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Abstract: Background: Atherosclerosis is a chronic inflammatory condition that affects different
arteries in the human body and often leads to severe neurological complications, such as stroke and
its sequelae. Affected blood vessels develop atherosclerotic lesions in the form of focal thickening
of the intimal layer, so called atherosclerotic plaques.

Objectives: Despite the high priority of atherosclerosis research for global health and the numerous
preclinical and clinical studies conducted, currently, there is no effective pharmacological treatment
that directly impacts atherosclerotic plaques. Many knowledge gaps exist in our understanding of
the mechanisms of plaque formation. In this review, we discuss the role of mitochondria in different
cell types involved in atherogenesis and provide information about mtDNA mutations associated
with the disease.

Results: Mitochondria of blood and arterial wall cells appear to be one of the important factors in
disease initiation and development. Significant experimental evidence connects oxidative stress
associated with mitochondrial dysfunction and vascular disease. Moreover, mitochondrial DNA
(mtDNA) deletions and mutations are being considered as potential disease markers. Further study
of mtDNA damage and associated dysfunction may open new perspectives for atherosclerosis
treatment.

Conclusion: Mitochondria can be considered as important disease-modifying factors in several
chronic pathologies. Deletions and mutations of mtDNA may be used as potential disease markers.
Mitochondria-targeting antioxidant therapies appear to be promising for the development of treatment

of atherosclerosis and other diseases associated with oxidative stress and chronic inflammation.
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1. INTRODUCTION

Atherosclerosis and associated pathologies remain the
leading cause of mortality in industrialized countries, and
their incidence is increasing alongside the ageing of the
population. One of the main consequences of atherosclerosis
is ischemic heart disease (IHD), which remains the leading
cause of death around the globe. For example, in 2013,
stroke along with IHD caused 247.9 deaths/100,000 persons
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which represent 84.5% of cardiovascular deaths and 28.2%
of all-cause mortality [1]. The atherosclerotic process causes
different human diseases depending on the location and se-
verity of developing lesions that can impact large arteries. If
brain vessels are affected, the pathology may result in neuro-
logical consequences, such as stroke, dementia, and disabil-
ity [2]. Atherosclerosis is a chronic process that remains as-
ymptomatic for a long time and is often subclinically present
in relatively young people [3]. It is a multifactorial disease
that involves changes in lipid metabolism, oxidative stress,
immune factors, and impaired tissue response to damage.

To date, there is no effective pharmacological treatment
that allows curing the disease. Available therapies mostly
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focus on ameliorating the symptoms or reducing the known
risk factors of disease development [4]. Despite the signifi-
cant progress made in studying the mechanisms of athero-
genesis and certain success reached in developing methods
for the disease treatment and prevention, some key aspects of
the onset and development of atherosclerotic lesions remain
unclear. In particular, it is not well understood why athero-
sclerosis occurs locally, or even focally. Microscopic inspec-
tion of the affected arteries reveals that in some areas of the
arterial wall, the normal pro-inflammatory response of the
innate immunity is resolved by rapid repair, while in other
adjacent areas, chronic inflammation leads to atherosclerotic
lesion formation [5, 6]. The reason for such focal develop-
ment of the pathology remains unclear and may have impor-
tant consequences for the development of future anti-
atherosclerotic therapies.

Mitochondrion is a semi-autonomous organelle of endo-
symbiotic origin that plays the role of a cellular powerhouse.
Mitochondrial DNA (mtDNA) is a relatively small circular
molecule that is much more susceptible for mutagenesis than
nuclear DNA, due to its primitive repair mechanisms, fre-
quent replication, lack of histone packing, and proximity to
reactive oxygen species (ROS) [7]. Deletions in mtDNA
caused by oxidative stress can lead to compensatory overpro-
liferation of mtDNA and can potentially be used as markers
of oxidative stress and mitochondrial damage in atheroscle-
rosis and other diseases [8]. During recent years, mitochon-
dria received increasing attention as possible disease-
modifying players in several chronic human pathologies.
Mitochondrial dysfunction may explain the phenotype het-
erogeneity between different individuals and, potentially,
between different tissues and cells within the same organism
[9, 10]. Recent advances in studying the mitochondrial ge-
nome allowed revealing and classifying mtDNA mutations
associated with human pathologies. The development of cy-
toplasmic hybrid (cybrid) technology allowed studying the
functional significance of these mutations and mitochondrial
dysfunction in detail [11, 12].

Atherosclerosis is currently considered a chronic in-
flammatory condition [13]. It would be important to under-
stand the mechanisms of the transition from the transient
pro-inflammatory response of the innate immunity to chronic
inflammation. This knowledge will allow creating effective
approaches for the prevention and treatment of atheroscle-
rotic diseases.

