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Abstract
A central role of brain mitochondria in regulating and influ-
encing social behaviour is emerging. In addition to its important
roles as the “powerhouses” of the cell, mitochondria possess a
plethora of cellular functions, such as regulating ion homeo-
stasis, neurotransmitter levels, and lipid metabolism. Findings
in the last decade are revealing an integral role for mitochon-
dria in the regulation of behaviours, including those from the
social domain. Here, we discuss recent evidence linking
mitochondrial functions and dynamics to social behaviour and
deficits, including examples in which social behaviours are
modulated by stress in the context of mitochondrial changes,
as well as potential therapeutic strategies and outstanding
questions in the field.
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Introduction
Across the animal kingdom, many species, including
humans, have evolved to be social, as - among other
reasons - being alone in an environment full of predators
poses numerous dangers. Therefore, our brains - and
those of many other species - are extensively social. This
is reflected in the plethora of brain regions and inter-
connected circuits involved in the social domain,
including different hypothalamic nuclei, the nucleus

accumbens (NAc), ventral tegmental area (VTA),
www.sciencedirect.com
amygdala, hippocampus (HIP) and prefrontal cortex
(PFC); ranging from those engaged in the processing
and consolidation of social cues, to those involved in
reward, motivation, decision-making and action regula-
tion [1,2]. Alterations in social behaviour are present in

most mental health disorders, including depression,
anxiety disorders and autism [3e5]. Frequently, these
conditions involve reduced sociability, as well as trouble
integrating in social groups, forming pair-bonds or
aggression towards others. Chronic stress is an important
risk factor for developing both aberrant social behaviours
and mental health disorders [1,6]. Accordingly, under-
standing the neural mechanisms that govern social
function and dysfunction is a critical step to discern the
underpinnings of some of the most common mental
health disorders, and may reveal novel avenues for

therapeutic interventions.

Recent emerging evidence puts brain mitochondria
under the spotlight for brain (dys)function [7,8],
including psychopathologies that course with social al-
terations [9]. Mitochondria are double-membraned or-
ganelles crucial for cellular energy metabolism, as well as
ion homeostasis, lipid metabolism and signal trans-
ductions (see Box 1). In this review, we focus on recent
findings linking mitochondrial function and dynamics to
social behaviour, together with examples in which social

behaviours are modulated by stress in the context of
mitochondrial changes, and discuss potential ther-
apeutical strategies and future perspectives (Figure 1).
Mitochondria and social competition
The formation of social hierarchies is crucial for main-
taining group homeostasis, such as the division of labour
and resources, and the odds of becoming dominant or

subordinate in a social competition is - to some extent -
biologically determined [10]. The first evidence indi-
cating that mitochondrial function in specific brain re-
gions could be critical for social behaviours was related
to social competition. The nucleus accumbens (NAc) - a
brain hub for motivated behaviour - had been shown to
be critically involved in the outcome of a competitive
encounter, as it is highly activated during exposure to
contests and its inhibition reduces social dominance
[11,12]. In 2015, Hollis et al. [12] identified a key role
for mitochondria in the NAc in social competition. They
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Box 1. Mitochondria functions and dynamics

Mitochondria are both bioenergetic and ‘signaling organelles’ [68].
The inner mitochondrial membrane is primarily involved in the pro-
duction of adenosine triphosphate (ATP) through oxidative phos-
phorylation (OXPHOS). The outer membrane forms membrane
contact sites with other organelles such as lysosomes and endo-
plasmic reticulum, and is the main platform for mitochondrial
signaling, as well as critical for fission (division) and fusion of mito-
chondria [69]. Mitochondria undergo fusion to become large and do
so when, for example, energy demand is high. Fission often occurs
when mitochondria are damaged and should be targeted for
mitophagy (the degradation of a mitochondrion). In addition, mito-
chondria synthesize steroid hormones, regulate apoptosis, and
modulate the cellular ion homeostasis (reviewed in Refs. [69,70]).
Their morphology is strongly related to their function [71]. Both their
fusion/fission dynamics, overall morphology (length, width, round-
ness) and ultrastructural organization (inner and outer membranes)
vary between different cell types, cell cycle stages and in response
to metabolic signals.

