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Independent and sensory human
mitochondrial functions
reflecting symbiotic evolution
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The bacterial origin of mitochondria has been a widely accepted as an event that
occurred about 1.45 billion years ago and endowed cells with internal energy
producing organelle. Thus, mitochondria have traditionally been viewed as
subcellular organelle as any other — fully functionally dependent on the cell it
is a part of. However, recent studies have given us evidence that mitochondria
are more functionally independent than other organelles, as they can function
outside the cells, engage in complex “social” interactions, and communicate with
each other as well as other cellular components, bacteria and viruses.
Furthermore, mitochondria move, assemble and organize upon sensing
different environmental cues, using a process akin to bacterial quorum
sensing. Therefore, taking all these lines of evidence into account we
hypothesize that mitochondria need to be viewed and studied from a
perspective of a more functionally independent entity. This view of
mitochondria may lead to new insights into their biological function, and
inform new strategies for treatment of disease associated with
mitochondrial dysfunction.
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1 Introduction: a blueprint for
communication

Cells represent the fundamental units of life that have evolved to
assemble into organisms of increasing anatomical, physiological
and behavioral complexity. Each individual cell in our bodies is able
to execute complex biological activities as an individual unit, as well
as receive and process environmental cues, allowing it to function as
a part of a tissue, an organ and ultimately an organism. To achieve
this, cells need fuel and each eukaryotic cell incorporates energy-
generating organelles called mitochondria. The mitochondria
produce all the adenosine triphosphate (ATP), the basic
biochemical carrier of energy needed to support eukaryotic life,
earning them the label “the powerhouse of the cell”.

According to the prevailing hypothesis, mitochondria are of
bacterial origin (Gray et al., 1999; Cavalier-Smith, 2006; Martijn
et al, 2018; Munoz-Gomez et al, 2022). The endosymbiotic
hypothesis proposes that mitochondria originated from
specialized bacteria (i.e., o-proteobacteria) that formed a
symbiotic interaction between mitochondria and their eukaryotic
host cells, potentially by surviving endocytosis (Gray et al., 2001).
Several lines of evidence support this hypothesis, as mitochondria
are self-replicating, have circular DNA, and an independent
transcriptional and translational machinery that resembles the
one in modern day bacteria. The sequencing of various
mitochondrial genomes, such as of the protist Reclinomonas
Americana, has demonstrated that essential functions of electron-
coupled ATP production and translation of mitochondrial proteins
can be explicitly retraced to the bacterial ancestor (Gray et al., 2001).
Both, bacterial DNA and mtDNA are compact in nature and
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contain unmethylated cytosine-guanine dinucleotide (CpG)
motifs (Boguszewska et al., 2020). Furthermore, mitochondria
and bacteria create and employ polycistronic transcripts, have
clustered RNA genes, and notably, the mitochondrial
transcription factor B2 (TFB2M) is homologous to the rRNA
methyltransferase family in bacteria (Boguszewska et al., 2020).
Importantly, similar to bacteria and viruses free metabolically
competent mitochondria have been observed circulating in blood
(Markova, 2017; Song et al., 2020). From an evolutionary
perspective, eukaryotic cells that formed this symbiotic
relationship gained a fitness advantage as mitochondria provided
internal and continuous access to energy (ATP), ultimately
resulting in complex behavior and cognition with high energy
requirements (Raichle and Gusnard, 2002; Rangaraju et al., 2014;
Magistretti and Allaman, 2015; Bruckmaier et al., 2020).
Mechanistically, the symbiotic relationship between eukaryotic
cells and mitochondria is enabled by the universal biochemical
“language”, a set of biochemical processes using a set of the
endpoint molecules that remain universal across different cell
types and diverse organisms (Stefano and Kream, 2022b)
(Figure 1). These molecules facilitate multidirectional lines of
communication inside the cell between mitochondria and the
other cellular components, as well as among the cells in a given
organism, and the host cells and microbes (i.e. bacteria and viruses)
(Lobet et al., 2015; Han et al., 2019; Stefano and Kream, 2022b).
This last type of interface between the host and the microbe is very
often the one that is exploited by the pathogens that use common
biochemical messengers to “hijack” cellular processes for their own
fitness advantage, thus causing disease (Stefano et al., 2020). This
interface includes host cell mitochondria, as pathogens can interact
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Mitochondrial multidirectional informational sharing. Mitochondria can share information in a multidirectional manner among themselves, as well as
with bacteria, viruses and a eukaryotic host cell. This exchange of information is facilitated by the use of the “shared biochemical language” evolving
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with and affect mitochondrial function (Wang et al., 2020; Stefano
and Kream, 2022b). For example, SARS-CoV-2 hijacking of the
mitochondria effectively diminishes innate and adaptive immunity
by disrupting energy metabolism. Collected data indicate that
activation of multiple Toll-like receptor (TLR) signaling pathways
represents a unified mechanism that functionally integrates
mitochondrial, bacterial and viral communication processes. For
example, activation of TLRY signaling pathways by extracellular
mtDNA can promote downstream activation of p38 and mitogen
activated protein kinase (MAPK) whose canonical substrates are
unmethylated cytosine-phosphate-guanine (CpG) dinucleotides
common to both bacteria and DNA viruses (Sorouri et al., 2022).
Furthermore, the release of mitochondrial effectors mediated by B-
cell lymphoma-2 family proteins may be linked to pyroptosis, a type
of lytic cell death, which is a distinct response to bacterial and viral
infections (Sorouri et al., 2022). Importantly, also shared
mechanisms of action of clinically employed drugs against
bacterial and viral infections may reflect complementary shapes
or recognition domains indicating a shared biochemical language
that has evolved simultaneously in different organisms. Given their
mechanistic commonalities, it is no surprise that viruses, bacteria,
and mitochondria can interact and effect changes that ensure their
mutual survival in their microenvironment, demonstrating the
power of the strategy. It is of interest to note that DNA transfer
from mitochondria to the eukaryotic cell genome represents an old
evolutionary phenomenon, preceding human speciation (Hazkani-
Covo et al., 2010; Puertas and Gonzalez-Sanchez, 2020; Wei et al.,
2022). However, recent research by Wei and colleagues
demonstrates, there is an ongoing transfer of mitochondrial DNA
into the nuclear containing genome (nuclear-mitochondrial
segments (NUMTs) (Wei et al., 2022). Furthermore, methylation
processes inhibited the expression of this genetic material, however,
some segments, a minority, are expressed. We surmise this common
phenomenon maybe involved in viral targeting of mitochondria,
leading to eukaryotic cell genome targeting and access whereby
aberrant proteins emerge. Here, this phenomenon may become
more evident behaviorally in neurons coupled to cognition since
they are susceptible to a diminished energy supply. However, unlike
bacteria that are free living, mitochondria are symbiotic with the
host cell and assumed to have no independent function.

Here, we will focus on discussing how the shared common lines
of communication are used by the mitochondria to exert functional
independence despite 1.45 billion years of endosymbiotic
relationship. We will discuss how mitochondrial independence
extends the symbiotic relationship, endowing eukaryotic cells,
tissues and the organism with capability to evolve higher degrees
of complexity. Furthermore, we will highlight examples of
mitochondrial malfunction and how that contributes to pathology
of many human diseases. We will build an argument that the
current prevailing view of mitochondria as energy-generating
organelles needs to be revised and expanded to recognize
mitochondrial independence and sensory function. Thus, we
provide an overview of the literature to support re-classifying
mitochondria as a true dynamic symbiont with independent
mobility, genetics, signaling/communication and ex-
cellular functions.
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2 Mitochondrial independence:
the extension of the symbiotic
relationship

2.1 Heteroplasmy and existence of
extracellular mitochondria as factors
supporting the mitochondrial functional
independence hypothesis

A typical eukaryotic cell contains numerous mitochondria. For
example, 30—40% of the cardiac muscle cell volume is occupied by
mitochondria (Stefano et al., 2017). Each mitochondrion contains
autonomous mitochondrial DNA (mtDNA), and transcriptional
and translational machineries. Importantly, mtDNA mutational
rates are 100-1,000 times higher than nuclear DNA (Wallace and
Chalkia, 2013) therefore, given the number of mtDNA sequences
that may exist within a cell, referred to as heteroplasmy, mtDNA
harbors an enormous pool of differing genetic information that is
closely tied to the survival of an organism (Collins et al., 2002;
Tielens et al., 2002; Stefano and Kream, 2022a). Although mtDNA
appears to be less complex than nuclear DNA, it functions in a
similar way and can initiate metabolite-steered changes in gene
expression between bacteria, mitochondria, and the host cell’s
nucleus (Han et al,, 2019). Importantly, by preserving a separate
genome, mitochondria have maintained a degree of autonomy, as
we discuss throughout this article.

