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The nervous system is the central hub of the body, detecting environmental and internal stimuli to regulate organismal
metabolism via communications to the peripheral tissues. Mitochondria play an essential role in neuronal activity by
supplying energy, maintaining cellular metabolism, and buffering calcium levels. A variety of mitochondrial conditions
are associated with aging and age-related neurological disorders. Beyond regulating individual neuron cells, mito-
chondria also coordinate signaling in tissues and organs during stress conditions to mediate systemic metabolism
and enable organisms to adapt to such stresses. In addition, peripheral organs and immune cells can also produce
signaling molecules to modulate neuronal function. Recent studies have found that mitokines released upon mitochon-
drial stresses affect metabolism and the physiology of different tissues and organs at a distance. Here, we summarize
recent advances in understanding neuron-periphery mitochondrial stress communication and how mitokine signals
contribute to the systemic regulation of metabolism and aging with potential implications for therapeutic strategies.

Introduction modifications [14]. In addition, mitochondrial stress signaling path-
ways mediate neuronal inflammation, calcium homeostasis, and
inter-tissue stress communication [15, 16]. Mitochondrial deteri-
oration within the nervous system is often associated with muta-
tions in both nuclear and mitochondrial proteins, a decreased in
mitochondrial oxidative phosphorylation (OXPHOS) activity, and
an excessive production of mitochondrial reactive oxygen species
(mtROS) [17, 18]. Dysregulated mitochondrial dynamic changes,
including fusion and fission, also contribute to perturbed mito-
chondrial function and can lead to neurological disorders [19, 20].
Accordingly, it is essential for the nervous system to monitor and
surveil mitochondrial function and activity through multiple quality
control pathways [21, 22].

Mild mitochondrial proteostasis stress can activate mito-
chondrial unfolded protein responses (UPR™), a transcriptional
response that up-regulates the expression of mitochondrial chap-
erones, proteases, and detoxifying enzymes to help restore mito-
chondrial function [23—25]. In mammals, considerable evidence
has highlighted the integrated stress response (ISR) as a central

In order to maintain organismal homeostasis and health, differ-
ent tissues and organs inter-communicate their respective met-
abolic states via multiple signals. The nervous system is central
to responding to environmental and internal stimuli, integrating
and transmitting chemical or electrical signals to peripheral tis-
sues for organismal-wide fitness [1—4]. Peripheral organs and the
immune system can also produce bioactive factors that participate
in inter-organ communication and affect the nervous system [5-9].
Hence, the bi-directional communication between neurons and
peripheral tissues is essential for regulating organismal health
and preventing the development of diseases.

Neurons are post-mitotic cells that, among other vital func-
tions, are responsible for maintaining organismal homeostasis [4,
10]. Mitochondria are cellular organelles responsible for energy
production and metabolism in cells, and thus provide the nec-
essary energy supply for active neuronal synaptic transmission
[11=183]. The intermediate metabolites derived from mitochondrial
activity can affect neuronal gene expression due to epigenetic
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element of the UPR™, where it differs from Caenorhabditi ele-
gans [25-28]. If the damage is beyond repair, dysfunctional mito-
chondria are targeted for degradation via mitophagy, a form of
autophagy that mediates the removal of defective/superfluous
mitochondria from the cell [29, 30]. A delayed or deficient removal
process can lead to the release of mitochondrial DNA (mtDNA)
into the cytosol, where it may trigger immune response [31, 32].In
high-energy demanding neurons, the presence of damaged mito-
chondria may lead to neuronal cell death. Furthermore, age-as-
sociated mitochondrial dysfunction is highly correlated with many
age-related neurological disorders, including Alzheimer’s disease
(AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis
(ALS) [13, 33].

The nervous system plays a central role in mediating the
physiological function of peripheral tissues, whereby dysfunctional
neuronal mitochondria can also compromise the homeostasis of
peripheral tissues and overall organismal health, potentially lead-
ing to diseases development [20, 34]. A thorough understanding
of the mitochondrial surveillance pathway and inter-organ mito-
chondrial stress communication under different physiological and
pathological conditions is essential to provide therapeutic ave-
nues for age-related neuronal diseases.

