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ARTICLE INFO ABSTRACT

Sociality has profound evolutionary roots and is observed from unicellular organisms to multicellular animals. In
line with the view that social principles apply across levels of biological complexity, a growing body of data
highlights the remarkable social nature of mitochondria — life-sustaining endosymbiotic organelles with their
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Networks_ . own genome that populate the cell cytoplasm. Here, we draw from organizing principles of behavior in social
Communication . I s ge e . . . . .

o organisms to reveal that similar to individuals among social networks, mitochondria communicate with each
Interdisciplinary . . . A | . i
Psychobiology other and with the cell nucleus, exhibit group formation and interdependence, synchronize their behaviors, and
Biomarker functionally specialize to accomplish specific functions within the organism. Mitochondria are social organelles.

The extension of social principles across levels of biological complexity is a theoretical shift that emphasizes the
role of communication and interdependence in cell biology, physiology, and neuroscience. With the help of
emerging computational methods capable of capturing complex dynamic behavioral patterns, the im-
plementation of social concepts in mitochondrial biology may facilitate cross-talk across disciplines towards
increasingly holistic and accurate models of human health.

1. Introduction

Social behavior refers to the interactions that take place among in-
dividuals of the same species. Social groups shape the development of
their members and favor the emergence of complex behaviors that
single individuals would otherwise not develop in isolation (Apicella
et al., 2012). Social groups and communities also combine individuals’
abilities and limitations such that they mutually enhance and comple-
ment each other, enabling tasks and achievements that would not be
possible to attain by any single individual. Social ant colonies, for ex-
ample, build elaborate anthills, while social humans build institutions
of higher education, multi-story buildings, and cultures. As a result,
social systems and the individuals that comprise them behave in ways
not readily described by the intrinsic properties of each individual.
Rather, within social networks, the behavior of each individual is mo-
tivated and, thus, best explained and predicted by the combination of
both biological and contextual factors, in which social forces play a
prime role.

In this perspective, we discuss evidence that leads us to propose that
mitochondrial behavior is similarly best understood from a social lens.
This view puts a special emphasis on communication processes and the
exchange of information within the mitochondrial network - both

within cells and across the organism. We propose that applying social
principles and social network theory to mitochondrial research will
foster cross-talk among scientists from different disciplines and, as a
result, help develop more comprehensive and accurate models of the
biological processes that underlie human health. A social view of mi-
tochondrial behavior can influence key aspects of the scientific process,
including the kind of questions we ask (i.e., becoming more integrative
and less reductionistic), the type of data we collect (i.e., richer in terms
of kinetics and levels of analyses), and the analytical strategies we apply
(i.e., increasingly requiring computational approaches capable of
identifying complex patterns within the data). Here, we begin by
comparing social principles across levels of organization from mi-
tochondria to human cultures, then provide examples of mitochondrial
behavior aligned with key social principles, and finally discuss the
implications of a social mitochondria perspective for the biomedical
sciences.

1.1. The route towards sociality
Throughout the living world, humans emerge as extraordinarily

social (Wilson, 1974). Our capacities for cooperation, coordination, and
division of labor make human social behavior particularly distinctive
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from other species (Boyd and Richerson, 2009). However, sociality is
not a privative attribute of humans. It has deep evolutionary roots and
is present among the evolutionary continuum from unicellular organ-
isms to multicellular animals. Unlike inert molecules whose behavior
and fate are determined solely by physical forces exerted upon them,
living organisms actively interact with their environment and with each
other in social reciprocity. Sociality is believed to have evolved for its
adaptive nature: by being social, individuals would increase their fit-
ness, defined by their probability of survival and reproductive success
(Hamilton, 1964a; Silk, 2007a). Even unicellular microorganisms like
bacteria — once believed to be independently behaving — rely on ex-
ternal sources of nutrients provided by their social counterparts of the
same or other species (Zengler and Zaramela, 2018). Bacteria also
routinely join forces, coordinate their gene expression and create
structures (e.g., biofilm) that promote survival of the whole community
(Lyon, 2007; Nadell et al., 2009). These prokaryotic unicellular life
forms from which more complex animals have evolved already con-
tained the foreshadowing traces of more complex social behavior
(Damasio, 2018).

The next step in the evolution of social behavior was endosymbiosis
that gave rise to mitochondria and the eukaryotic cell. A mutually
beneficial interaction between two types of cells that likely created the
necessary conditions for multicellularity (Lane and Martin, 2010). From
this, followed small multicellular invertebrates and vertebrate organ-
isms, including colonial insects like ants who exhibit social behaviors
and establish complex cooperative social organization (Simola et al.,
2016). Most other life forms that followed, including lactating mam-
mals, have evolved in a deeply socially interdependent way where
mother-infant dyads, family units, and social circles play a central role
in shaping development, adult behavior, and health (Sandi and Haller,
2015).

Sociality can increase individuals’ fitness (Hamilton, 1964a; Silk,
2007b). Social interactions are essential to health outcomes and their
disruption leads to pathological states (Sandi and Haller, 2015). Social
support (e.g., positive interactions between adults or maternal care for
babies and infants) acts as a buffering mechanism under challenging
situations, protecting individuals from exaggerated physiological stress
responses (Ditzen and Heinrichs, 2014; Rincon-Cortes and Sullivan,
2014). For example, social support through hand holding (physical
contact) is associated with coupling of brain-to-brain activity among
dyads and dampens physical pain perception (Goldstein et al., 2018).
Conversely, negative social exchanges — such as peer victimization
(Quinlan et al., 2018), marital conflict (Wilson et al., 2017) or loss of
social rank among hierarchical animals (Larrieu and Sandi, 2018) — are
strongly associated with stress-related psychopathologies, highlighting
how social experiences are ingrained into our biology. Furthermore,
sociality can also incur physiological costs with effects on individual
health by affecting individuals’ energy balance. Individuals who live in
groups can experience different degrees of intra-group competition for
access to food, and — under conditions of food restriction — those with
lower competitive capacities tend to have reduced access to caloric
intake (Kappeler et al., 2015). There are also potentially important costs
to group living, such as the higher probability of socially transmitting
infections and the negative health consequences deriving from chronic
stress triggered by social competition (Kappeler et al., 2015). Thus,
social forces have shaped evolution of complex life and continue to
shape animal behavior at multiple levels.

The idea that human societies and biological organisms present
important similitudes in their principles and levels of organization has
been put forward by a number of evolutionary biologists (Hallpike,
1985) and more recently as a molecular sociobiology proposal (Foster,
2011). However, the focus of these proposals remains at the organ or
cellular level. These proposals rightly point out how organs within an
organism, or the cells within an organ, cannot survive on their own and
therefore rely on a set of reciprocal social interactions. They also em-
phasize the notion that elements (i.e., cells, organs) group together to
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acquire novel emergent functions. Here, we extend these principles to
the social dimension of sub-cellular organelles.

1.2. Sociality goes sub-cellular

Considering the social dimension that takes place between cells and
their organelles is essential to improve current conceptualizations of
human physiology and behavior. In recent years, the prevailing bio-
medical model has begun to shift from purely reductionistic explana-
tions of biology and behavior centered on a prime role of DNA and
genomics (Jung and Goldman, 2018; Plomin and Crabbe, 2000) to the
integration of the environment in interaction with DNA (Caspi and
Moffitt, 2006). However, the influencing environment is frequently
envisioned either from a narrow perspective — e.g., referring to extreme
experiences, such as early life stress or trauma; or too general point of
view — e.g., referring to lifestyle or sociocultural factors (Quinn et al.,
2018). Such gene-environment models, focused on the individual in a
way somewhat divorced from their social nature, have brought us some
distance along the path towards more complete and accurate models to
describe the factors that influence the development of living organisms.
However, these approaches fall short of explaining critical aspects of
human evolution and health states (Jacob, 1977).