Most cell types largely rely on OXPHOS in mitochondria for the
production of ATP (e.g. neurons), though there are exceptions (e.g.
astrocytes relying on glycolysis) [72]. Before OXPHOS can take
place, glucose, fatty acids and/or amino acids need to be catabo-
lized. The derived products enter the tricarboxylic acid (TCA) cycle
in the mitochondria, which then produces substrates that are used
for OXPHOS by the electron transport chain (ETC) located in the
inner mitochondrial membrane [73]. The ETC comprises of four
protein complexes (complex I-IV) through which electrons travel,
creating a proton gradient (also known as the mitochondrial mem-
brane potential). The OXPHOS process starts with the release of
electrons produced by reducing TCA-derived NADH into NAD+ and
ends with the addition of phosphate to adenosine diphosphate
(ADP) by ATP synthase (complex V), to generate ATP. During
OXPHOS, oxygen acts as an electron acceptor, and mitochondrial
oxygen consumption can thus be used as a proxy for mitochon-
drial activity.

Reactive oxygen species (ROS) are produced as a natural
byproduct during OXPHOS due to electron leakage, causing a
reduction of oxygen to O2�-, which is usually rapidly converted into
H2O2 by superoxide dismutase (SOD) (reviewed in depth in
Ref. [74]). H2O2 can leave the mitochondrion and function as a
signaling molecule, regulating processes such as cell growth and
differentiation. Despite its physiological role, high levels of ROS can
cause damage to the cell by oxidation of membrane lipids and DNA.
Therefore, antioxidant systems, such as the glutathione (GSH)
system, are set in place to protect from high ROS levels, and sub-
sequently, cellular and mitochondrial damage.

2 Metabolic underpinnings of normal and diseased neural function 2023
showed that when two male rats of equal characteristics
and life history, but differing in their anxiety tempera-
ment, competed for a new territory, high anxious (HA)

rats were more prone to becoming subordinate than
their low anxious (LA) opponents. Strikingly, these
behavioural results were linked to a range of alterations
in NAc neuronal and mitochondrial structure and
function. As compared to LA, HA rats showed dendritic
atrophy and reduced density of mature spines in
medium spiny neurons along with a reduced frequency
of excitatory inputs [13], denoting a reduced capacity of
these neurons to get activated by glutamatergic
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afferents. These morphological differences were
accompanied by an increased expression of
mitochondria-related genes and, congruent with these
findings, lower mitochondrial complex I and II protein
levels (see Box 1), lower respiratory capacity and ATP
levels, while higher ROS production, in the NAc of HA
animals as compared to LA [12,13]. Importantly,
boosting mitochondrial function by nicotinamide infu-

sion in the NAc abolished the propensity to become
subordinate in HA rats [12]. Although mitochondrial
density in NAc neurons was similar in both anxiety
groups, subsequent studies showed that mitochondrial
morphology was drastically different: mitochondria were
more globular and voluminous in HA rats and showed a
much lower number of contacts with the endoplasmic
reticulum (ER) than in LA animals [13]. Thus, proteins
involved in mitochondrial dynamics and their interac-
tion with the ER were potentially involved in the
observed phenotypes. Further research underscored a

causal role for reduced levels of mitofusin 2 (MFN2; a
protein regulating mitochondrial fusion and
mitochondria-ER interactions) in the NAc, in the
mitochondrial, neuronal and behavioural phenotypes
reported above for HA rats [13]. Altogether, these
findings highlight a prominent role for natural variation
in Mfn2 expression in the NAc in explaining individual
differences in brain structure and function, as well as
motivated behaviour [14].

This established rat model of anxiety and social compe-

tition also revealed that both social competition and NAc
mitochondrial function can be modulated by treatment
with the anxiolytic diazepam.Diazepam given toHA rats,
either peripherally (at a low dose) or in the ventral
tegmental area (VTA) - the brain region containing the
dopaminergic neurons projecting to the NAc - reverted
their competitive disadvantage against LA rats [15].
Importantly, this effect was shown to involve increased
dopamine release into the NAc which, through the acti-
vation of dopamine receptor 1 (DRD1), could transiently
boost mitochondrial function (i.e., respiration and ATP
production). Blocking complex I-related mitochondrial

respiration in the NAc prevented the effect of diazepam,
eventually linking mitochondrial function in the NAc to
dopamine signalling [15]. These findings are in line with
earlier literature showing VTA-NAc projections to regu-
late social behaviour via NAc DRD1 signalling [16], and
further expand on these by implicating a key role for
mitochondria in this connection.

