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Abstract

Mitochondria are cellular organelles providing energy to the cells. Due to the nature of mitochondrial enzymatic
repair systems, mitochondrial DNA tends to generate mutations that are repaired less efficiently than nuclear DNA
mutations. There is a certain relationship between the accumulation of mitochondria with mutated DNA in tissues,
the development of oxidative stress, and several pathological conditions, from specific mitochondrial diseases to an
increased risk of cancer, atherosclerosis, neurodegeneration, and non-systemic inflammation. Mitophagy is the
biological mechanism responsible for the degradation of dysfunctional, damaged, and mutant mitochondria.
Presumably, the stimulation of mitophagy can lead to tissue cleansing from dysfunctional mitochondria, which can
have a powerful therapeutic effect on the root cause of the pathology. This review examines the relationship
between mitochondrial mutations and the development of oxidative stress, the mechanisms of mitophagy, and a
group of chemicals that stimulate mitophagy.
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INTRODUCTION

Each human cell contains from a few hundred to a couple of thousand independently multiplying
mitochondria, united in a network of constantly merging and dividing organelles. Each mitochondrion
contains 2-10 copies of the circular double-stranded mtDNA. It consists of 16,569 base pairs and encodes 37
genes, including 22 mitochondrial tRNA genes and 2 ribosomal RNA genes, which are required for the
specific translation of 13 subunits of respiratory chain enzymes that are also encoded by mtDNA".

Due to a large number of redox reactions and spontaneous hydrolytic processes occurring in the
mitochondria, as well as the constant production of ROS (reactive oxygen species) by the components of the
respiratory chain and the abundance of nucleases, mtDNA is often damaged with the appearance of
mutations in its structure'.

Point nucleotide substitutions in the mitochondrial genome tend to occur due to improperly incorporated
bases into the new circuit during mtDNA replication*. Most of the deletions in mtDNA appear in the so-
called replication forks, which links their appearance with disruptions in processes of replication,
reparation, and recombination”. It is assumed that, due to the absence of histones or similar proteins and
the lower efficiency of enzymes involved in DNA reparation, the mitochondrial genome is much more
vulnerable to the accumulation of mutations compared to the nuclear one'”.

Among all the congenital pathologies associated with metabolic disorders, mitochondrial diseases are the
most common. Their frequency of occurrence is estimated at 1.6 per 5000 In mitochondrial diseases,
many tissues and organs are affected, and the most energy-demanding ones suffer the most, namely the
central and peripheral nervous system, skeletal muscles, and the heart”®. However, mitochondrial
dysfunctions are associated with many other diseases, from liver diseases®"" to polycystic ovary

[14]

syndrome'?, diabetes"”, and atherosclerosis"*..

Typically, these mutations are found in mtDNA, but beyond that, mitochondria-related pathologies can be
caused by mutations in nuclear DNA, namely in genes encoding the approximately 1000 different
mitochondrial proteins synthesized in the cytoplasm and transported to mitochondria.

Mitochondrial diseases are associated with a disruption of energy processes in the mitochondria. These
violations also cause certain structural changes in these organoids. Among other things, in many cases,
there is a connection between mitochondrial dysfunction and the development of inflammation or other
pathological processes in tissues and organs, for example, atherosclerosis, although it is still unknown what
the root cause is in this case'.

Thus, mitochondrial quality control is important to prevent the development of chronic inflammation. The
removal of entire mitochondria due to their dysfunction or aging is accomplished through a selective form
of autophagy called mitophagy"”**.

Mitophagy is a process aimed at the selective removal of damaged or excessive mitochondria, which
ultimately allows cells to regulate their quantity and control their quality. Thus, mitochondria can be
considered as morphologically dynamic structures undergoing continuous processes of fission and fusion,
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as well as degradation and mitochondrial biogenesis. Mitophagy is a key regulatory mechanism that limits
cell damage due to the accumulation of mutated mtDNA and maintains tissue homeostasis"**".
Additionally, mitophagy is a special kind of macroautophagy, a conservative intracellular degradation

mechanism that removes excess or dysfunctional cytoplasmic components and intracellular pathogens”'.

Since the accumulation of defective mitochondria leads to the damage of cells and tissues, they need to be
disposed of. The process of mitophagy is evolutionarily conserved and is found in a wide variety of
organisms, from yeast to mammals™.

It has been shown that the decrease in mitochondrial function with age is associated with an alteration of
the mitophagy process'”*. Thus, impaired mitophagy can be associated with a variety of pathological

[27]

conditions, such as cardiovascular™ and neurodegenerative diseases”, myopathies””, metabolic

28] [30]

disorders®, chronic inflammation’, and oncology
It can be assumed that the therapeutic effect aimed at increasing the level of mitophagy above the basal
levels will be a promising direction in the treatment of various pathologies. At the moment, several
mechanisms of mitophagy have been described as working through different signaling cascades. Mitophagy
regulation can be ubiquitin-dependent or ubiquitin-independent. In this review, we discuss mechanisms of
mitophagy and some agents modulating its activity.

