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Abstract: Chronic human diseases, especially age-related disorders, are often associated with chronic
inflammation. It is currently not entirely clear what factors are responsible for the sterile inflamma-
tory process becoming chronic in affected tissues. This process implies impairment of the normal
resolution of the inflammatory response, when pro-inflammatory cytokine production ceases and
tissue repair process begins. The important role of the mitochondria in the correct functioning of
innate immune cells is currently well recognized, with mitochondrial signals being an important
component of the inflammatory response regulation. In this work, we propose a hypothesis ac-
cording to which mitochondrial DNA (mtDNA) mutations may play a key role in rendering certain
cells prone to prolonged pro-inflammatory activation, therefore contributing to chronification of
inflammation. The affected cells become sites of constant pro-inflammatory stimulation. The study of
the distribution of atherosclerotic lesions on the surface of the arterial wall samples obtained from
deceased patients revealed a focal distribution of lesions corresponding to the distribution of cells
with altered morphology that are affected by mtDNA mutations. These observations support the
proposed hypothesis and encourage further studies.
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1. Introduction

An acute inflammatory reaction mediated by the innate immune system is a normal tis-
sue response to a pathogen or injury. Under normal conditions, the inflammatory response
resolves within a few hours or days depending on the injury scope, followed by the restora-
tion of tissue structure and function. However, this process of normal immune response can
be violated in a way that the resolution of inflammation is delayed or incomplete, leading
to the development of a chronic inflammatory process. Such chronification of inflammation
was shown to be associated with various human disorders. Human diseases that involve
chronic inflammation account for up to 80% of total morbidity and mortality worldwide.
Moreover, in high-income countries, the ageing population is increasingly affected by
age-associated disorders, many of them having chronic inflammation as part of their patho-
genesis. The term “inflammaging” was coined to distinguish such disorders focusing on
the inflammatory component of pathogenesis and the possibilities of anti-inflammatory
treatment approaches [1]. Atherosclerosis is one of the most common diseases associated
with chronic inflammation, which accounts for a large amount of global mortality due
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to the cardiovascular events it provokes. In industrialized countries, atherosclerosis rep-
resents a major challenge to the healthcare system [2]. Chronic inflammation plays an
important role at all stages of atherosclerosis progression: from the early events to the
formation of unstable plaques, plaque rupture and thrombotic events [3]. Chronification of
local inflammation in the arterial wall is, therefore, a crucial event in the pathogenesis of
the disease.

Recent studies have improved our knowledge of cellular mechanisms of inflamma-
tory response. Pathogens, such as invading bacteria or damaged host tissues and cells,
release pathogen-associated molecular pattern (PAMP) and damage-associated molecular
pattern (DAMP) molecules, respectively. Once released in the extracellular space, these
molecules activate the phagocytic activity of innate immune cells. Tissue macrophages
are the primary phagocytic cells responsible for clearance of foreign objects (debris and
pathogens) that initiate the immune response upon injury and/or infection. However, in
the arterial wall intima, this function can also be performed by pericyte-like cells populating
the subendothelial layer [4]. Phagocytosis stimulates the synthesis and/or secretion of
pro-inflammatory cytokines, which act as a signal for the recruitment of immunocompetent
blood cells. Hematogenous immunocompetent cells migrate to the developing inflamma-
tion site and actively participate in the immune response by phagocytosis and stimulation
of other cells through pro-inflammatory cytokine secretion. However, this process normally
ends with the release of anti-inflammatory cytokines that promote resolution of inflamma-
tion. Schematically, these processes are shown in Figure 1, with the chronic inflammation
pathway shown by the corresponding arrow. Although a great amount of data has been
accumulated on different aspects of the inflammatory process, the specific reasons leading
to chronification of inflammation rather than the normal resolution process remain to
be established.
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Figure 1. Schematic overview of the inflammatory reaction and chronification of inflammation in the
arterial wall.

In this review, we propose a hypothesis that mitochondrial dysfunction caused by
mitochondrial DNA (mtDNA) mutations can be one of the causes leading to chronification
of inflammation in atherosclerosis.

2. Presentation of the Hypothesis

Mitochondria are semi-autonomous organelles that appeared as a result of endosym-
biosis of eukaryotic cells with ancient bacteria belonging to the Rickettsia genus 4 billion
years ago [5,6]. Mitochondria still possess many bacterial features, including the circu-
lar genome that encodes for specific mitochondrial proteins. Given such similarities, is
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it possible that mitochondria can be mistakenly recognized as “invaders” by the innate
immune system? Indeed, some authors admit the potential danger of mitochondria for
cells that may mistakenly perceive them as bacteria that have got inside the cell [7]. In
particular, it was recently reported that mitochondria can function as a source of DAMPs [7].
At the same time, mitochondria play an important role in the regulation of innate immu-
nity in eukaryotic cells, and their correct functioning is indispensable for a proper innate
immune response [8].

One of the features of mitochondrial semi-autonomy is the distinct organization of
mtDNA and the mechanism of its replication and repair, which is different from that of
nuclear DNA. MtDNA undergoes continuous cycles of replication and repair and exists
in numerous copies, which allows for accumulation of mutations [9]. In fact, mtDNA
mutations are one of the well-known hallmarks of aging, consistent with the fact that may
diseases associated with mitochondrial dysfunction are age-related [10]. Although mtDNA
has its functional repair mechanisms, the rate of mutagenesis in mtDNA is substantially
higher than in nuclear DNA. That can be explained, among other factors, by the lack of
protective histone packaging and the proximity of the mitochondrial genome to the sites
of ROS generation on the mitochondrial membranes, which results in increased oxidative
damage of mtDNA molecules [9]. Environmental factors and toxins are additional factors
increasing mtDNA mutagenesis [10].