2. ROLE OF MITOCHONDRION IN
ENDOTHELIAL CELLS

Endothelial cells (ECs) cover all elements of the cardio-
vascular system, from the heart to the smallest capillary. The
main function of cells of this type is to maintain the vessel
homeostasis and to control transport between the cells of the
vessel wall and the bloodstream [14]. In atherosclerosis de-
velopment, the ECs appear to be the site of several key
events of the disease initiation: activation in response to ex-
ternal stimuli, recruitment of circulating inflammatory cells,
and increase of vascular wall permeability that allows pene-
tration of immune cells and lipoprotein particles [15].

THE

ECs differ phenotypically and morphologically between
tissues where vessels are located. Moreover, there is a diver-
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sity between mitochondrial content in ECs according to spe-
cific features of surrounding tissues. For instance, brain ECs
contain more mitochondria than ECs in other tissues. Mito-
chondria commonly play the role of a metabolic regulator
that is capable not only of energy production but of control-
ling cell proliferation and apoptosis [16]. In the ECs, mito-
chondrial content is relatively low and takes merely 2-6% of
cytoplasm volume, while in cardiomyocytes, this proportion
can be as high as 32% [14]. Therefore, EC mitochondria
have mostly regulatory functions and only generate about
20% of all cellular ATP, while the other 80% are covered by
glycolysis [17]. However, the respiratory activity of EC mi-
tochondria can increase in response to stress factors, for ex-
ample, oxidative stress and glucose deprivation.

Importantly, ECs serve as mediators of oxygen transport
from the blood to perivascular tissues underlying the endo-
thelium. Own oxygen consumption of ECs is relatively low,
which makes these cells effective agents of oxygen transfer
that also protect perivascular tissues from damage associated
with oxidative stress. It is now under discussion whether a
drastic drop in oxygen levels across the arteriolar vessel wall
reflects fast diffusion through the endothelium or whether
there is another mechanism behind this observation since the
available experimental data are inconsistent [18].

Mitochondria of ECs play part in the response to hypoxia
via the angiogenic cascade initiation. Mitochondrial bio-
genesis is increased by the VEGF level that is enhanced by
the hypoxic environment. This process involves AKT-
depending signaling and results in increased vascular
branching. By contrast, sirtuin 1 (SIRT1) silencing can in-
hibit mitochondrial biogenesis in the ECs, which leads to
decreased vessel branching. A recent study reported that in a
pulmonary hypertension model induced by intermittent hy-
poxia, the inner mitochondrial membrane protein UCP-2
(uncoupling protein 2) stimulated mitophagy, increased
apoptosis of lung ECs, and contributed to inadequate mito-
chondrial biogenesis [19].

In relation to cardiovascular pathology, of particular in-
terest are the sources and ways of regulation of mitochon-
drial ROS in the ECs. Cytochrome C oxidase (complex IV)
is responsible for the majority of oxygen consumption within
the mitochondria, but the role of complexes I and III was
also figured out. Superoxide anion formation at these com-
plexes was estimated as 0.1-2% of the total amount in iso-
lated mitochondria, while the percentage attributable to ROS
production in endothelial cells in vivo remained uncertain
[20]. However, sources of mitochondrial ROS are not limited
to complexes I and III. NADPH oxidase 4 (NOX4) is in-
volved in ROS signaling, inflammation, oxidative stress, and
adaptive response to hypoxia. NOX4 also promotes endothe-
lial cell senescence, migration, and angiogenesis. The ex-
pression level of this enzyme is relatively high in the ECs,
but, despite the fact that mitochondrial localization of NOX4
was shown for a range of tissues, its localization in the ECs
remains uncertain [21].

Enzymes from monoamine oxidase family (MAO),
which consists of two subfamilies, MAO-A and MAO-B,
produce ROS as a by-product of catecholamine catabolism.
MAOs can be found on the outer membrane of the mito-
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chondria. ROS produced by MAO was reported to contribute
to adverse cardiac remodeling and heart failure in response
to pressure overload in mice, while hydrogen peroxide de-
rived from MAO-A is associated with serotonin-induced
vasoconstriction.