Next to identifying brain mitochondrial function to
regulate social competitiveness in male rats, social
status has also been related to mitochondrial function

across several species in peripheral tissues. For example,
subordinate mice showed higher expression of genes
involved in oxidative phosphorylation in spleen, while
dominants displayed increased expression of genes
involved in carboxylic and lipid catabolic processes in
www.sciencedirect.com
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Figure 1

Mitochondrial function and dynamics are central in social behaviour and stress-induced social deficits. Nutritional interventions targeting mitochondria
modulate sociability and social status. ATP, adenosine triphosphate; ROS, reactive oxygen species; OXPHOS, oxidative phosphorylation; TCA, tricar-
boxylic acid; mtDNA, mitochondrial DNA.
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liver [17]. In cichlid fish, dominant males showed
increased plasma reactive oxygen species (ROS) levels
compared to subordinates in stablee but not unstablee
hierarchies [18]. In addition, liver gene expression
analysis indicated more mitochondrial fission and less
fusion in subordinate rainbow trout [19], while in female
rhesus macaques, time spent grooming (a measure of
affiliative behaviour indicative of higher rank), but not
rank measured by agonistic behaviour, correlated posi-
tively to mtDNA copy number in B cells [20]. Together,
these studies show social status-dependent variation in
mitochondrial functions across different species and
different tissues/cell types.

Mitochondria and sociability
Subsequent studies have shown that, beyond its role in
social rank establishment, mitochondria are also
involved in other aspects of social behaviour. For
instance, mitochondrial deficits induced by a mutation
in the mtDNA gene Nd6 have been associated with
reduced sociability in a social preference task in male
www.sciencedirect.com
mice [21]. Interestingly, in social monogamous prairie
voles, pair-bonding was accompanied by higher mtDNA
copy numbers in the NAc of male - but not female -

prairie voles, as well as sex-specific alterations in the
expression of genes regulating mitochondrial fission
(Fis1, Dnm1l), indicating increased fission in the NAc of
males after cohabitation [22].

Recent work in invertebrates has provided further in-
sights into the underlying mechanisms by which mito-
chondria may regulate social behaviour. Specifically,
Drosophila carrying mutations in the homolog of the
human CYFIP1, a protein regulating cytoskeletal dy-
namics and protein translation linked to autism and

schizophrenia, showed deficits in social group behaviour
(e.g. increased distance between flies within a social
group and reduced courtship behaviour), which were
accompanied by increased mitochondrial respiration,
mitochondrion size, and higher TCA cycle activity in the
brain [23]. Social deficits in mutant flies were causally
linked to defects in GABA signalling, as GABA
Current Opinion in Neurobiology 2023, 79:102675
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accumulated in mitochondria of mutants [23]. GABA
uptake was driven by the mitochondrial transporter
Aralar, a solute carrier located in the outer mitochondrial
membrane, previously described to exchange aspartate
for glutamate and a proton [24]. Alongside the
involvement of GABAergic signalling in modulating
social behaviour, energy metabolism in astrocytes has
also been shown to affect social behaviour in male mice

[25]. In fact, the cannabinoid-induced social deficit in a
social preference task could be retraced to astrocytic
mitochondria. Activating astroglial type-1 cannabinoid
receptors associated with mitochondrial membranes
(mtCB1) decreased the stability and activity of mito-
chondrial complex I, lowering ROS production in as-
trocytes. The low astrocytic ROS hampered lactate
production in the astrocytes, causing redox stress in the
neurons. Consequently, excessive ROS produced in
neurons mediated the social interaction deficits induced
by cannabinoids. Thus, mitochondria can regulate social

behaviour directly by sequestering GABA in neurons,
but also indirectly by lowering metabolic support from
astrocytes to neurons.

