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Abstract: Mitochondrial dysfunction is associated with a wide range of chronic human disorders,
including atherosclerosis and diabetes mellitus. Mitochondria are dynamic organelles that undergo
constant turnover in living cells. Through the processes of mitochondrial fission and fusion, a func-
tional population of mitochondria is maintained, that responds to the energy needs of the cell. Dam-
aged or excessive mitochondria are degraded by mitophagy, a specialized type of autophagy. These
processes are orchestrated by a number of proteins and genes, and are tightly regulated. When one
or several of these processes are affected, it can lead to the accumulation of dysfunctional mitochon-
dria, deficient energy production, increased oxidative stress and cell death—features that are de-
scribed in many human disorders. While severe mitochondrial dysfunction is known to cause spe-
cific and mitochondrial disorders in humans, progressing damage of the mitochondria is also ob-
served in a wide range of other chronic diseases, including cancer and atherosclerosis, and appears
to play an important role in disease development. Therefore, correction of mitochondrial dynamics
can help in developing new therapies for the treatment of these conditions. In this review, we sum-
marize the recent knowledge on the processes of mitochondrial turnover and the proteins and genes
involved in it. We provide a list of known mutations that affect mitochondrial function, and discuss
the emerging therapeutic approaches.

Keywords: atherosclerosis; mitochondrion; mitochondrial dynamics; mtDNA mutation; oxidative
stress; inflammation

1. Introduction

Atherosclerosis is a chronic progressive disorder that underlies a large proportion of
serious and fatal cardiovascular and neurological events, such as ischemic heart disease,
myocardial infarction, and stroke. According to the currently accepted model, the patho-
genesis of atherosclerosis is based on both the disturbance of lipid metabolism and
chronic inflammation, which directly affects the vascular wall and is present at all stages
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of disease development. The interplay of these processes includes a wide range of meta-
bolic and signaling cascades, which adds to the disease complexity, but also appears to be
promising for identifying novel therapeutic targets. Despite the constant demand for the
improvement of diagnostic and therapeutic methods, most of the existing therapies are
focused on the reduction in risk factors and alleviation of symptoms. The need for direct
anti-atherosclerosis therapies persists. During recent years, personalized medicine ap-
peared in the spotlight as a promising therapeutic approach to treat atherosclerosis, but
much work still needs to be done to translate these findings into routine clinical practice
[1].

An atherosclerotic lesion is characterized by massive lipid accumulation in the sub-
endothelial space of the arterial wall intima leading to the formation of atherosclerotic
plaques. Hypercholesterolemia is still considered as a major cause of atherosclerosis, and
normalization of lipid profile helps to slow down the disease’s progression. Especially
dangerous are atherogenically modified forms of low-density lipoprotein (LDL), includ-
ing oxidized LDL, which are not readily metabolized by cells and tend to accumulate [2].
Correspondingly, much research has been performed to better understand the mecha-
nisms and features of hypercholesterolemia and hyperlipidemia in humans and find pos-
sible approaches to correcting it [3-5]. Although the lipid-lowering approach helps to al-
leviate the disease, it does not prevent atherosclerosis development at cellular and subcel-
lular level [6]. Understanding these triggers may help in identifying novel treatments that
not only slow down the disease, but possibly prevent its development.

Known risk factors of atherosclerosis include both environmental and behavioral fac-
tors and genetic predisposition. The importance of the genetic component of atheroscle-
rosis pathogenesis has been relatively well-studied to date. A range of mutations and pol-
ymorphisms associated with an increased risk of atherosclerosis have been identified, and
the list is constantly growing. Both germline and somatic mutations can be implicated in
atherosclerosis. A number of recent studies have clearly demonstrated that mitochondrial
DNA (mtDNA) mutations are also associated with atherosclerosis in humans. Along with
nuclear, a number of mitochondrial gene mutations are known to cause so-called mito-
chondrial diseases, in which oxidative phosphorylation is impaired, with often severe
consequences for the whole organism [7]. However, beyond the primary mitochondrial
diseases, a wide range of chronic human disorders has been shown to be associated with
mtDNA mutations and polymorphisms [8]. The development of genetic tools and increas-
ing precision and speed of sequencing methods allowed for establishing a long and ever-
growing list of mtDNA mutations associated with human diseases, including atheroscle-
rosis, which may help identifying novel therapeutic targets. For example, to date, re-
searchers from various scientific groups have discovered at least 17 different mtDNA mu-
tations associated with ischemic heart disease, a common complication of atherosclerosis.
These changes affect the genes of 6 tRNAs, 125 rRNA subunits, and genes MT-ND2 and
MT-ND?5 for subunits 2 and 5 of the NADH dehydrogenase subunits. Our research team
found four mutations in the mitochondrial genome (m.A1555 G in the MT-RNR1 gene,
m.C3256 T in the MT-TL1 gene, m.G12315A in the MT-TL2 gene and m.G15059A in the
MT-CYB gene), which are more often present in lipofibrous plaques compared to the un-
affected intima of the aorta. Another mutation discovered by our colleagues, m.G14459A
in the MT-ND6 gene, disrupts the work of the subunit 6 of NADH dehydrogenase, which
leads to the appearance of a dysfunctional enzyme. This, in turn, leads to oxidative stress
on the mitochondria and damage to the intimal cells themselves [9].

In atherosclerosis, mitochondrial dysfunction is involved in the formation of oxida-
tive stress conditions that facilitate the inflammatory response and lesion development.
Moreover, mitochondria are intimately involved in lipid metabolism. In the arterial wall,
mitochondrial function is vitally important for proper functioning of all the key cell types
involved in atherogenesis: the endothelial cells (ECs), vascular smooth muscular cells
(VSMCs), and macrophages that participate in massive lipid accumulation through phag-
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ocytosis and maintain the pro-inflammatory milieu in the lesion [10]. Endothelial dysfunc-
tion occurs early in the disease development, with reduced nitric oxide (NO) bioavailabil-
ity, oxidative stress, and increased expression of pro-inflammatory factors and adhesion
molecules in the ECs. These changes lead to activation and increase in permeability of the
endothelial lining to blood components. As a consequence, the entry of circulating lipo-
protein particles into the vascular wall is facilitated. At the same time, the recruitment of
leukocytes to the activated cells of the arterial wall promotes the inflammatory response
in the newly formed lesion site. Chronic inflammation in the vascular wall associated with
atherosclerosis leads to vascular fibroproliferative remodeling and alterations in the ex-
tracellular matrix in atherosclerotic plaques [11]. Among the components of mitochon-
drial dysfunction relevant for atherosclerosis are mitochondria-induced oxidative stress,
impaired mitophagy, and metabolic breakdown. Targeting these disturbances appears to
be promising for the development of new therapies of atherosclerosis [12,13]. In this re-
view, we will summarize the current knowledge on the input of impaired mitochondrial
dynamics in the pathogenesis of atherosclerosis.