MAIN TEXT
Mitochondrial damage leads to inflammation

An example of the interrelation between mitochondria and the development of inflammation in the nervous
system is Leber hereditary optic neuropathy (LHON), a primary mitochondrial disease characterized by
bilateral vision loss in early adulthood"". In 90%-95% of cases, this pathology develops due to mutations
G3460A, G11778A, and T14484C, affecting the genes encoding subunits of the complex of the respiratory
chain I. Dysfunction of complex I caused by these mutations in mtDNA leads to a decrease in ATP
synthesis, an increase in ROS production, and disruption of glutamate transport, which leads to damage in
the retina of the eye and dysfunctions of ganglion cells and their apoptosis'””. However, patients may also
experience other pathologies, in particular, damage to the peripheral optic nerves due to the development of
an inflammatory process in them. However, it should be noted that mitochondrial dysfunction and the
mutations that cause it can be either the cause of the development of neuroinflammation or the result of the
nerve cell degeneration caused by it

Another common mitochondrial disorder is MELAS syndrome (mitochondrial encephalomyopathy, lactic
acidosis, and stroke-like episodes). Overall, 80% of patients diagnosed with this pathology are carriers of the
mitochondrial mutation A3243G in the MT-TL1 gene, which encodes the mitochondrial tRNA of leucine
and plays a key role in the translation of proteins needed for the proper assembly of mitochondrial
complexes as part of the electron transport chain. Defects caused by this mutation damage the redox
function of the electron transport chain, which leads to a lack of energy and oxidative stress, especially in
cells with high energy needs, such as neurons and myocytes">**.

In addition, with MELAS, foci of inflammation are often observed in the tissues, particularly in the
endothelium of large arteries, which indicates the relationship between mitochondrial dysfunction and the
development of the inflammatory process, accompanied by oxidative stress. It is in such places that
atherosclerotic lesions begin to form"”***. It is believed that the increased atherogenic risk detected in
MELAS is primarily caused by increased ROS production®™ due to a disrupted electron transport chain.
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The exact mechanism of the effect of mitochondrial mutations on vascular health is still unknown
The accumulation of mtDNA mutations can be accompanied by changes in mitochondrial structure and
function, which can be observed under a microscope. Such altered mitochondria have been shown to be
present in atherosclerotic lesions, suggesting a relationship between mtDNA mutations and the
development of atherosclerosis with its further progression””. Moreover, it is the distribution of
endotheliocytes with dysfunctional mitochondria in the endothelium of blood vessels that can at least partly
explain the focal appearance of atherosclerotic lesions"?.

It should also be noted that an association of mutations of mitochondrial DNA with atherosclerotic lesions
was found relatively recently”®, leading to the conclusion that there is a new potential mechanism of
atherogenesis involving inflammation induced by mitochondrial DNA mutations"**!. Of course, the
influence of multiple modified LDL, including oxidized and desialylated LDL******) and their accumulation
in arterial walls'”, on atherosclerosis pathogenicity should be taken into account’. In addition,
components involved in the metabolism of LDL (e.g., LDL receptor and proprotein convertase
subtilisin/kexin 9 (PCSK9), both involved in the process of removal of LDL from circulation) should also be
taken into account. Interestingly, PCSK9, in addition to its role in cardiovascular disease'”, has a
connection with the damage of mtDNA in the case of pro-inflammatory stimulation”, and it is even related

[49]

to certain types of cancer™.

38,39

Another study showed that the content of the mitochondrial mutation G14459A is higher specifically in
atherosclerotic lesions of human aortic intima, namely in fatty streaks and lipofibrous and fibrous plaques,
compared to unaffected sites. This pattern is also confirmed for four other mutations (C3256T, G12315A,
G13513A, and G15059A) that are also closely associated with cardiovascular disease risk*". Finally, an
accumulation of deletions and single-nucleotide polymorphisms in mtDNA of patients with coronary heart
disease compared with the control group has been shown®". The latter observation may be explained by the
strong positive correlation between the presence of atherosclerosis and the development of coronary heart
disease™**).

Such studies reveal only the relationship between the presence of a mutation load in the mitochondrial
genome and the presence of cardiovascular disease, as well as the severity of its course. It is not even clear
whether the described mtDNA mutations increase the predisposition to the development of
atherosclerosis"”.

There are several hypotheses that explain such regularities. According to one of them, a decrease in the
amount of normally functioning enzymes due to mutations in the genes encoding them in mitochondria
may lead to oxidative damage to human vascular intima cells. The second one states that an increased
mutation load of mtDNA can potentially cause disruption of cellular function and lead to the formation of
oxidative stress conditions at the local level, which can cause the accumulation of lipoproteins**** and
simultaneously attract circulating monocytes and recruit them to the affected area® ¥, thus initiating the
development of the pathological condition.

The mentioned association among MELAS, chronic inflammation, and risk of atherosclerosis was
confirmed by experiments on endothelial cells derived from induced pluripotent stem cells (iPSCs) taken
from a patient with MELAS with a high proportion of mitochondrial mutation A3243G. Their treatment
with antioxidants such as vitamin C and edaravone successfully reduced the expression of inflammation
markers, ASC (apoptosis-associated speck-like protein containing a CARD), an inflammasome adapter, and
caspase-1, a proteolytic enzyme that activates pro-inflammatory cytokines by cleaving their precursors®. A
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decrease in monocyte adhesion on these cells has also been shown. Both inflammation® and the
accumulation of phagocytes in the intima of large arteries with their subsequent activation'® contribute to a
pro-atherogenic phenotype'®’. In addition, impaired blood flow induced by endothelial dysfunction'*,
which in turn can be caused by, for instance, excess production of ROS, is observed both in the early stages
of atherosclerosis'®’ and in other cardiovascular diseases.

Mitophagy functions as a mitochondrial quality control mechanism that allows selective destruction of
damaged or unnecessary mitochondria'***”. This allows us to speak of this process as an effective means of
protecting cells and tissues of the body from the reproduction of mutant mitochondria with impaired
energy metabolism. Below, the main mechanisms of mitophagy, as well as the types observed under
different conditions, are considered.