3. THE ROLE OF
MACROPHAGES

MITOCHONDRIA IN

Macrophages play a prominent role in inflammation and
pathogen-triggered immune response. These cells actively
participate in lipid accumulation in the arterial wall. They
can be found in large numbers in growing atherosclerotic
plaques, where they can internalize lipoprotein particles by
means of uncontrolled phagocytosis leading to foam cell
formation [22]. The initiation of inflammatory processes
includes the detection of pathogens via pattern-recognition
receptors (PRRs) that are expressed by macrophages and
other immune cells. PRRs control classic activation of
macrophages by sensing pathogen-associated molecular pat-
terns (PAMPs), such as compounds of the bacterial cell wall,
nucleic acids, and proteins. PRRs consist of several protein
families: Toll-like receptors (TLRs), nucleotide oligomeriza-
tion domain-like receptors (NLRs), C-type lectin receptors,
and retinoic acid-inducible gene I (RIG-I)-like receptors
(RLRs) [23]. Upon binding to ligands of PRRs, multiple
signaling pathways activate for producing pro-inflammatory
cytokines, chemokines, type I interferons (IFNs), and
costimulatory molecules that support the immune response.
Besides sensing microbial PAMPs, PRRs also detect danger-
associated molecular patterns (DAMPs) that are released
during cellular stress and damage, such as ROS, mtDNA,
ATP, or uric acid crystals [24].

Certain downstream effectors and adaptors of PRRs are
located in the proximity to the mitochondrial membrane. For
instance, conserved signaling intermediate in Toll pathways
(ECSIT) that interacts with TRAF6 after the stimulation of
TLRs, is involved in the mitochondrial respiratory complex I
assembly promoting mitochondrial ROS (mtROS) produc-
tion for antibacterial responses [25]. Furthermore, mtDNA
released into the cytoplasm from damaged mitochondria can
trigger the activation of the NFk-B signaling pathway and
activate the expression TNFa, IL-6, and other pro-
inflammatory genes [26].

Several other proteins are implicated into the mitochon-
drial signaling and functioning, among which the main fields
of interest are mitochondrial antiviral signaling protein
(MAVS). MAVS works as an adaptor protein that transfers
the inductive signal for the production of type I IFNs and
pro-inflammatory cytokines and type I interferon [25]. While
the molecular mechanisms of these interactions have been
identified, it remains unclear whether these regulations can
be controlled by metabolic alterations in mitochondria.

Activation of NLRP3 inflammasomes that play an impor-
tant role in sterile inflammation was shown to be triggered
by mitochondrial ROS production. However, NF-kB-induced
mitophagy can restrain NLRP3- induced inflammatory re-
sponses in macrophages [27]. Moreover, NLRP3 inflamma-
somes were reported to modulate glycolysis by increasing
PFKFB3 in an IL-1B-dependent manner in macrophages [28].

Orekhov et al.

Two main types of macrophage polarization are classi-
cally-activated pro-inflammatory M1 macrophages and al-
ternatively activated M2 macrophages that maintain tissue
homeostasis. Macrophage polarization is tightly linked to
changes in cellular metabolism and bioenergetic profile [29].
Pro-inflammatory M1 macrophages are dependent on glyco-
lysis for ATP production [30]. Macrophages polarization to
M1 phenotype is accompanied by increased aerobic glycoly-
sis and glucose uptake, deficiency of isocitrate dehydro-
genase 1 (IDHI), and accumulation of succinate. Moreover,
M1 macrophages produce relatively large amounts of ROS
partly due to the up-regulation of the pentose phosphate
pathway, that is utilized for pathogens killing but can also
influence cellular processes. Production of NO by inducible
nitric oxide synthase (iNOS) is another feature of Ml
macrophages. Glycolysis is also important for M2 polariza-
tion of macrophages, in which glucose oxidation contributes
to the synthesis of fatty acids [31]. This macrophage subset
is also characterized by increased arginase activity and pro-
duction of ornithine from arginine to facilitate tissue repair
[30]. Apart from classically and alternatively activated
macrophages, other macrophage phenotypes have been iden-
tified in humans and mice that play important roles in athe-
rosclerosis [32]. Differentiated in response to oxidized phos-
pholipids, Mox macrophages play a role in controlling the
redox status, while Mhem macrophages regulate iron me-
tabolism at the sites of intraplaque hemorrhage. Improved
understanding of these profound changes in macrophage
metabolism gave rise to the concept of immunometabolism
that plays an important role in macrophage polarization and
for the large part is directed by the mitochondria [29]. Meta-
bolic pathways modulation has been already proposed as a
new therapeutic approach for educating macrophages in dif-
ferent disease contexts.

4. ROLE OF MITOCHONDRION IN PERICYTES
AND VASCULAR SMOOTH MUSCLE CELLS

The cellular population of the subendothelial intima of
large blood vessels consists mainly of smooth muscle cells
(about 50-60%) and pericytes (about 30%) [33, 34]. These
cell types have common features such as expression of
smooth muscle a-actin and subendothelial localization; how-
ever, their functions differ significantly. Vascular smooth
muscle cells (VSMCs) are crucially involved in the regula-
tion of vascular tone and blood pressure. These cells can
undergo reversible phenotype changes in response to various
environmental signals. After differentiation, VSMCs acquire
a contractile phenotype, which is characterized by the low
rate of proliferation, decreased production of extracellular
matrix and expression of specific contractile proteins, such
as smooth muscle myosin heavy chain, smooth muscle a-
actin, and calponin. However, in response to vessel injury,
VSMCs can acquire synthetic phenotype, gaining the ability
to proliferation and migration towards the injury site. Such
cells also produce extracellular matrix components and ex-
press vimentin and tropomyosin-4 [35].