The relationship between neuronal mitochondrial
dysfunction, aging, and diseases

Mitochondrial dysfunction in neurological disorders
Mitochondrial proteins are encoded by both the mtDNA and
nuclear (nDNA) genomes, on which hundreds of mutations
have been associated with a wide range of neurological disor-
ders [18]. For example, high levels of the m.3243A > G hetero-
plasmy lead to mitochondrial dysfunction and a decrease in the
number of synapses and dendritic complexity in humans. This
results in mitochondrial encephalomyopathy, lactic acidosis,
and stroke-like episodes (MELAS) syndrome [35]. Mutations in
the optic atrophy 1 (OPAI) or Mitofusin 2 (MFN2) genes, which
represent two mitochondrial dynamic regulators, lead to an
impaired mitochondrial function and contribute to optic atrophy
or charcot-marie-tooth disease type 2A (a familial neuropa-
thy) [36, 37]. Moreover, mutations in the gene encoding pitri-
lysin metallopeptidase 1, a mitochondrial protease, lead to an
age-dependent, progressive, neurological syndrome caused
by the breakdown of mitochondrial precursors processing and
degradation [38].

In mice, mitochondrial complex | (MCI) dysfunction in dopa-
minergic (DA) neurons results in progressive, human-like parkin-
sonism which decreases nigral dopamine release contributing
to motor dysfunction [39]. Knockout of DRP1 in the forebrain
of adult mice activates ISR and induces neuron-derived cyto-
kine a fibroblast growth factor (FGF21), an early biomarker for
latent neurodegenerative disorders [40]. Additionally, the exces-
sive production of mtROS, mitophagy deficiency, or aberrant
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mitochondrial dynamics have also been associated with a variety
of neuronal diseases (Table 1) [41-43].

Age-related neuronal mitochondrial dysfunction

Neuronal mitochondrial function declines with age [20, 50-52],
as exemplified by reduced mitochondria size and excessive
mitochondrial damage in the brain of patients with aging-related
disorders [53]. During aging, mitochondrial dysfunction is com-
monly associated with a decline in respiratory capacity (e.g.,
substrate-dependent oxygen consumption), an altered activity
of mitochondrial enzymes (e.g., citrate synthase), an increased
production of reactive oxygen species (ROS), and dysregulated
mitochondrial proteostasis [54]. The altered mitochondrial func-
tion is also associated with changes in mitochondrial morphology.
In C. elegans, mitochondria in neuron and body wall muscle cells
exhibit progressive fragmentation during aging [50]. Notably, it
has been reported that maintaining mitochondrial dynamics in the
nervous system helps delay aging [55].

Since maintenance of an adequate number of mitochondria
and homeostasis during the lifetime of neurons is critical for their
development, connectivity, and plasticity, age-dependent neuronal
mitochondrial function decline might, in turn, contribute to acceler-
ating neurological disorders [50]. In mice, neuronal mitochondria
synthesized the endogenous free radical scavenger melatonin,
which is known to decrease with aging, resulting in the activation
of neuronal inflammatory response [56]. Additionally, age-depen-
dent mitochondrial loss or damage also leads to reduced ATP pro-
duction, which accelerates both age-decline cerebral blood flow
and mild cognitive impairment (MCI) [57]. Importantly, the overex-
pression of the gene cytochrome c oxidase subunit Va (COX5A)
in neurons helps maintaining mitochondrial function and partly
improves spatial recognition memory and hippocampal synaptic
plasticity in aging mice [58].

Neuron-to-periphery mitochondrial stress
communication in diseases and aging
Neuron-to-intestine communication

The nervous system coordinates sensing and organismal-wide
stress responses to ensure optimal fitness (Fig. 1) [16]. The gut of
C.elegans serves not only as a digestive organ but also as a met-
abolic center, assembling liver, and adipose tissues in mammals,
which makes it essential in the regulation of metabolism and
aging. Durieux et al. found that neuron specific knockdown of a
mitochondrial electron transfer chain complex IV component cco-
1(cox-5b) resulted in robust induction of the UPR™ in the intestine
and extended lifespan in C. elegans. This study led to the formu-
lation of the hypothesis that a secreted signaling molecule termed
“mitokine,” which is released from the tissues/organs experiencing
mitochondrial stresses, might be propagated and received by the
distal tissues to induce mitochondrial stress response and adap-
tation [59]. Subsequently, further studies showed that various
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Figure 1. Neuron-to-periphery mitochondrial stress communication.