In contrast to the reduced sociability occurring in
mental disorders as anxiety, depression and autism,
hypersociability is a prominent feature of Williams syn-
drome (WS) [26]. WS is caused by the deletion of
26e28 genes from chromosome 7 (7q11.23), while
duplication of this region is associated with autism [27].
Notably, mitochondrial function has also been linked to

WS pathogenesis and its associated increased sociability
[28]. Fibroblasts from WS patients showed decreased
mitochondrial respiration and ATP synthesis parallel to
increased ROS production, in line with alterations in
OXPHOS complex protein levels in the neocortex of WS
patients. The 7q11.23 protein DNAJC30, an auxiliary
component of the ATP synthase machinery, was iden-
tified to in part facilitate these mitochondrial alter-
ations, as DNAJC30 knock out mice showed increased
social interest alongside neuronal morphological and
mitochondrial alterations.

As exemplified, both increased and decreased mito-
chondrial function are related to social deficits [23,25],
while decreased mitochondrial function is also linked to
hypersociability [28]. Therefore, the relationship be-
tween mitochondrial function and social behaviour
seems not to be linear, but rather parabolic where either
too little or too much activity can lead to abnormalities.

In humans, studying the relationship between social
behaviour and brain mitochondrial function is chal-
lenging, since brain mitochondria are only accessible

post-mortem. Brain metabolites measured with 1H-mag-
netic resonance spectroscopy can instead serve as a
proxy for mitochondrial function and other metabolic
processes in living individuals. Thus, recent work in
healthy human subjects has shown an association
Current Opinion in Neurobiology 2023, 79:102675
between N-acetylaspartate (NAA; a storage form of
acetyl coenzyme A - the main substrate entering the
TCA cycle - that is produced in neuronal mitochondria
[29]) levels in the dorsal anterior cingulate cortex and
several emotional constructs, including social potency
and aggression [30]. These data suggest that the link
between brain energy metabolism and social behaviour
described above in rodents also exists in humans.

However, a note of caution should be added, as this
study involved a rather small sample size. Importantly,
in line with findings in animals in which mitochondrial
functions are impaired through genetic mutations or
pharmacological manipulations [12,13,15,21,23], human
patients with mitochondrial diseases also often display
psychiatric symptoms (reviewed in Ref. [31]). And,
conversely, alterations in (brain) energy metabolism
have been identified in psychopathological conditions
involving changes in social behaviour, such as autism
spectrum disorder (reviewed in Ref. [32]), as well as in

depression (reviewed in Ref. [33]). However, whether
variation in brain energy metabolism is also related to
social behaviour under nonpathological conditions in
humans requires further investigation.

Stress-induced sociability deficits can be traced back
to mitochondria
Stress occurring at different times throughout in-
dividual’s life can have a strong impact on social
behaviour, not just in humans but in rodents as well [1].
Along with changes in mood, motivation or anxiety, both
physical and psychosocial stress can lead to reduced
sociability and increased aggression [1,34]. Mitochon-
drial changes in the brain are now being implicated in
the effect of stress and the resulting sociability deficits.

Here, we review evidence on both early-life and adult-
hood stress.

Early-life stress-induced programming of social
behaviours – the mitochondria connection
Early-life stressful experiences can have a strong impact
on social behaviour, frequently leading to decreased
social motivation, development of antisocial features,
and increased aggressiveness in adult life (reviewed in
Ref. [1]). They can also affect the structure and func-
tion of several brain regions critically involved in the
regulation of social behaviours, such as the PFC, HIP,
and the hypothalamus; and these findings have been
reported for both humans and rodents.

Furthermore, exposure to early-life stressful experiences
can also program brain mitochondrial functions [35e39]
and contemporary findings link those mitochondrial
changes to stress-induced alterations in social behav-
iours. First, correlational evidence has been reported in
studies showing that peripubertal stress in male rodents
leads to increased aggression [35] and social deficits later
in life [36], alongside mitochondrial dysfunctions in the
amygdala (increased respiration) [35] and NAc (reduced
www.sciencedirect.com
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respiration) [36], respectively. Second, both peripheral
and brain energy metabolism have been causally linked
to peripubertal stress-induced social deficits in a recent
study [36]. Specifically, peripubertally stressed male, but
not female, mice were found to concomitantly show
deficits in sociability and increased adiposity at adult-
hood. Strikingly, a reduction in the levels of the adipo-
kine nicotinamide phosphoribosyltransferase (NAMPT)