The host’s perception of the mitochondria as foreign agents requiring immune acti-
vation can be exacerbated by defective mitophagy—a mitochondria-specific autophagy
that clears the defective or excessive mitochondria from the cell. Accumulating evidence
highlights the role of mitophagy in immune response regulation and inflammation [11,12].
Dysfunctional mitochondria can be damaging to the cell through excessive generation
of reactive oxygen species (ROS) that are normally produced in moderate quantities as
by-products of mitochondrial energy production and quickly neutralized by cellular antiox-
idant systems. Defects in mitochondrial respiratory chain functioning abnormally increase
ROS production, leading to oxidative stress. Moreover, defective and damaged mitochon-
dria can trigger cell death through the release of pro-apoptotic factors to the cytoplasm.
Mitophagy helps in mitigating these risks through isolation and controlled destruction
of dysfunctional organelles. The protective role of mitophagy in cells in tissues has been
illustrated by numerous studies. In particular, the microvascular ischemia-reperfusion
injury (IRI) of microvascular endothelial cells is being actively studied in search for pro-
tective mechanisms that could alleviate the associated severe tissue damage. A study in
a mouse model demonstrated that IRI led to upregulation of a nuclear receptor NR4A1,
which was associated with abnormal mitochondrial fission, suppressed mitophagy and, as
a consequence, increased endothelial injury [13]. At the same time, another study in trans-
genic mice demonstrated that inhibition of mitochondrial fission through Syk-Nox2-Drp1
signaling by the Bax inhibitor BI1 protected the endothelial cells during IRI [14]. These
results highlight the crucial role of mitophagy in endothelial protection and open new
possibilities for therapy development. A recent study demonstrated that the cardiovascular
risk reduction effect of empagliflozin, an antidiabetic drug, is mediated by its protective
action in microvascular endothelial cells, where it reduced the mitochondrial fission and
improved mitochondrial respiration and oxidative stress during IRI [15].

Impaired clearance of dysfunctional mitochondria through mitophagy can have dele-
terious consequences for the cell. It leads to accumulation of mutant variants of mtDNA
that are normally degraded together with dysfunctional organelles. Accumulation of
dysfunctional organelles that generate excessive amounts of ROS because of impaired
respiratory chain functioning lead to oxidative stress exacerbation and cellular damage.
Deficient mitophagy can also result in the abnormal perception of damaged mitochondria
as a pathogenic (bacterial) signal to trigger the innate immune response. This is primarily
manifested by secretion of pro-inflammatory cytokines to recruit immunocompetent cells.
As long as dysfunctional mitochondria remain inside the cell, the pro-inflammatory sig-
nal will continue without stopping. Conversely, mitophagy is known to have protective
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effects during the inflammation response in vascular endothelium. Under stress conditions,
mitophagy and the mitochondrial unfolded protein response (UPR) act as protective mech-
anisms maintaining mitochondrial homeostasis and alleviating inflammatory myocardial
injury. It was shown that the mitochondrial UPR is activated downstream of mitophagy,
which plays a modulating role [16]. Therefore, improving mitophagy may prove a promis-
ing approach for protecting vascular endothelium from inflammation-associated damage.
As mentioned above, the successful resolution of the inflammatory response is accompa-
nied by the secretion of anti-inflammatory cytokines. In addition, the so-called “tolerance”
of cells secreting cytokines contributes to the completion of the inflammatory reaction.
Tolerance is manifested in the fact that, with repeated pro-inflammatory stimulation of cells,
the secretion of cytokines is significantly reduced compared to the first stimulation [17-19].
Naturally, chronification of inflammation occurs when the inflammation resolution mecha-
nisms are violated.

Previous studies by our group have demonstrated that atherosclerosis disrupts the
pro-inflammatory response of monocytes and monocyte-derived macrophages [20]. At the
same time, our group identified mutations in mtDNA (mitochondrial genome variants)
associated with atherosclerosis in the aorta and blood cells of atherosclerotic patients [21].
We hypothesized that these mutations may be the cause of the impaired immune response
of monocytes/macrophages.

3. Mitochondrial Mutations and Pro-Inflammatory Response in Atherosclerosis

The involvement of mitochondrial mutations in atherosclerosis development is being
actively studied. Indirect evidence of such involvement is the observed mosaic distribution
of atherosclerotic lesions corresponding to the locations of cells bearing mitochondrial
mutations in the arterial wall. The distribution of atherosclerotic lesions is never diffuse,
but follows a local/focal pattern (Figure 2) [22].

A B

Figure 2. Morphologic mapping of the aorta tissue samples. Shown are two examples of morphologic
mapping of the aortic wall samples. Segments of the vascular wall were divided according to
morphological characteristics into 68 (A) and 70 (B) regions containing atherosclerotic lesions of
varying severity (fatty infiltration, fatty streak, lipofibrous plaque, fibrous plaque) or intact tissue.
These and other aorta samples were further analyzed for the mutational burden in mtDNA. (Reprinted
with permission from [22], 2020, MDPI).

The observed mosaicism of atherosclerotic lesion distribution corresponds to that of
the clusters of endothelial cells with impaired permeability. Human arterial endothelium
consists of cells of various sizes [23-26]. Along with ordinary cells with typical morphology
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and size, the arterial endothelium contains giant multinucleated cells that usually form
isolated clusters (Figure 3) [27].
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Figure 3. Schematic presentation of the heterogeneous endothelium of the adult human arterial wall.
(Reprinted with permission from [27]. 2022, MDPI).

It was recently reported that inflammatory cells as well as low-density lipoprotein,
which is a source of fat in an atherosclerotic lesion, accumulate under such clusters [27].
Therefore, morphological observations suggest that the arterial wall may have local (focal)
sites of inflammation associated with giant multinucleated endothelial cells. However, this
suggestion does not clarify the reasons for inflammation chronification in atherosclerosis.

According to the working hypothesis of our group, the causes of chronification of
inflammation may be mitochondrial dysfunction associated with mitochondrial mutations.
This is indicated by the mosaic distribution of mtDNA mutations in the arterial intima
(Figure 4) [22]. Mutations were identified in the unaffected intima and in various types of
atherosclerotic lesions. Some of these mutations were associated with certain lesions and
were distributed in the intima in a mosaic manner [21].

There was a significant correlation between the mtDNA mutation burden and atheroscle-
rosis burden: r = 0.131, p = 0.034 (Spearman’s rho). The area under the ROC curve for the
mtDNA mutation burden was 0.587 (95%CI 0.506-0.668 p = 0.041); the positive actual state
was the presence of advanced atherosclerotic lesions (reprinted with permission from [22]).