Historical studies have described functional and morphological
heterogeneity of populations of mitochondria sorted according to
cell type and differential aerobic/anaerobic conditions (Collins et al.,
2002; Tielens et al, 2002). These collected data support the
existence of distinct populations of cellular mitochondria that also
function anaerobically to produce ATP with coupling of electron
transport in low oxygen conditions (Takahashi and Sato, 2014;
MacVicar et al., 2019). This form of individualized communication
depends on factors such as the location of the mitochondria within
a cell, the host cell type, and their microenvironment. This diversity
of mitochondrial genomes also suggests that mitochondria may be
able to function independently outside their host cell, and recent
research has provided evidence for the presence of functional
mitochondria in the extracellular environment (Pollara et al,
2018; Al Amir Dache et al., 2020; Song et al., 2020). The existence
of free and exosomal metabolically competent mitochondria,
mitochondrial proteins, and proteolipid fragments, has been
demonstrated in human and murine cerebrospinal fluid (CSF)
after injuries (i.e., ischemic stroke or hemorrhage) (Hayakawa
et al,, 2016; Chou et al,, 2017). Importantly, Joshi and coworkers
demonstrated stimulated release of functional, dysfunctional, and
fragmented mitochondria into the extracellular neuronal milieu,
thereby highlighting the biological importance of their specific
ratios under pathological conditions (Joshi et al, 2019). These
observed phenomena support the hypothesis that mitochondria
can survive and function independently of their cellular host
(Chandel, 2014; Snyder et al., 2015; Bohovych and
Khalimonchuk, 2016; Angajala et al., 2018; Lynch, 2020). We
speculate that extracellular mitochondria may represent a healthy
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reservoir of the integration-ready symbionts that can enter
compromised cells and replace damaged mitochondria. If true,
this would have major implications for our understanding of
basic cell biology as well as a number of diseases, such as
diabetes, neurological issues, psychological, epilepsy, and cancer,
which have been associated with mitochondrial dysfunction
(Stefano and Kream, 2015a; Hayakawa et al, 2016; Main and
Minter, 2017; Schilf et al., 2021).

Intact and fragmented mtDNA and additional chemical
components of mitochondria have been previously observed to
promote innate immune responses via selective activation of
cellular signaling such as the anti-viral cGAS-STING-TBK1
pathway (Wu et al, 2019). Interestingly, cellular release of
mtDNA and associated damage products has been proposed to
engender a beneficial selective signaling response that promotes
nDNA repair in affected cells, thereby suggesting that mtDNA
represents an important sentinel of genotoxic stress (Wu et al,
2019). This helps the cell eliminate the chemical stressors that could
damage the cell's DNA or internal structures. In this sense,
mitochondria act as “sentinels” in an intracellular immune
system, providing an early warning signal for the detection of
intracellular perturbations that affect the cellular energy supply
(Chandel, 2014; Stefano and Kream, 2015b; Bohovych and
Khalimonchuk, 2016; Saint-Georges-Chaumet and Edeas, 2016;
Dutta et al., 2020; Tiku et al., 2020; Brokatzky and Hacker, 2022).
Furthermore, if this distress signal is of sufficient strength, the scope
of the immune response increases to the point where adjacent cells
may be alerted to the danger. The distress signal in this protective
feedback loop is likely initiated by mitochondria-derived reactive
oxygen species (ROS), such as hydrogen peroxide. Therefore,
mitochondria can perform both positive and negative sensory
functions, by not only detecting a perturbation but then
channeling this determination into an established reaction.

Although mitochondrial function is tightly linked to oxygen
levels and believed to depend on its presence, they can also continue
to function and generate energy under low oxygen (hypoxic)
conditions (Kalghatgi et al., 2013; Stefano et al., 2015¢; Debattisti
et al.,, 2017; Castillo et al., 2019; Lynch, 2020). Mitochondria have
the ability to “shift” from aerobic to anaerobic functional capacities
in invertebrates and mammalian tissues (Stefano et al., 2015¢;
Zahonova et al., 2022). This potentially demonstrates an aspect of
independent behavior in the response to microenvironmental
challenges and their nature as a dynamic cellular entity ensuring
survival by exhibiting a higher level of performance to meet stressful
stimuli. Mitochondria are known to transform into anaerobic
mitochondria, hydrogenosomes, mitosomes, and various
transition stages in between, collectively called mitochondrion-
related organelles (MROs), which vary in enzymatic capacity
(Zahonova et al., 2022). Protists that experience hypoxia often
possess metabolically distinct MROs. Over the past decade, deep-
sequencing studies of free-living anaerobic protists have revealed
novel configurations of metabolic pathways that have been co-opted
for life in low oxygen environments (Stairs et al., 2015). Utilization
of these anaerobic pathways of mitochondrial energy metabolism
known to be present in other mammalian tissues may provide
strategies to limit mitochondrial dysfunction and allow cellular
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repair before the onset of irreversible injury, for example, by
ischemia or hypoxia (Weinberg et al., 2000). Similar evolutionary
conserved protective mechanisms can be found in mammalian
oocytes, where maternally inherited mitochondria remain
functionally silent (i.e., quiescent state) in order to minimize
mitochondrial DNA mutations and their passing down to the
embryo (Babayev and Seli, 2015). Quiescent mechanisms are
believed to rely on various highly complex metabolic shifts
depending on cellular-mitochondrial communication and cell-
cycle status and involve the activity of specific metabolic proteins
(e.g., mitochondrial fusion protein optic atrophy 1 [OPAL]),
mitochondrial fragmentation, the regulation of mitochondrial
ROS and antioxidant activity, etc. (Coller, 2019; Baker et al,
2022). Interestingly, paternal (i.e., sperm) mitochondria may exert
similar protective functions by sacrificing themselves early in the
fertilization process (i.e., gamete fusion) in order to protect the
embryo from deleterious ROS-induced mutations, which they may
carry (Babayev and Seli, 2015).

As our work suggests, a hypoxic microenvironment may also be
the ultimate trigger of the intracellular mitochondrial response (Stefano
and Kream, 2015b; Esch et al,, 2020), and that under those conditions
the cells recruit new mitochondria from the extracellular pool. We
surmise these recruited mitochondria may in turn serve an early
surveillance function (forming part of a protective feedback loop)
and have a role in chronic inflammation (Esch et al., 2020; Stefano
et al., 2022¢). Furthermore, recent work has demonstrated that it is
possible to transplant healthy mitochondria and rescue the function of
damaged cells, tissues, organs, and even organisms (McCully et al,
2016; Hayakawa et al., 2018; Nakamura et al., 2020). Together with
growing ability to edit the mitochondrial genome using CRISPR-based
genome editing approaches (Wallace, 2020), this suggests that some of
the diseases caused by mitochondrial dysfunction may be repaired and
treated by replacing malfunctioning mitochondria with engineered
ones. Overall, the discovery of extracellular mitochondrial pool as well
as the genetic independence led us to propose that unlike other
organelles that can’t survive outside the cell, mitochondria may have
a cell-independent extracellular function.

2.2 Mitochondrial mobility as a factor
supporting the mitochondrial functional
independence hypothesis

Mitochondria can move around in their intracellular
environment in response to cellular stressors such as hypoxia
(Berridge and Neuzil, 2017; Debattisti et al., 2017; Wu et al,
2019; Gitschlag et al., 2020). Recent studies have demonstrated
that mitochondria can also move from one cell to another to
perform the same type of restorative function (Birsa et al., 2013)
(Figure 2). One mechanism by which mitochondria can leave and
enter a cell involves the mitochondrion being encapsulated in the
cell membrane and removed from the cell via exocytosis in
membrane-bound structures called exosomes (McCoy-Simandle
et al,, 2016). Another mechanism involves the trafficking of
mitochondria between cells via tunneling nanotubes (Birsa et al,
2013; Hayakawa et al., 2016; Jackson et al., 2016). Recently, it has
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Dynamic nature of mitochondria. Mitochondria are dynamic entities that exhibit multiple kinds of motion in response to external cues and
intracellular environment. For example, if a region of the cell becomes disrupted, healthy mitochondria can migrate to that area. Mitochondria also
travel between cells, using exo- and endo-cytosis pathways, and extracellular mitochondria have independence to move through extracellular
space, for example, to reach compromised areas in the case of cerebral ischemia, hypoxia, etc. (Hayakawa et al.,, 2016). There are two primary
mechanisms through which mitochondria can traffic between cells: they can enter into membrane-enclosed vesicles called exosomes that are
secreted by the cell, which also contain mtDNA; or they can travel through cellular tunneling nanotubes. Recently it has also been suggested that
mitochondria and their products can make use of gap junction channels for intercellular transfer. This mobility demonstrates that mitochondria are
not bound to the cell in which they were formed, and may serve as mobile emergency battery (energy) and sensory units (see text).

been suggested that intercellular transfer of mitochondria and their
products may also occur via gap junction channels (Liu et al., 2022).
Additionally, in a damaged cell, newly recruited mitochondria may
supply genetic information to existing mitochondria or take their
place in the execution of energy- and repair-associated processes
(Stefano and Kream, 2022a; Stefano and Kream, 2022b). For
example, observations of intercellular migration of mitochondria
from neurons to astrocytes and from astrocytes to damaged
neurons and the transfer of endothelial progenitor cell (EPC)-
produced extracellular functional mitochondria to brain
endothelial cells support these contentions (Nakamura et al,
2020). Thus, mitochondria may serve as “ambulances” by sensing
and responding to microenvironmental emergencies that could lead
to complications at the tissue or organ level. This behavior also
suggests that mitochondria have retained their independence to
leave a given cell or environment and appear where they are most
needed, sensing the “traumatized area”. Collectively, these studies
suggest much more complex mobility capabilities than reported for
other organelles, further supporting our view of mitochondria as
independently functioning units.