In C. elegans, mice and humans, neurons under mitochondrial stress secrete mitokines to the peripheral tissues and organs,
including the intestine, the WAT, the muscle, immune cells, the pancreas, and the germline. Peripheral tissues that perceived
mitokines regulate systemic mitochondrial and metabolic responses and enable organisms to adapt to stress conditions.

forms of mitochondrial dysfunction within the nervous system
communicate stress status to the mitochondria in the intestine of
C. elegans. This includes neuronal expression of the Huntington’s
disease-causing polyglutamine expansion protein (Q40) [60], the
expression of a mitochondrial outer membrane-targeted KillerRed
[61], and the knockdown of the mt-AAA protease spg-7 and mito-
chondrial fusion factor fzo-1 [61, 62]. Recent studies reported that
an enhanced GPCR signaling pathway in just two chemosensory
ADL neurons is sufficient to induce intestinal UPR™ and various
physiological alterations in other peripheral tissues of C. elegans

Life Medicine, 2023, Volume 1

[63]. Interestingly, inter-tissue UPR™ communication is essential
for increased resistance to pathogenic bacterial infection, proteo-
stasis stresses, and aging [59, 60].

The activation of the UPR™ requires the transcriptional factor
ATFS-1, DVE-1 and multiple epigenetic regulators, such as the
histone methyltransferases LIN-65/MET-2, the histone demethy-
lase JMJD-1.2/3.1, the histone deacetylase NuRD complex, and
the histone acetyltransferase CBP-1 [14, 64—67]. In the absence
of stress, the overexpression of JMJD-1.2/3.1 in the nervous sys-
tem activates the induction of UPR™ signals in the intestine and

https://academic.oup.com/lifemedi
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extends lifespan in C. elegans [65]. Additionally, mutations in the
genes baz-2 (an epigenetic regulator) and set-6 [a putative his-
tone H3 lysine 9 (H3K9) methyltransferase], which are expressed
in the nervous system, also elicit non-autonomous UPR™ activa-
tion in the intestine. This, in turn, improves age-related complica-
tions and extends lifespan in C. elegans [68].

Despite recent advances, the study of the inter-tissue/organ
UPR™ signaling pathway in mammals is still in its infancy, and it
is currently unknown whether mitochondrial perturbations within
the nervous system also affect mitochondrial proteostasis of the
intestine. Given that mitochondrial function is essential for neuro-
nal activity, neuroendocrine signaling molecules could serve as
mitokines to promote inter-organ mitochondrial stress communi-
cation and ensure organismal control of homeostasis.

Neuron-to-white adipose tissue communication

Apart from the neuronal-intestine axis, homeostatic regulation of
energy balance is also controlled by neuronal networks. Several
studies showed that neuronal mitochondrial stress affects WAT
metabolism. In mice, the deletion of OPA1, a master regulator of
mitochondrial cristae remodeling, can cause severe mitochon-
drial dysfunction and alter mitochondrial Ca?*management in
proopiomelanocortin (POMC) neurons [69]. In turn, mitochon-
drial dysfunction in POMC neurons leads to hyperphagia, the
reduction of alpha-melanocyte stimulating hormone, attenu-
ated lipolysis in white adipose tissue (WAT) and, finally, might
cause obesity [70]. Another work reported that hypercaloric diets
could induce obesity in partly due to microglia-hypersecretion of
tumor-necrosis factor-a (TNFa) and mitochondrial dysfunction in
the hypothalamic neurons [71]. The knockdown of TNFa down-
stream signals in the mediobasal hypothalamus reverses mito-
chondrial dysfunction and reduces body weight in high-fat diet
(HFD)-induced obesity [71].