Pericytes are multifunctional cells that have a characteris-
tic star-like shape with long cellular protrusions and can be
found in the subendothelial layer of small and large blood
vessels. These cells are responsible for maintaining tissue
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homeostasis and supporting the endothelium. They also play
a key role in atherogenesis [36]. Pericytes can have both
contractile and synthetic activity. Like macrophages, peri-
cytes are capable of phagocytes and accumulation of lipid
inclusions in atherosclerotic lesions. Like dendritic cells,
pericytes can participate in antigen presentation and are ac-
tively involved in the innate immune response. By forming a
continuous three-dimensional network through cellular con-
tacts between themselves and the ECs, pericytes create a
second line of defense under the endothelium.

Rapid respiration generating superoxide, the ROS precur-
sor, can cause pericyte death. Respiration is controlled
by carbonic anhydrases that are expressed in the mitochon-
dria. This phenomenon is crucial for the development of dia-
betes, due to the high glucose level in the blood that accom-
panies the free influx of glucose into insulin-insensitive
tissues [37].

The relationship between mitochondrial dynamics and
the proliferative phenotype of VSMCs is currently under
discussion [38, 39]. It was shown that PDGF can modify the
VSMCs metabolic profile by regulating the oxidative proc-
esses: increase fatty acid oxidation and decrease glucose
oxidation and promote mitochondrial fragmentation. Further
studies involving the use of mdivi-1, a pharmacological in-
hibitor of a fundamental component of mitochondrial fission
called dynamin-related protein 1 (DRP1), revealed that
PDGF stimulation of VSMCs prevented proliferation and
altered glucose and fatty acid oxidation, suggesting that mi-
tochondrial fission is required for these processes [38, 40].

5. OXIDATIVE STRESS AND MITOCHONDRIAL
DYSFUNCTION

The modern concept of oxidative stress determines this
process as “the lack of balance between the occurrence of
reactive oxygen/nitrogen species (ROS/RNS) and the capac-
ity of an organism to counteract their action by the antioxida-
tive protection systems” [41]. Among different ROS are su-
peroxide (02-), hydrogen peroxide (H202), and hydroxyl
radical (-OH). Reactive nitrogen species (RNS) also play a
prominent role in oxidative stress. Under physiological con-
ditions, both ROS and RNS are involved in cell signaling,
modulation of transcriptional factors, apoptosis, and other
important cell processes [42]. However, in many patholo-
gies, excessive ROS generation or insufficient functioning of
antioxidant systems leads to the development of mitochon-
drial oxidative stress. Oxidative damage incurred by ROS
and RNS contributes to the development of cancer, neurode-
generative disorders, chronic inflammatory, and cardiovascu-
lar diseases. Oxidative stress is one of the key events in athe-
rosclerosis initiation and development. Most of the known
risk factors of atherosclerosis, such as hypertension, diabe-
tes, and dyslipidemia, are also accompanied by enhanced
ROS generation in the vessel wall. The main enzyme respon-
sible for oxidative stress in the vasculature is considered to
be NADPH oxidase, but there are also a variety of other en-
zymatic systems that are involved in ROS overproduction,
such as xanthine oxidase, enzymes of the mitochondrial res-
piratory chain, and a dysfunctional, uncoupled endothelial
NO synthase [43]. Progressive impairment of mitochondrial
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function associated with oxidative stress is observed in aging
and in such chronic diseases as atherosclerosis and Alz-
heimer’s disease. Aliev with colleagues demonstrated that
atherosclerotic lesions and mitochondrial DNA (mtDNA)
deletions in brain microvessels affected by chronic hypoper-
fusion are crucially involved in the pathogenesis of Alz-
heimer's disease [44, 45].