Mitophagy mediated by PINK1-Parkin

The most studied mechanism of mitophagy activation is the PINK1-Parkin pathway [Figure 1]. In properly
functioning mitochondria, PINK1 kinase (PTEN-induced kinase 1) is transported across the mitochondrial
inner membrane, where it is cleaved by several proteases. However, when the membrane potential is
dissipated due to the damage of mitochondria, the inner membrane becomes depolarized and PINK1 begins
to accumulate on the outer membrane'*’. At the same time, PINK1 is activated by autophosphorylation and
stimulates the translocation of the cytoplasmic Parkin ligase to the mitochondrial surface'”. In turn, Parkin
ubiquitinates mitochondrial outer membrane proteins, such as MFN1, MFN2, and mitoNEET!***,
Ubiquitination of the mitochondrial surface is exactly the main factor signaling to the mitophagy adapter
proteins and triggering the process of organoid uptake. It is unknown which proteins are necessary and
. Mitophagy can be evaluated by reducing mitochondrial

sufficient for the initiation of mitophagy"*”

proteins or mRNA using immunoblotting, immunofluorescence, microscopy, or quantitative polymerase
chain reaction””". In addition, the marker of mitophagy can serve as evidence of PINK1, Parkin, and their
mRNA accumulation in the cell.

Parkin-independent mitophagy

Mitophagy is not always dependent on Parkin'*”. Other ligases of ubiquitin E3, such as Gp78, SMURF1,
SIAH1, MUL1, and ARIH1, which are involved in the activation of mitophagy, are described”>””. They
similarly ubiquitinate the surface of mitochondria by activating autophagy signaling molecules, including
optineurin (OPTN), nuclear dot protein 52 kDa (NDP52), and p62"*. These mitophagy induction pathways
operate in parallel or in addition to the PINK1-Parkin pathway. Thanks to them, mitophagy is not disturbed
by dysfunction or overexpression of PINK1 in cells. It is not yet known how the various pathways of
mitophagy are regulated and interact with each other, as well as what contribution they make to

22,73]

maintaining the stability of the cell’s mitochondria®>"".

In addition, there are specific mitophagy receptors on the surface of mitochondria, including Atg32
(Autophagy-related protein 32) in yeast and FKBP8 (FK506-binding protein 8), NIX (NIP3-like protein X),
BNIP3 (BCLz2 interacting protein 3), and FUNDC1 (FUN14 domain containing 1) in mammals.

There are also many ubiquitin-independent mitophagy receptors that reside on the outer mitochondrial
membrane and stimulate mitochondrial uptake through direct interaction with LC3/GABARAP

75,76]

proteins>”,

FUNDCI1 activity is inhibited by CK2 and Src kinases, which phosphorylate its LIR motif. When there is a
need to start mitophagy, PGAMS5 phosphatase dephosphorylates FUNDCI to facilitate its interaction with



Page 6 of 22 Borisov et al. Vessel Plus 2022;6:63 | https://dx.doi.org/10.20517/2574-1209.2022.20

mitochondrial surface
proteins

(- ubiquitin

degradation

e0e With pathology:

- e e damage of membrane
- drop AW

Innorm

MITOPHAGY

Figure 1. The mechanism of the main and most studied pathway of mitophagy activation, PINK1-Parkin. The drop in membrane potential
leads to the accumulation of PINK1 on the outer mitochondrial membrane, whereas PINK1 is normally transported to the inner, where it
degrades under the action of proteinases. The presence of PINK1 on the outer membrane indicates decreased membrane potential and
damage to the mitochondria, and it attracts Parkin, which adds ubiquitin chains to surface mitochondrial proteins, serving as a signal to
absorb mitochondria?>*"",

LC3, while ULK1, on the contrary, phosphorylates it to enhance interaction with receptors on the
phagosome surface. NIX and BNIP3 are activated by HIF1a and accumulate on the mitochondrial surface,
thereby mediating mitophagy (more on this below in the section on iron chelators). In yeast, the only
mitophagy receptor found, ATG32 is phosphorylated by CK2 to promote ATG11 interaction, leading to an
association with ATG8 and mitochondrial recruitment to the phagosome assembly site”.

The process of ubiquitin-independent mitophagy can be modulated at two levels, transcriptional and
posttranslational. Thus, the regulation of the level of the receptor, for example, BNIP3 and NIX, is
controlled by upstream mitophagy signals. Posttranslational modifications, primarily phosphorylation of
certain residues, facilitate or increase the ability of the receptors to interact with LC3/GABARAP (although,
in the case of FUNDCI1, conversely, phosphorylation inhibits its activity under basic conditions). Other
uncharacteristic posttranslational modifications may also be important in fine-tuning receptor activity”.

Another mechanism that initiates mitophagy associated with a mitochondrion is cardiolipin, a specific lipid.
In normally functioning mitochondria, cardiolipin is located in the inner membrane, where it interacts with
proteins and participates in the maintenance of the structure of crista and stabilization of complexes of the
respiratory chain. When the integrity of the mitochondria is damaged, cardiolipin translocates to the
cytosolic side of the outer mitochondrial membrane and binds to the autophagosome receptor LC-II, which

77,78,79]

leads to mitophagy by mitochondrial uptake! .
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It has been shown that G2019S mutation in PARKS gene coding for LRRK2 (leucine-rich repeat kinase 2),
leading to the repression of basal mitophagy and associated with Parkinson’s disease, can be suppressed
with the help of LRRK2 kinase inhibitor"*.