To investigate the possible link between mtDNA mutations and the impaired pro-
inflammatory response, lines of cybrids carrying atherosclerosis-associated mutations were
created by our group. A cytoplasmic hybrid, or cybrid, is produced by repressing the
cell line’s own mtDNA, followed by fusion of the whole cell with platelets containing
mitochondria carrying the mutations of interest [28]. Using this method, we obtained
several cell lines based on THP-1 macrophages and platelets from various atherosclerotic
patients. These cybrid lines differed in the profile of atherosclerosis-associated mitochon-
drial mutations [29].

As mentioned above, the rate of mutagenesis (appearance of genetic variants) in
mtDNA exceeds that in nuclear DNA. Mutations that are fatal for the cell are quickly
eliminated together with the affected organelles if mitophagy is functional. Mutations that
are not critical for the mitochondrial function are retained; however, it can be assumed
that the combination of several mutations that appear in one mitochondrion can lead
to mitochondrial dysfunction. This assumption is supported by the available data on
the synergism of mitochondrial mutations in increasing the risk of atherosclerosis [30].
To identify a possible relationship between mitochondrial mutations and mitochondrial
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dysfunction, it is necessary to consider not only individual mutations, but also their
combinations. Modern approaches and methods of bioinformatics make it possible to
conduct such studies.
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Figure 4. Mapping of colocalized mtDNA mutations and atherosclerotic lesions. (Reprinted with
permission from [22], 2020, MDPI).

To study the pro-inflammatory activity of cybrid cells and their ability to form immune
tolerance for successful resolution of inflammation, the secretion of pro-inflammatory
cytokines (TNEF, IL-1§3, IL-6, IL-8 and CCL2) was evaluated upon a two-stage treatment of
cells with a lipopolysaccharide (LPS) [31]. The first stimulation with the LPS (1 pug/mL for
24 h) was followed by the second stimulation (1 pug/mL for 4 h). It was shown that cybrid
cell lines exhibited one of three types of pro-inflammatory response:

(1) Non-responders, which showed an extremely weak pro-inflammatory response to the
LPS;

(2) Tolerant, which reacted to LPS but subsequently formed immune tolerance;

(3) Non-tolerant, which responded to LPS but did not form further tolerance.

Tolerant cells can be considered as normal, contributing to the successful resolution of
inflammation. Non-tolerant cells are likely to be the cause of chronification of inflammation.

To reveal the relationship between mtDNA mutations and the pro-inflammatory
activity of cells, the risk ratio (RR) value was calculated. The RR was calculated for each
individual mutation as well as for all their possible combinations. The RR value reflected
how many times more likely it is to detect a specific mutation or a combination of mutations
in the considered group of cells compared to the probability of their detection in the other
two groups. It was found that no individual mtDNA mutation was associated with the
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pro-inflammatory response. However, when studying combinations of mutations, two
combinations were identified that were associated with a certain type of pro-inflammatory
response in cybrids.

Figure 5 (left) shows the RR for the combination of mtDNA mutations m.c3256t,
m.del652g and m.g13513a. Since the RR for the group of non-tolerant cells was greater
than 1 and the area of the confidence interval did not cross 1, it can be concluded that this
combination is associated with the group of non-tolerant cybrids (p-value < 0.001). At the
same time, the RR for the group of non-responders was less than 1, and the area of the
confidence interval also did not cross 1; that is, the probability of detecting a combination
of the mutations m.c3256t, m.del652g and m.g13513a in this group is significantly low. In
order to evaluate which of the three mutations could potentially have a greater contribution
to the pro-inflammatory response, their occurrence relative to each other in a group of
non-tolerant cells was assessed (Figure 5, right). It turned out that the m.del652g mutation
was more common than the other two mutations m.c3256t and m.g13513a in the group of
non-tolerant cybrids [31].

Type of Risk Ratio Relative occurrence
pro-inflammatory for combination of mtDNA mutations: of mtDNA mutations
response of c3256t + del652g + g13513a in non-tolerant cybrid lines
cybrid lines

Non-tolerant

Tolerant F—

g13513a
29%

I
I
I
Non-responder H
I
I
1
1 2 3 4 5 [} 7 8 9 10 " 12 13

Figure 5. Association of the combination of mitochondrial mutations m.c3256t, m.del652g and
m.g13513a with type of pro-inflammatory response of cybrid cell lines.

On the left is a graph of the risk ratio value, which reflects how many times more
likely it is to detect a combination of mutations in the considered group of cells than in
the other two groups. The horizontal lines show a 95% confidence interval. Cybrid cell
lines were divided into three groups, differing in the type of pro-inflammatory activity:
non-responder (exhibited an extremely weak pro-inflammatory response to LPS), tolerant
(secreted pro-inflammatory cytokines in response to LPS, after which they formed tolerance
to LPS) and non-tolerant (responded to LPS but did not further develop tolerance to LPS).
On the right is the occurrence of each mutation mt.c3256t, m.del652g and m.g13513a relative
to the other two in intolerant cybrid lines [31].

Figure 6 (left) similarly shows the RR for the combination of mtDNA mutations
m.g15059a, m.g12315a and m.c5178a, from which it follows that this combination may be
associated with the group of non-responder cybrids. Similarly, the relative occurrence of
each mutation in the non-responder group was calculated (Figure 6, right). It turned out
that the m.g15059a mutation is more common than the other two studied mutations [31].

Therefore, our group revealed a combination of mtDNA mutations that may medi-
ate the impairment of macrophage tolerance (the ability to reduce the pro-inflammatory
response during the subsequent stimulations).
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Type of Risk Ratio Relative occurrence
pro-inflammatory for combination of mMtDNA mutations: of mtDNA mutations
response of g15059a + g12315a + c5178a in non-responder cybrid lines
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Figure 6. Association of the combination of mitochondrial mutations m.g15059a, m.g12315a and
m.c5178a with type of pro-inflammatory response of cybrid cell lines [31].

4. Mitophagy in Immunity

Playing a central role in metabolism, mitochondria are also key players in the reg-
ulation of the immune and inflammatory responses [32]. Several studies reported the
immunogenic capabilities of dysfunctional mitochondria [7,33]. Mitochondrial dysfunc-
tion, and in particular, a mitophagy defect, is also associated with immune response
disturbance [34]. Defective mitophagy can lead to excessive secretion of pro-inflammatory
cytokines, therefore activating the innate immune response at the immune cell level. This
contributes to pathological inflammation in autoimmune diseases [35].