Every aspect of animal life — from brain growth and maturation
(Atzil et al., 2018), the development of language for communication
(Hoff and Tian, 2005), specialization and division of labor within the
community (Robinson and Barker, 2017), physical fitness and disease
risk (Aral and Nicolaides, 2017; Datar and Nicosia, 2018; Hermes et al.,
2009), and lifespan (Luo et al., 2012; Steptoe et al., 2013) are shaped
not only by bottom-up intrinsic biological forces and general aspects of
the environment, but also by interactions with other individuals; i.e., by
social interactions. The acquisition or development of several behaviors
like language, and the brain connectivity that normally subserve these
behaviors, cannot proceed without social interactions — highlighting the
deep integration of the social context in which individuals exist and
acquire specific health-defining behaviors. Thus, to understand human
health trajectories, our models must include both the biological con-
stitution of individuals themselves as well as the social principles that
describe how individuals behave and influence each other.

Below we draw from knowledge around known principles that best
explain the behavior of organisms living in social groups, and examine
how these principles apply across levels of organization, including at
the cellular and sub-cellular levels (Fig. 1). Our goal is not to discuss the
sociology or biology of these processes comprehensively, but rather to
highlight their similarities in nature and to examine their role in sus-
taining health processes. We focus on mitochondria — endosymbionts
with their own genome that populate the cytoplasm of most cells in the
organism (Fig. 2) — as a growing body of data highlights the remarkable
social nature of these organelles.

Examining mitochondrial behavior through a social lens uncovers
essential properties of mitochondria that cannot be reduced to their
intrinsic molecular composition and that are best captured by the
nature of their complex interactions in the context of the organism.
Once implemented, this view should help to achieve a more complete
understanding of the principles and mechanisms that guide human
physiology and that is required to improve our predictive models of
human health. Such models would explain, for example, how in-
dividuals adapt in the face of stress or infection, remain healthy or get
sick, and develop as adult individuals capable of making meaningful
social contributions. Eventually, this knowledge could revolutionize our
capacity to intervene in personalized ways to promote adaptation,
health, and human development.

2. Social principles apply across levels of biological complexity

Several contributions from evolutionary biology (Hallpike, 1985),
molecular sociobiology (Foster, 2011), and cell biology (Diogo et al.,
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Fig. 1. Dynamic communication
across multiple levels of organiza-
tion. Social communities are composed
of individuals, which are composed of
organs, which are made of cells, which
are themselves made and sustained by
organelles - including mitochondria.
Information flows bidirectionally, from
organelle to communities, and from

Global populations and
community behavior

Human and animal
social behavior

communities to organelles. The

Inter-organ . level i 1 ized

e Community level involves organize

\ groups of individuals bound by geo-
graphical, political, national, or institu-

tional organizations that shape global

Cellular behaviors. The Individual level includes

behavior  persons with unique biological and

psychological characteristics, who form
groups and interact with one another.
The Organ level involves genetically-
identical units (organs), but with highly
specialized anatomy and functions,
which cooperate to sustain physiolo-
gical function and allostasis. The
Cellular level also involves units with
the same genome but which exhibit the
most developed degree of diversity and
functional specialization. Cells are the
simplest unitary element of life. They
have the ability to perceive molecular
information and to transduce it to

Sub-cellular and
organellar
behavior

higher levels of complexity, eventually reaching the individual’s consciousness and influencing social behavior. The Mitochondria & organellar level involves spe-
cialized sub-cellular elements that communicate, cooperate, and perform various specialized functions that collectively enable cells, organs, and organisms' adap-

tation to challenges.

2018) have remarked a close resemblance of the organizing principles
governing human societies and biological organisms. For instance, they
state that, both human societies and biological organisms react to
physical environments and rely on mechanisms of communication, self-
maintenance, and feedback. The specialization of organ-based functions
is also regarded as reminiscent of the specialization of social division of
labor in societies (Smaldino, 2014) — specific organs ensure energy
supply (e.g., stomach, digestive system, and adipose tissue), others
ensure locomotion (e.g., skeletal system and muscles), others provide
protection (e.g., bones and skin), and others ensure coordination of
functions (e.g., brain, peripheral nervous system). Organs, like many
social animals, can only subsist by working together.

The view that social principles apply across levels of biological
complexity was greatly influenced by the consideration of sociality as
one of the key drivers of the major evolutionary transitions (Szathmary
and Smith, 1995). Revolutionizing the traditional evolutionary biology
view of life on Earth as a linear succession of taxonomic groups,
Szathmary and Maynard Smith (Szathmary and Smith, 1995) conceived
evolution as the result of a few critical transitions, each of them moving
from a group of independent entities to a new, more complex, living
unit. After each transition, entities lose their capacity to replicate in-
dependently and cooperate together within the new unit (West et al.,
2015b). Accordingly, organisms - as the essential units of adaptation —
are regarded as multicellular individuals composed of groups of organs
that establish high levels of cooperation and very low conflict (Queller
and Strassmann, 2009). Likewise, organs represent the unitary trait that
emerges from the same kind of interconnection and cooperation among
cells (Smaldino, 2014). In agreement with this theory, our view con-
siders biological organisms as social groups and goes beyond this idea
by emphasizing trans-dimensional social interactions across different
levels of organization and biological complexity, including the orga-
nellar level.

The fundamental determinants and characteristics of social beha-
vior are strikingly conserved across levels of biological complexity (see
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Fig. 1). In order to exemplify the pervasiveness and importance across
levels of organization of one of these principles, namely communication,
we consider here parallels between human behavior and the brain.

In human communities and societies, communication is necessary
for virtually all categories of social activities including planning, deci-
sion-making, and coordinating actions (Paarporn et al., 2018; Smith,
2010; Sueur et al., 2011). Humans employ a broad range of written,
verbal, and non-verbal forms of communication and apply them to
develop and disseminate norms and conventions for social organization
(McAdams, 1997). Language extends the type and scope of collective
actions by enabling the exchange of information about temporally and
spatially distant events (Hauser et al., 2002). Valuable collective pro-
jects in human societies (e.g., constructions, sociomedical research, fi-
nancial markets) could not be achieved without dedicated
communication mechanisms, including face-to-face meetings, tele-
communication, the internet, and other communication channels
(Smith, 2010). Several of these mechanisms — e.g., email, text messa-
ging, and telephone - are redundant, such that one or multiple systems
may be used to transmit the necessary information in the most efficient
manner. Communication disorders (e.g., hearing impairment or other)
predict smaller social network size, fewer positive social exchanges, less
integration in a social life, and higher levels of loneliness (Palmer et al.,
2016). Eventually, failure to communicate causes poor interpersonal
exchanges that can lead to the demise of social endeavors (Baek, 2014;
Christensen and Shenk, 1991), highlighting the essentiality of com-
munication in human social behavior.

At the level of organs and cells, communication is similarly enabled
by a large number of channels — hormones and neurotransmitters, for
example — many of which also have redundant actions. The sophisti-
cated communication streams at the organ level are best exemplified by
the brain, whose most fundamental feature is the communication be-
tween its cellular units, neurons and glial cells. Brain neurons display
specializations for mutual interactions involving substantial diversity
and complexity. Different forms of inter-neuronal communication,
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Fig. 2. Essentials of mitochondrial biology. Mitochondria are small organelles that live within each cell of the human body. They are bacteria-derived, having
evolved. They are bacteria-derived, having evolved over a billion years ago from aerobic bacteria incorporated into the then unicellular ancestor of the eukaryotic
cell (Margulis and Bermudes, 1985). This endosymbiotic fusion made multicellular complex life possible — it gave rise to breathing, moving, thinking, feeling
multicellular organisms with complex bodies like humans and other social creatures (Lane and Martin, 2010). Mitochondria share the cell cytoplasm with other
organelles with whom they constantly interact (Klecker et al., 2014; Valm et al., 2017). But they are the only organelle to have their own genome — a vestige of their
bacterial ancestry — the circular mitochondrial DNA (mtDNA) (Wallace, 2010). The mtDNA encodes elements of the respiratory chain located within the inner
mitochondrial membrane, which consumes the oxygen we breathe and generates a membrane charge (like small batteries) from the food that we eat. This charge,
called membrane potential, is used to generate adenosine triphosphate (ATP) that fuels most cellular activities, as well as other functions including ionic regulation,
hormone synthesis, antioxidant detoxification, and many others (Nicholls and Fergusson, 2013). Mitochondria are also the warmest cellular component, likely
maintained at >50 °C (Chretien et al., 2018). Mitochondria thus sustain life and enable stress adaptation by producing energy (Picard et al., 2018a), as well as other
signals that remodel gene expression, and shape cellular and organism behavior and lifespan (Latorre-Pellicer et al., 2016; Picard et al., 2015b; Sharpley et al., 2012).
Human cells and their genetic material packaged inside the nucleus depend on mitochondria for their existence, and reciprocally mitochondria depend on the nucleus
for their existence - a state of co-dependence. The nuclear genome influences mtDNA stability and the evolution of the mtDNA sequence over generations (Wei et al.,
2019). Reciprocally, in most cells, mitochondria are abundant near the nucleus and influence gene expression (Picard, 2015). The abundance of mitochondria (or
mitochondrial mass) in a given cell can also increase following elevations in energy demand, including in response to exercise (Neufer et al., 2015; Steiner et al.,
2011). Cells and their sub-cellular compartments where energy requirements are greatest have more mitochondria than less energy-demanding cells. Mitochondria
are thus distributed “on demand” in different cellular compartments (e.g., synapses, cell body) and in an activity-dependent manner (Magarinos et al., 1997).
Mitochondria of various sizes and shapes also move about within cells in a process driven both by mitochondria themselves and by local cellular demands.
Mitochondria interact dynamically with each other in various ways including fusion, where two smaller mitochondria fuse their membranes to become a single larger
one; and where a larger mitochondrion undergoes fission to generate two smaller “daughter” mitochondria (Friedman and Nunnari, 2014). Defects in dynamic
mitochondrial shape changes or motility are a cause of human disease (Archer, 2013), and mitochondrial dynamics influence cellular and organismal responses to
stressors of various nature (Eisner et al., 2018).