2. Structure and Functions of Mitochondria and Mitochondrial Genome

Mitochondria are unique semi-autonomous organelles that serve as power stations
of eukaryotic cells. According to the theory of endosymbiotic origin, mitochondria de-
rived from a-proteobacteria that were engulfed by a precursor of the modern eukaryotic
cell 2.5 billion years ago [14]. A mitochondrion is surrounded by a double membrane, with
inner and outer membranes being separated by an intermembrane space and having dif-
ferent composition and functions [15]. Disrupted integrity of the outer membrane or open-
ing the mitochondrial permeability transition pore (PTP) leads to the release of apoptosis-
triggering factors (such as cytochrome c) and, ultimately, cell death. The inner membrane
hosts the enzymatic machinery responsible for oxidative phosphorylation (OXPHOS), the
principal mechanism of aerobic energy production in eukaryotic cells. Its functioning is
based on the stepwise movement of electrons from the coenzymes NADH and FADH: to
the final electron acceptor O2. The OXPHOS system comprises five large multiprotein
complexes of the electron transport (respiratory) chain. Complexes I-IV are located in the
inner mitochondrial membrane and include several specific electron carriers [16]. The
complex V is the ATP synthase that transforms the proton electrochemical gradient to
energy stored in ATP [17]. As a by-product of OXPHOS, mitochondria generate reactive
oxygen species (ROS) that are, under normal conditions, neutralized by the antioxidant
systems and serve mostly as signaling factors. In addition to energy production, mito-
chondria also act as an important component of cellular Ca?* homeostasis regulators [18].
A substantial part of mitochondrial proteins is encoded by the mitochondria’s own ge-
nome, which exists in the form of circular mtDNA. The mtDNA is typically ~16,569 base
pairs long and can exist in multiple copies, ranging from 100 to 10,000 per cell. MtDNA
contains 37 genes that are responsible for mitochondrial functioning and biogenesis and
for aerobic energy production in the cell. There are a wide range of pathologies associated
with mutations in “the neglected genome” [19].

Damage of mtDNA is the most common identifiable cause of mitochondrial dysfunc-
tion. The proximity of mtDNA to the main sites of ROS production and the lack of protec-
tive histones and intrinsically less reliable mechanisms of replication and reparation result
in substantially higher rate of mutagenesis as compared to genomic DNA [20]. The repli-
cative apparatus of mtDNA includes polymerase y, which subunits are encoded by the
POLG1 and POLG2 genes, Twinkle helicase encoded by the PEO1 gene, and mtSSBP bind-
ing proteins. Mutations in these genes lead to a suppression of replication activity with a
subsequent decrease in mtDNA content and increased mutagenesis [21].

The overall effect of mtDNA mutations on mitochondrial function depends on the
extent of heteroplasmy (the proportion of affected copies) [22,23]. The degree of hetero-
plasmy determines both the manifestation and the severity of the disease because a critical
number of mutated mtDNA copies is needed for clinical symptoms to become apparent
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(threshold effect). This pathogenic threshold varies in different tissues according to their
metabolism level, explaining why brain and skeletal muscle are relatively often impacted
(mitochondrial encephalomyopathies), although potentially every organ and tissue can
be affected (multisystem disorders) [24].

Modelling studies have shown that almost 90% of non-proliferating human cells by
the age of 70 will have at least 100 mutations per cell, indicating that mtDNA mutations
can make a significant contribution to many age-related diseases [25]. Using modern dig-
ital methods, it has become possible to quantitatively evaluate and visualize the dynamics
of expression of mitochondrial genes and the appearance of their mutations, to identify
differences in the regulation of mitochondrial transcriptome and proteome, as well as to
identify changes in mitochondrial morphology [26].

3. Mechanisms of Mitochondrial Dysfunction

As mentioned above, mitochondrial dysfunction is observed in many human dis-
eases, such as cardiovascular diseases, atherosclerosis, type 2 diabetes, obesity, Parkin-
son's disease, Alzheimer's disease, and other neurodegenerative and autoimmune dis-
eases. Moreover, declining mitochondrial function was shown to contribute to aging pro-
cesses and the pathogenesis of age-related diseases [27]. In addition, mitochondrial dys-
function can impair the ability of cells to respond to a variety of metabolic challenges,
including fatty acid overload [28].

Mitochondrial oxidative stress is known to reduce NO synthesis, enhance the expres-
sion of adhesion molecules and secretion of inflammatory cytokines, and mediate oxida-
tion of LDL, which contributes to atherogenesis [29]. Vascular ECs are especially sensitive
to oxidative stress. Endothelial dysfunction is characterized by a reduction in NO bioa-
vailability, imbalance between the production of ROS and reactive nitrogen species (RNS),
and deficient antioxidant defense [30]. A common term, RONS, that includes both ROS
and RNS, is sometimes used to represent the variety of free radicals and molecules of a
non-radical nature [31]. The abnormally high RONS levels in aging cells are not readily
detected by cellular antioxidant systems, and defective mitochondria escape mitophagy.
Excess RONS, along with overloading the mitochondrial matrix with calcium ions, leads
to the disruption of transmembrane potential and a decrease in the threshold for PTP
opening, which releases RONS, Ca?, nicotinamide adenine dinucleotide (NAD*), gluta-
thione and other metabolites into the cytosol, along with apoptosis-triggering factors. This
further increases oxidative damage of nuclear DNA, ion channels, transporter proteins
and membrane phospholipids [32,33]. Prolonged PTP opening and a high proportion of
damaged mitochondria can lead to cell death in the form of mitochondrial permeability
transition (MPT)-driven necrosis [34].