The PINK1-Parkin pathway may not be the main mitophagy pathway in vivo

Although the PINK1-Parkin pathway is considered canonical, it is turned on when the mitochondrial
membrane potential is dissipated and is a response to severe damage to these organelles. The literature
mentions many ways to stimulate it under artificial conditions, but it does not seem to be the main way of
mitophagy in vivo, both in mice and Drosophila.

Until recently, the PINK1-Parkin pathway has been studied in cell cultures, so its function in vivo is still
largely unclear. However, experiments conducted on animal models of mice and fruit flies with a knockout
of the genes participating in the PINK1-Parkin pathway showed that, in the presence of various disorders in
the development of nervous and muscle tissues, as well as with a certain deficit in motor activity, the base
mitophagy level in their tissues remains virtually unchanged!®**.

These results may indicate that the PINK1-Parkin pathway does not actually play an important role in
maintaining a baseline level of mitophagy, which may cast doubt on the relevance of a pharmacological
intervention on this pathway. Nevertheless, it is known that, in many pathological conditions associated
specifically with a decrease in mitophagy, this particular pathway is damaged®*”, which indicates the
importance of this signaling pathway for the maintenance of normal functioning of mitochondria and cells
in general. Thus, we believe that this method of influencing mitophagy is still relevant.

Types of mitophagy
Depending on the physiological context, basal, stress-induced, and programmed mitophagy are
distinguished.

Basal mitophagy is always present in cells, ensuring the utilization of old or damaged organelles. However,
its degree varies between tissues and even among different types of cells in the same tissue, which suggests
cellular autonomic regulation. In some cases, basal mitophagy is independent of PINK1, and it appears that

24,81,88]

the factors controlling it are tissue specific' .

Stress-induced mitophagy contributes to the quality control of mitochondria in extreme conditions for the
cell, as well as mediates metabolic adaptation to external influences. Thus, the dissectors of the
mitochondrial respiratory chain induce mitophagy by activating the PINK1-Parkin pathway". Nitrogen or
iron deficiency, as well as hypoxia, causes mitophagy through the activation of specific receptors located on
the surface of mitochondria™*"..

Programmed mitophagy is characteristic of several cells that must eliminate their mitochondria during
development. For example, erythrocytes remove their organelles during maturation”*. Fertilized oocytes
in nematodes, flies, and mice need to lyse sperm-derived mitochondria®***". Under natural hypoxic
conditions, fetal cardiomyocytes are forced to switch to glycolysis and destroy some of their mitochondria
by activating the PINK1-Parkin pathway for normal development and functioning””. During the
development of the retina, mitophagy is activated in ganglion cells to switch towards glycolysis, which, in
turn, contributes to the development of cell differentiation. At the same time, they activate a separate
mitophagy pathway associated with the activation of HIF1/BNIP3L/NIX under hypoxic conditions. During
the polarization of macrophages towards the pro-inflammatory M1 phenotype, predominantly using
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glycolysis, NIX-dependent mitophagy is activated, which promotes a high elimination of mitochondria.
When macrophages are polarized along the M2 pathway, the functioning of which depends on oxidative
phosphorylation, NIX-dependent mitophagy does not occur™.

Significance of mitophagy
Impaired mitophagy is associated with aging and many pathological conditions, such as cardiovascular and
neurodegenerative diseases, myopathies, metabolic disorders, inflammation, and cancer.

It has been shown that impaired functioning of mitochondria leads to hyperproduction of ROS; oxidation
of lipids, nucleic acids, and proteins; and activation of the NLRP3 inflammasome, which in turn can
aggravate chronic inflammation as well as cause the development of atherosclerosis through endothelial
damage and stimulation of increased accumulation of cholesterol in macrophages. This is induced by
atherogenic multiple-modified LDL (low density lipoprotein) in the artery wall and eventually leads to the
formation of atherosclerotic lesions and their maturation**..

It can be assumed that substances that enhance mitophagy in tissues relative to the baseline level can
become the basis for the treatment of a wide range of pathologies associated with inflammation as well as
for the ones directly related to the presence of mitochondrial DNA mutations. At the moment, many
substances have been discovered to affect the processes of mitophagy. According to the mechanism of
action, they can be divided into several groups, which are described below.

Protonophores and mitochondrial toxins

Protonophores are weakly acidic lipophilic compounds that can transport protons through the inner
mitochondrial membrane, which leads to a drop in the gradient of the electrochemical potential of the
mitochondria and the disconnection of oxidative phosphorylation with the electron transport chain. As a
result of significant leakage of protons, mitochondria undergo mitophagy, mainly through activation of the
PINK1-Parkin pathway"".

Despite their widespread use in basic research, protonophores are poorly suited for the role of chemical
stimulators of mitophagy. In particular, the effects they have on mitochondria are not similar to those that
occur naturally, are largely detrimental, and ultimately lead to mitochondrial insufficiency. In addition, they
affect the entire population of mitochondria, rather than a specific subgroup (e.g., those with mitochondrial

101,102]

mutations), are non-specific and have protonophoric activity on other membranes!

An example of a protonophore is the substance FCCP (trifluoromethoxy carbonylcyanide
phenylhydrazone), otherwise called CCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone). On a
model of HeLa cells consistently expressing YFP-Parkin, FCCP has been shown to increase the permeability
of the internal mitochondrial membrane to H', which leads to its depolarization and an increase in the level
of PINK1 in the mitochondrial fraction in the absence of changes in the cytosol fraction. The accumulation
of PINK1 begins 30 min after the treatment of cells with FCCP and continues for 3 h"**.