Anatomically, mitochondria have a characteristic double outer and inner membrane organization, with infoldings of the inner mitochondrial membrane where
oxygen is consumed (see electron micrograph, bottom right). Although these features are ubiquitous, the morphology, set of functions, and motility of mitochondria
are cell-type and tissue-specific such that mitochondria from different tissues are molecularly and functionally distinct (e.g., (Calvo et al., 2016; Picard et al., 2012)).
Abbreviations: ROS, reactive oxygen species; mtDNA, mitochondrial DNA; Ca®*, calcium; ATP, adenosine triphosphate

including the development and pruning of specialized structures (i.e., place across multiple organs, highlighting the essentiality of commu-
synapses), are required for normal development and function (Pereda, nication in the function of the organism.

2014). Beyond direct physical intercommunication through gap junc- At the sub-cellular level of organelles, communication occurs via the
tions for example, neurons can work together in groups by synchro- exchange of metabolites, proteins, ions, and membrane potential con-
nizing their behavior in oscillatory activity (Buzsaki et al., 2013), a veyed, as well, by multiple redundant processes. Therefore, although
mechanism that, among other functions, enables higher-level behavior the substrates of communication are relatively unique to each level of
among individuals, including speech processing and understanding complexity, the underlying principles and importance of communica-
language (Meyer, 2018). And here also, communication disorders be- tion for effective social behavior are shared across human, organ, cel-
tween individual units of the brain are understood to be the basis for lular, and sub-cellular levels.

psychopathology (e.g., depression). They also constitute the basis for In summary, social behavior is not only pervasive within and across
pharmacological treatments that act on neurotransmitters that carry levels of organization in social animals, but social principles (such as
information from one cell to the next. Furthermore, brain cells and their communication) represent fundamental mechanisms in the organism
neurotransmitters have a highly developed capacity to interact bidir- that sustain animals’ existence and shape their behavior. Next, we es-
ectionally with other physiological systems, such as the gut (Codagnone tablish the similitude of some major social principles with the life-
et al., 2019), the immune system (Miller et al., 2017), or the adrenal sustaining organelles that populate the cell: mitochondria.

glands (Sarrieau et al., 1986). As a result, communication also takes
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Fig. 3. Conserved principles of social behavior across levels of complexity. The behavior of social units is characterized by key principles, six of which are
illustrated here. Social individuals generally i) share a common environment or physical space, ii) communicate with each other to share information about their own
state or about the state of the environment, iii) form groups of various sizes and that acquire specific characteristics, iv) synchronize their behavior in time and space,
v) are functionally interdependent, requiring other units to complement or support each other to achieve optimal function (i.e., fitness), and vi) functionally
specialize and divide labor to collectively accomplish communal goals or functions. These principles apply to social networks, as well as to mitochondrial com-

munities that populate the cell cytoplasm.

3. Elements of social systems and mitochondrial behavior

Mitochondria exhibit several essential characteristics of social or-
ganisms. Below, we discuss six essential principles and how they
manifest in mitochondrial behavior (Fig. 3): (1) shared environment,
(2) communication, (3) group formation, (4) synchronization of beha-
vior, (5) functional interdependence, and (6) specialization and division
of labor.

3.1. Shared environment

A shared environment is a distinctive feature of cultures and so-
cieties. In social groups living in a particular ecosystem, variation in
habitat and diet are closely associated with the size and structure of the
group (Clutton-Brock et al., 2009). When confined, a shared environ-
ment can largely determine individuals’ characteristics. Darwin’s fin-
ches or Galapagos tortoises, which shared distinct and confined en-
vironments in their evolutionary past, deviated in several
characteristics from descendants of their common ancestors that lived
in geographically more accessible areas, including the shape of their
beaks and shells (Hedrick, 2019). In humans also, geographical borders
produce groups of individuals that differ in their behavior and beliefs
(Onnela et al., 2011), and disparities in physical and mental health
among ethnic minorities can emerge in geographically-defined ways
(Alarcon et al., 2016).

Similarly, large networks of mitochondria — counted in 100-1000’s
when physically fragmented (Scheffler, 2008) — share the same im-
mediate environment bound by the cell membrane. All members of the
mitochondrial community within a given cell share the same cytoplasm,
which includes information about the cell cycle stage, its differentiation
status, activation state, and second-messengers from external stimuli as
well as internal activities. Mitochondria within a given cell also share
the same cell nucleus, which provides many of the gene products and
proteins essential to harmonize mitochondrial behavior within the cell.
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Moreover, different organs are composed of specific cell types (e.g.,
neurons, cardiomyocytes, hepatocytes) that contain mitochondrial po-
pulations with distinct molecular compositions (Calvo et al., 2016).
Thus, both social animals and mitochondria coexist in spatially-defined,
shared environments that contribute to shape and preserve distinct po-
pulations of individuals, which engage in constant communication with
each other.

3.2. Communication

As described above in Section 2, communication is an essential ele-
ment of social organizations. It is supported by multiple redundant
mechanisms, enables both close and distant exchanges among social
networks, and impairment in social communication alters healthy
functioning of social groups.

Similarly, several redundant mechanisms exist to facilitate com-
munication among mitochondria. Physical membrane structures called
inter-mitochondrial junctions (Picard et al., 2015a) and mitochondrial
nanotunnels (Vincent et al., 2017) physically connect mitochondria and
enable information exchange while retaining individual organelle
boundaries. A more complete mechanism towards molecular informa-
tion exchange is the fusion of two (or more) mitochondria into larger
ones, leading to the more complete mixing of individual properties from
the fusing mitochondria. Like human interactions, mitochondrial fusion
can either be long-lasting, or partial and brief (kiss-and-run) (Liu et al.,
2009). Moreover, through their life cycle, mitochondria are born from
one another through the process of synonymous division (i.e., biogen-
esis), enabling the transmission of physical and functional properties
(Scheffler, 2008) and possibly the propagation of a “trans-generational”
memory. Chemical signals such as reactive oxygen species and calcium
can also act as diffusible signals that transmit information without di-
rect physical contact between mitochondria (Garcia-Perez et al., 2012).

As in human social networks and in brain neural circuits, the ex-
change of information among functionally networked mitochondria
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may enable groups of mitochondria to “perceive” incoming signals and
respond as a collective unit, leading to some degree of signal integration
within the mitochondrial network (Picard, 2015). Impairing commu-
nication among mitochondria by blocking mitochondrial fusion in-
creases molecular heterogeneity among the intracellular mitochondrial
community (Chen et al., 2005), causes the accumulation of damage in
the mitochondrial genome (Chen et al., 2010), and reduces the energy
transformation potential of the mitochondrial population (Bach et al.,
2003). Moreover, these negative consequences reach beyond the mal-
function of individual mitochondria and can lead to demise of the cell
and of the organism during development (Chen et al., 2003). Moreover,
mitochondria also communicate with other organelles through the ex-
change of soluble chemical signals at inter-organellar contacts, such as
the endoplasmic reticulum (Csordas et al., 2018). Thus, communication
is a shared principle that directly influences the behavior of both social
animals and mitochondria.