A different study evaluated knockout effects of the mitoribo-
some protein CR6-interacting factor 1(Crif7) in POMC neurons,
and found it causes neuronal mitochondrial stress and obesity
in mice [72, 73]. In contrast, mice with POMC-specific Crif1 het-
erodeficiency show a high metabolic turnover with no alteration
in body weight, lean, or fat mass. Further analysis suggested
partial Crif1 deficiency in POMC neurons activates thermogen-
esis and UPR™ in adipose tissues by increasing the expression
of B-endorphin (B-END) and mtDNA-encoded peptide MOTS-c
(mitochondrial open reading frame of the 12S rRNA-c). MOTS-c
upregulates Pomc transcription by STAT3 to coordinate mitori-
bosomal stress response in POMC neurons [72]. The metabolic
discrepancies observed between knockout and knockdown Crif1
in POMC neurons could be partly due to the extent/mode of mito-
chondrial stresses. Moreover, regular moderate-intensity exercise,
like running, stimulates MOTS-c and 3-END production in POMC
neurons, indicating that hypothalamic neuronal mitohormesis
may underlie exercise-induced high-turnover metabolism [72].
Finally, HFD-induced mice showed inhibition of mitochondrial
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dynamics, leptin sensitivity, and low-level glucose metabolism in
POMC neurons. The knockout of apoptosis-inducing factor (AlF)
in POMC neurons can increase fatty acid utilization and reverse
mitochondrial dynamics, improving systemic glucose metabolism
in obesity [74]. In light of these observations, the induction of mild
mitochondrial stress in POMC neurons may serve as a strategy to
treat HFD-induced obesity.

Neuron-to-muscle communication

Since muscle cells are high-energy-demanding and highly-con-
nected nerve cells, it is not surprising that neurons also commu-
nicate mitochondrial stress signals to the muscle. In C. elegans,
neuronal fzo-1 knockdown induces mitochondrial fragmentation
in body wall muscles [62], which may affect the muscle cell phys-
iology and organismal motility. In mice, HFD-fed POMC-Cre-
dependent AIF deletion explored the relationship between neurons
and glucose homeostasis in other tissues. Glucose uptake in
skeletal muscle (SKM) was increased in HFD-fed AIFPOMC mice
via improving mitochondrial morphology in POMC neurons [74].
These studies showed that the effects of neuronal-to-muscular
mitochondrial communication are complex and highly influenced
by dietary supplements and metabolic status.

Neuron-to-immunity communication

The immune system is an important barrier to pathogens, and
previous studies found that the innate immune response could be
influenced by neuronal mitochondrial function. The overexpres-
sion of the mitochondrial chaperone HSP-60 in the nervous sys-
tem increases the expression of innate immunity-related genes in
the intestine, resulting in increased resistance against the patho-
genic bacteria Pseudomonas aeruginosa (PA14) [75]. Similarly,
neuronal fzo-1 knockdown promotes resistance to pathogenic
PA14 in C. elegans [62].

Mitochondrial dysfunction in DA neurons induced by the
knockout of the mitochondrial fusion regulator MFN2 triggers
an early onset immune response in adult midbrain DA neurons,
which might exacerbate or drive neurodegenerative processes in
adult-onset PD mice [76]. Another study revealed that the expres-
sion of mutant huntingtin disrupted mitochondrial function and led
to the release of mitochondrial RNAs in neurons, activating innate
immune signaling that correlates with vulnerability of striatal cells
[77]. Furthermore, chemical inhibition of mitochondrial function
induces Protein kinase R-mediated innate immune response in
human neurons [77]. Accordingly, the mitochondrial signaling
crosstalk between neurons and the immune system is a growing
area of neurodegenerative diseases research.

Neuron-to-pancreas communication

Since mitochondria serve as major energy production factories
within the cell and represent a communication hub for adaptive
stress responses, mitochondrial dysfunction might lead to the
downstream disruption of insulin signaling and an accumulation
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of toxic lipids, which can be potentially connected to obesity and a
predisposition to type 2 diabetes mellitus [78]. It has been demon-
strated that the mitochondrial fusion proteins MFN1 in POMC
neurons are required for dynamic remodeling of mitochondrial
networks in response to metabolic challenges, central glucose
sensing, and insulin release from the pancreas. Specifically, Mfn1
deletion causes reduced mitochondrial cytosol coverage area in
POMC neurons, leading to defective pancreatic insulin release
by enhanced central ROS production [79]. However, this would
suggest that mitochondrial dynamics in POMC neurons serve as
an intrinsic nutrient-sensing mechanism.