2.3 Mitochondrial communication as a
factor supporting the mitochondrial
functional independence hypothesis

The recent insight that mitochondria engage in multiple types
of intracellular and intercellular communication led to a new label
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of mitochondria as a “social” organelle (Picard and Sandi, 2021).
Some of the features of mitochondrial behavior that have been
described are coordinated intracellular movement, either driven by
cellular cues or mitochondria themselves, mitochondrial fusion
and fission, group formation and synchronized behavior (Picard
and Sandi, 2021). All these processes depend on multiple different
lines of communication that mitochondria seem to employ, such
as direct interaction between mitochondria, or between
mitochondria and other organelles, whereby membrane contacts
enable direct transmission of information (Raimundo and Krisko,
2019; Xia et al., 2019; Desai et al., 2020). Furthermore,
mitochondrial mobility from one cell to another described above
opens further communication pathways (Wang and Gerdes, 2015;
Jackson et al,, 2016; McCoy-Simandle et al., 2016). Very recently
mitochondria-plasma membrane (PM) interactions have been
discussed as critical, yet understudied, mediators of
mitochondrial independence, suggesting that mitochondria
should be viewed as more than organelles subsumed by the cell
(Montes de Oca Balderas, 2021). That review also issued a call to
action for more study of mitochondria-PM interactions and their
biological roles.

Mitochondria also engage in active inter-mitochondrial
communication to coordinate self-assembly and dynamics,
which mirrors some aspects of quorum sensing of bacteria
(Picard et al,, 2015). In this case, communication is enabled by
formation of inter-mitochondrial junctions that facilitate
electrochemical communication. All these levels of
communication, inter-mitochondrial, inter-organelle, and inter-
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cellular are reminiscent of difterent types of communication that a
cell engages in. Thus, mitochondrial ability to maintain a “social”
network and engage in different types of communication, supports
our hypothesis that mitochondrial behavior and functions are
significantly more independent than currently viewed, given that
mitochondria are capable of interpreting signals and making
autonomous decisions, as well as collective (quorum-like)
decisions. It has been previously demonstrated that this social
behavior extends across kingdoms, facilitating communication
with other symbionts, such as bacteria and viruses. For example,
recent findings demonstrate that chemical signals from bacteria
(i.e., colonic acid and methyl metabolites) can regulate
mitochondrial fusion and fission thereby modulating gene
expression in the nucleus (Han et al., 2019).

Collectively, the main factors we highlight here, heteroplasmy,
presence of functional extracellular mitochondria, mitochondrial
mobility and mitochondrial “social” network and communication
support our hypothesis that mitochondria exhibit a high degree of
functional independence from their host cells. This strongly
suggests that mitochondria are more than just organelles and, as
proposed, represent independent (or semi-independent) functional
entities. Although evidence for mitochondrial independence is
robust, further studies are needed to better understand
mitochondria from this new perspective, especially the role of free
metabolically competent mitochondria in human physiology
and disease.

3 Implications of mitochondrial
functional independence hypothesis
for understanding and treating disease

Numerous diseases affect mitochondrial function or arise due to
mitochondrial abnormalities. Indeed, mitochondrial dysfunction is
currently associated with over 300 different conditions, including
cardiac disease and diabetes (Arnoult et al,, 2003; Stefano and
Kream, 2015a; Stefano et al., 2017; Pollara et al., 2018; Lynch, 2020;
Tiku et al., 2020; Schilf et al., 2021). Thus, studies of how
mitochondria function in different environments and under
varying conditions have the potential to reveal new treatment
strategies for diseases like cancer, heart disease, and mental
illness. From a perspective of our working hypothesis, it will be of
interest to examine what type of autonomous mitochondrial activity
contributes to disease, as well as provide evidence that extracellular
mitochondrial pool serves as a reservoir of ready-made
mitochondria that can rapidly replace malfunctioning ones in
affected cells.

As discussed above, mitochondria engage in multiple
interactive regulatory signaling pathways across cytosolic and
nuclear cellular compartments and with commensal and
pathogenic bacteria in the well-studied gut microbiome and in
the blood (Lobet et al., 2015; Snyder et al., 2015; Bedarf et al.,
2017; Markova, 2017; Castillo et al., 2019; Han et al., 2019; Al
Amir Dache et al, 2020; Deo et al., 2020; Esch et al., 2020;
Buttiker et al., 2021a; Buttiker et al., 2021b). This bacteria-
mitochondria exchange is especially likely to affect the
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extracellular mitochondrial pool. Possible outcomes of these
interactions are incorporation of rogue genetic material or
physical colonization that negatively influence mitochondrial
behavior in a way that benefits the pathogen. Horizontal gene
transfer (HGT) across organisms, for example, for self-
preservative purposes is a well-documented phenomenon. For
instance, HGT with chromosomal transfer of the E. faecalis
pathogenicity island containing protective genes is an example
of inter-bacterial gene transfer and accounts for the high
resistance of Enterococcus faecalis (Emamalipour et al, 2020).
Furthermore, sequence analysis of tardigrades, microscopic
eukaryotic animals, demonstrated that a substantial fraction of
their genes (ie., ca. 17.5%) have been obtained from bacteria,
plants, fungi, and archaea, confirming HGT also between
kingdoms. Another example of eukaryote-bacteria HGT is the
Gram-negative bacteria Agrobacterium tumefaciens which
transfers and merges DNA into plant genomes causing crown-
gall disease. Inter-eukaryotic HGT of mitochondrial genes and
encoding ribosomal and respiratory proteins has been
demonstrated in a phylogenetic analysis of different plant
species (Bergthorsson et al., 2003). While HGT has been
demonstrated to occur in many biological systems, gene transfer
between bacteria and mitochondria in mammals has not
extensively been examined. Milner and coworkers identified a
functional type II restriction modification system in the
mitochondrial genome of a marine protist acquired via HGT
from bacteria (Milner et al, 2021). Furthermore, Rice and
Palmer performed next-generation sequencing to putatively
demonstrate HGT in plastids of related genes (e.g., rpl36) which
are found in cyanobacteria and other groups of bacteria (Rice and
Palmer, 2006). Accordingly, Rice and coworkers have suggested
that donor mechanisms between bacteria and plastids may
underlie the targeting of plant mitochondria and the transfer of
regional and entire mtDNA genomes, as reported in the plant
Amborella trichopoda (Rice et al., 2013).

Viruses have also been shown to affect mitochondria in a similar
way (Saint-Georges-Chaumet and Edeas, 2016; Bedarf et al., 2017;
Han et al,, 2019; Neu and Mainou, 2020; Singh et al., 2020; Stefano
et al., 2022c¢); Stefano and Kream, 2022a; Stefano and Kream, 2022b.
Integration of viral genomes into the human genome has been
demonstrated for the human immunodeficiency virus type 1 (HIV-
1) and ancient human endogenous retroviruses (HERVs), which
make up 8% of the nuclear genome (Diaz-Carballo et al., 2017).
These molecular events are mediated by actions of reverse
transcriptase that can also lead to drug resistance (Megens et al.,
2014). Double stranded RNA has also been detected in human
mitochondria following SARS-CoV-2 and other coronavirus
infections, confirming the exchange of information via outer
mitochondrial membrane protein interactions (e.g., Tom20)
(Mehrzadi et al., 20215 Shang et al,, 2021). In sum, collected data
suggest that HGT from bacteria to mitochondria is a rare
occurrence. Furthermore, it appears that HGT from viruses to
mitochondria has not been previously described in the
biomedical literature.

Given the quantity and diversity of genetic information found
in bacteria, viruses, and mitochondria, we envision that a constant
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multidirectional exchange of information occurs between these
entities (Figure 1). However, the potential roles of this dynamic
and complex process, beyond providing survival advantage for the
pathogen, remain to be determined. For example, interesting
questions related to microbiome-dependent increase in
mitochondrial genetic diversity are whether these changes
compromise mitochondrial energy supply function and fitness of
the host, and whether they are retained and transmitted through
multiple generations of mitochondria and the host.

These insights raise the possibility of subverting this
multidirectional communication between the mitochondria and
the gut microbiota, including the virome, to engineer features that
can be incorporated into healthy extracellular mitochondria as a
strategy to thwart disease. On the flip side, it appears that
macrophages, an evolutionarily ancient subset of immune cells,
regularly release their mitochondria into the extracellular space to
facilitate the distribution of energy sources in the bacteria-rich
proinflammatory gut environment, which is then “hijacked” by
bacteria to exasperate infection (Saint-Georges-Chaumet and
Edeas, 2016; Main and Minter, 2017; Buttiker et al., 2021b). We
speculate that after exchanging information with bacteria, the
extracellular mitochondria may re-enter macrophages, and get
transported elsewhere in the body via the circulatory system
(Stefano et al., 1994). If these macrophages, carrying mitochondria
loaded with bacterial DNA, were to enter the vascular elements of
the brain, they may induce a proinflammatory response, which
negatively affects normal mental capacity by reducing the oxygen
supply to neuronal cells. In this example, multidirectional
communication between bacteria and mitochondria functions not
only as an immunological “sentinel” but also as a reservoir of
information that bacteria can access to influence mitochondrial
function. Additionally, cell trafficking into the brain suggests that
the blood brain barrier can be used as an access point into the central
nervous system (Stefano et al,, 2022d). Bacterial-mitochondrial
communication could also result in mitochondrial heteroplasmy,
as previously touched upon, whereby individual mitochondria serve
as a reservoir of genetic information and this genetic diversity
enables the mitochondria to meet multiple challenges. In this way,
heteroplasmy may be an evolutionary strategy for promoting health
and longevity (Stefano and Kream, 2022a; Stefano and
Kream, 2022b).