3.3. Group formation

Groups are defined as a number of individuals or units that are re-
lated or located close to one another. Although not exempted from
potential disadvantages (e.g., increased competition or higher rates of
disease transmission) (Kappeler et al., 2015), the ubiquitous principle
of aggregation (i.e., individuals living together in groups) in social
animals generally provides substantial fitness advantages. Social ag-
gregation and group living can help protect individuals from predatory
threats (Krause and Ruxton, 2002), improve foraging efficiency
(Pulliam and Caraco, 1984), and enhance individuals’ ability to sense
and respond to environmental changes (Berdahl et al., 2013). A key
driving force determining which individuals come together is the si-
milarity in their physiological capacities (e.g., aerobic capacity and
fitness) (Killen et al., 2014; Seebacher and Krause, 2017). Accordingly,
the functioning as a group largely relies on the physiological under-
pinnings that determine how conspecifics perceive and process in-
formation from each other. Furthermore, inter-individual differences in
energetic resources may affect patterns of motion and rest, determining
different levels in fatigue resistance that, eventually, may contribute to
passive or active sorting of social groups (Seebacher and Krause, 2017).
Across evolution, social animals including humans have increased the
size and complexity of groups (Dunbar and Shultz, 2007), highlighting
in parallel with more complex forms of behavior the likely evolutionary
advantage of group formation.

Within cells, mitochondria form groups that can differ in their fit-
ness and topologically localize in different cellular compartments. As
mentioned above, in cells with highly polarized morphology like neu-
rons, different compartments such as the cell body (i.e., soma), den-
drites, and axons have remarkably different populations of mitochon-
dria. Somatic mitochondria vary in shape from spheroids to moderately
elongated tubules; dendritic mitochondria exist as extremely long and
branched stationary organellar networks; and axonal mitochondria are
small motile units (Lewis et al., 2018). Mitochondria can cluster near
the plasma membrane (Porat-Shliom et al., 2019), at cell-cell mem-
brane contact sites (Gomez-Cabanas et al., 2019), around lipid droplets
(Benador et al., 2018), or around the cell nucleus (Al-Mehdi et al.,
2012) where they tend to aggregate with similarly behaving mi-
tochondria and remain for the duration of their life cycle. In cases of
disease where specific mitochondria undergo changes in their capacity
or behavior, mutant mitochondria also aggregate, forming functionally
distinct groups (Vincent et al., 2018). As another example, young and
old mitochondria with different fitness selectively segregate prior to cell
division, such that young and old mitochondria are differentially passed
on to distinct daughter cells (which impacts downstream cell fitness)
(Katajisto et al., 2015). Thus, similar to humans and other social ani-
mals, functionally and morphologically similar mitochondria exhibit
group behavior.
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3.4. Synchronization of behavior

Synchrony is essential to the lives of group-living organisms
(Couzin, 2018) and is a vital phenomenon that manifests across all le-
vels of biological complexity (Li and Yang, 2018). Synchronization
serves multiple functions. For a group to stay cohesive, group members
need to synchronize their activities, a phenomenon particularly re-
levant in animals during foraging and migration, where large groups
migrate in unison (Seebacher and Krause, 2017). Synchronization fa-
cilitates information processing (Couzin, 2018) and allows rapid co-
ordinated responses to threats (e.g., among a herd or swarm) (Noy
et al.,, 2011). In humans, collective behavior is a major principle in
various contexts, from collective motion (e.g., coordinated team
playing in group sports) and activity synchronization (e.g., dynamic
movements in crowds), to decision making (Biro et al., 2016). In fact,
humans have unique capacities for coordination — the orchestration of
individuals activities in an orderly manner, and coordination is essen-
tial to several facets of human societies. Mother-infant synchrony is a
guiding principle for the development of positive cognitive and beha-
vioral outcomes among children (Leclere et al., 2014). Simple and re-
peated synchronous interactions between individuals are also re-
sponsible for creating complex adaptive group patterns (Sumpter,
2006). Multiple group-living social animals also exhibit highly co-
ordinated collective patterns (e.g., global movements in a school of fish)
believed to correspond to a form of biological self-organization (Couzin,
2009) resulting from the local interactions among individuals located in
each other’s immediate surrounding (Biro et al., 2016). The principles
that support this type of self-organization include positive feedback,
response thresholds, individual integrity, and variability that can lead
to oscillatory behaviors (Sumpter, 2006). In the human body, co-
ordinated processes manifesting as oscillations are also ubiquitous: a
wide range of biological processes such as neuronal firing, heart beats,
cell cycles, and circadian rhythms exhibit synchronized oscillatory be-
haviors (Li and Yang, 2018). In the brain, coordinated neuronal oscil-
lations also allow for multiple-time-scale communication within and
across neuronal networks (Buzsaki et al., 2013).

Similarly, in mitochondria, synchronized oscillations in membrane
potential occur in cardiomyocytes where mitochondria are electrically
coupled to one another (Aon and Cortassa, 2012; Kurz et al., 2010). In a
different organ, the salivary gland, mitochondria communicate between
cells through gap junctions and behave as a network of functionally
coupled oscillators (Porat-Shliom et al., 2014). Spontaneous events of
mitochondrial depolarization and rapid changes in superoxide levels,
called “flashes”, also propagate at high speed between neighboring
mitochondria - large groups of mitochondria flash synchronously
(Santo-Domingo et al., 2013). Both membrane potential oscillations
(Porat-Shliom et al., 2014) and flash propagation (Santo-Domingo
et al., 2013) occur even when the mitochondria are not physically
continuous with each other, pointing to the role of soluble signals for
inter-mitochondrial communication. Moreover, the internal physical
structure of mitochondrial membranes (i.e., the cristae) can also be-
come coordinated at inter-mitochondrial junctions where two en-
ergized mitochondria are in close contact (Picard et al., 2015a), which
may in part contribute to the functional coupling required for syn-
chronization of behavior of juxtaposed mitochondria. Thus, synchroni-
zation of behavior is a shared principle extending from large groups of
behaving animals to sub-cellular mitochondrial communities.

3.5. Functional interdependence

Individuals from highly social species depend on one another for
various aspects of their fitness (Aktipis et al., 2018; Silk, 2007b). In-
terdependence among social animals account for cooperation and al-
truism (Roberts, 2005), including unique forms of human cooperation
(Tomasello and Gonzalez-Cabrera, 2017). By helping group partners,
individuals are not only investing in their partners’ fitness but also,
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consequently, in their own as well (Aktipis et al., 2018; Maynard Smith,
1964). Most social species limit their cooperative behaviors (i.e., acting
for the common benefit of other individuals in the social group) to small
groups frequently made up of relatives, and reciprocal interactions
(Smaldino and Epstein, 2015). However, human societies can also reach
extremely high levels of cooperative behavior, benefiting not only close
relatives but also unrelated individuals. Examples of cooperative be-
havior in human societies range from the constructions of buildings and
bridges to selfless actions such as charities and blood donations (Melis
and Semmann, 2010). The latter type of actions, known as ‘altruism’ —
the type of cooperative behavior directed to benefit other individuals at
a cost to those that perform it — may be explained by its eventual (direct
or indirect) fitness benefits for the individual that exerts the cooperative
behaviors (Bourke, 2014; Hamilton, 1964a, b; West et al., 2007, 2006).
Direct fitness may result when cooperation arises from the mutual de-
pendence for survival or reproduction (termed fitness interdependence)
(Aktipis et al., 2018), while indirect fitness arises when relatives are
favored, increasing their reproductive success (Maynard Smith, 1964).
From birth, humans are highly dependent on their caretakers. In this
context, the establishment of early life attachment — a form of inter-
dependence — between the infant and caregiver ensures optimal de-
velopment and is essential for brain development, which determines
long-term well-being (Sullivan et al., 2011). Globally, the spectrum of
human activities embedded in human social networks progressively
involves interdependent relationships, with billions of people now in-
creasingly relying on each other for safety and the provision of various
goods and skills.