The main danger of ROS is that they are able to damage various macromolecules,
such as proteins, lipids, and nucleic acids. ROS can cause irreversible DNA damage, such
as chain breaks and nucleotide oxidation, as well as DN A modifications. Increased oxida-
tion of free fatty acids contributes to the development of oxidative stress, mitochondrial
stress and EPR, and activation of pro-inflammatory signals [35]. Under normal conditions,
mitochondrial ROS are neutralized by superoxide dismutase (SOD)1/2. Overexpression
of SOD, caused by the stimulation of AMPK kinase activity, helps in reducing the for-
mation of mitochondrial ROS, which prevents damage to the mitochondria and the phe-
nomena caused by the accumulation of fatty acids. Therefore, disruption of these enzymes
can increase the oxidative stress in the mitochondria [35,36]. An important component of
cellular redox homeostasis is NAD*, which was found to be decreased in aging cells. As a
result, not only does the pool of redox pairs of NAD*/NADH involved in redox reactions
decrease, but the activity of NAD*-dependent enzymes also decreases [37]. Increasing the
cellular NAD+ level through its enhanced synthesis or reduced consumption appears to
be promising as a therapeutic approach to the treatment of some age-related and oxidative
stress-associated conditions. Some of the common drugs with pleiotropic effects, such as
statins, were shown to inhibit the prooxidant enzyme NADPH oxidase [38].
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Moreover, mitochondria are closely associated with the endoplasmic reticulum (ER)
through very dynamic platforms called mitochondria-associated membranes (MAM) that
were shown to be necessary for the formation of NLRP3 stimulated by DAMP and path-
ogen-associated molecular pattern (PAMP) [39]. Free fatty acids contribute to ER stress by
releasing Ca?" from the intracellular depots and stimulating the production of ROS. That
in turn leads to the activation of the transcription factor NF-«kB, which triggers the expres-
sion of IRAK2 and secretion of IL-8 and TNFa« cytokines. In addition, under the conditions
of hyperlipidemia, the NF-kB pathway is also activated in cells expressing TLR2 and
TLR4, which leads to the expression of inflammatory and atherogenic genes, and, accord-
ingly, the launch of inflammatory pathways [40].

The role of mitochondrial dysfunction in atherosclerosis is currently well recognized,
although many questions about the details of this involvement remain unanswered, and
mitochondria-targeting therapies for atherosclerosis treatment is a topic for future re-
search [28,30]. However, the impact of mitochondrial dysfunction on atherosclerosis hall-
mark features such as lipid accumulation and chronic inflammation could be distin-
guished (Figure 1). Our group proposed the following model for this process. Modified
LDL entering cells, such as phagocytic macrophages, with intact mitochondrial function,
can be metabolized, which prevents massive lipid accumulation and atherosclerotic
changes in the arterial wall. By contrast, cells with impaired mitochondrial function, in
which the population of healthy mitochondria cannot be restored due to deficient fission
and fusion processes, are not able to metabolize the excessive lipids efficiently. That in
turn leads to massive lipid accumulation in the arterial wall and atherosclerotic plaque
development [13,24].

Normal processes Normal manifestations
of fusion/fission of cellular immunity

R
. » @ Rapid restoration
Multiple ‘ a= - of the structure
modifications \‘ &,y — and function
and formations ) Normal lipid @ . (= ||of the intima
of LDL = metabolism P e
aggregates /' phagocytosis ‘
of LDL -
aggregates Accumulation R
Y of large amounts Massive infiltration
% ~= |oflipids | - N of immune cells,
T ¢ ~ \ - - lack of restoration
(> e of the endothelial
= {f \I‘-“ ; o e barrier, development
\-\«:,—_::-f,<’ - of atherosclerotic plaque

Persistent cytokine
secretion, non-resolving
inflammation

Impaired mitochondrial
fusion / fission function

LDL

Figure 1. Possible involvement of impaired mitochondrial dynamics in atherosclerosis develop-
ment. Phagocytic cells, in which normal dynamics is preserved, have a pool of functional mito-

chondria, which allows them to metabolize the excessive atherogenic lipids (LDL). By contrast,

cells with impaired mitochondrial function are prone to lipid accumulation. In the proximity of
such cells, atherosclerotic plaque development occurs, accompanied by lipid accumulation and

chronic inflammatory response.

4. Mitochondrial Turnover as Protective Mechanism

Mitochondria are dynamic organelles that can adjust their numbers and activity to
changing energy needs of the cell and undergo a constant turnover that renews the pop-
ulation of functional organelles and neutralizes the dysfunctional and damaged ones. The
key events in mitochondrial turnover are mitochondrial fission, fusion, and mitophagy, a
specialized type of autophagy that degrades the excessive or dysfunctional parts of the
organelles, separated by fission (Figure 2).
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Fission
Dnp 1

Fusion
Mfn 1/2

N

. e Mitophagy

Figure 2. Simplified scheme of mitochondrial turnover. Mitochondrial fission and fusion processes
are orchestrated by Dnp 1 and Mfn 1/2, respectively. Accumulation of mtDNA damage that occurs
with time may lead to the development of mitochondrial dysfunction. Mitochondrial fission al-
lows for separating the dysfunctional parts of the organelle (shown in green) that are further de-
graded through mitophagy. The unaffected parts can undergo fusion to form functional orga-
nelles.

Mitophagosome

Mitochondrial dynamics ensures the exchange of mtDNA, including damaged and
mutated copies, while fission promotes redistribution of mitochondria within the cell and
separates dysfunctional mitochondria and damaged mtDNA from the rest of the mito-
chondrial network. Altered mitochondrial dynamics manifests as the appearance of elon-
gated or malformed organelles or abnormalities of mitochondrial number, and is an early
sign of mitochondprial dysfunction that has been described in various human pathologies
[41-43]. The key molecules of the mitochondrial biogenesis represent promising therapeu-
tic targets for treatment of atherosclerosis. For instance, in atherosclerosis, recovery of mi-
tochondrial dynamics leads to the normalization of the mitochondrial respiration and in-
hibits stress-induced cell death and necrotic core formation [44].