Mitochondrial heteroplasmy has been shown to exert profound
effects on downstream mitochondrial protein expression via
alterations on transcriptional regulation of mitochondrial gene
expression (Ye et al., 2022), and selective mutations in
mitochondrial tRNA genes (Abbott et al., 2014). Interestingly, it
has been empirically demonstrated that the mitochondrial protein
ATFS-1 promotes the binding of the mtDNA replicative
polymerase (POLG) to mtDNAs many of which express
heteroplasmic somatic mutations (Yang et al., 2022).
Furthermore, these data indicate that ATFS-1 promotes mtDNA
replication in dysfunctional mitochondria via enhanced POLG-
mtDNA binding, which will certainly exert downstream effects on
restoration of mitochondrial protein expression.

Functional independence of mitochondria has important
additional implications for treatment of human disease. For
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example, mitochondrial transplantation has been explored as a
strategy to provide a remedy for replenishing dysfunctional
mitochondria (Valenti et al., 2021). Mitochondrial
transplantation might be useful in a number of disorders, such
neurodegenerative diseases, toxic injury, ischemia, cardiovascular
diseases, aging, type 2 diabetes, and cancer (Park et al., 2021; Ulger
and Kubat, 2022). In regard to ischemia treatment, a systematic
review of the animal and human trials for mitochondrial
transplantation found beneficial effects of mitochondrial
transplantation. Various ways of mitochondrial transplantation
have been tested, most of which involve injection of isolated
autologous, allogeneic, or even xenogeneic mitochondria or their
particles directly into the affected area or into the bloodstream (i.e.,
intravascularly) (Nakamura et al, 2020; Liu et al, 2022). The
therapeutic potential of mitochondrial transplantation has been
signified in various murine models. Specifically, the injection of
healthy mitochondria demonstrated improvement of acute
bioenergetics in spinal cord injury, the prevention of cognitive
impairment in Schizophrenia, the attenuation of dopaminergic
neuron degeneration in Parkinson’s Disease, and induction of
neuroprotective effects following cerebral ischemia (Nakamura
et al, 2020; Liu et al, 2022). However, clinical translation of
mitochondrial transplants remains limited, and further research
is required to demonstrate efficacy and safety of these procedures
(UMINO000043347) (Hayashida et al., 2021). Therefore,
mitochondrial transplantation is currently under debate and
many questions remain open (Lightowlers et al., 2020).
Nonetheless, the fact that mitochondria can be transplanted, and
result in cells with repaired function further supports our
hypothesis that mitochondria are functionally independent.

Taken together, the communication between mitochondria,
bacteria and viruses may drive ongoing evolution of
mitochondria. In some cases, integrating bacterial or viral genetic
information into mitochondrial population may drive infection and
benefit the pathogen. However, we also argue that some of these
changes may increase the fitness of the host as well. Lastly, we
envision mitochondrial engineering as a promising biotechnological
strategy, as well as a potential therapeutic modality for treatment of
human disease, and promotion of health and longevity. We
appreciate that at this point this remains a speculation, and that
applications aimed at extending lifespan are controversial and
deserve careful ethical consideration. Nevertheless, we expect that
the new view of mitochondria as independent entities will open
future opportunities for such advancements to widen our
understanding of basic biology and potentially translate this
insight into new medicines.

A 2016 publication by Wang and coworkers indicated that there
was a paucity of approved drugs that directly targeted mitochondria
for therapeutic intervention in a wide variety of human disorders,
notably metastatic disease and metabolic insufficiencies (Wang
et al, 2016). Recent extensive reviews, however, present positive
developments and linked to multiple medicinal chemical candidates
for treatment of a broad spectrum of cancer cells and solid tumors
(Singh et al., 2021) and multiple metabolic disorders (Catalan et al.,
2020) via direct targeting of mitochondria. For example, Singh and
coworkers have focused on mitochondrial inhibitors of
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dysregulated bioenergetics processes in cancer stem cells to inhibit
progression of a wide variety of human cancers (Singh et al., 2021).
Potential agents include novel transport vehicles in combination
with known pharmacophores, including natural products as well as
experimental compounds and prodrugs. The authors provide
strong commentary on the unique biochemical properties of
cancer stem cell mitochondria which have previously made them
quite refractory to traditional treatments and should now be
approached via novel choice and testing of potential matching of
therapeutic agents. Catalan and coworkers highlight recent
pharmacological advances in the treatment of human pathologies
linked to mitochondrial dysfunction arising from genetic
polymorphisms affecting multiple phases of mitochondrial protein
and nucleic acid expression or dysregulation of convergent
metabolic pathways negatively affecting mitochondrial
bioenergetics (Catalan et al, 2020). They provide a useful
compendium of both potential targeting and non-targeting
mitochondrial agents. In conclusion, it is clear that the interactive
complexity of mitochondria that is required to support normative
energy metabolism requires development of novel agents and/or the
use of old agents that did not initially target them, e.g., antibiotics
and natural compounds for inhibition of cancer progression
and treatment of genetically determined and systemic
metabolic disorders.

Furthermore, the mitochondrion itself may be considered a
highly specialized nanoparticle approaching an upper limit of 1000-
2000 nanometers in diameter. From mechanistic perspectives it
may contain hundreds of restorative circular mtDNA molecules,
mRNAs encoding restorative mitochondrial proteins and unique
tRNAs (Xu et al,, 2022). Accordingly, emerging restorative
technologies involving mitochondrial transplantation should be
intimately linked to the strict maintenance of the integrity of
essential biochemical and molecular components of this unique
“nanoparticle”. From traditional pharmacological perspectives,
however, cancer therapeutics utilizing nanoparticles have
attempted to specifically target and destroy cancer cell
mitochondria via photodynamic, photothermal, or direct
chemical approaches (as reviewed, (Xu et al., 2022)). Here the
authors contend that effective targeting and destruction of cancer
stem cell by nanoparticle administration have been demonstrated to
be highly efficacious compared to non-mitochondria-targeting
platforms. Importantly, mitochondrial targeting by nanoparticles
must be effectively designed to accommodate ongoing tumor
microenvironments for highly efficacious cancer cell destruction
and represents a promising strategy for drug delivery to inhibit
tumor progression.

4 Conclusions

Although bacterial origin of mitochondria has been widely
accepted, most current research and thinking in the field assumes
that mitochondria have lost independent function and become fully
integrated into eukaryotic cells; thus, mitochondria are
rarely viewed as anything but an organelle that provides energy to
support life. However, here we argue that the view of mitochondria
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needs to be expanded to consider mitochondria as an independent
entity, especially given the recent discovery of fully functional
extracellular mitochondria. We summarize the evidence that
mitochondria have numerous independent functions, and may, to
some extent, evolve independently of the host through interactions
and exchange of genetic information with bacteria and viruses. In
our current model of expanded, independent mitochondrial
function we propose that extracellular mitochondria play a key
role in human physiology as an on-demand reservoir of healthy
mitochondria that can be rapidly internalized to replace damaged
and faulty ones in response to a range of environmental signals. In
conclusion, the well-established symbiotic relationship that exists
between the mitochondria and the eukaryotic host cell has masked
the other intriguing features of this system and its independent
nature and sensory function, both of which merit
further investigation.

Clearly, organismic independence is both a key scientific as well
as a philosophical question that requires carefully designed sets of
definitions. Many different qualitative propositions have been
offered to complete or challenge the Darwinist view of defining a
biological independent entity (Gould and Lloyd, 1999). Depending
on the precise definition, the organismic independence of many
procaryotes and other microorganisms may be functionally linked
to their strict dependence on a symbiotic or parasitic relationship.
Although we do not suggest that the mitochondrion may or may
not be a biologically independent entity, similar philosophical
conclusions could be drawn, given the presented mitochondrial
mechanisms, the individual genomic information, as well as the
organelle’s reproduction via prokaryotic binary fission. In this
paper, however, we encourage the reader to challenge the current
position of the mitochondrion and appreciate its functional
independence within the constraint of its human host.

Author contributions

Conceptualization, GS, RK; investigation, PB, SW, TE; writing
—original draft preparation, GS; writing—review and editing, RK,
SW, TE, MA, JR, RP; visualization, PB, GS; supervision, SW, RP;
project administration, JR, MA; All authors have read and agreed to
the published version of the manuscript.

Funding

This work was supported by Cooperatio Program, research area
Neuroscience and by the project MH CZ - DRO VFN64165.

Acknowledgments

PB is a PhD Candidate, awarded a stipend, in the Dept. of
Psychiatry, First Faculty of Medicine, Charles University in Prague,
Czech Republic. BioRender was used to design figures and authors
wish to thank the platform for the publication license. Additionally,
we would like to thank the Department for hosting this project.

frontiersin.org


https://doi.org/10.3389/fcimb.2023.1130197
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Stefano et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The reviewer [VH] declared a shared affiliation with the author
(s) [GS, PB, MA, JR, RK, RP] to the handling editor at time
of review.