Moreover, mitophagy may play a central role in sepsis [36]. Upon inhibition of mi-
tophagy with pharmacological inhibitors, macrophages can cause an increase in macrophage
migration inhibitory factor secretion and exacerbate inflammation [37]. On the other hand,
excessive mitophagy can lead to macrophage apoptosis, which in turn further exacerbates
the inflammatory response [38].

During viral infection, mitophagy has an anti-inflammatory effect [39—-41]. Viral infec-
tion induces mitophagy to inhibit apoptosis and NLRP3-mediated inflammation through
eliminating damaged mitochondria that can release ROS and pro-apoptotic factors that
promote virus reproduction [42]. Mitophagy is involved in immune response regulation
through the suppression of NLRP3 inflammasome activation, which induces the immune
response to DAMPs and PAMPs [43]. In case of NLRP3 inflammasome activation by free
mtDNA, elimination of mitochondria through mitophagy suppresses its hyperactivation
and corresponding immune response [44].

Another safeguard against NLRP3 hyperactivation is the stress-induced sestrin2 pro-
tein [45]. In sestrin2-deficient mice, macrophages are characterized by hyperactivation
of caspase-1 and increased secretion of IL-1f3 and IL-18. Upon stimulation with the LPS,
sestrin2 promotes mitophagy, thereby preventing prolonged activation of the NLRP3
inflammasome and immune response stimulation [41].

Among the known inhibitors of excessive inflammatory response are PINK1 and
Parkin proteins that act via the STING signaling pathway by preventing the release of
mtDNA from dysfunctional mitochondria [45]. Transgenic mice deficient for PINK1 and
Parkin are more susceptible to polymicrobial sepsis as compared to wild-type animals.
However, the increased susceptibility of these knockout mice to sepsis was reduced with
depletion of the NLRP3 inflammasome [46]. Mitophagy induced by PINK1/Parkin ac-
tivation is also associated with the STING pathway in response to mtDNA released to
the cytosol [45]. Thus, mitochondrial destruction triggers an inflammatory response not
only through the NLRP3 inflammasome, but also through the cGAS-STING signaling
pathway [47]. Deficiency of PINK1 and Parkin leads to increased STING activation [45].
Furthermore, mice deficient for these proteins upon depletion of STING show an impaired
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inflammatory response, therefore supporting the idea that PINK1 and Parkin can prevent
mtDNA release, and thus, inhibit abnormally high inflammatory responses via the STING
signaling pathway [45].

5. Mitophagy and mtDNA Mutations

The available data allow us to conclude that mitophagy is actively involved in innate
immunity and pathological inflammation. It can be argued that normal mitophagy is
essential for the correct resolution of inflammation. Conversely, disruption of mitophagy
due to some defects can lead to chronification of inflammation. These ideas are confirmed
by the results of experiments on cybrid lines of macrophages.

In one such experiment, 10 lines of cybrids carrying various mitochondrial mutations
associated with atherosclerosis were investigated (Figure 7). Mitophagy was induced by
two agents: FCCP (trifluoromethoxy carbonylcyanide phenylhydrazone) and pyruvate.
When stimulated with FCCP at a low concentration (2 uM), PINK-dependent mitophagy
is induced by mitochondrial membrane depolarization. In the case of sodium pyruvate,
PINK-independent mitophagy is stimulated by slight acidification of the cytosol [48,49].
The results are presented in Figure 7.

Type of
mitophagy

I Effective
Il Defective

12

o

_Level of basal
mitophagy

0.7

o

0.50

Fold change of FCCP -induced mitophagy

0.2

o

0.00

HSM2 HSM1 TCNS21  HSMAM1 TCI521  HSMAM2 Lsm2 SM1 HSMAM3  TCPS21

THP1-based cell lines

Figure 7. Induction of mitophagy with FCCP in cybrid lines carrying atherosclerosis-associated
mtDNA mutations. Shown is the change in mitophagy under the influence of FCCP relative to the
basal level of mitophagy in ten cybrid lines. Mitophagy was assessed as a 12 h colocalization of mito-
chondria and lysosomes, which were labeled with MitoTracker Green FM (200 nM) and LysoTracker
Red DND-99 (50 nM), respectively. FCCP (2 uM) was used for stimulation of colocalization in the
experiments with induced mitophagy. Confocal images were obtained using a Zeiss 900 confocal
microscope equipped with a 63 oil immersion objective. MitoTracker Green fluorescence intensity
was obtained with 488 nm excitation and 500-530 nm emission filter. The 561 nm excitation line and
566-700 nm emission filter were used for LysoTracker Red DND-99. Colocalization was calculated
with ZEISS ZEN 3.1 (blue edition) software as the relative number of colocalized pixels in MitoTracker
Green in relation to the total number of pixels above the threshold value. The basal level of mitophagy
was taken as one and marked with a dotted line. Cybrid lines with efficient mitophagy, i.e., with
increased intensity of mitophagy under the influence of FCCP, are represented in green. Cybrid lines
with defective mitophagy, i.e., either not different from the basal level or below the basal level, are
marked in red. An asterisk indicates significant differences between induced mitophagy and basal
mitophagy, p < 0.05, according to the results of the Wilcoxon non-parametric paired test [31].
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In three out of ten cybrid lines, mitophagy was found to be defective when activated
with FCCP (Figure 7). Cell lines with defective mitophagy included LSM1, HSMAM3
and TCP521. In the HSMAMS3 and TCP521 lines, mitophagy under the influence of FCCP
decreased below the basal level, i.e., an inversion of the FCCP effect was observed [31].

Upon induction of mitophagy with pyruvate, defective mitophagy was observed in
four cybrid lines: HSM2, HSM1, HSMAMI1 and TCI521 (Figure 8). Moreover, defective
PINK-independent mitophagy induced by pyruvate was observed in cybrid lines that were
different from the lines defective for PINK-dependent mitophagy induced by FCCP.

