful starting points for drugs 
that are pro-fusion, i.e., they either block fission 
(Mdivi-1) or enhance fusion (M1, S3) [54].  
Recently, inhibition of Drp1 has been tested 
in two PD models: genetic (aPINK1-/-mouse) 
and toxic (the MPTP mouse model) [73]. The 
authors demonstrated that: 1) Drp1 inhibition 
attenuates neurotoxicity and dopamine release 
deficits in vivo, and 2) pushing the balance of 
fission-fusion toward fusion is beneficial in PD 
models with altered mitochondrial function.  
Furthermore, Drp1 has also been shown to 
interacted with a PD-related protein LRRK2 
[71]. This interaction enhances mitochondrial 
translocation of Drp1 to promote mitochondrial 
fragmentation with increased vulnerability of 
DA neurons to oxidative stress and impaired 
mitochondrial and cellular health. It was recent-
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ly established that one of the most promising 
therapeutic targets for potential treatment of PD 
is LRRK2 (for review, see [74]).  This review 
summarized several published studies showing 
the feasibility of developing potent, selective 
and brain permeable LRRK2 kinase inhibitors 
applicable for PD therapy.

It is widely known that PGC1-α is the key 
transcriptional co-activator protein that upregu-
lates the activity of other transcription factors 
involved in mitochondrial biogenesis, such as 
NRF-1 and transcription factor A (TFAM) [75]. 
The level of PGC1- α expression is controlled by 
the activity of peroxisome proliferator-activated 
receptor (PPARγ), the activity of AMP-activated 
kinase (AMPK) acting as a cytosolic ATP/ADP 
sensor, and the activity of NAD+-dependent 
deacetylase Sirt 1, a member of sirtuin fam-
ily. It was established that in mice treated with 
MPTP to induce Parkinson’s-like phenotypes, 
PGC1-α overexpression through the neuronal-
specific  thy-1 promoter significantly protected 
dopaminergic neurons from MPTP-induced 
degeneration [76]. Helliwell, 2016 discussed 
multiple routes to PGC1-α activation using the 
low-molecular weight compounds that target Sirt 
1 and/or AMPK and PPAR [54]. In particular, 
resveratrol (a natural stilbenoid found in the skin 
of grapes) was initially proposed as an activa-
tor of Sirt 1 [77]. Resveratrol has been tested 
in mouse model of PD [76]. where PGC1-α is a 
likely efficacy target. A recent study showed that 
necdin which stabilizes PGC-1α protects against 
neurotoxicity induced by MPTP [78]. Thus, the 
pharmacological manipulation of PGC1-α ac-
tivity through the use of the PPAR and AMPK 
agonists (Bezafibrate and AICAR, respectively) 
is a promising strategy as a “mitochondrial 
therapy” for PD but significant assessment of 
mitochondrial function in the animal models 
and clinical trials is still lacking [54]. 

Drugs acting on mitochondrial quality 
control in PD
It is known that cells have developed a mechanism 
to eliminate dysfunctional mitochondria via 

mitophagy which is a type of selective mi-
to chondria-specific autophagy. Different 
mitophagy pathways have been established 
in the last decades but the PINK 1/Parkin-
dependent mytophagy (an ubiquitin-dependent 
process) has been predominantly implicated 
in pathogenesis of PD [79]. Upon loss of the 
mitochondrial membrane potential, PINK 1 
(a serine/threonine kinase) accumulates at the 
mitochondrial membrane where its activity 
recruits Parkin (an E3 ubiquitin ligase) from  
the cytosol to the depolarized mitochondria. 
Then, Parkin ubiquitinates several mitochond-
rial membrane proteins creating a signal for the 
removal of  damaged mitochondria. Mutations 
in the genes encoding PINK1 and Parkin are 
responsible for the autosomal – recessive 
cases of PD which display an accumulation 
of damaged mitochondria in the SNpc [80, 
81]. It was shown that in Parkin-deficient 
mice mitochondrial dysfunction and oxidative 
damage were registered within the SNpc [82]. 
PINK 1 deficiency also leads to mitochondrial 
dysfunction [83]. The 3rd gene which is asso-
ciated with PD is DJ-1; the loss of DJ-1 results 
also in mitochondrial dysfunction, this protein 
appears to act in the same PINK 1/Parkin- 
dependent manner [81]. Interestingly, DJ-1 takes 
part in the oxidative stress response and has a 
role in neuroprotection due to cysteine-sulfinic 
acid-driven mitochondrial localization [84]. It 
is important that the loss of DJ-1 can be rescued 
by Parkin overexpression [85]. In general, 
overexpression of mitophagy proteins such as 
Parkin (in animal models of PD) has beneficial 
effect preventing neuronal decline [86]. So, a 
novel concept for the treatment of mitochondrial 
disorders by targeting regulatory components of 
the mitophagy machinery and upregulating this 
pathway is regarded now as valuable for PD 
therapy [79, 87, 88].  