References

Abbott, J. A., Francklyn, C. S., and Robey-Bond, S. M. (2014). Transfer RNA and
human disease. Front. Genet. 5. doi: 10.3389/fgene.2014.00158

Al Amir Dache, Z., Otandault, A., Tanos, R,, Pastor, B., Meddeb, R., Sanchez, C,,
et al. (2020). Blood contains circulating cell-free respiratory competent mitochondria.
FASEB J. 34 (3), 3616-3630. doi: 10.1096/£j.201901917RR

Angajala, A., Lim, S., Phillips, J. B., Kim, J. H., Yates, C., You, Z., et al. (2018). Diverse
roles of mitochondria in immune responses: novel insights into immuno-metabolism.
Front. Immunol. 9. doi: 10.3389/fimmu.2018.01605

Arnoult, D, Petit, F., Lelievre, J. D., and Estaquier, J. (2003). Mitochondria in HIV-1-
induced apoptosis. Biochem. Biophys. Res. Commun. 304 (3), 561-574. doi: 10.1016/
$0006-291x(03)00629-6

Babayev, E., and Seli, E. (2015). Oocyte mitochondrial function and reproduction.
Curr. Opin. Obstet Gynecol 27 (3), 175-181. doi: 10.1097/GC0.0000000000000164

Baker, N., Wade, S., Triolo, M., Girgis, J., Chwastek, D., Larrigan, S., et al. (2022).
The mitochondrial protein OPAL1 regulates the quiescent state of adult muscle stem
cells. Cell Stem Cell 29 (9), 1315-1332.e1319. doi: 10.1016/j.stem.2022.07.010

Bedarf, J. R., Hildebrand, F., Coelho, L. P., Sunagawa, S., Bahram, M., Goeser, F.,
et al. (2017). Functional implications of microbial and viral gut metagenome changes in
early stage 1-DOPA-naive parkinson’s disease patients. Genome Med. 9 (1), 39.
doi: 10.1186/s13073-017-0428-y

Bergthorsson, U., Adams, K. L., Thomason, B., and Palmer, J. D. (2003). Widespread
horizontal transfer of mitochondrial genes in flowering plants. Nature 424 (6945), 197-
201. doi: 10.1038/nature01743

Berridge, M. V., and Neuzil, J. (2017). The mobility of mitochondria: intercellular
trafficking in health and disease. Clin. Exp. Pharmacol. Physiol. 44 (Suppl 1), 15-20.
doi: 10.1111/1440-1681.12764

Birsa, N., Norkett, R., Higgs, N., Lopez-Domenech, G., and Kittler, J. T. (2013).
Mitochondrial trafficking in neurons and the role of the miro family of GTPase
proteins. Biochem. Soc. Trans. 41 (6), 1525-1531. doi: 10.1042/BST20130234

Boguszewska, K., Szewczuk, M., Kazmierczak-Baranska, J., and Karwowski, B. T.
(2020). The similarities between human mitochondria and bacteria in the context of
structure, genome, and base excision repair system. Molecules 25 (12). doi: 10.3390/
molecules25122857

Bohovych, I, and Khalimonchuk, O. (2016). Sending out an SOS: mitochondria as a
signaling hub. Front. Cell Dev. Biol. 4. doi: 10.3389/fcell.2016.00109

Brokatzky, D., and Hacker, G. (2022). Mitochondria: intracellular sentinels of
infections. Med. Microbiol. Immunol. 211 (4), 161-172 doi: 10.1007/s00430-022-
00742-9

Bruckmaier, M., Tachtsidis, I, Phan, P., and Lavie, N. (2020). Attention and capacity
limits in perception: a cellular metabolism account. J. Neurosci. 40 (35), 6801-6811.
doi: 10.1523/JNEUROSCI.2368-19.2020

Buttiker, P., Weissenberger, S., Ptacek, R., and Stefano, G. B. (2021a). Interoception,
trait anxiety, and the gut microbiome: a cognitive and physiological model. Med. Sci.
Monit 27, €931962. doi: 10.12659/MSM.931962

Buttiker, P., Weissenberger, S., Stefano, G. B., Kream, R. M., and Ptacek, R. (2021b).
SARS-CoV-2, trait anxiety, and the microbiome. Front. Psychiatry 12. doi: 10.3389/
fpsyt.2021.720082

Castillo, D. J., Rifkin, R. F., Cowan, D. A., and Potgieter, M. (2019). The healthy
human blood microbiome: fact or fiction? Front. Cell Infect. Microbiol. 9. doi: 10.3389/
fcimb.2019.00148

Catalan, M., Olmedo, I, Faundez, J., and Jara, J. A. (2020). Medicinal chemistry
targeting mitochondria: from new vehicles and pharmacophore groups to old drugs
with mitochondrial activity. Int. J. Mol. Sci. 21 (22). doi: 10.3390/ijms21228684

Cavalier-Smith, T. (2006). Origin of mitochondria by intracellular enslavement of a
photosynthetic purple bacterium. Proc.Biol.Sci. 273 (1596), 1943-1952. doi: 10.1098/
rspb.2006.3531

Chandel, N. S. (2014). Mitochondria as signaling organelles. BMC Biol. 12, 34.
doi: 10.1186/1741-7007-12-34

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2023.1130197

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Chou, S. H,, Lan, J., Esposito, E., Ning, M., Balaj, L., Ji, X., et al. (2017). Extracellular
mitochondria in cerebrospinal fluid and neurological recovery after subarachnoid
hemorrhage. Stroke 48 (8), 2231-2237. doi: 10.1161/STROKEAHA.117.017758

Coller, H. A. (2019). The paradox of metabolism in quiescent stem cells. FEBS Lett.
593 (20), 2817-2839. doi: 10.1002/1873-3468.13608

Collins, T. J., Berridge, M. J., Lipp, P., and Bootman, M. D. (2002). Mitochondria are
morphologically and functionally heterogeneous within cells. EMBO J. 21 (7), 1616—
1627. doi: 10.1093/emboj/21.7.1616

Debattisti, V., Gerencser, A. A., Saotome, M., Das, S., and Hajnoczky, G. (2017). ROS
control mitochondrial motility through p38 and the motor adaptor Miro/Trak. Cell
Rep. 21 (6), 1667-1680. doi: 10.1016/j.celrep.2017.10.060

Deo, P., Chow, S. H.,, Han, M. L., Speir, M., Huang, C., Schittenhelm, R. B., et al.
(2020). Mitochondrial dysfunction caused by outer membrane vesicles from gram-
negative bacteria activates intrinsic apoptosis and inflammation. Nat. Microbiol. 5 (11),
1418-1427. doi: 10.1038/s41564-020-0773-2

Desai, R., East, D. A,, Hardy, L., Faccenda, D., Rigon, M., Crosby, J., et al. (2020).

Mitochondria form contact sites with the nucleus to couple prosurvival retrograde
response. Sci. Adv. 6 (51). doi: 10.1126/sciadv.abc9955

Diaz-Carballo, D., Klein, J., Acikelli, A. H., Wilk, C., Saka, S., Jastrow, H., et al.
(2017). Cytotoxic stress induces transfer of mitochondria-associated human
endogenous retroviral RNA and proteins between cancer cells. Oncotarget 8 (56),
95945-95964. doi: 10.18632/oncotarget.21606

Dutta, S., Das, N., and Mukherjee, P. (2020). Picking up a fight: fine tuning
mitochondrial innate immune defenses against RNA viruses. Front. Microbiol. 11.
doi: 10.3389/fmicb.2020.01990

Emamalipour, M., Seidi, K., Zununi Vahed, S., Jahanban-Esfahlan, A., Jaymand, M.,
Majdi, H., et al. (2020). Horizontal gene transfer: from evolutionary flexibility to disease
progression. Front. Cell Dev. Biol. 8. doi: 10.3389/fcell.2020.00229

Esch, T., Stefano, G. B., Ptacek, R., and Kream, R. M. (2020). Emerging roles of
blood-borne intact and respiring mitochondria as bidirectional mediators of pro- and
anti-inflammatory processes. Med. Sci. Monit 26, €924337. doi: 10.12659/MSM.924337

Gitschlag, B. L., Tate, A. T., and Patel, M. R. (2020). Nutrient status shapes selfish
mitochondrial genome dynamics across different levels of selection. Elife 9.
doi: 10.7554/eLife.56686

Gould, S. J., and Lloyd, E. A. (1999). Individuality and adaptation across levels of
selection: how shall we name and generalize the unit of Darwinism? Proc. Natl. Acad.
Sci. U.S.A. 96 (21), 11904-11909. doi: 10.1073/pnas.96.21.11904

Gray, M. W,, Burger, G., and Lang, B. F. (1999). Mitochondrial evolution. Science
283 (5407), 1476-1481. doi: 10.1126/science.283.5407.1476

Gray, M. W,, Burger, G,, and Lang, B. F. (2001). The origin and early evolution of
mitochondria. Genome Biol. 2 (6), REVIEWS1018. doi: 10.1186/gb-2001-2-6-reviews1018