* Type of
* mitophagy

1.50
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2 [l Defective
e *
S 128
E * *
°
8
S 1.00 = I Le_vel of basal
2 * mitophagy
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©
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) 0.25
)
w

0.00

HSMAM3  TCPS521 Lsm2 Lsm1 HSMAM2  TCNS21 HSM2 HSM1 HSMAM1 TC521

THP1-based cell lines

Figure 8. Induction of mitophagy with pyruvate in cybrid lines carrying atherosclerosis-associated
mtDNA mutations. Shown is the change in mitophagy under the influence of pyruvate relative to
the basal level of mitophagy in ten cybrid lines. The experiment procedure was the same as given in
the description of Figure 7 with exception of using of sodium pyruvate (20 mM) for colocalization
stimulation. The basal level of mitophagy was taken as one and marked with a dotted line. Cybrid
lines with efficient mitophagy, i.e., with increased intensity of mitophagy under the influence of
pyruvate, are represented in green. Cybrid lines with defective mitophagy, i.e., either not different
from the basal level or below the basal level, are marked in red. An asterisk indicates significant
differences between induced mitophagy and basal mitophagy, p < 0.05, according to the results of the
Wilcoxon non-parametric paired test [31].

Using bioinformatics methods, a statistically significant relationship was revealed
between the degree of mitophagy and presence of m.g12315a and m.g14846a mutations. It
was found that only the m.g14846a mutation was associated with defective mitophagy. The
m.g14846a mutation is located in the MT-CYB gene encoding for cytochrome B, a protein
that is involved in the electron transport chain. Mutation m.g14846a results in glycine to
serine substitution in position 34, thus affecting the intermediate transfer of electrons in
the mitochondrial respiratory chain. Such substitution impairs the enzymatic function of
cytochrome B, and is associated with mitochondrial myopathies [50,51].

A mathematical model study indicated that an increase in heteroplasmy of the m.g14846a
mutation by 1% leads to a decrease in mitophagy by 4%; that is, if the heteroplasmy of this
mutation reaches 25%, mitophagy will be defective (Figure 9).
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Figure 9. The hypothetical role of the mtDNA m.g14846a mutation in the formation of defective
mitophagy that induces an excessive non-stop inflammatory response.

Mitochondria with defective mitophagy remain in the cell for a long time and are
not subject to elimination. The dysfunctional organelles can be perceived as pathogens,
triggering a non-resolving inflammatory response. This can be one of the mechanisms of
chronification of the inflammatory response in human disorders.

It is noteworthy that there is a strong association between the m.g14846a mutation
and defective mitophagy. No such relationship was observed between individual mito-
chondrial mutations and the impaired immune response. It was only possible to identify
an association between a combination of several mutations and a decrease in tolerance
to pro-inflammatory stimulation or with the absence of a pro-inflammatory response
(Figures 5 and 6). Various mechanisms, including various signaling pathways, may be
involved in the disruption of the cellular pro-inflammatory response. The regulation of
these pathways can involve both mitochondria with defective and normal mitophagy, as
well as other processes that are not directly related to mitochondria and mitochondrial
mutations. It can be assumed that mitochondrial mutations are involved in the disruption
of the immune response in a complex way. This is confirmed by the revealed absence of
association of defective mitophagy and the type of immune response of cybrids.

The discussed observations allow the formulation of a hypothesis about the role of
mitochondrial mutations in the chronification of inflammation. This hypothesis was already
tested on the example of atherosclerosis (Figure 10) [27], but can prove useful in other
chronic human diseases associated with inflammation.
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Figure 10. Proposed mechanisms of chronic inflammation in atherogenesis. (A) Accumulation of

circulating immune cells and low-density lipoprotein (LDL) taking place preferentially in the areas
enriched with giant multinucleated endothelial cells. (B) Pro-inflammatory signaling initiated in
response to uptake of modified LDL can become persistent in presence of defective mitophagy.
(C) Normal resolution (left) and chronification of inflammation (right) in the arterial wall lead
alternatively either to diffuse thickening or to persistent inflammation and atherosclerotic plaque
formation. (Panel C reprinted with permission from [27], 2020, MDPI).

Accumulation of circulating immune cells that differentiate into macrophages and
modified low-density lipoprotein (LDL) can occur preferentially in the areas of the arterial
wall enriched with giant multinucleated endothelial cells (Figure 10A). These areas become
the sites of local (focal) inflammation. Modified LDL self-associates are taken up by
macrophages and pericytes through phagocytosis, initiating the immune pro-inflammatory
response and secretion of pro-inflammatory cytokines (Figure 10B). In turn, cytokines
enhance the accumulation of lipoprotein and contribute to the development of cellular
lipidosis. If mitophagy is functional, acute focal inflammation quickly ends with resolution
leading to the formation of focal sites with increased tissue density. Since focal inflammation
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occurs regularly throughout life, diffuse thickening of arterial wall intima accumulates
with age, without leading to atherosclerosis development (Figure 10C, left). However, if
the cells involved in the pro-inflammatory response carry mitochondrial mutations causing
defective mitophagy (Figure 10C, right), the pro-inflammatory response is increased, and
focal inflammation does not end with a resolution and becomes chronic. This leads to a
pronounced lipid accumulation in the affected sites, giving rise to an atherosclerotic lesion.

6. Conclusions

It was revealed that combinations of mtDNA mutations are associated with the im-
pairment of macrophage tolerance (the ability to reduce the pro-inflammatory response
during the subsequent stimulations). Numerous works have shown that mitochondrial dys-
functions, and in particular, mitophagy defects, are also associated with immune response
disturbance. Defective mitophagy can lead to excessive secretion of pro-inflammatory
cytokines, therefore activating the innate immune response at the immune cell level. This
contributes to pathological inflammation in autoimmune diseases. Using bioinformat-
ics methods, a statistically significant relationship was revealed between the degree of
mitophagy and a panel of mtDNA mutations. It was found that a certain mutation is
associated with defective mitophagy.

In this work we proposed a hypothesis that allows linking the mitochondrial muta-
tions to chronification of the inflammatory process, which is relevant for various chronic
human diseases. Mitochondrial mutations are characterized by the level of heteroplasmy,
or proportion of mutated variant, in the mtDNA pool in a cell. Cells reaching a thresh-
old level of heteroplasmy for certain mutations can have impaired mitophagy, thereby
accumulating dysfunctional mitochondria that can lead to prolonged stimulation of the
inflammatory reaction and leading to chronification of inflammation. In atherosclerosis,
a well-known disease associated with chronic inflammation, the proposed hypothesis
allowed for an explanation of the focal distribution of atherosclerotic plaques on the arterial
wall surface. Further studies will continue the search for mtDNA mutations relevant for
inflammation disturbances and will test mitochondria-targeting therapies for treatment of
chronic inflammatory disorders.