Another example of a protonophore is 2,4-dinitrophenol (DNP), which was once used as a remedy for
obesity but was withdrawn from clinical practice due to high toxicity and side effects.

DNP affects the activity of the electron transport chain and causes the release of protons into the
mitochondrial matrix [Figure 2]. This substance also converts the cell to an alternative production of ATP
and, among other things, reduces the formation of ROS, which damages organelles, as well as promotes
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Figure 2. 2,4-dinitrophenol acts as an uncoupler of oxidative phosphorylation. Due to its hydrophobic properties, it freely penetrates
through the inner mitochondrial membrane, transporting protons along the concentration gradient bypassing ATP synthase, which
leads to a drop in membrane potential and a decrease in energy production in the cel|"041%,

mitochondrial biogenesis"*'*”.

It has been shown that the injection of DNP stimulates several signaling pathways for the stress response in
neurons. In cultures of cortical neurons and animal models, it has been demonstrated that low doses of
DNP and the resultant mild mitochondrial uncoupling can protect neurons from oxidative stress,
excitotoxicity, and accumulation of neurodegenerative disease-related self-aggregation proteins, such as
amyloid b-peptide, tau, and a-synuclein. Thus, DNP is considered a promising treatment for reducing brain
damage in Alzheimer’s disease, Parkinson’s disease, epilepsy, and cerebral ischemic stroke!*.

The so-called second-generation protonophores have less cytotoxicity and do not depolarize the plasma
membrane, but their effect on mitophagy processes has not yet been studied. Such substances include the
recently synthesized BAM15, which causes a stable soft uncoupling of mitochondrial membranes. This
substance is less cytotoxic compared to FCCP and DNP"/,

In addition, adding BAM15 to the culture of macrophages has been shown to reduce their production of
pro-inflammatory cytokines and enhance anti-inflammatory polarization of the M2 type, which allows it to

be considered as an effective means to control immune responses””.

Mitochondrial toxins are a more general group of substances that inhibit respiratory processes and thereby
activate PINK1-mediated mitophagy"®".
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A typical example of such a substance is the cyclopeptide antibiotic valinomycin, which is a highly specific
lipophilic ionophore capable of transporting K' ions across the inner membrane'*, eliminating the
electrical potential and activating the PINK1-Parkin pathway without changing the membrane potential [

[109,110]

Figure 3]

Salinomycin is a registered antibiotic, as well as a potential selective anti-cancer agent. It is thought to act as
an ionophore for K, but, unlike valinomycin, salinomycin causes rapid hyperpolarization by mediating K*
/H' exchange through the inner mitochondrial membrane. Thus, it causes the outflow of K' ions from

111]

mitochondria and a decrease in their membrane potential™"),

Treatment of intact mouse embryonic fibroblasts (MEF) and HMLE cancer stem cells with salinomycin
causes acidification of the mitochondrial matrix and a significant decrease in respiration (with no increase
in the production of ROS) for tens of minutes. All these effects appear a few seconds after the drug is

[112]

applied but are short-term and completely disappear 12-48 h after the addition of the drug

Valinomycin and salinomycin carry other ions rather than protons through mitochondrial membranes.
They are no longer so radical as FCCP but produce similar effects, including the stimulation of mitophagy,
allowing their potential usage for medical purposes.

A similar pattern is observed when cells are treated with another potassium ionophore, nigericin. Both
substances stimulate autophagy in the cells and, ultimately, cause apoptosis, which allows them to be

112]

considered promising drugs in oncology'

PINL1-cleaving protease inhibitors

The activity of the PINK1-Parkin pathway is also controlled by a number of proteases that catalytically
cleave PINK1 and thus affect the mitophagy process"*’. Their inhibition by pharmacological agents may
enhance mitophagy and be of clinical significance.

An example of such a protease is the transmembrane protease PARL (PINK1/PGAMs5-associated
rhomboid-like protease), which is located on the inner mitochondrial membrane of mammals and catalyzes
the cleavage of PINK1, thereby controlling its content and localization in the cell”"*"**""*. In addition to
regulating mitophagy, PARL is also involved in important cellular events such as apoptosis and regulation
of mitochondrial dynamics"'.

PARL is a member of a family of diamond-shaped intramembrane proteases, which are membrane-

embedded serine peptidases whose active sites are located in the bilayer of cell membranes""”"**.

There are currently no known selective inhibitors of mammalian rhomboid proteases, including PARL, that
would be suitable for use in biological research, let alone therapeutic applications. However, it has recently
been found that several succinimide-containing sulfonyl esters and sulfonamides are able to reversibly bind
to PARL and inhibit its activity, with the most potent sulfonamides possessing submicromolar affinities for
the enzyme""”. These data may help to develop a group of new specific inhibitors of rhomboid proteases. In
the future, they could be used not only for studying rhomboid proteases functions, which remain unknown
for a number of enzymes of this family, but also for exploring their effect on mitophagy and evaluating the
therapeutic effect.
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Figure 3. The valinomycin molecule represents a hydrophobic ring with a hydrophilic nucleus capable of binding K” ions to form a K
valinomycin comPIex. Thus, valinomycin dissolved in the membrane becomes a potassium transporter, causing membrane
depolarization"* ",

Modulators of the PINK1-Parkin Pathway

The PINK1-Parkin signaling pathway plays a key role in removing damaged mitochondria. It is known that
several mutant proteins affecting catalytic activity involved in this pathway can lead to the disruption of
mitophagy processes and cause the development of one of the rare forms of Parkinson’s disease with early
onset"").