The process of mitochondrial fusion is controlled by large GTPases mitofusins 1 and
2 (MFN1 and MFN2) that are located in the outer membrane of the organelle, and optic
atrophy 1 (OPA1), located in the inner mitochondrial membrane (Figure 3). In the process
of fusion, MFN1 and MFN2 on the surface of the membranes of two mitochondria bind to
each other, after which GTP hydrolysis provides for conformational changes necessary for
membrane fusion. In the inner mitochondrial membrane, OPA1 is responsible for mem-
brane fusion and the remodeling of mitochondrial cristae and sealing crista junctions [45].
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Mitochondrial fusion
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Figure 3. Mitochondrial fusion and its dysfunction. Shown are the main proteins orchestrating the
mitochondrial fusion process: mitofusins 1 and 2 (MFN1/2), optic atrophy 1 (OPA1), and misato
protein (MSTOL1).

IMM, inner mitochondrial membrane; IMS, intermembrane space; mtDNA, mitochondrial DNA;
OMM, outer mitochondrial membrane; OXPHOS, oxidative phosphorylation; ROS, reactive oxy-
gen species.

Defective cristae formation is usually observed together with other signs of mito-
chondrial dynamics dysfunction. In addition to OPA1, the internal structure of mitochon-
dria and the maintenance of crista shape are regulated by the MICOS and F1Fo ATP syn-
thase proteins. Loss of OPA1 leads to cristae defects and mtDNA loss, while deficiency of
MIC60 leads to a loss of crista junctions simultaneously with the accumulation of enlarged
nucleoids. Autosomal dominant mutations of the OPAI gene are associated with disturb-
ances in the processes of oxidative phosphorylation and changes in mitochondrial shape
[46].

The fusion process and mitochondrial morphology, as well as chromosome segrega-
tion, are regulated by the conserved misato protein, which encodes the MSTO1 gene in
humans. MSTOL1 is expressed in all cells and is localized both in the outer mitochondrial
membrane and in the cytoplasm [43].

Mitochondrial fission depends on the activity of the cytosolic mitochondrial dy-
namin-like GTPase DLP1/DRP1 encoded by the DNM1L gene, the regulators of which are
dynamin 2 (DNM 2), mitochondrial fission factor (MFF), mitochondrial dynamics proteins
(MID49, MID51) and mitochondrial fission 1 protein (FIS1) present in the outer mitochon-
drial membrane (Figure 4). Deficiency of fission leads to the formation of large, elongated
mitochondria.
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Mitochondrial fission
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Figure 4. Mitochondrial fission and its dysfunction. Shown are the main proteins involved in mito-
chondrial fission: non-muscle myosin family II proteins (NMII), mitochondrial fission-1 protein
(FIS1), mitochondrial fission factor (MFF), dynamin-1-like protein (DRP1), dynamin 2 (DNM2),
mitochondrial dynamics protein 49 and 51 (MID49/51) transmembrane protein 135 (TMEM135).
IMM, inner mitochondrial membrane; IMS, intermembrane space; mtDNA, mitochondrial DNA;
OMM, outer mitochondrial membrane; OXPHOS, oxidative phosphorylation; ROS, reactive ox-
ygen species.

Mitochondrial fission is performed by ATP-dependent molecular motors of non-
muscle myosin family II proteins (NMII), represented in the human genome in the form
of three isoforms, NMIIA (encoded by MYH9), NMIIB (MYH10) and NMIIC (MYH14),
which also take part in recruiting the DRP1 protein to the fission site [47]. Mutations in
these genes are known to result in deficient fusion with the formation of elongated orga-
nelles, and manifestations of mitochondrial dysfunction through increased oxidative
stress and reduced OXPHOS.

The role of autophagy and mitophagy (autophagic degradation of the mitochondria)
in maintaining a functional population of the mitochondria in the cell is currently well
understood. Disrupted mitophagy leads to the accumulation of damaged mitochondria
with increased ROS production. Enhanced expression of p62 nucleoporin protein (an au-
tophagy marker) simultaneously with its impaired degradation in cells with Atg7 deletion
leads to activation of the pathway associated with NRF2 and the antioxidant responsive
element (ARE), which contributes to the resistance to oxidative stress. Defective autoph-
agy, including that associated with p62 deficiency with an Atg7 deletion, disrupts the out-
flow of cholesterol from cells and can lead to the activation of NLRP3 and a subsequent
increase in IL1p secretion [48]. It has been shown that increased mitochondrial fission can
lead to accelerated development of atherosclerosis, especially in the presence of diabetes.
In endothelial cells, suppression of Drpl expression and inhibition of mitochondrial fis-
sion due to activation of the AMPK signaling pathway leads to a decrease in mitochon-
drial ROS production and alleviation of atherosclerotic lesions. Thus, mitochondrial fis-
sion promotes atherogenesis by increasing mitochondrial oxidative stress [49].

Palmitic acid (PA) is a saturated fatty acid and, like oxidized LDL, is involved in the
development of atherosclerosis. PA induces increased mitochondrial fission in endothelial
cells by activating Drp1 expression, that promotes ROS production and the progression of
endothelial dysfunction. Suppression of Drpl expression occurs through activation of the
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Nrf2 pathway and regulation of proteasomes [50]. Recently, Drp1 was found to be associ-
ated with the calcification processes of VSMC and interstitial cells of the heart valve. Dur-
ing osteogenic differentiation, there is a decrease in the mitochondrial membrane poten-
tial and increased mitochondrial fission, which can be leveled by the suppression of Drp1
expression. This may indicate that mitochondrial dynamics plays a role in osteogenic dif-
ferentiation of atherosclerotic plaque cells [51].

Mitochondrial dynamics drives the adipocyte metabolic change. Induction of ther-
mogenic beige adipocyte is mediated by a dramatic increase in the mitochondria number,
while a return to the white fat phenotype is linked to the removal of excessive mitochon-
dria through mitophagy. Hence, mitochondrial turnover can be regarded as a tool to con-
trol adipose tissue metabolism and white to beige fat transformation (“beiging”) [52]. In-
duced beiging of white adipose tissue with an increase in energy expenditure is currently
actively studied as a potential therapeutic approach to human diseases associated with
impaired metabolism, including diabetes and atherosclerosis. A number of target genes
responsible for this process have already been identified, among them cardiolipin syn-
thase (CRLS1) and TRGS receptor, which have been studied in mouse models [53,54]. Im-
pairment of mitochondrial function reduced brown adipocyte-like characteristics of epi-
cardial adipose tissue in mice, leading to vascular inflammation and atherosclerosis [55].
However, pharmacological induction of brown fat failed to prevent atherosclerotic bur-
den in LDLR-deficient mice, despite reducing adiposity and plasma triglyceride level [56].
More studies are needed to explore the therapeutic potential of adipocyte beiging for the
treatment of atherosclerosis, diabetes mellitus, and other metabolic diseases [57].