Han, B,, Lin, C. ]., Hu, G., and Wang, M. C. (2019). ‘Inside out’- a dialogue between
mitochondria and bacteria. FEBS J. 286 (4), 630-641. doi: 10.1111/febs.14692

Hayakawa, K., Bruzzese, M., Chou, S. H,, Ning, M., Ji, X,, and Lo, E. H. (2018).
Extracellular mitochondria for therapy and diagnosis in acute central nervous system
injury. JAMA Neurol. 75 (1), 119-122. doi: 10.1001/jamaneurol.2017.3475

Hayakawa, K., Esposito, E., Wang, X, Terasaki, Y., Liu, Y., Xing, C,, et al. (2016).
Transfer of mitochondria from astrocytes to neurons after stroke. Nature 535 (7613),
551-555. doi: 10.1038/nature18928

Hayashida, K., Takegawa, R., Shoaib, M., Aoki, T., Choudhary, R. C., Kuschner, C.
E., etal. (2021). Mitochondrial transplantation therapy for ischemia reperfusion injury:
a systematic review of animal and human studies. J. Transl. Med. 19 (1), 214.
doi: 10.1186/s12967-021-02878-3

Hazkani-Covo, E., Zeller, R. M., and Martin, W. (2010). Molecular poltergeists:
mitochondrial DNA copies (numts) in sequenced nuclear genomes. PloS Genet. 6 (2),
€1000834. doi: 10.1371/journal.pgen.1000834

Jackson, M. V., Morrison, T. J., Doherty, D. F,, McAuley, D. F., Matthay, M. A,,
Kissenpfennig, A., et al. (2016). Mitochondrial transfer via tunneling nanotubes (TNT)
is an important mechanism by which mesenchymal stem cells enhance macrophage

frontiersin.org


https://doi.org/10.3389/fgene.2014.00158
https://doi.org/10.1096/fj.201901917RR
https://doi.org/10.3389/fimmu.2018.01605
https://doi.org/10.1016/s0006-291x(03)00629-6
https://doi.org/10.1016/s0006-291x(03)00629-6
https://doi.org/10.1097/GCO.0000000000000164
https://doi.org/10.1016/j.stem.2022.07.010
https://doi.org/10.1186/s13073-017-0428-y
https://doi.org/10.1038/nature01743
https://doi.org/10.1111/1440-1681.12764
https://doi.org/10.1042/BST20130234
https://doi.org/10.3390/molecules25122857
https://doi.org/10.3390/molecules25122857
https://doi.org/10.3389/fcell.2016.00109
https://doi.org/10.1007/s00430-022-00742-9
https://doi.org/10.1007/s00430-022-00742-9
https://doi.org/10.1523/JNEUROSCI.2368-19.2020
https://doi.org/10.12659/MSM.931962
https://doi.org/10.3389/fpsyt.2021.720082
https://doi.org/10.3389/fpsyt.2021.720082
https://doi.org/10.3389/fcimb.2019.00148
https://doi.org/10.3389/fcimb.2019.00148
https://doi.org/10.3390/ijms21228684
https://doi.org/10.1098/rspb.2006.3531
https://doi.org/10.1098/rspb.2006.3531
https://doi.org/10.1186/1741-7007-12-34
https://doi.org/10.1161/STROKEAHA.117.017758
https://doi.org/10.1002/1873-3468.13608
https://doi.org/10.1093/emboj/21.7.1616
https://doi.org/10.1016/j.celrep.2017.10.060
https://doi.org/10.1038/s41564-020-0773-2
https://doi.org/10.1126/sciadv.abc9955
https://doi.org/10.18632/oncotarget.21606
https://doi.org/10.3389/fmicb.2020.01990
https://doi.org/10.3389/fcell.2020.00229
https://doi.org/10.12659/MSM.924337
https://doi.org/10.7554/eLife.56686
https://doi.org/10.1073/pnas.96.21.11904
https://doi.org/10.1126/science.283.5407.1476
https://doi.org/10.1186/gb-2001-2-6-reviews1018
https://doi.org/10.1111/febs.14692
https://doi.org/10.1001/jamaneurol.2017.3475
https://doi.org/10.1038/nature18928
https://doi.org/10.1186/s12967-021-02878-3
https://doi.org/10.1371/journal.pgen.1000834
https://doi.org/10.3389/fcimb.2023.1130197
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Stefano et al.

phagocytosis in the in vitro and in vivo models of ARDS. Stem Cells. 34 (8), 2210-23.
doi: 10.1002/stem.2372

Joshi, A. U., Minhas, P. S., Liddelow, S. A., Haileselassie, B., Andreasson, K. 1., Dorn,
G. W, et al. (2019). Fragmented mitochondria released from microglia trigger Al
astrocytic response and propagate inflammatory neurodegeneration. Nat. Neurosci. 22
(10), 1635-1648. doi: 10.1038/s41593-019-0486-0

Kalghatgi, S., Spina, C. S., Costello, J. C., Liesa, M., Morones-Ramirez, J. R., Slomovic,
S., etal. (2013). Bactericidal antibiotics induce mitochondrial dysfunction and oxidative
damage in mammalian cells. Sci. Transl. Med. 5 (192), 192ral85. doi: 10.1126/
scitranslmed.3006055

Lightowlers, R. N., Chrzanowska-Lightowlers, Z. M., and Russell, O. M. (2020).
Mitochondrial transplantation-a possible therapeutic for mitochondrial dysfunction?:
mitochondrial transfer is a potential cure for many diseases but proof of efficacy and
safety is still lacking. EMBO Rep. 21 (9), €50964. doi: 10.15252/embr.202050964

Liu, Z., Sun, Y,, Qi, Z, Cao, L, and Ding, S. (2022). Mitochondrial transfer/
transplantation: an emerging therapeutic approach for multiple diseases. Cell Biosci.
12 (1), 66. doi: 10.1186/s13578-022-00805-7

Lobet, E., Letesson, J. J., and Arnould, T. (2015). Mitochondria: a target for bacteria.
Biochem. Pharmacol. 94 (3), 173-185. doi: 10.1016/j.bcp.2015.02.007

Lynch, M. A. (2020). Can the emerging field of immunometabolism provide insights
into neuroinflammation? Prog. Neurobiol. 184, 101719. doi: 10.1016/
j.pneurobio.2019.101719

MacVicar, T., Ohba, Y., Nolte, H., Mayer, F. C,, Tatsuta, T., Sprenger, H. G,, et al.
(2019). Lipid signalling drives proteolytic rewiring of mitochondria by YMEIL. Nature
575 (7782), 361-365. doi: 10.1038/s41586-019-1738-6

Magistretti, P. J., and Allaman, I. (2015). A cellular perspective on brain energy
metabolism and functional imaging. Neuron 86 (4), 883-901. doi: 10.1016/
jneuron.2015.03.035

Main, B. S., and Minter, M. R. (2017). Microbial immuno-communication in
neurodegenerative diseases. Front. Neurosci. 11. doi: 10.3389/fnins.2017.00151

Markova, N. D. (2017). L-form bacteria cohabitants in human blood: significance for
health and diseases. Discovery Med. 23 (128), 305-313.

Martijn, J., Vosseberg, J., Guy, L., Offre, P., and Ettema, T. J. G. (2018). Deep
mitochondrial origin outside the sampled alphaproteobacteria. Nature 557 (7703),
101-105. doi: 10.1038/s41586-018-0059-5

McCoy-Simandle, K., Hanna, S. J., and Cox, D. (2016). Exosomes and nanotubes:
control of immune cell communication. Int. J. Biochem. Cell Biol. 71, 44-54.
doi: 10.1016/j.biocel.2015.12.006

McCully, J. D., Levitsky, S., Del Nido, P. J., and Cowan, D. B. (2016). Mitochondrial
transplantation for therapeutic use. Clin. Transl. Med. 5 (1), 16. doi: 10.1186/s40169-
016-0095-4

Megens, S., Vaira, D., De Baets, G., Dekeersmaeker, N., Schrooten, Y., Li, G., et al.
(2014). Horizontal gene transfer from human host to HIV-1 reverse transcriptase
confers drug resistance and partly compensates for replication deficits. Virology 456-
457, 310-318. doi: 10.1016/j.virol.2014.03.023

Mehrzadi, S., Karimi, M. Y., Fatemi, A., Reiter, R. J., and Hosseinzadeh, A. (2021).
SARS-CoV-2 and other coronaviruses negatively influence mitochondrial quality
control: beneficial effects of melatonin. Pharmacol. Ther. 224, 107825. doi: 10.1016/
j.pharmthera.2021.107825

Milner, D. S., Wideman, J. G., Stairs, C. W., Dunn, C. D., and Richards, T. A. (2021).
A functional bacteria-derived restriction modification system in the mitochondrion of a
heterotrophic protist. PloS Biol. 19 (4), €3001126. doi: 10.1371/journal.pbio.3001126

Montes de Oca Balderas, P. (2021). Mitochondria-plasma membrane interactions
and communication. J. Biol. Chem. 297, 1-13. doi: 10.1016/j.jbc.2021.101164

Munoz-Gomez, S. A., Susko, E., Williamson, K., Eme, L., Slamovits, C. H., Moreira,
D., et al. (2022). Site-and-branch-heterogeneous analyses of an expanded dataset favour
mitochondria as sister to known alphaproteobacteria. Nat. Ecol. Evol. 6 (3), 253-262.
doi: 10.1038/s41559-021-01638-2