in fat and its extracellular form eNAMPT in blood
contributed to the reduced sociability. The observed
decrease in eNAMPT contributed to a deficit in the
levels of nicotinamide adenine dinucleotide (NADþ) in
the NAc and, consequently, on the activity of the SIRT1
pathway. These alterations in turn led to a reduction in
the firing frequency of the NAc medium spiny neurons
and associated changes in sociability. Importantly, treat-
ment with nicotinamide mononucleotide (NMN), a
NADþ booster, following exposure to peripubertal stress
prevented the expression of social deficits at adulthood

[36]. Besides peripubertal stress, pre- and early postnatal
stress cause social deficits and depressive-like behaviour
later in life as well, together with increased levels of the
mitochondrial hypoxia marker 2-hydroxyglutaric acid
[37]. Moreover, an intervention with acetyl-L-carnitine
(ALC), a mitochondrial boosting compound, protected
mice from developing depressive-like behaviour [37].
Together, these studies indicate that early-life experi-
ences can program later life social behaviour, at least in
part, through changes in mitochondria.

Changes in social behaviour upon stress at adulthood –

the mitochondria connection
Exposure to stressors during adulthood can also affect
social behaviours, frequently leading to social avoidance
and fear towards unknown conspecifics [1]. Most of the
studies implicating mitochondria in adult stress-
induced sociability deficits utilize the social defeat
paradigm. In male mice, social defeat was shown to
cause a decrease in the mitochondrial size and mass in

the basolateral and central nucleus of the amygdala [40].
Accordingly, the membrane potential of the mitochon-
dria, which is harnessed to yield ATP [41], was also
found to be reduced in these brain regions. The stress-
susceptible animals showed an increase of mtDNA
mutations and a decrease of mtDNA copy number,
which was associated with elevated levels of mitophagy.
Downregulating mitophagy abolished anxiety-like be-
haviours. Furthermore, mitochondria of the hippocampal
neurons of stress-susceptible male mice were also found
to be negatively affected by enhanced mitophagy and

autophagy, resulting in disrupted neuronal growth and
development [42]. Intact, functional mitochondria are
essential for the normative function of the neurons, and
mitophagy and autophagy provide a strenuous surveil-
lance over the “quality” of mitochondria (box 1). A
neuronal mitochondrion whose function is compromised
by sub-optimal structure or mutated mtDNA, especially
when it cannot be targeted by mitophagy, could affect
www.sciencedirect.com
the functioning of neural circuits through different
mechanisms (e.g., by inducing cellular energy deficits,
alterations in calcium buffering, neurotransmitter pro-
duction, or other) eventually contributing to the stress-
like phenotype.

Other studies have shown that multiple circuits can be
affected by social defeat stress. To illustrate, an inte-

grated multi-omics analysis from the bed nucleus of the
stria terminalis of male C57BL/6 mice, another region
associated with stress response [43], revealed that
oxidative phosphorylation was upregulated, whereas
another mitochondria-related pathway, SIRT1 signal-
ling, was downregulated by social defeat stress [44].
Interestingly, the same pathways were found to be
affected by social defeat in stressed DBA/2 male mice,
as well, but in the opposite direction, emphasizing the
inter-strain differences of gene regulation. Together,
these findings highlight mitochondrial homeostasis as

crucial for the social brain; disruptions in this fine bal-
ance can lead to, or be influenced by, stress-induced
sociability defects.

Mitochondrial homeostasis is critically involved in the
regulation of the cellular concentration of ROS. ROS arise
as a by-product of oxidative phosphorylation, and while a
certain level of them is beneficial to the cellular function,
high levels can cause damage to DNA, protein, or lipids
(see Box 1). Social defeat has been shown to lead to
reduced protein levels of oxidative stress enzymes such as