5. Mutations of mtDNA Associated with Mitochondrial Dysfunction

Loss-of-function mtDNA mutations can lead to a disruption of mitochondrial mor-
phology and alterations of mitochondrial network through deficiencies in mitochondrial
turnover [45]. Table 1 shows the main gene defects that cause different phenotypes of mi-
tochondrial disorders.

Table 1. Phenotypes associated with disrupted mitochondrial turnover.

Cristae abnormali- Mitochondrial
Gene Gene Function Cellular Phenotype ties DNA/nucleoid aber-Ref.
rancy
OMM fusion;
MEFN2 key regula-
MENT tor of the mito- Sparse cristae with ~ Loss of mtDNA
MEN? chondria-ER con- Reduced cell growth and oxy- swollen, fragmented (DKO MFN1 and (58
MENT+ME tact sites tethering; gen consumption, loss of trans- mitochondria with MFN2) and loss of 5 9]'
MENT1; membrane potential reduced COX activ-  nucleotide (KO,
N2 . . i
involved in the ity DKO)
OPAl-dependent
IMM fusion
Loss of transmembrane poten-
tial (mammalian cell lines); re-
duced body weight, muscle at- Crystae p-depletion, [60-
OPA1 IMM fusion rophy and weakness, kyphosis dilation, disorgani- mtDNA loss 62]
and hair greying zation
(inducible conditional deletion
in skeletal muscle)
Nucleoid clumping
cytosolic mitochon- Fragmented mitochondrial net- segregation of
MSTO1 drial fusion regula- work, - mtDNA; reduced [63]
tor Enlarged lysosomes mtDNA copy num-
ber
Delayed apoptosis, reduced .
RP1 OMM fission membrane potential and ATP Densly Packed " Nucleoid clustering [64,
tae (mito-bulbs) 65]

synthesis
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Vacuolated mito-
Premature death, cardiomyopa- L mtDNA levels de-
chondria with mal- . [66]
thy . cline
formed cristae

MFF OMM fission

Loss of CJs leadin Increased nucleoids,
CJs formation and Impaired mitochondrial dynam- : & decreased transcrip-
to cristae separated

assembly ics from the IBM tion of mtDNA-en-
coded genes

MENT1 & 2: mitofusins 1 and 2; OPA1: optic atrophy type 1, DRP-1: dynamin-related pro-
tein 1; MFF: mitochondrial fission factor; MIC60: core component of the MICOS complex;
OMM: outer mitochondrial membrane; IMM: inner mitochondrial membrane; IBM: inner
boundary membrane; CJs: Crista junctions.

MIC60 [67]

mtDNA depletion syndrome represents a genetically and clinically heterogeneous
type of mitochondrial disease, which is characterized by an overall reduced amount of
mtDNA [68]. Out of the 15 known types of mtDNA depletion syndrome registered in the
Online Mendelian Inheritance in Man (OMIM) database, the majority are caused by dys-
function of proteins that are necessary for mtDNA replication, including POLG, C10orf2,
MGME], and TFAM, or for maintaining the mitochondrial dNTP levels, such as TK2,
DGUOK, RRM2B, TYMP, SUCLA2, SUCLG1, AGK, MPV17, and SLC25A [69]. However,
defects of mitochondrial fission and fusion proteins can also lead to mtDNA depletion.
Table 2 describes the most common changes in genes responsible for the processes of mi-
tochondrial dynamics according to the OMIM database [69]. Interestingly, different ge-
netic changes can lead to the same clinical manifestation of the disease. For example, a
complex of pathologies related to various types of Charcot-Marie-Tooth disease can be
caused by changes in the genes or proteins that control mitochondrial fusion—Mfn2, mi-
tochondrial division of Dnm2 and Inf2—as well as proteins that regulate fusion and divi-
sion processes—Gdap1.

Table 2. Aberrant mitochondrial dynamics in the human pathology.

Gene OMIM Phenotype Inheritance

Fusion genes

Charcot-Marie-Tooth disease type 2A AD/AR
MEN2 608507 )
Hereditary motor and sensory neuropathy
AD
VIA
Optic atrophy 1 AD
2
OPA1 605290 Optic atrophy plus syndrome AD
Behr syndrome AR
Fission genes
Encephalopathy AR/AD
DNMIL 603850
Optic atrophy 5 AD
MFF 614785 Encephalopathy AR
MIEF2 615498 Mitochondrial myopathy AR
Centronuclear myopathy 1 AD
DNM2 602378

Charcot-Marie-Tooth disease, axonal type 2M AD
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Charcot-Marie-Tooth disease, dominant in- AD
termediate B
Lethal congenital contracture syndrome 5 AR
Charcot-Marie-Tooth disease type E AD
INF2 610982
Focal segmental glomerulosclerosis AD
genes-regulators of mitochondrial dynamics

MSTO1 617619 Myopathy and ataxia AR/AD
Pontocerebellar hypoplasia type 1 AR
SLC25A46 610826 Hereditary sensory motor neuropathy AR
Optic atrophy spectrum disorders AR
Charcot-Marie-Tooth disease type 4A AR

Charcot-Marie-Tooth disease type 2K AR/AD
GDAP1 606598 Charcot-Marie-Tooth disease type A AR
Charcot-Marie-Tooth disease with vocal cord AR

paresis

AD, autosomal dominant; AR, autosomal recessive; OMIM, Online Mendelian Inheritance in Man®;
MFN2, mitofusins 2; OPA1, optic atrophy type 1; MSTO1, misato homolog 1; DNM1L, dynamin 1
like gene; MFF, mitochondrial fission factor; MIEF2, gene coding mitochondrial dynamics protein
MID49; DNM2, dynamin 2; SLC25A46, solute carrier family 25 member 46; GDAPI1, ganglioside-
induced differentiation associated protein 1; INF2, inverted formin 2.