Neuron-to-germline communication

Interestingly, mitochondrial stress response is transmitted not only
between neurons and somatic tissues, but also occurs between
the germline and thus across generations, with potential physio-
logical implication for the offspring [80]. A study from Zhang et al.
found that the systemic activation of UPR™ caused by neuronal
mitochondrial perturbations can be transmitted to descendants
over multiple generations in C. elegans. The memory of neuronal
mitochondrial stress is passed down to the offspring via maternal
inheritance of elevated levels of mtDNA, resulting in an imbalance

intestine

muscle

of the mtDNA/nDNA ratio, and leading to mitochondrial proteosta-
sis stress in each generation [81]. The offspring affected by trans-
generational mitochondrial stress responses exhibit increased
resistance to stress and longer lifespans, despite showing a
slightly delayed development and reduced brood size. While this
mechanism remains elusive in mammals, elevated mtDNA levels
directly contribute to health in other organisms.

Periphery-to-neuron mitochondrial stress
communication in diseases and aging
Intestine-to-neuron communication

Although neuronal disorders have traditionally been considered
a consequence of processes autonomous to vulnerable neurons,
it has become increasingly recognized that non-autonomous cel-
lular mechanisms influence neuronal degeneration (Fig. 2). The
intestine is a tissue that directly contacts the external environ-
ment, whereby it is often affected by environmental conditions,
and communicates with neurons [82]. In C. elegans, rotenone is
a widely used mitotoxin that causes MCI dysfunction [83, 84]. A
previous study found that the p38MAPK/CREB/ATF-7-dependent
innate immune response pathway in intestinal cells was activated

germline

Figure 2. Periphery-to-neuron mitochondria stress communication.

Peripheral organs under mitochondrial stress secrete mitokines and affect neuronal function. The inflammation and metabolism
of the intestine, liver, and muscle affected by mitochondrial function can also communicate the stress signal with neurons,
suppressing sugar intake and potentially protecting agaist neurodegeneration.

Life Medicine, 2023, Volume 1

https://academic.oup.com/lifemedi

€20z Aieniga4 g0 UO Jasn ssauisng pue solwouod] Jo AlsiaAiun [enden Aq 89+2289/891/2/1 /2101 /Ipawall/woo dno-olwepese//:sdiy woll papeojumod




by rotenone exposure, protecting rotenone-induced DA neuro-
degeneration through mitophagy [5]. However, the mechanisms
through which p38MAPK and/or ATF-7 regulate mitophagy in C.
elegans and the transmission of signals between tissues remain
elusive.

It has been previously demonstrated that impaired systemic
mitophagy induces an increase in serum inflammatory cytokines,
contributing to DA neurodegeneration [85]. An intestine-to-neuron
mitochondrial communication was also observed in Drosophila.
Mutations in the gene encoding the mitochondrial PTEN-induced
kinase1 (PINK1) lead to an accumulation of defective mitochon-
dria and cause a form of familial PD, an age-related neurodegener-
ative diseases [86]. Surprisingly, neuronal defects in pink7-mutant
flies can be rescued by genetic and pharmacological inhibition
of the immune response in the intestine [6]. It is also worth not-
ing that neuronal disorders associated with deficient mitophagy
machinery in flies are modulated by a non-autonomous cellular
signaling pathway induced by mitochondrial toxicity in the intes-
tine [6]. Furthermore, motor impairment can be aggravated by
intestinal inflammation caused by Citrobacter rodentium infection,
as shown in a PD-based Pink1 knockout mice model. Together,
these studies reinforce the link between gut inflammation and
neurodegeneration in worms, files, and mice. This provides a solid
foundation to explore the underlying mechanisms of intestinal
inflammation signals to the nervous system, and develop thera-
peutic strategies for neurodegenerative diseases via interventions
in the intestine.