glutathione reductase 1, glyoxalase 1 and superoxide dis-
mutase (SOD) in theHIP [45].Moreover, stress-resistant
animals were found to exhibit an increased concentration
of cystine (a dimer of cysteine that can be converted to
the antioxidant GSH) in the NAc and ventromedial PFC
[46]. While the oxygen consumption rate and ATP syn-
thesis did not show a difference in the PFC of aggressive
mice, cytochrome c oxidase levels and activity were found
to be lower [47]. This dysregulation was not confined to
the brain, as ROS and SOD activity were also increased in
the liver, along with decreased GSH, in socially-isolated
rats [48]. In addition to changes in neuronal excitation

produced by stress leading to increased ROS production,
stress can affect oxidation through transcriptional effects
of stress hormones. Notably, the transthyretin gene,
whose mRNA and protein levels change in proportion to
cellular oxidative stress, contains a glucocorticoid receptor
response element in its first intron, and is found to be
upregulated upon stress (reviewed in Ref. [49]).
Together, these converging evidences suggest the
involvement of increased ROS levels caused by mito-
chondrial dysfunction as an underlying mechanism
of stress.

Mitochondrial dysfunction can have wide-spanning
causes and effects; usually involving changes in the
energy and lipid metabolism. Indeed, many proteomic,
lipidomic and metabolic studies allude to potential
Current Opinion in Neurobiology 2023, 79:102675
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disruptions upon stress. In male rats, social isolation
leads to an increase in glucose metabolism and vesicle
trafficking proteins in the synaptosomal fractions ob-
tained from the HIP [50]. On the other hand, in the
cytosolic fractions, a shift from glycolytic enzymes to
oxidative phosphorylation has been observed, as well as a
downregulation in mitochondria-related redox system
and calcium signalling [51]. In male mice, social isola-

tion induces lipid peroxidation in the PFC, suggesting
an increase in energy demands [52]. In the amygdala
and the PFC of male rats subjected to social defeat
stress, NAA was found to be increased [53]. On the
other hand, in the HIP of male rats exposed to social
defeat, both lactic acid and NAA were increased, hinting
to increased glycolysis and mitochondrial dysfunction,
respectively [54]. Glycogen accumulation was observed
in the medial PFC of the social defeat stress-susceptible
mice, and astrocytic brain type glycogen phosphorylase
PYGB dysfunction was sufficient to induce glycogen

accumulation and depression-like behaviours observed
upon social defeat stress [55]. Chronic social defeat
stress led to strong and divergent changes in metabolites
and lipids, in the ventral HIP, NAc and the mPFC [56].
Changing metabolites ranged from purine nucleotides,
carnitine donors to modified fatty acids involved in beta
oxidation, and antioxidants. Finally, LAC-supplemented
mice survived the adverse effects of chronic restraint
stress on high ranking mice [57]. Since LAC is involved
in the transport of long-chain fatty acids into the mito-
chondria, facilitating this transport is likely to tip the

energy metabolism in favour of lipid oxidation, thereby
counterbalancing the glycolysis-promoting energy
metabolism of stress [58]. Collectively, these findings
emphasize that defects in energy and lipid metabolism,
which may pave the way to, or have originated from,
mitochondrial dysfunction, can spearhead the effects of
social stress in the brain.
Nutritional intervention strategies
The fact that mitochondrial energy metabolism regu-
lates social behaviour (e.g. Refs. [12,36]) and that diet
and specific nutrients impact on brain mitochondrial
functions [59,60], raises the question as to whether
social behaviours can be modulated via dietary supple-
mentation. A few emerging studies already support this
view. For example, peripubertal stress-induced social
deficits could be rescued by dietary supplementation of

nicotinamide mononucleotide, a NADþ booster [36].
Another study showed that supplementation of medium
chain triglycerides (an effective energy source for
mitochondria) increased social status in high anxious
rats [61]. Improved mitochondrial function within the
mPFC, but not the NAc, was associated with these di-
etary effects. Furthermore, supplementation with LAC,
a mitochondrial booster, also exerted beneficial effects
in high rank - but not low rank - mice exposed to chronic
stress [57]. In fact, chronic stress exposure to high rank
Current Opinion in Neurobiology 2023, 79:102675
mice increased depressive-like behaviours and lowered
the levels of metabolites such as phosphocreatine
(involved in energy metabolism) and taurine (antioxi-
dant), while LAC supplementation reversed the levels
of these metabolites to control levels. Finally, intra-
gastric Dl-3-n-Butylphthalide (NBP) administration, a
synthetic compound based on l-3-n-Butylphthalide that
is isolated from seeds of celery (Apium graveolens), miti-