Nakamura, Y., Park, J. H., and Hayakawa, K. (2020). Therapeutic use of extracellular
mitochondria in CNS injury and disease. Exp. Neurol. 324, 113114. doi: 10.1016/
j.expneurol.2019.113114

Neu, U., and Mainou, B. A. (2020). Virus interactions with bacteria: partners in the
infectious dance. PloS Pathog. 16 (2), €1008234. doi: 10.1371/journal.ppat.1008234

Park, A., Oh, M., Lee, S. J., Oh, K. ], Lee, E. W, Lee, S. C., et al. (2021). Mitochondrial
transplantation as a novel therapeutic strategy for mitochondrial diseases. Int. J. Mol.
Sci. 22 (9). doi: 10.3390/ijms22094793

Picard, M., McManus, M. J., Csordas, G., Varnai, P., Dorn, G. W.2nd, Williams, D.,
et al. (2015). Trans-mitochondrial coordination of cristae at regulated membrane
junctions. Nat. Commun. 6 6259. doi: 10.1038/ncomms7259

Picard, M., and Sandi, C. (2021). The social nature of mitochondria: implications for
human health. Neurosci. Biobehav. Rev. 120, 595-610. doi: 10.1016/j.neubiorev.2020.04.017

Pollara, J., Edwards, R. W,, Lin, L, Bendersky, V. A, and Brennan, T. V. (2018).
Circulating mitochondria in deceased organ donors are associated with immune activation
and early allograft dysfunction. JCI Insight 3 (15). doi: 10.1172/jci.insight.121622

Puertas, M. ., and Gonzalez-Sanchez, M. (2020). Insertions of mitochondrial DNA
into the nucleus-effects and role in cell evolution. Genome 63 (8), 365-374.
doi: 10.1139/gen-2019-0151

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2023.1130197

Raichle, M. E., and Gusnard, D. A. (2002). Appraising the brain’s energy budget.
Proc. Natl. Acad. Sci. U.S.A. 99 (16), 10237-10239. doi: 10.1073/pnas.172399499

Raimundo, N., and Krisko, A. (2019). Editorial: mitochondrial communication in
physiology, disease and aging. Front. Cell Dev. Biol. 7. doi: 10.3389/fcell.2019.00054

Rangaraju, V., Calloway, N., and Ryan, T. A. (2014). Activity-driven local ATP
synthesis is required for synaptic function. Cell 156 (4), 825-835. doi: 10.1016/
j.cell.2013.12.042

Rice, D. W., Alverson, A. J., Richardson, A. O., Young, G. J., Sanchez-Puerta, M. V.,
Munzinger, J., et al. (2013). Horizontal transfer of entire genomes via mitochondrial
fusion in the angiosperm amborella. Science 342 (6165), 1468-1473. doi: 10.1126/
science.1246275

Rice, D. W., and Palmer, J. D. (2006). An exceptional horizontal gene transfer in
plastids: gene replacement by a distant bacterial paralog and evidence that haptophyte
and cryptophyte plastids are sisters. BMC Biol. 4, 31. doi: 10.1186/1741-7007-4-31

Saint-Georges-Chaumet, Y., and Edeas, M. (2016). Microbiota-mitochondria inter-
talk: consequence for microbiota-host interaction. Pathog. Dis. 74 (1), ftv096.
doi: 10.1093/femspd/ftv096

Schilf, P., Kunstner, A., Olbrich, M., Waschina, S., Fuchs, B., Galuska, C. E., et al.
(2021). A mitochondrial polymorphism alters immune cell metabolism and protects
mice from skin inflammation. Int. J. Mol. Sci. 22 (3). doi: 10.3390/ijms22031006

Shang, C,, Liu, Z., Zhu, Y., Lu, J., Ge, C,, Zhang, C,, et al. (2021). SARS-CoV-2 causes
mitochondrial dysfunction and mitophagy impairment. Front. Microbiol. 12.
doi: 10.3389/fmicb.2021.780768

Singh, K. K., Chaubey, G., Chen, J. Y., and Suravajhala, P. (2020). Decoding SARS-
CoV-2 hijacking of host mitochondria in COVID-19 pathogenesis. Am. J. Physiol. Cell
Physiol. 319 (2), C258-C267. doi: 10.1152/ajpcell.00224.2020

Singh, A., Faccenda, D., and Campanella, M. (2021). Pharmacological advances in
mitochondrial therapy. EBioMedicine 65, 103244. doi: 10.1016/j.ebiom.2021.103244

Snyder, C., Kream, R. M., Ptacek, R., and Stefano, G. B. (2015). Mitochondria,
microbiome and their potential psychiatric modulation. Autism Open Access 5 (2), 144.
doi: 10.4172/2165-7890.1000144

Song, X., Hu, W,, Yu, H., Wang, H., Zhao, Y., Korngold, R., et al. (2020). Existence of
circulating mitochondria in human and animal peripheral blood. Int. J. Mol. Sci. 21 (6).
doi: 10.3390/ijms21062122

Sorouri, M., Chang, T., and Hancks, D. C. (2022). Mitochondria and viral infection:
advances and emerging battlefronts. mBio 13 (1), €0209621. doi: 10.1128/mbi0.02096-21

Stairs, C. W., Leger, M. M., and Roger, A. J. (2015). Diversity and origins of
anaerobic metabolism in mitochondria and related organelles. Philos. Trans. R Soc.
Lond B Biol. Sci. 370 (1678), 20140326. doi: 10.1098/rstb.2014.0326

Stefano, G. B., Bilfinger, T. V., and Fricchione, G. L. (1994). The immune neuro-link
and the macrophage: postcardiotomy delirium, HIV-associated dementia and
psychiatry. Prog.Neurobiol. 42, 475-488. doi: 10.1016/0301-0082(94)90048-5

Stefano, G. B, Bjenning, C,, Wang, F., Wang, N, and Kream, R. M. (2017). Mitochondrial
heteroplasmy. Adv. Exp. Med. Biol. 982, 577-594. doi: 10.1007/978-3-319-55330-6_30

Stefano, G. B., Biittiker, P., and Kream, R. M. (2022d). Reassessment of the blood-
brain barrier: a potential target for viral entry into the immune-privileged brain. Germs
12 (1), 99-100. doi: 10.18683/germs.2022.1310

Stefano, G. B., Buttiker, P., Weissenberger, S., Ptacek, R., Wang, F., Esch, T., et al.
(2022¢). Biomedical perspectives of acute and chronic neurological and
neuropsychiatric sequelae of COVID-19. Curr. Neuropharmacol 20 (6), 1229-1240.
doi: 10.2174/1570159X20666211223130228

Stefano, G. B., and Kream, R. M. (2015a). Cancer: mitochondrial origins. Med. Sci.
Monitor 21, 3736-3739. doi: 10.12659/MSM.895990

Stefano, G. B., and Kream, R. M. (2015b). Hypoxia defined as a common Culprit/
Initiation factor in mitochondrial-mediated proinflammatory processes. Med. Sci.
Monit 21, 1478-1484. doi: 10.12659/MSM.894437

Stefano, G. B., and Kream, R. M. (2022a). Mitochondrial DNA heteroplasmy as an
informational reservoir dynamically linked to metabolic and immunological processes
associated with COVID-19 neurological disorders. Cell Mol. Neurobiol. 42 (1), 99-107.
doi: 10.1007/s10571-021-01117-z

Stefano, G. B., and Kream, R. M. (2022b). Viruses broaden the definition of life by
genomic incorporation of artificial intelligence and machine learning processes. Curr.
Neuropharmacol 20, 1888-1893. doi: 10.2174/1570159X20666220420121746

Stefano, M. L., Kream, R. M., and Stefano, G. B. (2020). A novel vaccine employing
non-replicating rabies virus expressing chimeric SARS-CoV-2 spike protein domains:
functional inhibition of Viral/Nicotinic acetylcholine receptor complexes. Med. Sci.
Monit 26, €926016. doi: 10.12659/MSM.926016

Stefano, G. B., Mantione, K. J., Casares, F. M., and Kream, R. M. (2015c¢).
Anaerobically functioning mitochondria: evolutionary perspective on modulation of
energy metabolism in Mytilus edulis. Invertebrate Survival J. 12, 22-28.