Liver-to-neuron communication

A growing amount of evidence showed that the nervous sys-
tem and cognitive function are adversely affected by obesity.
For example, obesity-induced diabetic mice exhibit a disruption
in neuronal mitochondrial homeostasis [87], suggesting that
changes in liver mitochondrial function directly affect neuronal
function. Additionally, the liver-specific deletion of the mitochon-
drial fission regulator Drp71 induces the expression of FGF21,
a hormone that is secreted by the liver, which in turn increases
energy expenditure and protects animals against HFD-induced
obesity [88]. Moreover, liver derived FGF21 enhances glucose
responsiveness of the ventromedial hypothalamus to suppress
sugar intake [89]. The mtDNA polymerase POLG mutator mice
is also able to induce FGF21 expression [90], and young POLG
mice placed on a HFD are completely resistant to diet-induced
obesity [90]. Remarkably, the overexpression of FGF21 in hepato-
cytes increases mice lifespan [91], but it is still unclear whether
liver-nerve mitochondrial communication can be used to develop
therapeutic targets for metabolic diseases.

Muscle-to-neuron communication

In-depth understanding of the muscle-brain axis showed that reg-
ular exercise not only enhances mitochondrial function in SKM
but also benefits the brain and is a major protective factor against
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neurodegenerative diseases [92]. The gene Ucp1 compromises
mitochondrial OXPHOS capacity via respiratory uncoupling. Mice
with muscle-specific overexpression of Ucp1 show SKM-specific
induction and diurnal variation in the release of the growth differ-
entiation factor (GDF15) [93]. Muscle-derived GDF15 promotes
diurnal anorexia during mitochondrial dysfunction. GDF15 reg-
ulates food intake and body weight in the area postrema and
the nucleus of solitary tract neurons [94, 95]. In humans, aero-
bic fitness (endurance performance) is negatively correlated
with the loss of nervous tissue and cognitive deterioration with
age, and restoration of mitochondrial function through physical
exercise delays the onset and slows the progression of AD [96].
Accordingly, interventions on muscle metabolism might improve
neuronal function that can be employed to treat neurodegenera-
tive diseases.

Germline-to-neuron communication

In C. elegans, germline-specific proteostasis perturbation not only
results in mitochondrial network alteration in the germline, but
also triggers the aggregation of various disease-causing proteins
including polyQ67, ALS-related mutant variants of FUS, and TDP-
43 in neurons through the action of the mitokine Wnt/EGL-20 sig-
nal [97]. Whether the germline-to-neuron stress communication is
present in other organisms remains to be resolved.

The mitokine signals

The inter-organ mitochondrial stress communication requires sig-
nal molecules, in particular mitokine generated from cells under-
going mitochondrial stress, which are then released and perceived
in receiving cells for organismal-wide stress adaptation [16]. Even
though the nature of mitokine molecules remains largely elusive,
several secreted factors are known to facilitate mitokine signaling
transduction across different tissues (Fig. 3) [98, 99].

In C. elegans, neurotransmitter serotonin is required for
non-autonomous cellular UPR™ activation in the intestine in
response to neuronal cco-71(cox-5b)/spg-7 knockdown or neu-
ronal polyQ40 expression [60]. However, the exogenous supple-
mentation of serotonin is not sufficient to activate the UPR™ in the
intestine of C. elegans, suggesting that serotonin does not act
alone [60]. In addition, the neuropeptide FLP-2 is also required
for non-autonomous cellular UPR™ in a neuronal spg-7 deletion
model [61]. However, the overexpression of FLP-2 in neurons is
sufficient to induce UPR™ in the intestine without affecting the
lifespan of animals, suggesting other pro-longevity mitokine mole-
cules remain unidentified [61]. Recently, it has been demonstrated
that multiple neurotransmitters and neuropeptides are required for
neuronal fzo-1 loss-induced non-autonomous cellular UPR™ in
the intestine, including acetylcholine, tyramine, glutamate, sero-
tonin, and two insulin-like peptides, INS-27 and INS-35 [62].

A genetic screen identified that loss-of-function mutations of
retromer complex components responsible for recycling the Wnt
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Figure 3. Mitokines signaling communication of neuronal mitochondrial stress in C. elegans.