gated stress-induced social deficits, anxiety-like behav-
iour and despair, as well as altered metabolite levels of
glycolysis and the TCA cycle [62]. Thus, nutrition-
based interventions serve a potential therapeutic
target for (stress-induced) social deficits.
Conclusion and future perspectives
Mitochondria are emerging as a critical organelle in the
regulation of social behaviours and, accordingly, we also
attest here that changes in mitochondrial function are
involved in the modulation of social behaviours by stress.
Problems with brain mitochondria can manifest in various

ways, from an imbalance in energy metabolism (glycolysis
vs. oxidative phosphorylation), disrupted ion homeostasis
and increased cellular ROS levels, to compromised lipid
metabolism (beta-oxidation or peroxidation). Potential
intervention strategies include NADþ boosters, NBP or
medium chain fatty acid supplementation.

There are many outstanding questions. Most of the
preclinical studies are performed in males only. Only a
handful of studies include both sexes, and differences in
mitochondrial function between males and females have

already been reported. For example, the susceptibility to
ROS upon social isolation stress is higher in female than
male mice [63], and mtDNA copy number increased
only in pair-bonded male, but not female, prairie voles
[22]. Thus, whether similar brain circuits, cellular and
molecular processes are involved in female social
behaviour needs further investigation.

Due to the interconnected nature of social behaviour,
both on the level of the numerous brain regions involved
as well as the peripheral and hormonal regulation, it has

thus far been a challenge to delineate the role of mito-
chondria in these different aspects of behavioural re-
sponses. For example, dopamine is known to modulate
social behaviour, and increased dopamine signalling in
the NAc has been shown to boost mitochondrial func-
tion, leading to changes in the behavioural output [15].
It would be imperative to extend this investigation into
other behaviour-regulating hormones, such as oxytocin
[64], and to understand which of these links between
hormones and behaviour has mitochondrial foundations.

As outlined throughout this review, mitochondrial
function and dynamics have been implicated in many
different aspects of social behaviour, as well as anxiety-
and stress-related changes in behaviour. However, the
www.sciencedirect.com
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mitochondrial changes could either be i) a primary
driving force of variation in social behaviour, or rather ii)
a secondary effect to another underlying, (neuro)bio-
logical difference, such as dysregulated transcription
due to a mutated transcription factor, fundamental
differences in the chromatin topology or circulating
factors. Evidence for mitochondria being a primary
substrate to regulate behaviour comes from recent

studies showing that intracerebroventricular mitochon-
drial transplantation improved anxiety- and depression-
like behaviour in mice and rats, respectively [65,66].
Another study illustrated that a mutation in the Bcl-2
protein, which is situated in the inner mitochondrial
membrane and modulates the Ca2þ uptake by the
mitochondria, caused mice to exhibit more anxiety-like
behaviours [67]. On the other hand, reduced levels of
the adipokine NAMPT in the blood was shown to un-
derlie the behavioural abnormalities and mitochondrial
defects in the NAc in a peripubertal stress model, and

repletion of NAMPT levels rescued these effects [36].
Considering how central mitochondria are to cellular
-and thus brain-function, we think that both views
presented here hold truth; while mitochondrial changes
may be the driving force behind some behavioural def-
icits, they may also be secondary to other neurobiolog-
ical differences in others. Associating specific
mitochondrial abnormalities (i.e., mutations of a mito-
chondrial gene) with certain behavioural disorders,
followed by modelling these abnormalities to replicate
the disorder in transgenic animal models will be able to

shed some light into this discussion.

Another critical question is to understand whether there
are cell type-specific differences in the mitochondrial
function that govern social behaviour. While a few
studies report such cell type specificity [25,55], further
research is imperative to unveil the specific contribution
of mitochondria to social behaviour in different cell
types. Finally, given the metabolic functions and
dependence of mitochondria on substrates - as well as
their products - amenable to nutritional or pharmaco-
logical targeting, emerging findings in this field bring

promise to investigate the therapeutic potential of
mitochondria-targeting approaches.
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