Takahashi, E., and Sato, M. (2014). Anaerobic respiration sustains mitochondrial
membrane potential in a prolyl hydroxylase pathway-activated cancer cell line in a
hypoxic microenvironment. Am. J. Physiol. Cell Physiol. 306 (4), C334-C342.
doi: 10.1152/ajpcell.00255.2013

Tielens, A. G., Rotte, C., van Hellemond, J. J., and Martin, W. (2002). Mitochondria
as we don’t know them. Trends Biochem. Sci. 27 (11), 564-572. doi: 10.1016/S0968-
0004(02)02193-X

frontiersin.org


https://doi.org/10.1002/stem.2372
https://doi.org/10.1038/s41593-019-0486-0
https://doi.org/10.1126/scitranslmed.3006055
https://doi.org/10.1126/scitranslmed.3006055
https://doi.org/10.15252/embr.202050964
https://doi.org/10.1186/s13578-022-00805-7
https://doi.org/10.1016/j.bcp.2015.02.007
https://doi.org/10.1016/j.pneurobio.2019.101719
https://doi.org/10.1016/j.pneurobio.2019.101719
https://doi.org/10.1038/s41586-019-1738-6
https://doi.org/10.1016/j.neuron.2015.03.035
https://doi.org/10.1016/j.neuron.2015.03.035
https://doi.org/10.3389/fnins.2017.00151
https://doi.org/10.1038/s41586-018-0059-5
https://doi.org/10.1016/j.biocel.2015.12.006
https://doi.org/10.1186/s40169-016-0095-4
https://doi.org/10.1186/s40169-016-0095-4
https://doi.org/10.1016/j.virol.2014.03.023
https://doi.org/10.1016/j.pharmthera.2021.107825
https://doi.org/10.1016/j.pharmthera.2021.107825
https://doi.org/10.1371/journal.pbio.3001126
https://doi.org/10.1016/j.jbc.2021.101164
https://doi.org/10.1038/s41559-021-01638-2
https://doi.org/10.1016/j.expneurol.2019.113114
https://doi.org/10.1016/j.expneurol.2019.113114
https://doi.org/10.1371/journal.ppat.1008234
https://doi.org/10.3390/ijms22094793
https://doi.org/10.1038/ncomms7259
https://doi.org/10.1016/j.neubiorev.2020.04.017
https://doi.org/10.1172/jci.insight.121622
https://doi.org/10.1139/gen-2019-0151
https://doi.org/10.1073/pnas.172399499
https://doi.org/10.3389/fcell.2019.00054
https://doi.org/10.1016/j.cell.2013.12.042
https://doi.org/10.1016/j.cell.2013.12.042
https://doi.org/10.1126/science.1246275
https://doi.org/10.1126/science.1246275
https://doi.org/10.1186/1741-7007-4-31
https://doi.org/10.1093/femspd/ftv096
https://doi.org/10.3390/ijms22031006
https://doi.org/10.3389/fmicb.2021.780768
https://doi.org/10.1152/ajpcell.00224.2020
https://doi.org/10.1016/j.ebiom.2021.103244
https://doi.org/10.4172/2165-7890.1000144
https://doi.org/10.3390/ijms21062122
https://doi.org/10.1128/mbio.02096-21
https://doi.org/10.1098/rstb.2014.0326
https://doi.org/10.1016/0301-0082(94)90048-5
https://doi.org/10.1007/978-3-319-55330-6_30
https://doi.org/10.18683/germs.2022.1310
https://doi.org/10.2174/1570159X20666211223130228
https://doi.org/10.12659/MSM.895990
https://doi.org/10.12659/MSM.894437
https://doi.org/10.1007/s10571-021-01117-z
https://doi.org/10.2174/1570159X20666220420121746
https://doi.org/10.12659/MSM.926016
https://doi.org/10.1152/ajpcell.00255.2013
https://doi.org/10.1016/S0968-0004(02)02193-X
https://doi.org/10.1016/S0968-0004(02)02193-X
https://doi.org/10.3389/fcimb.2023.1130197
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Stefano et al.

Tiku, V., Tan, M. W., and Dikic, L. (2020). Mitochondrial functions in infection and
immunity. Trends Cell Biol. 30 (4), 263-275. doi: 10.1016/j.tcb.2020.01.006

Ulger, O., and Kubat, G. B. (2022). Therapeutic applications of mitochondrial
transplantation. Biochimie 195, 1-15. doi: 10.1016/j.biochi.2022.01.002

Valenti, D., Vacca, R. A., Moro, L., and Atlante, A. (2021). Mitochondria can cross
cell boundaries: an overview of the biological relevance, pathophysiological
implications and therapeutic perspectives of intercellular mitochondrial transfer. Int.
J. Mol. Sci. 22 (15). doi: 10.3390/ijms22158312

Wallace, D. C. (2020). CRISPR-free mitochondrial DNA base editing. CRISPR J. 3
(4), 228-230. doi: 10.1089/crispr.2020.29101.dwa

Wallace, D. C., and Chalkia, D. (2013). Mitochondrial DNA genetics and the
heteroplasmy conundrum in evolution and disease. Cold Spring Harb. Perspect. Biol.
5 (11), a021220. doi: 10.1101/cshperspect.a021220

Wang, X, and Gerdes, H. H. (2015). Transfer of mitochondria via tunneling
nanotubes rescues apoptotic PC12 cells. Cell Death Differ 22 (7), 1181-1191.
doi: 10.1038/cdd.2014.211

Wang, W., Karamanlidis, G., and Tian, R. (2016). Novel targets for mitochondrial
medicine. Sci. Transl. Med. 8 (326), 326rv323. doi: 10.1126/scitranslmed.aac7410

Wang, F.,, Kream, R. M., and Stefano, G. B. (2020). Long-term respiratory and
neurological sequelae of COVID-19. Med. Sci. Monit 26, €928996. doi: 10.12659/
MSM.928996

Wei, W, Schon, K. R, Elgar, G., Orioli, A., Tanguy, M., Giess, A., et al. (2022).
Nuclear-embedded mitochondrial DNA sequences in 66,083 human genomes. Nature
611 (7934), 105-114. doi: 10.1038/s41586-022-05288-7

Frontiers in Cellular and Infection Microbiology

11

10.3389/fcimb.2023.1130197

Weinberg, J. M., Venkatachalam, M. A., Roeser, N. F., and Nissim, 1. (2000).
Mitochondrial dysfunction during hypoxia/reoxygenation and its correction by
anaerobic metabolism of citric acid cycle intermediates. Proc. Natl. Acad. Sci. U.S.A.
97 (6), 2826-2831. doi: 10.1073/pnas.97.6.2826

Wu, Z,, Oeck, S., West, A. P., Mangalhara, K. C,, Sainz, A. G., Newman, L. E,, et al.
(2019). Mitochondrial DNA stress signalling protects the nuclear genome. Nat. Metab.
1 (12), 1209-1218. doi: 10.1038/s42255-019-0150-8

Xia, M., Zhang, Y., Jin, K,, Lu, Z., Zeng, Z., and Xiong, W. (2019). Communication
between mitochondria and other organelles: a brand-new perspective on mitochondria
in cancer. Cell Biosci. 9, 27. doi: 10.1186/s13578-019-0289-8

Xu, J., Shamul, J. G., Kwizera, E. A., and He, X. (2022). Recent advancements in
mitochondria-targeted nanoparticle drug delivery for cancer therapy. Nanomaterials 12
(5). doi: 10.3390/nan012050743

Yang, Q. Liu, P., Anderson, N. S., Shpilka, T., Du, Y., Naresh, N. U,, et al. (2022).
LONP-1 and ATFS-1 sustain deleterious heteroplasmy by promoting mtDNA
replication in dysfunctional mitochondria. Nat. Cell Biol. 24 (2), 181-193.
doi: 10.1038/s41556-021-00840-5

Ye, Z., Zhao, C., Raborn, R. T., Lin, M., Wei, W., Hao, Y., et al. (2022). Genetic
diversity, heteroplasmy, and recombination in mitochondrial genomes of daphnia
pulex, daphnia pulicaria, and daphnia obtusa. Mol. Biol. Evol. 39 (4). doi: 10.1093/
molbev/msac059

Zahonova, K., Treitli, S. C., Le, T., §kodové—Sverékové, 1., Hanouskova, P., éepi(zka,
I, et al. (2022). Anaerobic derivates of mitochondria and peroxisomes in the free-living
amoeba pelomyxa schiedti revealed by single-cell genomics. BMC Biol. 20 (1), 56.
doi: 10.1186/s12915-022-01247-w

frontiersin.org


https://doi.org/10.1016/j.tcb.2020.01.006
https://doi.org/10.1016/j.biochi.2022.01.002
https://doi.org/10.3390/ijms22158312
https://doi.org/10.1089/crispr.2020.29101.dwa
https://doi.org/10.1101/cshperspect.a021220
https://doi.org/10.1038/cdd.2014.211
https://doi.org/10.1126/scitranslmed.aac7410
https://doi.org/10.12659/MSM.928996
https://doi.org/10.12659/MSM.928996
https://doi.org/10.1038/s41586-022-05288-7
https://doi.org/10.1073/pnas.97.6.2826
https://doi.org/10.1038/s42255-019-0150-8
https://doi.org/10.1186/s13578-019-0289-8
https://doi.org/10.3390/nano12050743
https://doi.org/10.1038/s41556-021-00840-5
https://doi.org/10.1093/molbev/msac059
https://doi.org/10.1093/molbev/msac059
https://doi.org/10.1186/s12915-022-01247-w
https://doi.org/10.3389/fcimb.2023.1130197
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Independent and sensory human mitochondrial functions reflecting symbiotic evolution
	1 Introduction: a blueprint for communication
	2 Mitochondrial independence: the extension of the symbiotic relationship
	2.1 Heteroplasmy and existence of extracellular mitochondria as factors supporting the mitochondrial functional independence hypothesis
	2.2 Mitochondrial mobility as a factor supporting the mitochondrial functional independence hypothesis
	2.3 Mitochondrial communication as a factor supporting the mitochondrial functional independence hypothesis

	3 Implications of mitochondrial functional independence hypothesis for understanding and treating disease
	4 Conclusions
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