Author Contributions: Conceptualization, A.N.O., N.G.N. and I.A.S.; methodology, A.N.O., N.G.N.,
ANV.0, V.VS. and A.Y.V,; formal analysis, A.V.O., V.V.S. and A.Y.V,; investigation, A.V.O., V.VS,,
V.A.O. and A.Y.V, resources, A.N.O., N.G.N. and I.A.S.; writing—original draft preparation, V.A.O.;
writing—review and editing, V.A.O.; visualization, A.Y.V,; supervision, A.N.O. and N.G.N.; funding
acquisition, A.Y.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Russian Science Foundation (Grant #22-15-00317).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Franceschi, C.; Garagnani, P.; Parini, P; Giuliani, C.; Santoro, A. Inflammaging: A new immune-metabolic viewpoint for
age-related diseases. Nat. Rev. Endocrinol. 2018, 14, 576-590. [CrossRef] [PubMed]

2. Herrington, W.; Lacey, B.; Sherliker, P.; Armitage, J.; Lewington, S. Epidemiology of Atherosclerosis and the Potential to Reduce
the Global Burden of Atherothrombotic Disease. Circ. Res. 2016, 118, 535-546. [CrossRef] [PubMed]

3. Geovanini, G.R,; Libby, P. Atherosclerosis and inflammation: Overview and updates. Clin. Sci. 2018, 132, 1243-1252. [CrossRef]

[PubMed]

4. Summerhill, V,; Orekhov, A. Pericytes in Atherosclerosis. Adv. Exp. Med. Biol. 2019, 1147, 279-297. [PubMed]

5. Wang, Z.; Wu, M. Phylogenomic Reconstruction Indicates Mitochondrial Ancestor Was an Energy Parasite. PLoS ONE 2014,
9, €110685. [CrossRef] [PubMed]

6.  Archibald, ].M. Endosymbiosis and Eukaryotic Cell Evolution. Curr. Biol. 2015, 25, R911-R921. [CrossRef] [PubMed]


http://doi.org/10.1038/s41574-018-0059-4
http://www.ncbi.nlm.nih.gov/pubmed/30046148
http://doi.org/10.1161/CIRCRESAHA.115.307611
http://www.ncbi.nlm.nih.gov/pubmed/26892956
http://doi.org/10.1042/CS20180306
http://www.ncbi.nlm.nih.gov/pubmed/29930142
http://www.ncbi.nlm.nih.gov/pubmed/31147883
http://doi.org/10.1371/journal.pone.0110685
http://www.ncbi.nlm.nih.gov/pubmed/25333787
http://doi.org/10.1016/j.cub.2015.07.055
http://www.ncbi.nlm.nih.gov/pubmed/26439354

Life 2022, 12, 1153 14 0of 15

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Krysko, D.V.; Agostinis, P.; Krysko, O.; Garg, A.D.; Bachert, C.; Lambrecht, B.N.; Vandenabeele, P. Emerging role of damage-
associated molecular patterns derived from mitochondria in inflammation. Trends Immunol. 2011, 32, 157-160. [CrossRef]

Mills, E.L.; Kelly, B.; O’'Neill, L.A.]. Mitochondria are the powerhouses of immunity. Nat. Immunol. 2017, 18, 488-498. [CrossRef]
Roy, A.; Kandettu, A.; Ray, S.; Chakrabarty, S. Mitochondrial DNA replication and repair defects: Clinical phenotyprs and
therapeutic interventions. Biochim. Biophys. Acta Bioenerg. 2022, 1863, 148554. [CrossRef]

Leuthner, T.C.; Meyer, ].N. Mitochondrial DNA Mutagenesis: Feature of and Biomarker for Environmental Exposures and Aging.
Curr. Environ. Health Rep. 2021, 8, 294-308. [CrossRef]

Sena, L.A.; Chandel, N.S. Physiological roles of mitochondrial reactive oxygen species. Mol. Cell 2012, 48, 158-167. [CrossRef]
Xu, Y,; Shen, J.; Ran, Z. Emerging views of mitophagy in immunity and autoimmune diseases. Autophagy. 2020, 16, 3-17.
[CrossRef]

Zhou, H.; Wang, J.; Zhu, P,; Zhu, H.; Toan, S.; Hu, S.; Ren, J.; Chen, Y. NR4A1 aggravates the cardiac microvascular ischemia
reperfusion injury through suppressing FUNDC1-mediated mitophagy and promoting Mff-required mitochondrial fission by
CK2ox. Basic Res. Cardiol. 2018, 113, 23. [CrossRef]

Zhou, H.; Shi, C.; Hu, S.; Zhu, H.; Ren, J.; Chen, Y. BI1 is associated with microvascular protection in cardiac ischemia reperfusion
injury via repressing Syk-Nox2-DRP1-mitochondrial fission pathways. Angiogenesis 2018, 21, 599-615. [CrossRef]

Zou, R.; Shi, W,; Qiu, J.; Zhou, N.; Du, N.; Zhou, H.; Chen, X.; Ma, L. Empagliflozin attenuates cardiac microvascular is-
chemia/reperfusion injury through improving mitochondrial homeostasis. Cardiovasc. Diabetol. 2022, 21, 106. [CrossRef]

Wang, Y.; Jasper, H.; Toan, S.; Muid, D.; Chang, X.; Zhou, H. Mitophagy coordinates the mitochondrial unfolded protein response
to attenuate inflammation-mediated myocardial injury. Redox Biol. 2021, 45, 102049. [CrossRef]

Favor, O.K; Pestka, J.].; Bates, M.A_; Lee, K.S.S. Centrality of Myeloid-Lineage Phagocytes in Particle-Triggered Inflammation and
Autoimmunity. Front. Toxicol. 2021, 3, 777768. [CrossRef]

Mulder, W.J.M.; Ochando, J.; Joosten, L.A.B.; Fayad, Z.A.; Netea, M.G. Therapeutic targeting of trained immunity. Nat. Rev. Drug
Discov. 2019, 18, 553-566. [CrossRef]

Netea, M.G. Training innate immunity: The changing concept of immunological memory in innate host defence. Eur. J. Clin.
Investig. 2013, 43, 881-884. [CrossRef]

Orekhov, A.N.; Nikiforov, N.G.; Elizova, N.V,; Ivanova, E.A.; Makeev, V.J. Phenomenon of individual difference in human
monocyte activation. Exp. Mol. Pathol. 2015, 99, 151-154. [CrossRef]