The different types of neuronal mitochondrial stress communication and associated mitokines ensure communication between
the nervous system and peripheral organs in C. elegans. Serotonin, Wnt/EGL-20, or FLP-2 are required for UPR™ activation in
the intestine in response to neuronal cco-7(cox-5b)/spg-7 knockdown or neuronal polyQ40 expression. Activation of UPR™ in
the intestine upon loss of fzo-1 in the neurons requires multiple neurotransmitters and neuropeptides, including acetylcholine,
tyramine, glutamate, serotonin, and two insulin-like peptides, INS-27 and INS-35. Activation of GPCR signaling in just two
sensory neurons is sufficient to activate intestinal UPR™ via releasing neuropeptides.

secretion-factor/MIG-14 suppress the neuron-to-intestine mito-
chondrial proteotoxic stress communication [100]. Furthermore,
the overexpression of the Wnt ligand EGL-20 within the nervous
system activates the mitochondrial stress response pathway in the
intestine, resulting in organismal-wide metabolic adaptations and
lifespan extension [100]. This also allowed to identify a disulfide
isomerase, PDI-6, which interacts with Wnt ligand/EGL-20 in the
endoplasmic reticulum through disulfide-dependent association.
PDI-6 stabilizes Wnt/EGL-20 protein and facilitate Wnt secretion
for the propagation of cell non-autonomous mitochondrial stress
signaling. The neuronal overexpression of PDI-6 can also coordi-
nate organismal mitochondrial proteostasis stress and increase
lifespan in a Wnt-dependent manner [101].

In mice, a peptide hormone synthesized by multiple organs
(FGF21) is induced during muscle stress and mitochondrial myop-
athies to help increase energy expenditure and regulate the metab-
olism of organs/tissues non-autonomously [102]. Similarly, GDF15
is identified as a mammalian mitokine due to its role in mitochon-
drial ISR, which regulates metabolism by suppressing food intake
and controlling energy intake, and prevents diet-induced hepatic
steatosis [103]. In addition, several mitochondrial-derived peptides
play a role in inter-organ mitochondrial stress communication,
including MOTS-c, Humanin, Small humanin-like peptides 2/3,
Adrenomedullin 2, and Angiopoietin-like 6 [104—108]. Importantly,
the mechanisms by which these mitokine molecules are produced
in tissues/organs experiencing mitochondrial stresses, and are
subsequently released, propagated, and finally perceived by the
targeted tissues/organs deserves further exploration, specifically
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regarding systemic mitochondrial and metabolic regulation in vari-
ous diseases and the aging process.

Conclusions

Mitochondria engulfing promoted the evolution from single cells
to complex multicellular systems that require inter- and intracellu-
lar coordination and metabolism to grow and survive under vari-
ous environmental conditions. Apart from the established roles in
bioenergetics and biosynthesis, mitochondrial signaling actively
regulates organismal health and aging [109]. The nervous system
is essential for sensing, integrating, and transmitting information
to peripheral tissues (e.g., Liver, muscle, intestine) for optimal fit-
ness, but the metabolic changes associated with these processes
remain poorly understood. Despite the importance of establishing
non-autonomous cellular mitochondrial stress regulation in model
organisms, it is also crucial to examine the conservation of these
inter-tissue mitochondrial signaling networks in complex mam-
mals. In particular, it is important to understand how key signaling
tissues integrate stress stimuli and orchestrate organismal-wide
metabolic adaptations via mitokine signals, and how this could
be employed to develop therapeutic strategies to treat metabolic
diseases.

Perspectives

Over the course of evolution, from unicellular organisms to mul-
ticellular organisms, had developed mechanisms for sensing and
responding to internal and extracellular changes in the environment.
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Intercellular communication is further complicated in multicellular
organisms, as different tissues would need to cooperate extensively
as a whole system and balance distinctive metabolic states of dif-
ferent cell types in the normal state and under stress conditions.
As the system becomes more complex, intercellular communica-
tion will evolve to achieve an increased level of complexity. Thus,
it is interesting to explore whether the mitokine signals identified in
C. elegans have similar roles in mammals. Are different mitokines
act alone or synergistically to meet diverse physiological needs?
The more important question is to understand how the mitokine
signal is precisely regulated during either temporary or long-term
mitochondrial stress conditions. Whether the effects of systemic
mitochondrial stress communication are beneficial or detrimental
for an organism under various stress conditions or during the aging
process. The establishment of more complex systems in different
model organisms, stereoscopic cell co-culture assays, and human
organoids are in need to expedite the discoveries in the field.
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