Disruption of fusion processes can lead to the development of severe hereditary pa-
thologies, such as Charcot-Marie-Tooth type 2A disease, hereditary motor and sensory
neuropathy VIA, optic nerve atrophy 1, visual atrophy syndrome plus, and Beer's syn-
drome. Development of these diseases is associated with the accumulation of multiple
mtDNA deletions. Moreover, the heterozygous missense mutation c.A629T (p.D210V) of
the MFN2 gene is also observed. Thus, disruption of the mitochondrial fusion process due
to mutations in the OPA1 and MFN2 genes can lead to instability and depletion of mtDNA
due to new mechanisms that are not fully understood [70]. Disruption of mitochondrial
fission was shown to be caused by the ¢.G2822T mutation in the MYH14 gene, which leads
to the amino acid replacement of R941L in the NMIIC protein sequence [47].

Studies of single-nucleotide variations in the mouse genome revealed a point muta-
tion (T>C) in the splice-donor site adjacent to exon 12 of the tmem135 gene, which disrupts
the functioning of transmembrane protein 135 (TMEM135), which is involved in the reg-
ulation of mitochondrial fission and fusion. Expression of the mutant tmem135 gene leads
to an imbalance in the dynamics of mitochondria towards fusion and subsequent increase
in size and decrease in the number of mitochondria in cells [71].

Phenotypes similar to those caused by mutations in genes directly responsible for
mitochondrial fission and fusion can develop in response to changes in genes that regulate
related processes, which are even more common. Mutations in a highly conserved and
ubiquitously expressed TDP-43 DNA/RNA-binding protein (TAR DNA-binding protein
43), which is encoded by the TARDBP gene, can affect the mitochondrial dynamics indi-
rectly, by regulating the expression of nuclear genes, or directly through regulating the
local dynamics. The TDP-43 is predominantly localized in the nucleus, but it is also found
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in the cytoplasm, and participates in transcription and post-transcriptional RNA modifi-
cations. The mutations in the TARDBP gene leading to p.Q331K and p.M337V substitu-
tions lead to abnormally increased localization of TDP-43 in the mitochondria and in-
creased mitochondrial fragmentation. In addition, overexpression of non-mutant
TARDBP leads to impaired mitochondrial movement and alters the expression of DLP1,
MFNT1, and FIS1 proteins, which suggests that TDP-43 regulates multiple target genes that
are involved in the movement and dynamics of mitochondria [41].

Another protein involved in the maintenance of mitochondrial balance is ALEXS3,
which belongs to the Alex protein family and is encoded by the ARMCX gene cluster. In
addition, ALEX3 affects mitochondrial transport (trafficking) through interaction with the
Kinesin/ Mirol/Trak2 protein complex. ALEX3 can be regulated by the Wnt/PKC signal-
ing cascade, which is involved in the regulation of various mitochondrial functions, in-
cluding biogenesis, triggering apoptosis, and production of ROS. Noncanonical activation
of Wnt/PKC signaling leads to ALEX3 degradation and prevention of defective mitochon-
drial phenotype development [72]. Mirol, the Rho GTPase of the outer mitochondrial
membrane, is encoded by the RHOT1 gene and plays an important role in the dynamics
and transport of the mitochondria, Ca? homeostasis, and calcium-dependent transition of
the mitochondrial form (mitochondrial shape transition (MiST)) and subsequent induc-
tion of mitophagy [73]. The heterozygous mutations het c.G815A and het c.C1348T in the
RHOT1 gene have been detected in cells with reduced mitochondrial mass. Both muta-
tions lead to a decrease in the number of contact sites between the mitochondria and the
ER, where the Mirol protein acts as a regulator of Ca?* transporters, resulting in impaired
energy production and a subsequent increase in mitophagy.

Furthermore, the combined system PINK1 (pink-1) and PRKN (pdr-1) recognizes pro-
teins on the outer mitochondrial membrane during cellular damage and mediates the
clearance of damaged mitochondria through autophagy and proteasome mechanisms.
Mutations of the pink-1 and pdr-1 genes lead to a change in the structure and functions of
the mitochondria due to the induction of excessive mitochondrial fusion with insufficient
mitophagy. In addition, mutations in these genes also increase the proton leakage from
the mitochondria, which indicates their ability to participate in other mitochondrial pro-
cesses. A similar phenomenon was observed in cells bearing mutations in the genes en-
coding for DRP1 and MFN1 [74]. The presence of such mutations can lead to the persis-
tence of damaged mitochondria, contributing to the development of diseases associated
with mitochondrial dysfunction. In addition, PRKN and PINK1 are involved in the deg-
radation of MFN2 through ubiquitination [21]. PINK1 can also phosphorylate and activate
Mirol [75].

Numerous cytosolic enzymes are involved in the regulation of mitochondrial dy-
namics, including division, fusion, movement, and energy supply. For example, a muta-
tion in the SOD1 gene, c.G93A, leads to disturbances in the morphology and functional
activity of the mitochondria due to a change in the expression of key proteins associated
with mitochondrial dynamics. This mutation enhances the expression of DRP1, contrib-
uting to the fragmentation and fission of mitochondria, and reduces the expression of
OPA1, which leads to the suppression of mitochondrial fusion. However, no change in
the activity of the MFN1 and MFN2 proteins is observed. Overexpression of the mutant
SOD1G93A is also accompanied by increased apoptotic cell death. It is likely that the ac-
cumulation of this mutation in the long term causes mitochondrial toxicity, which may be
associated with the development of age-related diseases [42].

Violation of mitochondrial bioenergetics and the subsequent change in the regulation
of mitochondrial dynamics can also be caused by lipid overload [75]. In particular, over-
loading cells with saturated fatty acids can temporarily increase mitochondrial respira-
tion, membrane potential, and ROS production, which in turn mediates the post-transla-
tional modification of mitochondrial proteins such as AKAP121, DRP1, and OPA1, lead-
ing to increased fragmentation of the mitochondrial network, characterized by a narrow
tortuosity tubular morphology. The transcriptional coactivator peroxisome proliferator-
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activated receptor gamma coactivator 1-alpha (PGCla) is involved in the regulation of
genes implicated in energy metabolism, including proteins associated with mitochondria.
Activation of PGCla can influence the quality control of mitochondria, as well as contrib-
ute to the restoration of impaired mitochondrial dynamics, in particular fission [76].
PGCla activity is regulated by phosphorylation by AMPK kinase and deacetylation due
to the activity of the SIRT1 deacetylase enzyme. An increase in PGCla activity in cells
with enhanced mitochondrial fragmentation induces a decrease in the expression level of
DRP1 protein, as well as an increase in the expression of MFN1 and LC3II, which is in-
volved in the regulation of autophagy. Thus, PGCla enhances mitochondrial fusion and
biogenesis.