Sobenin, I.A.; Zhelankin, A.V.; Mitrofanov, K.Y.; Sinyov, V.V,; Sazonova, M.A.; Postnov, A.Y.; Orekhov, A.N. Mutations of
mitochondrial DNA in atherosclerosis and atherosclerosis-related diseases. Curr. Pharm. Des. 2015, 21, 1158-1163. [CrossRef]
Orekhov, A.N.; Nikiforov, N.N.; Ivanova, E.A.; Sobenin, I.A. Possible Role of Mitochondrial DNA Mutations in Chronification of
Inflammation: Focus on Atherosclerosis. J. Clin. Med. 2020, 9, 978. [CrossRef]

Tokunaga, O.; Fan, ].L.; Watanabe, T. Atherosclerosis- and age-related multinucleated variant endothelial cells in primary culture
from human aorta. Am. J. Pathol. 1989, 135, 967-976.

Tokunaga, O.; Satoh, T.; Yamasaki, F.; Wu, L. Multinucleated variant endothelial cells (MVECs) in human aorta: Chromosomal
aneuploidy and elevated uptake of LDL. Semin. Thromb. Hemost. 1998, 24, 279-284. [CrossRef]

Romanov, I.A.; Antonov, A.S. The morphological and functional characteristics of the human aortic endothelium. I. 2 variants of
the organization of the endothelial monolayer in atherosclerosis. Tsitologiia 1991, 33, 7-15.

Romanov, L.A.; Antonov, A.S. The morphological and functional characteristics of human aortic endothelium. II. Cellular
polymorphism and the incorporation of 3H-thymidine in a culture. Tsitologiia 1992, 34, 11-17.

Nikiforov, N.G.; Zlenko, D.V.; Orekhova, V.A.; Melnichenko, A.A.; Orekhov, A.N. Local Accumulation of Lymphocytes in the
Intima of Human Aorta Is Associated with Giant Multinucleated Endothelial Cells: Possible Explanation for Mosaicism of
Atherosclerosis. Int. J. Mol. Sci. 2022, 23, 1059. [CrossRef]

Li, H,; Shen, L.; Hu, P; Huang, R.; Cao, Y.; Deng, J.; Yuan, W,; Liu, D.; Yang, J.; Gu, H.; et al. Aging-associated mitochondrial DNA
mutations alter oxidative phosphorylation machinery and cause mitochondrial dysfunctions. Biochim. Biophys. Acta Mol. Basis
Dis. 2017, 1863, 2266-2273. [CrossRef]

Sazonova, M.A; Sinyov, V.V,; Ryzhkova, A.IL; Sazonova, M.D.; Khasanova, Z.B.; Shkurat, T.P.; Karagodin, V.P.; Orekhov, A.N,;
Sobenin, I.A. Creation of Cybrid Cultures Containing mtDNA Mutations m.12315G>A and m.1555G>A, Associated with
Atherosclerosis. Biomolecules 2019, 9, 499. [CrossRef]

Piotrowska-Nowak, A.; Elson, J.L.; Sobczyk-Kopciol, A.; Piwonska, A.; Puch-Walczak, A.; Drygas, W.; PLoSki, R.; Bartnik, E.;
Tonska, K. New mtDNA Association Model, MutPred Variant Load, Suggests Individuals with Multiple Mildly Deleterious
mtDNA Variants Are More Likely to Suffer From Atherosclerosis. Front. Genet. 2019, 9, 702. [CrossRef]

Orekhov, A.N.; Nikiforov, N.G.; Omelchenko, A.V,; Sinyov, V.V.; Sobenin, I.A.; Vinokurov, A.Y. Association of mitophagy and
pro-inflammatory response of macrophages with mitochondrial mutations. In Proceedings of the II International Scientific and
Practical Conference “Cell Technologies in Experimental Medicine”, Kursk, Russia, 14 April 2021.

Liu, M.; Wu, Y. Role of Mitophagy in Coronary Heart Disease: Targeting the Mitochondrial Dysfunction and Inflammatory
Regulation. Front. Cardiovasc. Med. 2022, 9, 819454. [CrossRef] [PubMed]

Gkikas, I.; Palikaras, K.; Tavernarakis, N. The Role of Mitophagy in Innate Immunity. Front. Immunol. 2018, 9, 1283. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.it.2011.01.005
http://doi.org/10.1038/ni.3704
http://doi.org/10.1016/j.bbabio.2022.148554
http://doi.org/10.1007/s40572-021-00329-1
http://doi.org/10.1016/j.molcel.2012.09.025
http://doi.org/10.1080/15548627.2019.1603547
http://doi.org/10.1007/s00395-018-0682-1
http://doi.org/10.1007/s10456-018-9611-z
http://doi.org/10.1186/s12933-022-01532-6
http://doi.org/10.1016/j.redox.2021.102049
http://doi.org/10.3389/ftox.2021.777768
http://doi.org/10.1038/s41573-019-0025-4
http://doi.org/10.1111/eci.12132
http://doi.org/10.1016/j.yexmp.2015.06.011
http://doi.org/10.2174/1381612820666141013133000
http://doi.org/10.3390/jcm9040978
http://doi.org/10.1055/s-2007-995855
http://doi.org/10.3390/ijms23031059
http://doi.org/10.1016/j.bbadis.2017.05.022
http://doi.org/10.3390/biom9090499
http://doi.org/10.3389/fgene.2018.00702
http://doi.org/10.3389/fcvm.2022.819454
http://www.ncbi.nlm.nih.gov/pubmed/35187131
http://doi.org/10.3389/fimmu.2018.01283
http://www.ncbi.nlm.nih.gov/pubmed/29951054

Life 2022, 12, 1153 150f 15

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Onishi, M.; Yamano, K,; Sato, M.; Matsuda, N.; Okamoto, K. Molecular mechanisms and physiological functions of mitophagy.
EMBO J. 2021, 40, €104705. [CrossRef] [PubMed]

Cho, D; Kim, ].K;; Jo, E. Mitophagy and Innate Immunity in Infection. Mol. Cells 2020, 43, 10-22.