At the subcellular level, fitness interdependence also accurately
describes the relation between mitochondria and the cell nucleus: the
nucleus requires mitochondria for energy and metabolic intermediates
necessary for gene expression (Gut and Verdin, 2013), while mi-
tochondria depend upon the nucleus to generate most of their proteins
that enable their multifarious nature (Calvo et al., 2016). Thus, mi-
tochondria and nucleus depend on each other for their fitness and
survival. Mito-nuclear signaling, which consist in the exchange of
proteins and chemical signals between the mitochondrial population
and the nucleus, shapes how the cell as a whole responds to stress and
challenges (Cardamone et al., 2018; Nargund et al., 2012; Quiros et al.,
2016). In addition, mitochondrial biogenesis and the associated
changes in metabolism (i.e., from glycolysis to oxidative phosphoryla-
tion) can influence cell fate decision in neural stem cells, eventually
affecting neurogenesis, and thereby having an impact in cognition
(Arrazola et al., 2019).

Mitochondria also exist in a cooperative relationship with each
other. This interdependence is most clearly observed in mitochondrial
fusion and fission processes. Upon increased cellular energy demands or
reduced energy supply, mitochondria fuse to increase effectiveness
(Gomes et al., 2011; Rambold et al., 2011). Exercise also increases the
number of physical contacts between mitochondria in skeletal muscles
(Picard et al., 2013a). Importantly, as described in the section on mi-
tochondrial communication, perturbing mitochondrial fusion even-
tually leads to the accumulation of mtDNA defects and the demise of
the cells (Chen et al., 2010), revealing the essential nature of fusion-
type cooperative mitochondrial interactions. Conversely, new mi-
tochondria arise from previously established ones via the reciprocal
process of fission. When intracellular calcium rises during cell stimu-
lation, mitochondria act as calcium buffer and their ability to buffer
calcium is significantly enhanced by their interactions with each other
in the fused state (Paltauf-Doburzynska et al., 2004). Larger popula-
tions of mitochondria also naturally have greater calcium buffering
capacity (Bianchi et al., 2006), consistent with the notion that mi-
tochondria cooperate to handle cytoplasmic environmental challenges.
Genetically, mitochondria also functionally complement each other.
Isolated mitochondria without a genome or with a mutant genome can
be rescued by fusing with healthy conspecifics, restoring their normal
function and ensuring overall mitochondrial population health (King
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and Attardi, 1989; Ono et al., 2001). Furthermore, as evidence that
mitochondrial physical interactions influence the behavior of the cells
that contain them, mitochondrial dynamics influence neurogenesis
within the brain (Khacho et al., 2016, 2017). Therefore, as for social
animals, normal and optimal mitochondrial function is achieved
through cooperative interactions among conspecifics, such that mi-
tochondria exist as cooperative and functionally interdependent orga-
nelles.

3.6. Specialization and division of labor

In many social species, high levels of inter-individual variation are
optimal to enhance efficiency in solving the problems the group may be
facing (Farine et al., 2017; Jolles et al., 2017). From social arthropods
(Holldobler and Wilson, 1990) to humans (Agryris, 1973), within-group
structural and functional variation enhances task efficiency and fitness
(Pruitt and Riechert, 2011). A more deliberate form of functional var-
iation is specialization: specific individuals within a population perform
particular tasks, and develop tailored abilities or constitutions to opti-
mally perform specific task(s). Division of labor is one of the hallmarks
of social living. The extraordinary human capacity for division of labor
is a defining characteristic of all forms of organization in our societies.
It manifests as the specialization in the performance of particular social
roles, professions, and division of activities, followed by the subsequent
exchange of products among social members. In economics, division of
labor is also considered essential for the wealth of nations (Rosenberg,
1965).

Across the organism, functionally and molecularly specialized mi-
tochondria acquire characteristics that allow them to perform specific
tasks necessary for survival. Tissues with highest energetic demands,
like the heart, contain dense mitochondrial populations with proteome
and internal anatomy (dense cristae) optimized for energy transfor-
mation and ATP synthesis (Johnson et al., 2007; Piquereau et al.,
2010). In the adrenal glands, mitochondria are morphologically distinct
and specialize not in energy production, but in steroid hormone
synthesis (Midzak and Papadopoulos, 2016). Thus, across the organism,
organ systems, and cell types, mitochondria assemble in groups that
perform specific tasks or labor that complement each other and are
essential to the functioning of the whole body (Picard et al., 2018a). For
example, heart and brain mitochondria require steroid hormones for
their normal maturation, but the production of these hormones is out-
sourced to adrenal and gonadal mitochondria that specialize in ster-
oidogenesis.

Even within single cells, distinct groups of perinuclear, peridroplet,
and synaptic mitochondria differ in composition and morphology (see
Section 3.3. Group formation). For example, neuronal mitochondria lo-
cated either in the cell body and in synapses differ substantially from
somatic mitochondria in their protein composition (Stauch et al.,
2014), marking their distinct molecular identity and functional spe-
cialization. In other cell types, such as skeletal muscle fibers, mi-
tochondria also exist as either globular mitochondria near the nucleus,
or as long tubular mitochondria optimized for energy production lo-
cated among contractile myofibrils (Picard et al., 2013b; Vincent et al.,
2019). Functionally, specialization and division of labor ensures that
different groups of mitochondria are optimized and matched to the
specific cellular environment they inhabit (Benard et al., 2006; Picard
et al., 2012). Physiologically, several metabolites related to mitochon-
drial metabolism are produced by certain organs, and consumed by
other ones, highlighting the systemic division of metabolic labor that
interconnects organ-specific mitochondria as an interdependent net-
work (Jang et al., 2019). Thus, similar to humans and other social
animals who develop unique set of behaviors and outsource others
based upon immediate environmental demands, different groups of
mitochondria distributed across the organism functionally specialize and
divide labor, enabling complex organismal functions.
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3.7. An integrated social perspective of mitochondria

In this section, we have highlighted six key social principles shared
between human and mitochondrial behavior. In addition, mitochondria
exhibit at least three other behaviors that are not specifically “social”
but that share similarities with complex social organisms. First, like
other social animals, mitochondria have a life cycle: new mitochondria
are born from existing ones, age, and eventually reach end of life and
dye to be replaced by younger ones (Twig et al., 2008). Second, simi-
larity to individuals of a same species, mitochondria within an organism
are genetically related, sharing the same maternally inherited genome
(Giles et al., 1980), except in specific cases of disease. Third, like social
animals that collectively respond to environmental cues, mitochondria
have the ability to “sense” and process information — to perceive, re-
spond, and generate signals (Picard and McEwen, 2018) - such that in
response to complex stressors like psychological stress, they release
functional and physiologically-meaningful signals (e.g., Trumpff et al.,
2019).

Mechanistically, several molecular components that account for
specific aspects of the complex behaviors discussed here have been
defined. For example, the motor proteins necessary for mitochondrial
fusion and some of the molecular switches required for their activation
have in part been defined (Friedman and Nunnari, 2014). Moreover,
their regulation in response to metabolic perturbations and intracellular
signaling events have also been partially elucidated (Eisner et al.,
2018). Here, we propose that mitochondria are social organelles whose
behavior and functions will most accurately be modeled by in-
corporating our growing knowledge on the molecular mechanisms en-
abling their behaviors, together with the social principles discussed
above. The consilience of biological and sociological knowledge at the
cellular and sub-cellular levels has key implications for both biomedical
and behavioral sciences.

4. Biological implications of a social perspective on mitochondrial
behavior

To summarize the view that we have put forward in previous sec-
tions, mitochondrial structure and function are intrinsically dependent
upon their sociality. In turn, this social dimension has implications for
our understanding of health and disease processes at both the organelle
and organismic levels, and for guiding our scientific approaches de-
signed to investigate biological mechanisms udnerlying cellular and
sub-cellular processes (Fig. 4).