To date, many genes have been identified that are indispensable for maintaining
mtDNA stability, including POLG, POLG2, and PEO1, encoding key proteins of the mech-
anism of replication of the main mtDNA, DNA2 and MGME]1, encoding proteins involved
in the repair and maintenance of mtDNA, TP, TK2, DGUOK, SLC25A4, RRM2B, SUCLA2,
SUCLGI, and ABAT, encoding proteins that preserve the mitochondrial nucleotide pool,
and OPA1, MFN2, and FBXL4, encoding proteins involved in mitochondrial dynamics
and remodeling of mitochondrial membranes. Mutations in these genes lead to impaired
functional activity and mitochondrial morphology, which can lead to the development of
many age-related diseases [77].

Disturbances in the functioning of the tricarboxylic acid cycle also lead to disruption
of the processes of mitochondrial dynamics. Thus, one of the most important enzymes
involved in the tricarboxylic acid cycle is succinyl coenzyme A synthetase (succinyl coen-
zyme A synthetase, SCS). It is an a-heterodimer consisting of two subunits—a (SCS-a),
encoded by the SUCLGI gene, and 3 (SCS ), which in turn has two isoforms, known as
the ADP-forming subunit (SCS A-f3), encoded by SUCLA2, and the GDP-forming (3-subu-
nit (5CS G-p), encoded by SUCLG2. Mutations in the SUCLA2gene impair SCS A-f3 func-
tion, which leads to mitochondrial dysfunction, impaired oxidative phosphorylation and
increased ROS production, as well as mtDNA depletion [78]. The latter phenomenon is
associated with the inactivation of mitochondrial nucleoside diphosphate kinase (NDPK),
leading to the impaired metabolism of mitochondrial deoxyribonucleotide (ANTP), as
well as with a decrease in the expression of proteins associated with mtDNA replication,
such as Twinkle and POLG. In addition, the loss of SCS A-[3 causes a significant decrease
in the expression level of both mitochondrial fusion proteins Mfn2 and OPA1, and Fisl
and DLP1 fission proteins. At the same time, an increase in the mitochondrial size was
described, which may be due to the fact that SCS is the main source of GTP in the mito-
chondria, and inactivation of the enzyme leads to a change in the production of mitochon-
drial GTP. That can have a significant effect on the operation of OPA1, despite the fact
that the level of its expression in cells is reduced. In this regard, the balance of mitochon-
drial fusion and fission changes.

Interestingly, disruption of the peroxisome assembly process results in a phenotype
similar to that caused by dysfunctional mitochondrial fission. In fact, peroxisomes partic-
ipate in mitochondrial fission. Inactivation of the Pex16 protein, which is located in the ER
and is one of the key factors in the assembly of the peroxisomal membrane and the import
of peroxisome membrane proteins, blocks mitochondrial fission, which leads to the for-
mation of the phenotype described previously [79].

An imbalance in the functioning of genes for mitochondrial dynamics can disrupt the
work of more functioning systems. For example, two missense mutations in the MSTO1
gene (c.C1033T (p.R345C) and c.C1128A; (p.F376L)), as well as two heterozygous muta-
tions (c.C971T (p.T3241I) and c.G966A), lead to increased mitochondrial fragmentation due
to impaired fusion and transport of mitochondria [43]. In addition, the c.G22 A mutation
(p.V8M) was detected, which causes a decrease in the MSTO1 protein content, as well as
mitochondrial fragmentation, aggregation, decreased mitochondrial network continuity,
and decreased fusion activity [80].
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A large part of mitochondrial proteins is encoded by nuclear DNA, and the normal
functioning of mitochondria depends, among other things, on the entry of nuclear gene
products into the mitochondria. Thus, protein precursors (pre-proteins) are recognized
and imported into the mitochondria using the translocase of outer mitochondrial mem-
brane (Tom) complex. Correspondingly, defects in this transport complex can lead to pro-
found mitochondrial dysfunction, including impaired dynamics. The Tom complex con-
sists of seven components: Tom40, central channel protein, receptor proteins Tom20,
Tom?22 and Tom70, as well as Tom5, Tom6 and Tom?7, which regulate the stability of the
complex. The Tom20 and Tom70 proteins recognize the precursor proteins and transfer
them to the Tom22 receptor and on to the Tom40 import channel. In addition, Tom22 is
also involved in the assembly of the Tom complex [81]. Under hyperglycemic conditions,
Tom?22 regulates mitochondrial fusion and fission through direct binding to the Mfnl
gene. Knockdown Tom?22 reduces the expression of the Mfnl gene and increases the ex-
pression of Fis1l, Mff and Drp1, which leads to a shift in the balance of mitochondrial dy-
namics towards fission [81].

6. Directions for Mitochondrial Therapy Development

Developing effective treatments for mitochondrial diseases has proven to be an ex-
tremely challenging task. For various congenital metabolic disorders, therapeutic ap-
proaches include reducing metabolic load through dietary changes, removing toxic me-
tabolites, enzyme therapy, or organ (liver or bone marrow) transplantation. However, the
situation with mitochondprial disorders is somewhat more complicated due to the extreme
genetic and phenotypic heterogeneity of mitochondrial disorders, which makes it very
difficult to collect sufficiently large groups of patients to conduct adequately powerful,
randomized, double-blind, placebo-controlled clinical trials. A persistent problem in clin-
ical trials of mitochondrial diseases is the lack of clinically significant, universally agreed
upon and confirmed criteria for evaluating the results [82]. However, some of the pathol-
ogies could be corrected, at least to some extent. These include defects in CoQ10 biosyn-
thesis, which can manifest as infant-onset encephalomyopathy, nephrotic syndrome,
ataxia, seizures, or isolated myopathy [83]. Early initiation of CoQ10 supplementation
helped in achieving positive clinical outcomes [84]. However, it should be noted that not
all patients respond to CoQ10 therapy [85,86].