Yin, X.; Xin, H.; Mao, S.; Wu, G.; Guo, L. The Role of Autophagy in Sepsis: Protection and Injury to Organs. Front. Physiol. 2019,
10, 1071. [CrossRef]

Lee, J.P; Foote, A.; Fan, H.; Peral de Castro, C.; Lang, T.; Jones, S.A.; Gavrilescu, N.; Mills, K.H.; Leech, M.; Morand, E.F; et al.
Loss of autophagy enhances MIF/macrophage migration inhibitory factor release by macrophages. Autophagy 2016, 12, 907-916.
[CrossRef]

Qiu, P; Liu, Y.;; Zhang, J. The Role and Mechanisms of Macrophage Autophagy in Sepsis. Inflammation 2019, 42, 6-19. [CrossRef]
Kim, M.-].; Yoon, J.-H.; Ryu, ]J.-H. Mitophagy: Regulator of the NLRP3 inflammasome activation balance. BMB Rep. 2016,
49, 529-535. [CrossRef]

Hu, M,; Luo, K,; Alitongbike, G.; Chong, S.; Xu, C.; Xie, L.; Chen, X.; Zhang, D.; Zhou, Y.; Wang, Z.; et al. Celastrol-Induced
Nur77 Interaction with TRAF2 alleviates inflammation by promoting mitochondrial ubiquitination and autophagy. Mol. Cell 2017,
66, 141-153. [CrossRef]

Kim, M.J.; Bae, S.H.; Ryu, ].C.; Kwon, Y.; Oh, ]. H.; Kwon, ].; Moon, ].S.; Kim, K.; Miyawaki, A.; Lee, M.G; et al. SESN2/sestrin2
suppresses sepsis by inducing mitophagy and inhibiting NLRP3 activation in macrophages. Autophagy 2016, 12, 1272-1291.
[CrossRef]

Zhang, L.; Qin, Y.; Chen, M. Viral strategies for triggering and manipulating mitophagy. Autophagy 2018, 14, 1665-1673. [CrossRef]
Schroder, K.; Tschopp, J. The inflammasomes. Cell 2010, 140, 821-832. [CrossRef]

Nakahira, K.; Haspel, J.A.; Rathinam, V.A.; Lee, S.J.; Dolinay, T.; Lam, H.C.; Englert, J.A.; Rabinovitch, M.; Cernadas, M.;
Kim, H.P; et al. Autophagy proteins regulate innate immune responses by inhibiting the release of mitochondrial DNA mediated
by the NALP3 inflammasome. Nat. Immunol. 2011, 12, 222-230. [CrossRef]

Sliter, D.A.; Martinez, J.; Hao, L.; Chen, X.; Sun, N.; Fischer, T.D.; Burman, J.L.; Li, Y.; Zhang, Z.; Narendra, D.P; et al. Parkin and
PINK1 mitigate STING-induced inflammation. Nature 2018, 561, 258-262. [CrossRef]

Kang, R.; Zeng, L.; Xie, Y.; Yan, Z.; Zhou, B.; Cao, L.; Klionsky, D.J.; Tracey, K.J.; Li, J.; Wang, H.; et al. A novel PINK1- and
PARK2-dependent protective neuroimmune pathway in lethal sepsis. Autophagy 2016, 12, 2374-2385. [CrossRef]

Rongvaux, A.; Jackson, R.; Harman, C.C.; Li, T.; West, A.P,; de Zoete, M.R.; Wu, Y.; Yordy, B.; Lakhani, S.A.; Kuan, C.Y,; et al.
Apoptotic caspases prevent the induction of type I interferons by mitochondrial DNA. Cell 2014, 159, 1563-1577. [CrossRef]
Komilova, N.R.; Angelova, PR.; Berezhnov, A.V.; Stelmashchuk, O.A.; Mirkhodjaev, U.Z.; Houlden, H.; Gourine, A.V.; Esteras, N.;
Abramov, A.Y. Metabolically induced intracellular pH changes activate mitophagy, autophagy, and cell protection in familial
forms of Parkinson’s disease. FEBS J. 2022, 289, 699-711. [CrossRef]

Berezhnov, A.V.; Soutar, M.P.M.; Fedotova, E.I; Frolova, M.S.; Plun-Favreau, H.; Zinchenko, V.P.; Abramov, A.Y. Intracellular pH
Modulates Autophagy and Mitophagy. J. Biol. Chem. 2016, 291, 8701-8708. [CrossRef]

Andreu, A.L; Hanna, M.G.; Reichmann, H.; Bruno, C.; Penn, A.S.; Tanji, K.; Pallotti, F.; Iwata, S.; Bonilla, E.; Lach, B.; et al.
Exercise intolerance due to mutations in the cytochrome b gene of mitochondrial DNA. N. Engl. ]. Med. 1999, 341, 1037-1044.
[CrossRef]

Filosto, M.; Mancuso, M.; Vives-Bauza, C.; Vila, M.R,; Shanske, S.; Hirano, M.; Andreu, A.L.; DiMauro, S. Lack of paternal
inheritance of muscle mitochondrial DNA in sporadic mitochondrial myopathies. Ann. Neurol. 2003, 54, 524-526. [CrossRef]


http://doi.org/10.15252/embj.2020104705
http://www.ncbi.nlm.nih.gov/pubmed/33438778
http://doi.org/10.3389/fphys.2019.01071
http://doi.org/10.1080/15548627.2016.1164358
http://doi.org/10.1007/s10753-018-0890-8
http://doi.org/10.5483/BMBRep.2016.49.10.115
http://doi.org/10.1016/j.molcel.2017.03.008
http://doi.org/10.1080/15548627.2016.1183081
http://doi.org/10.1080/15548627.2018.1466014
http://doi.org/10.1016/j.cell.2010.01.040
http://doi.org/10.1038/ni.1980
http://doi.org/10.1038/s41586-018-0448-9
http://doi.org/10.1080/15548627.2016.1239678
http://doi.org/10.1016/j.cell.2014.11.037
http://doi.org/10.1111/febs.16198
http://doi.org/10.1074/jbc.M115.691774
http://doi.org/10.1056/NEJM199909303411404
http://doi.org/10.1002/ana.10709

	Introduction 
	Presentation of the Hypothesis 
	Mitochondrial Mutations and Pro-Inflammatory Response in Atherosclerosis 
	Mitophagy in Immunity 
	Mitophagy and mtDNA Mutations 
	Conclusions 
	References