First, the importance of mitochondrial communication emphasized in
this social perspective has direct implications for the parameters - i.e.,
what is being measured - that should be collected to address
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mechanisms of health and disease. For example, following the tradi-
tional but limited view of mitochondria as cellular powerhouses, sci-
entific attempts to examine the role of mitochondrial involvement in
disease progression naturally focus on bioenergetic parameters (i.e.,
measures of oxidative phosphorylation processes and ATP levels)
(Chacko et al., 2014; Picard et al., 2018b). In contrast, recent work has
highlighted the role of mitochondria-derived molecules, including
proteins (Fuku et al., 2015; Kim et al., 2018) and DNA (Nakahira et al.,
2013; Trumpff et al., 2019) as key effectors in the transduction of in-
formation in response to psychological and metabolic stressors.

In a similar way that brain disorders arise from abnormal commu-
nication between otherwise normal neurons (Gazzaniga, 2013; Jiang
et al., 2019), impaired communication between otherwise normally
functioning mitochondria could be a cause of dysfunction and disease.
In our view, empirical approaches aiming to reveal mechanisms of
health and disease need to incorporate assessments of the multiple
channels whereby mitochondria communicate and interact — both locally
within the cell, and systemically within the organism. If this is correct,
quantifying the nature and timing of mitochondrial communication will
be instrumental in generating better predictive models to explain how
cells and organisms respond to challenges, including extrinsic and in-
trinsic stressors (Eisner et al., 2018). Developing methods to dynami-
cally quantify the integrity of mitochondrial communication systems in
health and disease could in turn lead to a new generation of biomarkers
(see below).

Second, we highlight the interconnected nature of mitochondria for
their normal and abnormal function and behavior. Similar to social
animals for whom a sense of social connectedness is essential to well-
being (Lee et al., 2001) and who form networks interconnected by so-
cial and other bonds, mitochondria are interconnected units that cannot
exist as isolated organelles. In this context, it is important to mention
that, in some studies, experimental approaches involving mechanical
isolation of mitochondria directly alter their function in comparison to
cellular permeabilization approaches that preserve mitochondrial
structure (Picard et al., 2011). In humans, interconnectedness is re-
flected in phenomena such as ‘emotional contagion’ (Hazy and
Boyatzis, 2015), forms of which also occur in other social animals
(Buchanan and Preston, 2017; Carnevali et al., 2017). Infectious and
non-communicable diseases (as well as health behaviors) also spread
through social ties in human social networks (Hill et al., 2010). Another
implication of interconnectedness is the so-called ‘bad apple’ effect in
which violation of group rules by one individual (e.g., dishonest re-
porting, harassment, discrimination or other) may be sufficient to de-
crease the engagement, group identification, and performance of other
members (Felps et al., 2006). Thus, behaviors can spread between in-
dividuals interconnected within a social network.

Conserved social principles guiding investigation of physiological and sub-cellular processes

Psychology, Sociology, Behavioral Medicine
Psychosomatic Medicine

SOCIAL SCIENCES
Individual level, communities, societies

A

Physiology, Cognitive Neuroscience

PHYSIOLOGICAL SCIENCES
Physiology and systems regulation

v

Cell Biology

BIOLOGICAL SCIENCES
Sub-cellular organelle dynamics

Sub-cellular energetic processes influencing the function of organ and human behavior

Fig. 4. Flow of information and concepts from the human social sciences, physiological sciences, and sub-cellular biology. Bi-directional flow of information
across disciplines can promote discovery and insight into complex behaviors. Interdisciplinary dialogue leads to insight not readily achievable by each domain in

isolation (Disis and Slattery, 2010).
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Similarly, a class of medical disorders, known as mitochondrial
disease, emerge from the spread of abnormally behaving mitochondria
throughout the mitochondrial network (Picard et al., 2016). In certain
cases of mitochondrial diseases, a single mitochondrion can acquire a
mtDNA mutation, change its behavior, and begin following rules dif-
ferent to those of the rest of the network. As in human social networks
where the influence of bad apples propagates rapidly, and as in cancer
where invasive cancerous cells proliferate to the detriment of sur-
rounding cells, dysfunctional mitochondria with genetic anomalies
develop abnormal behavior, produce aberrant signals, and highjack the
cell nucleus to promote their own proliferation (Gitschlag et al., 2016;
Lin et al., 2016). For reasons that remain unknown, mutant mi-
tochondria can avoid the endogenous cellular quality control system of
“mitophagy” and persist over time in human tissues, as evidenced by
their accumulation with age and in disease. Thus, ‘bad apple’ mutant
mitochondria can take advantage of the resources within the network to
propagate as a group in social competition with normal resident mi-
tochondria in living tissues like skeletal muscle (Vincent et al., 2018).
Consequently, identification and elimination/restoration of aberrant
mitochondria early in a disease could be a critical approach to prevent
disease progression.

Given that mitochondria play a central role in sustaining cellular life
and stress adaptation (Picard et al., 2018a), characterizing the social
principles that shape mitochondrial behavior therefore expands the
spectrum of the potential forces that enable life and (mal)adaptive
processes generally. Physiologically, the social mitochondria perspec-
tive illustrates how health is a distributed process that depends upon
multiple levels of interaction (i.e., communication, synchronization,
cooperation, etc.) among organs, cells, and organelles. This emphasizes
the limitation of overly reductionist models. It has been argued that the
search for simple causal mechanisms (e.g., single genes) in common
complex diseases has yielded relatively little insight (Moraes and Goes,
2016).

In contrast to the mainstream biomedical view, the social view of
mitochondria emphasizes how dynamic molecular, organellar, cellular,
and organismal processes enable the emergence of complex properties
and behaviors (Gao et al., 2016; Han et al., 2017), rather than linear
causal models linking single genes or proteins to disease. The obvious
corollary is the substantial increase in the complexity of associated
research questions that this view entails. We therefore envision that
future models of both mitochondrial function and human health and
behavior will benefit from the application of computational models
capable of integrating variables at multiple levels. Developing testable
and generalizable predictions about the behavior of mitochondria and
individuals may draw inspiration from social network theory and
computational social science (Fig. 5).

The central idea of social network theory is that units within a
system are interconnected, such that information flows from one unit to

Intracellular mitochondrial networks ‘
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another (Kadushin, 2012; Onnela et al., 2007). In the case of human
social networks, friendship, ideas, money, disease, and behaviors are
socially transmitted through existing networks (Apicella et al., 2012;
Fowler and Christakis, 2010; Salali et al., 2016). In the case of orga-
nelles and mitochondrial networks, proteins, membrane potential, li-
pids, heat, and mtDNA are also transmitted among members of the
intracellular networks (Dolgin, 2019; Ono et al., 2001).

In computational social science and other fields, networks are ty-
pically represented as graphs, developed from the branch of mathe-
matics called graph theory (Davis, 1970; Ohtsuki et al., 2006). Among
various kind of networks, information diffuses — over time — through the
connections (i.e., edges) linking different units (i.e., nodes or vertices)
following fundamental principles of networks and physics (Lynn and
Bassett, 2019). Social networks have the ability to describe highly
complex organizations and account for emergent properties, including
the emergence of communities with common internal properties despite
great individual diversity within a population (Han et al., 2017). Social
networks can also explain the social contagion of health behaviors like
smoking (Christakis and Fowler, 2008), obesity (Christakis and Fowler,
2007), and exercise (Aral and Nicolaides, 2017), as well as general
properties of complex network systems such as resilience (Gao et al.,
2016) that are not reducible to properties of its individual components.
In this emerging systemic view, all mitochondria within the organism
represent a single network of interacting organelles distributed across
cells and organ systems.

Applying social network theory to build robust predictive models of
mitochondrial behavior will require both technical and theoretical de-
velopments to analyze new kinds of mitochondrial datasets (e.g., time
lapse, multivariate imaging or multi-omic) (see next section). The re-
sulting models should also allow explanation and prediction of not only
the behavior of mitochondria themselves, but also their influence on the
cells and on the organism (e.g., person) that contains them - including
mapping processes that sustain human health and adaptive capacity.