There are a number of compounds that in-
crease Parkin function in vitro, including epi-
genetic agents, cholesterol synthesis modulators, 
and JNK inhibitors [89]. In particular, it has 
been found that small molecule JNK inhibitors 
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protect dopaminergic neurons in MPTP model 
of PD [90]. The activation of a PINK 1 neo-
substrate (PINK 1 yielded kinetin triphosphate) 
by the kinetin triphosphate precursor (kinetin) 
administration was able to increase the catalytic 
activity of PINK 1 directing Parkin to depolar-
ized mitochondria in cellular models of PD [91]. 
It is known that Parkin’s enzymatic functions 
are antagonized by de-ubiquitylation enzymes 
(DUBs) [92]. First small molecule DUB inhibi-
tors as well as Parkin activators are already under 
development and could furnish the next genera-
tion drugs for disease-modifying therapies [20]. 

In our recent study, we have found that the 
use of the new compound Capicor (Meldonium  
connected with γ-butyrobetain) in the PD pa-
tients therapy results in overexpression of Par-
kin  in leukocytes, normalization of prooxidant-
antioxidant balance in blood plasma, prevention 
of mitochondrial degradation, stimulation of  mi-
tochondrial fusion and elimination of damaged 
mitochondria  in platelets via the mitophagy 
pathway [93]. Presumably, this compound can 
act through DJ-1-related pathway which works 
in parallel with PINK1/Parkin [85]. We have 
shown (unpublished data) that the use of Capicor 
increased DJ-1 expression in rat brain and heart 
tissues in rotenone-induced Parkinson’s-like 
syndrome.

As it has shown in rotenone- and MPTP-
treated mice phenylbutyrate increased DJ-1 
expression that protected DA neurons in SNpc 
and reduced deterioration in motor and cognitive 
functions [94, 95].  

Technologies for screening bioactive molecules 
to target mitochondrial dysfunction in PD
Promising technologies have been the used 
for research and screening novel bioactive 
molecules to target mitochondrial dysfunction 
in PD: patient-derived cybrids [96] and induced 
Pluripotents stem cells (iPSCs) [97, 98]. In 
these two studies, the neural-like cells from 
iPSCs carrying PD-causative PINK 1 or LRRK2 
mutations were investigated. It was shown 
pharmacological (coenzyme Q10 and rapamycin) 

rescue of associated mitochondrial dysfunction 
[97]. Beside that, neurons carrying LRRK2 
mutation were corrected to wild type using Zn-
finger nucleases [98]. The mammalian target of 
rapamycin (mTOR) inhibition (by rapamycin) 
could be beneficial in patients with PD so long 
as mTOR is a negative regulator of autophagy 
and mitophagy [54].  

In addition, the use of the new compounds 
restoring mitochondrial functions in cell culture 
models such as iPSC-derived dopaminergic 
neurons (the orphan nuclear receptors Nurr1 
activators, the retromer pathway activators, 
etc) also represents a modern pharmacological 
approach for the development of novel neuro-
protective strategies for PD [18, 99, 100].  It was 
shown that Nurr1 activating compounds not only 
improve DA neurotransmission but also protect 
DA neurons from environmental toxins or neu-
roinflammation mediated by microglia [100].  

In the search of alternative methods of treat-
ment and diagnosis, contemporary science is 
increasingly reaching for tools in the field of 
nanomedicine, for example, fullerenes and their 
water-soluble derivatives. Due to their hydro-
philic properties and the ability to scavenge free 
radicals, fullerenols may, in the future, provide 
a serious alternative to the currently used phar-
macological agents in chemotherapy, treatment 
of neurodegenerative diseases, and radiobiol-
ogy. Water-soluble derivatives of fullerenes 
(fullerenols and malonic acid derivatives) scav-
enge ROS more efficiently than conventional 
antioxidants [101-106]. Therefore, hydrophilic 
fullerene derivatives are promising candidates 
for the use as neuroprotective and antioxidant 
agents, as confirmed in electrophysiological 
studies indicating that two fullerene derivatives 
(C60(OH)12 and C60 (OH)18–20O3–7) showed 
excellent antioxidant properties (confirmed 
by electron paramagnetic resonance). These 
fullerene derivatives decreased excitotoxicity, 
induced neuronal death of mouse neocortical 
neurons up to 80% and were antiapoptotic. 
Similar results were obtained by Jin et al., 2000, 
who demonstrated that fullerenols exerted a neu-
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roprotective effect on neuronal cultures in vitro 
by blocking glutamate receptors and reducing 
the concentration of intracellular calcium [102]. 
It is interesting to note that the carboxyl deriva-
tive of C60 effectively protected dopaminergic 
neurons against the harmful effects of oxidative 
stress caused by neurotoxins [101]. Interestingly, 
fullerenol turned out to be an effective neuropro-
tector in a cellular model of PD. Cai et al., 2008 
reported that fullerenol C60(OH)24 effectively 
scavenged free radicals, suggesting that it may 
be a potential neuroprotective agent against 
mitochondrial dysfunction induced by MPP+ 
[104]. Other authors confirmed that fullerenes 
might accumulate in mitochondria [103]. De-
spite the convincing evidence concerning the 
neuroprotective properties of water-soluble 
fullerene derivatives, little is known about their 
mechanism of action and possible side effects 
occurring in the neural tissue. Therefore, the 
potential therapeutic properties of fullerenols in 
the treatment of neurologic diseases, including 
PD, require further investigation.