Mitochondrial dysfunction may result from the impaired
turnover of mitochondria, inability to provide necessary sub-
strates, or a deficiency in the electron transport and ATP
synthesis machinery [46]. Mitochondrial volume and func-
tional status are regulated by turnover mechanisms of mito-
chondrial fission and fusion and mitophagy, through which
dysfunctional mitochondria are degraded [47, 48]. Oxidative
stress and mitochondrial dysfunction are tightly linked: most
of the ROS generating systems are associated with mito-
chondria, while mtDNA is a ready target for oxidative dam-
age due to the lack of histones and poor capacity for repair.
Mutations and deletions in mtDNA, in turn, stimulate the
new cycles of ROS generation forming a vicious circle. Ball-
inger with colleagues reported that enhanced ROS produc-
tion is capable to damage mtDNA, stimulate proliferation of
VSMCs, and trigger atherosclerosis development in apoE”
mice deficient for antioxidant enzyme superoxide dismutase-
2 (SOD-2) [49]. Another group conducted a study on people
who underwent intravascular ultrasound characterization of
coronary artery plaques that revealed that mtDNA damage in
leukocytes is associated with the existence of vulnerable
plaques but not with plaque burden [50].

6. THE ROLE OF MODIFIED LDL IN
MITOCHONDRIAL DAMAGE

LDL particles undergo multiple modifications while cir-
culating in blood flow, which involves many different physi-
cal and chemical changes at the level of their lipid, protein,
and carbohydrate moieties. In brief, modification cascade is
likely to start with the desialylation of LDL, which leads to
the formation of small dense LDL particles and facilitates
oxidation and other chemical modifications. Such modified
particles are prone to self-association, which further in-
creases their atherogenicity [4, 51]. Modified LDL accumu-
lates in the loci of the arterial wall predisposed to atheroscle-
rosis, where it is taken up by both recruited and resident cells
of the arterial wall that transform to lipid-rich foam cells.
Inflammatory cells are attracted to the lesion by the cytoki-
nes and adhesion molecules, that are released by foam cells.
Pro-inflammatory mediators that are produced by foam cells
trigger the formation of neointima through hyperplasia, mi-
gration, and proliferation of pericytes [52] and partially
VSMCs [53].

Activation of mitochondrial apoptotic pathways by modi-
fied LDL has been demonstrated in. human aortic ECs [54].
Mechanisms of such activation include the increase of cyto-
solic Ca*" influx followed by mitochondrial mPTP opening
and the release of cytochrome c into the cytoplasm [55]. All
these data indicate that mitochondrial dysfunction contrib-
utes not only to the initiation of atherosclerosis, but also its
development, which makes it a promising target for athero-
sclerosis treatment.
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7. MITOPHAGY AS A SPECIAL CASE OF
AUTOPHAGY

Autophagy is an evolutionarily conserved subcellular
process ensuring the degradation of proteins and damaged
organelles [56]. Mitophagy is a specific type of autophagy
responsible for the inactivation and degradation of damaged
and dysfunctional mitochondria. The initiation of mitophagy
is dependent on P-TEN-induced kinase (PINK1) and Parkin
activation. PINK1 accumulates at the outer membrane in
response to the reduction of mitochondrial membrane poten-
tial and then recruits Parkin assisting the autophagic degra-
dation of dysfunctional mitochondria. Excessive induction of
autophagy may result in autophagic cell death, as the poten-
tial result of the degradation of vital cellular components
[57]. Oxidative stress has a destructive effect on lysosomal
membrane integrity, causing the release of lysosomal hydro-
lases and leading to inadequate mitophagy with prolonged
exposure. That promotes the release of cytochrome ¢ poten-
tially leading to apoptosis. Cholesterol crystals accumulating
in advanced atherosclerotic plaque are also capable of dis-
rupting the lysosomal membrane [58, 59].

Inhibition of autophagy in macrophages promotes athero-
sclerosis in mice receiving a high-fat diet or /dlr’" mice
through conditional deletion of Atg5 in Lyz2 (lysozyme 2)-
expressing cells or via specific small interfering RNAs (siR-
NAs). That was shown to be mediated by local inflamma-
tion, decreased autophagic competence, reduced efferocyto-
sis, and exacerbated necrosis [60]. The depletion of PINK1
or PARK?2 by siRNA seems to enhance the cytotoxic re-
sponse of human VSMCs challenged with modified LDL in
vitro. By contrast, overexpression of PINK1 or PARK2 had
a cytoprotective effect and possibly due to mitophagic re-
sponses that counteract atherosclerosis progression [58, 61].

Orekhov et al.

The etiologic association between atherosclerosis, inflamma-
tion, and loss of autophagic or mitophagic responses is fur-
ther supported by the observation that a supramolecular
complex consisting of mtDNA and cathelicidin promotes
atherosclerosis in /dlr’~ mice [62]. Although it is currently
established that mitophagy is highly involved in cell func-
tioning, its role in atherosclerosis needs to be further investi-
gated further to determine the exact mechanisms and identify
potential therapeutic targets.