5. Implications of a social mitochondria perspective for
behavioral and biomedical research

When applied to behavioral and biomedical sciences, the emerging
view of mitochondria as social organelles highlighted in previous sec-
tions has critical implications for the understanding of human health
and disease. On the one hand, it reveals how pervasive and relevant
social processes are to physiology and cell biology, opening up new
ground to examine and map the physiological principles underlying
human behavior. Consequently, this social view urges us to rethink the
simplistic biological foundations of behavior and to consider abnormal
mitochondrial social interactions among potential disease-causing me-
chanisms. Moreover, the social nature of mitochondria may also assist
us in reconceptualizing health and disease biomarkers and offer

‘ Physiological mitochondrial networks ‘

Adrenal glands
& gonads

Brain

Fig. 5. Novel approaches to model mitochondrial behavior. One approach to modeling human social behavior that may effectively be extended to mitochondrial
behavior is graph theory. At the level of mitochondria (Left), graph theory can be applied to map the network topological distribution of mitochondria within a cell
(Sukhorukov and Meyer-Hermann, 2015) and to evaluate the functional topology and clustering of individual mitochondria within cells from a particular organ (Kurz
et al., 2014). Mitochondrial networks exhibit quantifiable topology based on physical interactions with one another within the cell cytoplasm. Adjacent mitochondria
communicate and have the capacity to influence each other, and the networks can be dynamically remodeled within seconds to minutes via fusion/fission and
motility. Mitochondria can also undergo inter-cellular transfer (Dong et al., 2017; Hayakawa et al., 2016; Tan et al., 2015) and thus migrate within and between
existing networks. Across the organism (Right), mitochondria from one cell type/organ system communicate with mitochondria in other cell types (for example
though the release of mitokines and steroid hormones (Durieux et al., 2011; Picard et al., 2018a)).
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opportunities to develop a new generation of biomarkers.

5.1. Abnormal mitochondrial communication and interconnectedness in
disease

Although there has not been a systematic study of this concept,
there is sufficient evidence in the literature to support the view that
abnormal mitochondrial communication and interconnectedness can
impact individual’s behavior and disease. Mitochondrial communica-
tion with each other relies heavily on mitochondrial dynamics, which
includes fusion, fission, turnover, trafficking, and contacts with other
organelles (see Fig. 2) (Gordaliza-Alaguero et al., 2019). Critical mo-
lecular players that regulate mitochondrial dynamics are dynamin-re-
lated protein 1 (DRP1) that catalyzes division, and mitofusins 1 and 2
(Mfn1/2) and optic atrophy 1 (OPA1) involved in fusion (Friedman and
Nunnari, 2014). Mfn2, although not exclusively engaged in mitochon-
drial fusion, is a protein located in the outer mitochondrial membrane
which tethers and mediates fusion between organelles, and whose ex-
pression levels can provide cues about the propensity of mitochondria
to fuse and communicate. In humans, decreased Mfn2 expression in the
brain is observed in neurodegeneration (Lee et al., 2012; Wang et al.,
2016, 2009) and a Mfn2 single nucleotide polymorphism (SNP) was
recently found to be associated with late-onset Alzheimer’s Disease
(Kim et al., 2017). In animals, reduced Mfn2 expression was found
following a chronic stress-induction of anxiety-like behaviors
(Chakravarty et al., 2013) and in rodent models of depression (Chen
et al., 2014; Liu and Zhou, 2012), suggesting that psychopathology may
be associated with impaired mitochondrial social interactions. Im-
portantly, Mfn2 is tightly regulated; whereas factors such as proin-
flammatory cytokines, or stress hormones (i.e., glucocorticoids) tend to
block its expression, exercise tends to promote its upregulation
(Zorzano et al., 2015). Specific behavioral response to nutrient chal-
lenges, feeding behavior, and obesity (Dietrich et al, 2013;
Schneeberger et al., 2013), as well as the endocrine regulation of insulin
secretion by pancreatic 3 cells (Ramirez et al., 2017) and by various
stressors (Eisner et al., 2018) are also regulated by mitochondrial in-
teractions with each other and their surroundings. Overall, animal be-
havior appears linked to mitochondrial social behavior.

Other signaling mechanisms involved in mitochondrial commu-
nication, such as reactive oxygen species (ROS), can also impact be-
havior and disease. Mitochondrial ROS production in excess of anti-
oxidant defenses (i.e., oxidative stress) has been documented in the
majority of human neurodegenerative diseases (Angelova and
Abramov, 2018; Xiao et al., 2017) and psychopathologies, including
high anxiety (Filiou and Sandi, 2019), depression (Siwek et al., 2013),
or schizophrenia (Gonzalez-Liencres et al., 2014; Koga et al., 2016). In
rodents, alterations in ROS and mitochondrial respiration in specific
brain regions involved in motivation and aggression were found to be
associated with high anxiety with reduced social competitiveness
(Hollis et al., 2018, 2015). In addition, alterations in mitochondrial
communication with the cell nucleus, an essential process for main-
taining cellular homeostasis and ensuring effective responses to stress
(Quiros et al., 2016), appears implicated in physiological dysfunctions
typically observed in aging (Lee et al., 2013). Furthermore, increasing
evidence supports the view that mitochondrial signaling through ‘mi-
tokines’ is central to communicate mitochondrial stress from the ner-
vous system to peripheral tissues (Picard and McManus, 2016; Zhang
et al., 2018) possibly facilitating the genetic and epigenetic regulation
of cellular aging and organismal lifespan (Schinzel and Dillin, 2015).

On the other hand, health-promoting interventions, such as dietary
manipulations or exercise, can regulate ROS levels (Filiou and Sandi,
2019; He et al., 2016), promote mitochondrial function, brain meta-
bolism, and expressions of fusion/fission mediators (Cherix et al., 2020;
Liu and Zhou, 2012). Importantly, these health-promiting interventions
can also increase the number of physical interactions among adjacent
mitochondria (Picard et al., 2013a) — changes that collectively promote
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mitochondrial communication. Mitochondrial communication may also
prevent the accumulation of mutant mitochondrial genomes over time
(Picard and Turnbull, 2013). Furthermore, emerging evidence suggests
a key role for mitochondrial dynamics in the regulation of exercise
performance and adaptations to endurance exercise training (Moore
et al., 2019), and anxiolytic (van der Kooij et al., 2018) and anti-
depressant (Villa et al., 2017) drugs can also regulate different aspects
of brain mitochondrial function. Together, these lines of evidence
suggest that the shared origin of pathogenic processes underlying
common neurodegenerative and psychiatric disorders could lie in ab-
normal mitochondrial communication and perturbations of their social
behavior.

5.2. Rethinking biomarkers to quantify mitochondrial social behavior

The extension of social principles across levels of biological com-
plexity is a theoretical shift that leads to reconceptualize biomarkers
and their use in the biomedical sciences and in neuroscience. A sim-
plistic view of biomarkers is that they are “spill over” by-products from
the diseased tissue, marking the presence of a pathological process —
like smoke marks the presence of fire. However, the proposed view on
the central role of signaling and communication suggests that certain
biomarkers may in fact be substrates of communication whose levels
rise or fall, either as part of normal adaptive processes, or to compen-
sate for defective communication or functions. For example, in diabetes
mellitus the levels of insulin rise not because of a primary pathological
hypersecretory process within the pancreas, but because the commu-
nication with the target organs is impaired by insulin resistance within
the target organ (Hoehn et al., 2009). This leads to a compensatory ex-
cess release of insulin in the circulation in an attempt to achieve ef-
fective signaling. Thus, impaired organ-to-organ communication in
diabetes results in chronically elevated insulin. Therefore, a key ques-
tion to ask in the context of this perspective is: What are the equivalent
signals of impaired mitochondria-to-mitochondria communication?
Given that the main purpose of communication consist in signaling and
directing adaptative strategies in the face of change, we envision two
main challenges and opportunities to developing novel biomarkers that
reflect impaired mitochondrial communication.

First, novel biomarkers must capture dynamic processes. Because
organisms are never in steady state and the flux of information changes
constantly in response to internal and environmental processes, com-
munication is naturally a dynamic process. This may be particularly
true in the prodromal phase of disease, before symptoms manifest, as
the organism musters multi-system neuroendocrine, immune, and me-
tabolic processes to sustain states of health (McEwen, 2006). This
process is referred to as allostasis (Schulkin and Sterling, 2019). To
capture these regulatory processes from a social communication per-
spective, rather than relying on static and idealized measures (e.g.,
fasting blood draw, inflammatory marker), we predict that it will be of
utmost importance to implement dynamic measures over different time
scales. Some forms of communication between cells occur within sec-
onds while other forms of communication occur over minutes to hours —
both of which contain valuable information about the state of the or-
ganism.