The structure of PINK1 contains regions whose homologs in other proteins provide contact with the
adenine ring from ATP. This suggests that nucleotides other than ATP can bind to PINK1 and thereby alter
its stability and function. The metabolic precursor of such a neo-substrate can be taken up by cells and
converted into the form of nucleotide triphosphate, which would eventually lead to accelerated recruitment

of Parkin to depolarized mitochondria"**'>'l.

An example of such a substance is kinetin, a plant hormone and derivative of adenine, which can be found
in the tissues of all studied organisms, from plants to humans. Its ability to induce mitophagy was also
confirmed in experiments with cardiac myoblast cells (Hoc2). Treatment of cells by the active substance
with the subsequent isolation of the mitochondrial fraction from them and analysis of the expression levels
of MAP1LC3-II (Microtubule-associated proteins 1A/1B light chain 3A), a marker of autophagic vesicles,
showed an acceleration of mitophagy processes under the influence of kinetin!"**.

Iron chelators

It has been shown that the binding of iron ions, and, thereby, a decrease in their content in the cell, leads to
the induction of mitophagy. At the same time, a transition from oxidative phosphorylation to glycolysis is
observed in the cells, which indicates the cessation of respiratory processes""".

[123]

The mechanism of mitophagy induced by iron chelation includes the stabilization of HIF1a!"*", a subunit of
the transcription factor HIF1 (hypoxia-inducible factor-1), which is hydroxylated and proteolyzed in the
cytoplasm under normoxic conditions. However, under hypoxic cleavage conditions, this molecule ceases to

be destroyed, transfers to the nucleus, and binds to the HIF1p subunit to activate its target genes"*".
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In addition to being involved in response to hypoxic stress, HIF1a is also involved in the activation of other
targets, namely the mitochondrial outer membrane anchor proteins, BNIP3 and NIX. These HIF1o-
regulated molecules have a similar role in marking mitochondria for mitophagy, as does ubiquitylation of
mitochondrial outer membrane proteins during depolarization-induced mitophagy, which explains the lack
of requirement for PINK1 and Parkin in this mitophagy pathway"*. It was found that HIF1a-dependent
mitophagy is capable of facilitating differentiation of cardiomyoblasts via upregulation of BNIP3 and
NIX",

Thus, HIF1a is the “major regulator” of iron depletion (and hypoxia)-induced mitophagy, controlling
mitochondrial labeling through activation of BNIP3 and NIX while simultaneously regulating cellular
metabolic activity.

Most iron chelators cause a drop in membrane potential, which leads to their toxicity for mitochondria and
the cell as a whole. Thus, the iron ion chelator substance 1,10-phenanthroline (Phen) confirmed its
effectiveness among 1200 chemical compounds applied to HeLa line cells to discover a new mitophagy
modulator. Furthermore, it has been shown that the treatment of HeLa line cells with Phen increases the
percentage of fragmented mitochondria after 4 h, increases the depolarization of mitochondrial membranes,
and reduces ATP levels after 48 h. In this case, fragmentation of mitochondria and increased production of
ROS along with suppression of cell division are observed"*.

However, there are exceptions; not all chelators cause such strong membrane uncoupling. For example,
deferiprone (DFP) can bind iron ions, which leads to the renewal of mitochondria and the protection of
cells from oxidative stress without affecting the membrane potential. At the same time, it retains the ability
to promote mitophagy in cells with dysfunction of the PINK1-Parkin pathway'*"***.,

Experiments with primary human fibroblasts, as well as with fibroblasts isolated from patients with
Parkinson’s disease and containing Parkin mutations, showed that iron binding by chelators, for example,
deferiprone, specifically induces mitophagy and not general autophagy. A correlation was observed between
levels of mitophagy and transferrin receptors, which differed depending on the dose and even the type of
substance introduced, which confirms the role of iron loss in the stimulation of mitophagy"*".

At the same time, treatment of cells with deferiprone does not lead to an increase in the content of PINK1,
and the removal of PINK1 from cells using siRNA does not change the level of mitophagy when exposed to
DFP!"!. In addition, iron chelation induces mitophagy in HeLa cells"*, which are reported to not express
Parkin"*!. All this indicates that the PINK1-Parkin pathway is not activated by iron chelation and a
different, Parkin-independent mitophagy is involved here.

It should be noted that the addition of deferiprone to cells leads to a profound restructuring of their
metabolism, as well as causes DGAT1-dependent biosynthesis of lipid droplets [diacylglycerol
acyltransferase (DGAT)], observed several hours before the destruction of mitochondria. Iron-induced lipid
droplet biogenesis occurs independently of selective autophagy. It always precedes the removal of damaged
mitochondria, and nascent lipid droplets tend to cluster within the mitochondrial network until PINK1-
Parkin-independent elimination. At the same time, inhibition of DGAT1 limits mitophagy in vitro with
disruption of lysosomal homeostasis and cell viability, which suggests an unexpected synergy between lipid
homeostasis and mitophagy"*”..
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A possible reason that iron loss can lead to mitophagy may be the need for this element for the normal
functioning of many mitochondrial enzymes, particularly all four respiratory chain complexes". After all,
it is the mitochondria that produce the iron-sulfur clusters and heme groups that the cell so greatly
needs"*>'*). Further research into the relationship between iron levels and mitochondrial health may be
promising both from the point of basic science and pharmacology that stimulates mitophagy.

AMPK-dependent path regulators

The enzyme AMPK (AMP-activated protein kinase) induces autophagy by direct phosphorylation of unc-
51-like kinase (ULK1), a key initiator of the autophagic process. In turn, activated ULK1 interacts with the
FUNDCI1 protein localized in the mitochondrial membrane and thereby promotes the movement of
mitochondria into autophagosomes'**..