Diagnostic approaches to mitochondrial diseases are also challenging. Genetic meth-
ods include determining the number of copies of mtDNA in cells or assessing the content
of specific microRNAs (miRNAs). The first, the amount (copy number) of mtDNA in pe-
ripheral blood cells (mainly leukocytes and platelets), can serve as an indicator of the mi-
tochondrial function. The analysis of microRNAs, which are small noncoding RNAs that
regulate gene expression, can help in assessing mitochondrial functional activity. Mito-
chondrial miRNAs (mitomiR) have been identified and shown to be involved in post-
transcriptional regulation of mitochondrial gene expression (miR-1, miR-210, miR-338)
and the metabolism, in particular OXPHOS (miR-696, miR-532, miR-690, miR-345-3p),
ROS production (miR-762, miR-181c) and lipid metabolism. Many mitomiRs take part
both in the regulation of mitochondrial dynamics. For instance, miR-484 inhibits the ex-
pression of FIS1, miR-210 and miR-30 - DRP1. Some mitomiRs were shown to be involved
in the activation of apoptosis processes. In particular, miR-146a, miR-34a, and miR-181a
suppress the antioxidant and antiapoptotic mitochondrial protein expression of Bcl-2,
which leads to an increase in ROS production, PTP opening, and the activation of caspase-
1 and 3. Thus, the activity of some mitomiRs can contribute to mitochondrial dysfunction,
increased oxidative stress, chronic inflammation, and increased cell death [18]. At present,
most patients with mitochondrial diseases are offered symptomatic treatment, while the
search for novel and effective therapies continues [86].

Therapeutic approaches that are designed to correct the mitochondrial balance ap-
pear to be promising. Changes in the mitochondrial morphology, impaired mitochondrial
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bioenergetics, an increase in mitochondrial lipid peroxides, a decrease in ATP, and mito-
chondrial dysfunction further increase the risk of metabolic complications. Mitochondrial
outer membrane protein mitoNEET (also known as CDGSH iron sulfur domain 1 protein)
can affect mitochondrial activity. MitoNEET is a redox enzyme that may promote the ox-
idation of NADH to facilitate enhanced glycolysis in the cytosol [87]. Changes in mi-
toNEET expression can modulate electron transfer activity by dysregulating ROS concen-
trations and mitochondrial iron transport into the matrix [29].

Stimulation of mitochondrial biogenesis in order to compensate for dysfunctional or-
ganelles bears a risk that the proliferation of damaged mitochondria also increases, nega-
tively affecting the therapy’s efficacy. Mitochondrial biogenesis is under complex regula-
tory control, requiring coordinated transcription of multiple proteins encoded in two cel-
lular compartments. This allows for in vivo adaptation of mitochondrial function depend-
ing on the availability of nutrients and oxygen, hormonal signals, various metabolic re-
quirements, and the rate of cell proliferation. Transcription coactivator PPAR-y coactiva-
tor 1-a (PGC-1a) coordinates mitochondrial biogenesis through a cascade of nuclear-en-
coded hormone receptors, transcription factors and transcription coactivators, including
PPARSs, estrogen-related receptors, thyroid hormone receptors, nuclear respiratory factors
NRF1 and 2, and transcription factors CREB and YY1 [88]. Another prospective therapeu-
tic approach is focused on mitochondrial dynamics and mitophagy [89,90]. Genetic causes
of mitochondrial dynamics abnormalities include mutations in MFN2 or OPAI genes,
which manifest as Charcot-Marie-Tooth type 2A and autosomal dominant optic nerve
atrophy, respectively [91,92], as well as a violation of mitochondrial division caused by
mutations affecting Drpl and Mff [93]. Currently, research is being carried out on specific
inhibitors of mitochondrial fusion (M-hydrazone) and fission (MDIVI-1 and P110) [94-
96].

The search for potential therapeutic drugs among non-traditional drugs also contin-
ues. For example, a substance isolated from sunphenon epigallocatechin gallate (EGCg)
green tea extract has been tested in clinical trials. This work showed the presence of an
antioxidant, antiapoptotic effect. In addition, sunphenon EGCg is described as a modula-
tor of cell survival and mitochondrial function [97]. Most of the investigated drugs aimed
at modulating mitochondrial function are antioxidant drugs (R + pramipexole, EGCg, DL-
3-n-butylphthalide (NBP), mitoQ), resveratrol), while one was described as a molecule that
enhances mitochondrial function (S-equol), and one substance was positioned as an
antiapoptotic agent (Dimebon) [98].

The accumulating information on the different genomic and mtDNA mutations and
their input in the disease pathogenesis can contribute significantly to the development of
personalized medicine. Patients with different predominating pathogenetic aspects (e.g.,
inflammatory or metabolic) may benefit more from tailored medicines and enjoy im-
proved safety of applied treatments. The detection of mutations with high clinical signif-
icance and accurate genetic counseling in individuals with mitochondrial atherosclerosis
can inform treatment strategies [99].

The possibility of correcting the mitochondrial dysfunction in a selective manner by
using mitochondria-targeting antioxidants or removing dysfunctional organelles by pho-
totheranostic approaches opens up new and exciting opportunities for atherosclerosis
treatment. Such approaches are already being used in the field of cancer therapy. An im-
portant line of future research appears to be translating this knowledge to atherosclerosis
treatment as well as developing novel approaches that can selectively target the mitochon-
dria of arterial wall cells.

7. Conclusions

The role of mitochondrial dysfunction in atherosclerosis is currently well recognized. Of
special interest is the possible explanation that the local appearance of mtDNA mutations
and distribution of cells with manifest mitochondrial dysfunction may provide for the
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focal formation of atherosclerotic lesions in the arterial wall. Appearance of mtDNA mu-
tations is one of the major causes of mitochondrial dysfunction that can be detected and
analyzed. As a matter of fact, some mtDNA mutations are already being explored as pos-
sible diagnostic markers. Future studies will help in expanding and refining the list of
mtDNA mutations and variants relevant to atherosclerosis. Among the emerging drugs
for treatment of diseases associated with mitochondrial dysfunction are several molecules
that may help in correcting mitochondrial balance through influencing mitochondrial fis-
sion and fusion processes. Some of them have shown interesting effects in preclinical and
clinical studies. However, more studies are needed to create mitochondria-targeting ther-
apies suitable for widespread use.
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