8. MITOCHONDRIAL MUTATIONS AND THEIR
LINK TO MITOCHONDRIAL DYSFUNCTION AND
INFLAMMATION

Studies of mtDNA from the leukocytes of atherosclerotic
patients revealed a correlation between certain mtDNA mu-
tations and atherosclerosis [63-65]. Such mutations could be
homoplasmic (absence or presence of the mutation) or het-
eroplasmic (different proportions of mutant allele). Mono-
cytes were isolated from the blood of subjects with asymp-
tomatic atherosclerosis to evaluate their pro-inflammatory
activation in primary culture and atherosclerosis-associated
mitochondrial mutations [66]. It was found that two homo-
plasmic mutations, A1811G and G9477A, correlated with
the degree of monocyte activation. At least three heteroplas-
mic mutations of mtDNA (G14459A, A1555G, G12315A),
also correlated with pro-inflammatory activation of circulat-
ing human monocytes. It was concluded that some mutations
may alter monocyte-derived macrophage activation in athe-
rosclerosis through mitochondrial dysfunction. The relation-
ship between mitochondrial functions and atherosclerosis-
associated mitochondrial mutations was further investigated
on cybrid cell lines bearing various variants of the mito-
chondrial genome obtained from atherosclerotic patients
(Fig. 1). The experiments were conducted in accordance with

Target genes and mtDNA variants
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dehydrogenase
subunit 1)

MT-ND2
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(12S rRNA)
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in oxygen
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basal oxygen
consumption
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Fig. (1). Relationship between the levels of mtDNA heteroplasmy and markers of mitochondrial function. (4 higher resolution / colour ver-

sion of this figure is available in the electronic copy of the article).
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the Helsinki declaration and were approved by the local Eth-
ics Committee. The study identified variants of mtDNA that
uncoupled oxidative phosphorylation, as assessed by the rate
of FCCP-induced increase in oxygen consumption and vari-
ants of mtDNA that, as assessed by the oligomycin A-
induced inhibition of oxygen consumption (Table 1). The
mtDNA variant m.14459G>A was associated with a higher
basal rate of oxygen consumption in the MiR05 medium and
a lower basal rate of oxygen consumption in the Hanks me-
dium and by the coefficient of change in the rate of FCCP-
induced oxygen consumption. None of the mtDNA variants
affected the rate of oxygen consumption upon the adding of
succinate and KCN. The mtDNA variants m.1555A>G and
m.14846G>A were associated with the opposite effect;
therefore, they may bear protective function.

Several identified mtDNA variants were associated with
increased mitophagy, as assessed by LAMP gene expression
(Table 1). For the variant m.15059G>A, no associations with
oxygen consumption and activity of mitophagy were re-
vealed. Therefore, under the conditions of uncoupling of
oxidative phosphorylation in vitro, the mtDNA variants
del562G, m.3256C>T, m.12315G>A, m.13513G>A, and
m.14459G>A were associated with increased proton leakage
and oxygen consumption, thus promoting the production of
excessive amounts of ROS and further development of mito-
chondrial dysfunction.

To determine the oxygen consumption rate, 5 million
cells were used in 500 pl of special MiR05 medium (0.5 mM
EGTA, 3 mM MgCI2, 60 mM K-lactobionate, 20 mM
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taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose,
0.1% bovine serum albumin). Subsequently, succinate was
introduced at a concentration of 1 mM, which is a substrate
of the Krebs cycle and succinate dehydrogenase, a compo-
nent of the mitochondrial enzyme complex 1I, then the fol-
lowing oxidative phosphorylation uncouplers: (1) oligomy-
cin A at a concentration of 1 um (Sigma-Aldrich, USA),
which blocks the proton channel (FO in complex V) and pre-
vents protons to return to the matrix, as a result of which
ATP synthase F1 loses its ability to synthesize ATP; (2)
FCCP (4- (trifluoromethoxy) phenylhydrazone carbonyl
cyanide) at a concentration of 1 pm (Sigma-Aldrich, USA),
which is able to intercept protons and transfer them through
the inner mitochondrial membrane, bypassing the proton
channel of complex V, and (3) potassium cyanide in concen-
tration 1 M, which completely inhibits cytochrome c oxi-
dase, thereby blocking electron transfer in the respiratory
chain. The rate of oxygen consumption by cells was ex-
pressed in ng oxygen atoms/min.

To determine the rate of oxygen consumption in the al-
ternative type of experiments, 5 million cells in 500 pl of
Hanks medium were used; the following oxidative phos-
phorylation uncouplers were sequentially used: (1) oligomy-
cin A at a concentration of 1 um, and (2) FCCP at a concen-
tration of 1 puM.