Perspectives
Schapira et al., 2014 proposed several target 
pathways in PD that merit further study [21].  
These targets include agents that might improve 
mitochondrial function or increase degradation 
of defective mitochondria, kinase inhibitors, 
calcium channel blockers, and approaches that 
interfere with the misfolding, templating, and 
transmission of α-synuclein. In our review, we 
try to focus on the promising pharmacological 
interventions which modulate different path-
ways involved in development of mitochondrial 
dysfunction and oxidative stress in PD. Such 
pathways have been implicated in mitochondrial 
dynamics and clearance dysregulation, in par-
ticular, mitochondrial biogenesis, fission, fusion, 
and the mitophagy machinery as well as in mo-
lecular mechanisms of antioxidant cell defense. 
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О.А. Гончар, И.Н. Маньковская, Е.В. Розова, 
Л.В. Братусь, И.Н. Карабань

НОВЫЕ ПОДХОДЫ К КОРРЕКЦИИ  
МИТОХОНДРИАЛЬНОЙ ДИСФУНКЦИИ  
И ОКСИДАТИВНОГО СТРЕССА  
ПРИ БОЛЕЗНИ ПАРКИНСОНА  

Митохондриальная дисфункция и оксидативный стресс 
являются центральными звеньями патогенеза болезни 
Паркинсона (БП). Фармакологическая коррекция этого 
заболевания включает предотвращение или минимиза-
цию широкого спектра проявлений митохондриальных 
дефектов: гиперпродукцию активных форм кислорода, 
нарушения в системе митохондриального электронного 
транспорта и синтеза АТФ, диcрегуляцию митохондри-
альной динамики и клиренса. В представленном обзоре 
обсуждаются новейшие исследования в области митохон-
дриальной фармакологии (в том числе и собственные), 
выполненные на животных и клеточных моделях БП и 
полученные у больных. Обзор фокусирован на влиянии 
фармакологических агентов на митохондриальный би-
огенез, процессы слияния и разделения митохондрий 
и траскрипцию цитопротективных антиоксидантных 
ферментов.
Ключевы слова: болезнь Паркинсона; митохондриальная 
дисфункция; митохондриальнонаправленные протектор-
ные соединения. 

 О.О. Гончар1, І.М. Маньковська1,  К.В. Розова1, 
Л.В. Братусь1, І.М. Карабань2

НОВІ ПІДХОДИ ДО КОРЕКЦІЇ  
МІТОХОНДРІАЛЬНОЇ ДИСФУНКЦІЇ  
ТА ОКСИДАТИВНОГО СТРЕСУ  
ПРИ ХВОРОБІ ПАРКІНСОНА

Мітохондріальна дисфункція та оксидативний стрес є 
центральними ланками патогенезу хвороби Паркінсона 
(ХП). Фармакологічна корекція цього захворювання 
включає попередження чи мінімізацію широкого спектра 
проявів мітохондріальних дефектів: гіперпродукцію актив-
них форм кисню, порушень в системі мітохондріального 
електронного транспорту та синтезу АТФ, дисрегуляцію 
мітохондріальної динаміки та кліренса. У огляді обго-
ворюються нові дослідження в галузі мітохондріальної 
фармакології (у тому числі і власні), проведені на тварин-
них і клітинних моделях ХП, а також одержані у хворих. 
Огляд фокусується на впливі фармакологічних агентів 
на мітохондріальний біогенез, процеси з”єднання і ро-
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зділення мітохондрій та транскрипцію цитопротективних 
антиоксидантних ферментів.
Ключові слова: хвороба Паркінсона; мітохондріальна дис-
функція; мітохондріальнонацілені протекторні сполуки.
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