Metformin is a glucose-lowering drug widely used to treat type II diabetes*”. Among other things, it can
[136]

induce mitophagy by affecting AMPK"**, which is accompanied by the formation of acidic vesicles and
mitophagosomes and an increase in the level of mitophagy marker proteins: components of several
pathways of mitophagy, such as PINK1, Parkin, and NIX, and specific membranes of lysosome proteins,

e.g., LAMP2 and MAP1LC3B"7.

The study of the effect of metformin on phosphorylation and activation of AMPK was conducted on the
primary culture of monocytes of healthy people. After exposure to metformin, there was a significant
decrease in mitochondrial mass, an increase in the level of LC3-II (autophagosomal marker, form LC3-
phosphatidylethanolamine conjugate, which is recruited to autophagosomal membranes) and several
mRNAs of mitophagy proteins, a decrease in p62, and an increase in the formation of mitophagosomes'**..

SIRT1 Activators

SIRT1 (sirtuin 1) is an NAD"-dependent protein deacetylase that regulates transcription processes and plays
a key role in controlling metabolism and differentiating and repairing DNA, as well as indirectly affecting
inflammation. SIRT1 promotes cell survival by reducing oxidative stress and increasing mitochondrial
division, which is achieved by affecting the transcription factors of the forkhead box O (FOXO)
transcription factor and the coactivator of the peroxisome PPAR (proliferator-activated receptor gamma),
which affects the activity of peroxisomes**.

Nicotinamide (NAM) is known to promote mitophagy without impairing mitochondrial function by
disruption of its membrane potential. It is a biosynthetic precursor of NAD", which, in turn, activates NAD"
-dependent sirt1 deacetylase (sirtuin 1, SIRT1) and thereby promotes the removal of damaged mitochondria
from the cell"".

The effect of NAM on mitophagy has been shown in human fibroblast culture. Its effect is conducted by
means of an increase in the ratio of [NAD]/[NADH]. Cells cultured in an environment with the addition of
5 mM NAM every three or four days show a decrease in mitochondrial content in the first three days after
the start of treatment, as detected by flow cytometry. In the following days, their level remains at 70% of the
number of mitochondria in unprocessed cells (ordinary fibroblasts and mcF-7, H460, and HCT116 cancer

139]

cell lines)

In addition, the ratio of [NAD]/[NADH] can be raised by adding asparagine (Asn) to the cells, which
mobilizes the aspartate-malate shuttle in the direction of the increase of asparagine content. As a result,
there is a decrease in the number of mitochondria. Moreover, excess NAM, NAD, and Asn induce
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fragmentation of mitochondria, which is a necessary prerequisite for mitophagy"*’.

Curiously, a decrease in the ratio of [NAD]/[NADH], on the contrary, enhances the biogenesis of
mitochondria and thereby contributes to their accumulation. This, in particular, occurs when lactate is

139]

added to cell culture!™*.

Other SIRT1 activators, such as the natural substances resveratrol and fisetin, the synthetic small molecule
SRT1720, also reduce the number of mitochondria in the cell without impairing their membrane potential.
Perhaps mitophagy through SIRT1 can be carried out exclusively by the receptor mechanism and does not

[101]

require the involvement of the PINK1-Parkin pathway!"".

Resveratrol (3,5,4’-trihydroxy-trans-stilbene) is a natural polyphenol synthesized by some plants as a
protective reaction against parasites. It is found in large quantities in the peel and seeds of grapes, as well as
red wine. It is an activator of SIRT1; under its influence, damaged mitochondria are destroyed in cells,
resulting in a decrease in the level of ROS. Additionally, because of its hydrophobicity, it can accumulate in

140,141]

lipid formations, for example, in cell membranes! .

The mitophagy effect of resveratrol was detected in experiments on an immortalized line of mouse
myoblastic cells (C2C12). The addition of 30 pM resveratrol to the culture resulted in a decrease in
mitochondrial mass. The effect is offset by the transfection of siRNA PINK1 cells (while the transfection of
the control siRNA has no effect) or the addition of 50 uM chloroquine (SQ), which inhibits the synthesis of

140)

nucleic acids!

Fisetin is a flavonoid present in many plants as a yellow-ochre dye. It is also found in large quantities in
vegetables and fruits such as strawberries, apples, persimmons, onions, and cucumbers"*'**. As with many
other polyphenols, it can activate SIRT1"*..

Fisetin can inhibit the proliferation of PANC-1 pancreatic cancer cells, one of the most aggressive and most
resistant cell lines among pancreatic cancers. In this case, fisetin induces apoptosis and stimulates the
formation of autophagosomes, which ultimately gives it a cytoprotective effect"*.

Treatment of cells with fisetin leads to an increase in the expression of marker proteins of mitophagy,
namely PERK, ATF4, ATFes, PINK1, and Parkin, as well as to the accumulation of LC3-II on the
mitochondria, as detected by immunomicroscopy. All these phenomena begin to appear as early as 12 h
after the injection of fisetin"*..

Quercetin is a natural flavonoid with a powerful antioxidant effect. Among other things, it helps reduce
mitochondrial oxidative stress, as well as enhance mitochondrial biogenesis"**'*,

The effect of quercetin on mitophagy has been demonstrated in the rat proximal tubule epithelial cell line
NRK-52E. The cells, pretreated with quercetin (20 uM) and/or Ex-527 (1 uM), a SIRT1 inhibitor, were
stimulated with angiotensin II (100 nM) for 12 h. In this case, joint localization of Parkin and PINK1 was
observed, which confirms the activation of mitophagy by quercetin through its effect on the activity of
SIRT!*.
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Western blotting showed that quercetin treatment markedly enhanced the expression of mitophagy markers
LC3-II, PINK1, and Parkin and reduced p62 expression levels compared to those in the control group, while
EX-527 weakened this effect*).