The relative change in the rate of oxygen consumption
was calculated at each stage of the experiment. The increase
of the coefficient of oxygen consumption rate under the ad-
dition of succinate was regarded as a positive effect; the in-

Table 1. Mitochondrial DNA variants associated with inflammation and mitochondrial dysfunction.
Function mtDNA Variant r p
Oxygen phosphorylation uncoupling del562G 0.634 0.020
m.1555A>G 0.714 0.006
m.14459G>A -0.564 0.045
m.14846G>A 0.613 0.026
sustained ATP synthase activity m.3256C>T 0.543 0.055
m.12315G>A 0.602 0.030
m.13513G>A 0.496 0.084
Increased basal oxygen consumption m.14459G>A -0.513 0.073
Reduced basal oxygen consumption m.1555A>G - -
m.14846G>A - -
Increased mitophagy m.3336T>C 0.560 0.046
m.3256C>T 0.515 0.072
m.5178C>A 0.719 0.006
m.3336T>C - -
m.3256C>T - -
m.5178C>A - -
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crease in the rate of oxygen consumption under the addition
of oligomycin was regarded as a positive effect - maintaining
the activity of ATP synthase; the increase in oxygen con-
sumption rate coefficient with the addition of FCCP was
regarded as the efficiency of dissociation of oxidative phos-
phorylation; the increase in the rate of oxygen consumption
rate with the addition of KCN was regarded as a positive
effect - the inhibition of cytochrome c oxidase).

The efficiency of mitophagy in intact cells was assessed
by the relative expression of the mRNA of the mitophagy
marker Lysosomal-associated membrane protein 1
(LAMP1), which is involved in the fusion of late endosomes
and autophagosomes or phagosomes. The evaluation was
performed by qPCR [67]; expression of the housekeeping
genes GAPDH and CAP1 was used as a control. Higher
LAMP1 expression values were regarded as more efficient
mitophagy.

Blue arrows, effects on oxygen consumption.
Red arrows, effects on mitophagy.

The role of mitophagy in the response of innate immunity
was studied on human monocyte-derived macrophages.
Mitophagy was inhibited by 3-methyladenine (3-MA) or 5-
aminoimidazole-4-carboxamide-1-B-D-ribofuranoside (AICAR).
The inflammatory response was stimulated by lipopolysac-
charides (LPS). The degree of the pro-inflammatory
response was estimated by the expression of the pro-
inflammatory cytokine IL-1beta gene determined by RT-PCR
(Table 2).

The significance of differences from control is indicated
in brackets.

The addition of LPS on the first day resulted in a pro-
inflammatory response in the form of up-regulation of the
IL-1P gene both in control cells and in the presence of mito-
phagy inhibitors. Repeated addition of LPS on the sixth day
caused a much smaller pro-inflammatory response in control
cells, indicative of the presence of immune tolerance. Upon
suppression of mitophagy, immune tolerance did not occur
and the cells continued to demonstrate a pro-inflammatory
response. These results highlight the important role of mito-
chondrial mutations in the impairment of the innate immune
response and the occurrence of chronic inflammation (Fig. 2).

Based on the abovementioned results, a hypothesis was
proposed to explain the important role of mitochondrial mu-

Table 2.
by human macrophages.
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Mitochondrial Mutation

Mitochondrial
dysfunction, defective
mitophagy

Monocyte / macrophage
tolerance suppression

Chronic inflammation

Fig. (2). Schematic representation of events linking mtDNA muta-
tions with chronic inflammation. (4 higher resolution / colour ver-
sion of this figure is available in the electronic copy of the article).

tations in the occurrence and development of atherosclerotic
lesions (Fig. 3). According to this hypothesis, atherogenic
modified LDL circulating in the blood of atherosclerotic
patients [68] induces lipid accumulation in the arterial wall
cells. Modified LDL particles form self-associates that pene-
trate the cell by nonspecific phagocytosis [69]. Stimulation
of phagocytosis by LDL associates activates the pro-
inflammatory response of macrophages [70], leading to in-
creased accumulation of intracellular lipids. With a normally
functioning innate immunity, the pro-inflammatory reaction

The effects of 3-methyladenine and S-aminoimidazole-4-carboxamide-1--D-ribofuranoside on the formation of tolerance

IL-1beta Gene Expression

Day 1 Day 6
- +LPS +LPS
control 1.0£0.3 5.8£0.6 1.9£0.1

+3-MA, 2.5 mM 3.540.2 (p=0.012)

35.421.0 (p=0.001) 5.5£0.03 (p=0.001)

+ AICAR, 0.8 mM 0.740.1 (p=0.176)