This dynamic measures principle has been applied successfully in
other fields such as cognitive neuroscience. For example, connectivity
patterns extracted from time series of whole brain imaging data ac-
quired over several minutes can yield predictive activity signatures that
identify what state a person is in (e.g., pain (Kragel et al., 2018)) or can
be used as a fingerprint to distinguish individuals (Finn et al., 2015).
Different aspects of human behavior, such as personality and cognitive
performance, are also differentially explained by functional con-
nectivity metrics measured either dynamically at the time scale of
seconds, compared to “static” measures computed from a single average
over long time periods (Liegeois et al., 2019). This temporal depen-
dence highlighting the distinct information content at different time
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Fig. 6. Dynamically mapping stress-evoked systemic mitokine signatures across time scales to capture mitochondrial social behavior and regulation in
health and disease states. (A) Psychosocial, environmental, and behavioral factors influence the individual’s psychological states and triggers mitochondrial (and
cellular) signaling and communication. Mediators of mitochondrial communication enter the circulation as mitokines. (B) Theoretical mitokine dynamics over time
in response to a standardized challenge, including biomarkers with different response kinetics. Mitokines and other endocrine, metabolic, and immune parameters
collected with targeted or untargeted approaches can be integrated into multivariate computational models, which are either unsupervised or constrained to different
degree by prior biological knowledge. Current challenges in this direction include measuring a sizeable number of relevant markers with sufficient temporal
resolution to derive (and validate) robust predictive signatures. (C) Establishing personalized mitokine signatures will require that we understand how stable/
variable signatures are across time scales, and how we can leverage this information to generate insights that will guide personalized health-promoting interventions.

This may help fulfill the vision of precision medicine.

scales is typical of complex systems. Thus, new insights into the un-
derlying mitochondrial social behavior across cells and organs could be
obtained by extending this principle to mitochondria-derived stress
mediators and blood-based mitokines, including the steroid hormones
that are produced in mitochondria (Bose et al., 2002; Midzak and
Papadopoulos, 2016). A general framework to capture dynamic, mul-
tivariate signatures from time series mitokine data is illustrated in
Fig. 6.

Second, biomarkers of dysregulated processes are generally best
revealed in response to challenge. For instance, in medicine, diabetes is
diagnosed by measuring the levels of glucose and insulin following a
hyperglycemic challenge, or glucose tolerance test (GTT) (Stumvoll
et al., 2000). Challenge-based results offer more sensitive and reliable
diagnosis than single baseline assessments (Gerstein, 2001), because at
baseline a number of compensatory processes can mask underlying
dysregulation. In relation to mitochondria, preclinical studies have si-
milarly shown that complex multisystem neuroendocrine, metabolic,
and transcriptional signatures of mitochondrial dysfunction, otherwise
not present under baseline conditions, are revealed with a brief psy-
chogenic stress (Picard et al., 2015b). Similarly, an emerging mitokine
induced by stress is circulating cell-free mtDNA (cf-mtDNA) present in
human blood, which is sensed by immune receptors and may trigger
inflammatory responses in model systems (West et al., 2015a; Zhang
et al, 2010). In humans, although ccf-mtDNA levels may be con-
sistently elevated in some psychopathological states (Lindqvist et al.,
2016, 2018), ccf-mtDNA selectively increases within minutes of a
psychological challenge (Hummel et al., 2018; Trumpff et al., 2019) or
strenuous physical activity (Stawski et al., 2017). Chronic stressors like
job strain may also increase circulating levels of mitokines (Shamaei-
Tousi et al., 2007), suggesting a link between psychosocial states and
systemic mitochondrial signaling and communication (Picard and
McEwen, 2018).

Furthermore, as indicated above, a ubiquitous life challenge that
results in mitokine release is aging. Preliminary work suggests that
aging-associated elevation in ccf-mtDNA may contribute to the chronic
inflammatory state known as ‘inflammaging’ (Pinti et al., 2014). Re-
cently, a protein induced in the nucleus secondary to signaling from
dysfunctional mitochondria (Khan et al., 2017), GDF15, was identified
as the top upregulated protein in the plasma of aged healthy individuals

(Tanaka et al., 2018), indicating that signaling molecules either directly
produced by mitochondria (cf-mtDNA) or indirectly induced (GDF15)
represents a pervasive process not restricted to disease.

In the future, harnessing both principles of dynamic measures and
response to challenge may allow us to further understand how mi-
tochondria communicate across the organism, and how their commu-
nication (or disorders thereof) relates to states of health and disease.
Outstanding questions include defining to what extent mitochondrial
signaling measured at different time scales influences whole-body
processes, such as vulnerability versus resilience to stress-related dis-
orders. To what extent are mitokine signaling signatures prognostic
indicators of specific disorders, or predictors of aging trajectories across
the lifespan? Developing dynamic measures of mitochondrial commu-
nication mediators is an exciting prospect to tackle for interdisciplinary
scientists.

6. Conclusions

Developing accurate models to predict and influence health trajec-
tories is a shared goal across the behavioral and biological sciences.
Although reductionist models have successfully been applied in some
domains of biology, they are insufficient to capture and predict complex
individual-level behaviors and health states. Under the impetus of in-
creasingly large and complex datasets, major steps forward to overcome
the limitations of reductionist science are taking place in other fields
such as systems biology (Bzdok et al., 2019), personalized medicine
(Nielsen, 2017; Yu et al., 2018), computational social science (Conte
et al., 2012; Lazer et al., 2009), and computational neuroscience
(Kragel et al., 2018; Lynn and Bassett, 2019). In the field of mi-
tochondrial and cell biology, specifically, early attempts to capture the
complexity of mitochondrial behavior include computational models
that map the behavior of mutant mitochondria and their impact on cells
and tissues (Hoitzing et al., 2019), simple multivariate indices of
bioenergetic parameters (Chacko et al., 2016; Picard et al., 2018b), and
other indices of mitochondrial behavior in humans (Picard et al., 2019).
There remains much room for progress.

A critical drawback of existing biomedical health/disease models is
that they generally do not consider the dynamic social behavior of in-
dividuals and elements across levels of organization — communities of
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people, organs, cells, and organelles. In our view, a social-biological
perspective of mitochondria (and other biological processes) could
critically advance the development of more comprehensive and accu-
rate models to guide biomedical research. Eventually, such a perspec-
tive could also impact health care. To implement this view, it will be
necessary to develop novel experimental tools that can generate high-
dimensional datasets that accurately capture the dynamic social beha-
vior of organisms, including communication among key components
(i.e., nodes) in the system. Currently, it is not possible to molecularly
interrogate, at scale, individual mitochondria in free living humans.
However, appropriately scaled high-resolution imaging approaches in
cultured cells may provide opportunities to map some aspects of com-
plex mitochondrial behavior, in vitro. However, if our goal is to address
mitochondrial behavior within the human organism, a challenge will be
to generate datasets with sufficient levels of resolution and rigor ne-
cessary to test and validate complex models directly relevant to human
health. Only by applying the appropriate methods and analytical fra-
mework can we establish the extent to which the social mitochondria
perspective is accurate and generalizable, and the degree to which it
improves our ability to predict future health states. Engaging in this
interdisciplinary effort to map the social forces within organisms, as
well as their underlying molecular mechanisms, is certain to contribute
to the strides that appear necessary to develop predictive models of
human health and behavior.

Finally, we note that a social-mitochondrial perspective emphasizes
the central role of communication in biology. This leads to the inspiring
possibility that social and bioenergetic principles can guide the devel-
opment of communication-based biomarkers that dynamically identify
and quantify both health states and global perturbations among or-
ganisms — early before disease manifests. Mapping communication and
dynamic regulatory processes to predict health in a personalized way
could lead to evidence-based interventions, building upon socio-bioe-
nergetic principles, to foster health and resilience across the lifespan.
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