Caloric Restriction Mimetics

Calorie restriction (CR), that is, reducing calorie intake without malnutrition, can effectively counteract the
features associated with aging, including a decrease in autophagy in cells. As a result, it prevents the
accumulation of damaged mitochondria in cells of tissues. Due to the complexity of applying this approach
to humans, several efforts are aimed at finding so-called caloric restriction mimetics (CRM) -
pharmacological agents capable of reproducing the basic biochemical properties of CR, including reducing

[147]

levels of protein acetylation and inducing autophagy in tissues"*”.

Thus, the well-known drug aspirin and its active metabolite salicylate can induce autophagy due to their
inhibitory effect on acetyltransferase EP300 (E1A-associated protein p300). This effect is achieved through
competition between salicylate and acetyl coenzyme A for binding to the enzyme’s catalytic domain, and it
has been observed in a wide variety of organisms, from the nematode Caenorhabditis elegans to mice'*”.

The effectiveness of aspirin as an autophagy stimulant has been shown on human colorectal cancer cells
(HCT116) and the nematode Caenorhabditis elegans. HCT116 cells were incubated for 16 h in the presence
of increasing concentrations of salicylate. As a result, conversion of LC3-I to LC3-II was observed,
indicating activation of autophagy and stimulation of mitophagy. A similar effect was observed in
experiments with mice, in which the accumulation of LC3-II in the heart and liver was recorded 6 h after

148]

the administration of the aspirin dose!**,

Spermidine is a small molecule, aliphatic polyamine found in the ribosomes of a wide variety of organisms
and performs various metabolic functions. Its effect on increasing mitophagy levels and lifespan has been
shown in a variety of model organisms, such as mice, C. elegans, yeast, and human fibroblasts. The effect of
spermidine on the inhibition of the activity of histone acetyltransferases, such as Iki3 p and Sas3p, causing
hypoacetylation of histone H3, has been shown. A decrease in their activity can affect the epigenetic
regulation of gene transcription, which allows the induction of transcripts relevant to autophagy"*’. In
addition, it was found that, in C. elegans with turned-oft genes PINK1 and PDR-1 by RNA interference, the

effect of spermidine disappears, indicating a possible mechanism of action of this substance*.

CONCLUSION

Disorders of mitophagy underlie many pathological processes, including the development of non-systemic
inflammation and atherosclerosis. It is assumed that the development of these pathologies is associated with
certain mitochondrial mutations, the appearance of which not only leads to metabolic disorders in the form
of a drop in ATP levels and increased production of ROS but also reduces the effectiveness of mitophagy,
preventing loss of mutant mitochondria.

We suggest the stimulation of mitophagy with a specially selected pharmacological agent capable of leading
to a decrease in the number of mutant mitochondria, which in theory can contribute to the cleaning of
tissues from damaged mitochondria and thereby lead to an improvement in the patient’s condition by
removing the cause of the development of the pathological process. Thus, the study of substances that cause
mitophagy and their mechanisms of action presents an important scientific task that can help in the search
for drugs for a variety of diseases.
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Today, many substances that are stimulants of mitophagy have been discovered. They differ not only in
their chemical structures, but also in the targets of exposure to various processes occurring in the cell. Thus,
mitochondrial uncouplers cause depolarization of mitochondrial membranes and, in turn, reduce the
efficiency of energy metabolism. This entails the ubiquitination of the surfaces of mitochondria by Parkin or
other ubiquitin ligases, which become a signal to mitophagy.

Proton transporters, such as FCCP and DNP, are highly toxic to cells, and, although their moderate doses
have beneficial effects in cellular and even animal models, their use in clinical practice looks doubtful.
However, at the moment, substances with a similar effect, causing the so-called mitochondrial uncoupling,
which also leads to mitochondria elimination, have been synthesized and are not so dangerous for cells and
the body as a whole. The influence of new generation protonophores specifically on mitophagy is still
unknown, but they look quite promising in a new quality.

Other promising candidates are substances that act on signaling pathways that directly or indirectly affect
mitophagy without depolarization of the mitochondrial membrane. Some of them activate the PINK1-
Parkin pathway (kinetin and synthesized non-standard nucleotides, inhibitors of proteases, that cleave
PINK1), one regulates and modulates the activity of the AMPK enzyme (metformin), and others increase
the activity of the enzyme SIRT1 (nicotinamide, resveratrol, fisetin, and quercetin). Finally, when aspirin
inhibits EP300 acetyltransferase, cells begin to digest their mitochondria, which can also be used in clinical
practice. In addition, the small molecule spermidine also activates autophagy in tissues, and the lack of
spermidine due to aging is considered one of the reasons for the accumulation of damaged mitochondria in
tissues.

These substances are not toxic, largely due to the lack of effects on the processes of respiration and energy
production in mitochondria. Some of them are natural for humans (kinetin, nicotinamide, and spermidine),
others enter the organism with food (plant metabolites such as resveratrol and fisetin), and some have long
been used in medicine and do not give side effects when used correctly (metformin and aspirin). It is
possible that new data on these substances, as well as their effect on mitophagy, will allow us to develop
approaches to the treatment of several pathologies caused by the accumulation of mutant mitochondria.
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