12.7+1.2 (p=0.008) 15.241.3 (p=0.010)
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Fig. (3). Impaired mitochondrial function and deficient mitophagy promote atherosclerotic lesion formation. Multiply modified LDL
particles being accumulated and then internalized by macrophages are capable to alter mitochondrial function which ultimately leads to the
formation of atherosclerotic plaques. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

resolves rather quickly and further lipid accumulation does
not occur. However, when macrophages contain mtDNA
mutations associated with defective mitophagy, the pro-
inflammatory response of macrophages does not arrest, but
rather intensifies with each repeated pro-inflammatory
stimulation. Local inflammation in the vascular wall be-
comes chronic and accompanied by uncontrolled lipid accu-
mulation giving rise to an atherosclerotic lesion. Another
intriguing possibility is that cells may recognize the dysfunc-
tional mitochondrion as a pathogen that presents foreign epi-
topes, therefore triggering the immune response. This may
be a consequence of the bacterial origin of mitochondria, due
to which defective mitochondria could be recognized by
immune cells as pathogens triggering the innate immunity
response [71].

9. MITOCHONDRION
THERAPEUTIC TARGET

AS A POTENTIAL

Currently, mitochondria appear a promising target for
developing novel treatments for several chronic human dis-
orders. A variety of drugs, including some that have already
been on the market to treat other conditions, have antioxidant
properties, while others work as modifiers of mitochondrial
dynamics. The list of currently tested therapeutic strategies is
constantly growing. Despite the increasing number of poten-
tial pharmaceutical agents potentially effective against mito-
chondria-related diseases, the development and, more impor-
tantly, proper testing of new therapeutic strategies is a very
slow process because of the complicity and poor understand-
ing of the mechanisms of these disorders [72].
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The use of antioxidants has long been regarded as a
promising and affordable strategy. Vitamins C and E are
well-known for their anti-oxidant properties, which makes
these molecules potentially effective against a large group of
chronic diseases [73]. However, large clinical trials investi-
gating the efficacy of vitamins against mitochondrial dys-
function failed to demonstrate convincing results. That could
possibly be explained by the genetic variability between pa-
tients and by the fact that mitochondria absorb only a small
percent of these anti-oxidants. Another possible reason is
that there are still no suitable methods to measure the level
of oxidative stress in the body [74]. Coenzyme Q10 was
shown to be a safe treatment option for mitochondrial dys-
function [75].

MitoQ represents an antioxidant that is capable to target
mitochondria selectively because of the conjugation with
lipophilic molecules [76]. Other examples of such molecules
are EUK-8 and EUK-134 [77, 78]. Finally, the SkQ family
of mitochondria-targeted antioxidants has shown neuropro-
tective properties through lowering of trauma-induced neuro-
logical deficit in animals and the prevention of amyloid-f-
induced impairment of long-term potentiation in rat hippo-
campal slices [79].

Photo-theranostics is a novel approach for diagnostics
and therapy of various pathological conditions based on
photo-sensibilization [80]. This approach allows inducing
apoptotic cell death selectively in cells and tissues affected
by pathological changes. Selective accumulation of the
photo-sensitizing agent in cellular organelles allows target-
ing the pathologies at the sub-cellular level. For mitochon-
dria, several molecules that selectively accumulate in the
organelle are already known and can be harnessed for thera-
peutic purposes. One of them is protoporphyrin IX (PpIX),
which is already used in clinical practice [81]. The molecule
is produced from a prodrug S-aminolevulinic acid (5-ALC)
in the mitochondria. The addition of exogenous 5-ALC leads
to excessive formation and accumulation of PpIX, which
depends on cellular metabolic activity. A study conducted on
cybrid cell lines bearing pro-atherogenic mtDNA variants
evaluated the fluorescence intensity of mitochondrial dye
MitoTracker™ Orange CMTMRos [82]. Accumulation of
PpIX varied significantly between cells, and cybrid lines
accumulated more of PpIX as compared to control mono-
cytes. Accumulation of PpIX correlated with mitochondrial
membrane potential. It is likely that by careful adjustment of
laser intensity it is possible to induce photodynamic destruc-
tion of defective mitochondria accumulating PpIX while
keeping functional mitochondria intact. More studies are
needed, however, to explore this possibility.

CONCLUSION

Mitochondrion emerges as a potent disease modifier and
potential therapeutic target in several chronic human dis-
eases, including atherosclerosis. One challenge in leveraging
the diagnostic and therapeutic potential of mitochondria is
the dynamism of the mitochondrial genome. Advances made
in sequencing techniques and the development of hybrid
technology allowed identifying and studying a panel of
mtDNA mutations associated with the disease. These muta-
tions, together with mtDNA deletions, can possibly be used
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as markers of the pathology. Another challenge is develop-
ing therapeutic approaches directly targeting oxidative stress
at the level of individual organelles. Several mitochondria-
targeting antioxidants have been developed to date, and are
being tested in preclinical studies.
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