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SUMMARY

The co-evolution of mitochondria and the nucleus established constant mito-nuclear communication that is
essential for both cellular and organismal homeostasis. At the cell-autonomous level, mitochondrial pertur-
bations activate retrograde pathways such as the mitochondrial unfolded protein response (UPR™) and the
mitochondrial integrated stress response (ISR™), which couple organelle dysfunction to nuclear transcrip-
tional programs, thereby promoting mitochondrial function and preserving cellular integrity. Importantly,
this communication is not confined to individual cells but extends across tissues to coordinate systemic
adaptations. Stress signals can be sensed, broadcasted through secreted mitokines and neural circuits,
and then interpreted by distal organs to coordinate systemic adaptations. These systemic responses inte-
grate metabolism, immunity, and behavior, conferring resilience to stress and shaping the trajectory of aging.
Understanding this multi-layered communication, from the organelle to the organism and its microbial
ecosystem, promises new therapeutic strategies to enhance mitochondrial function, promote resilience,

and extend healthspan.

INTRODUCTION

Over a billion years ago, an ancestral eukaryotic cell engulfed
an a-proteobacterium, an event that forged an endosymbiotic
partnership central to the evolution of complex life. Over time,
massive gene transfer to the host nucleus rendered mito-
chondria dependent on nuclear-encoded proteins for the
vast majority of their proteome, cementing an obligatory
interdependence. This dependency necessitates a continuous
bidirectional dialog for survival and prosperity, which is known
as mito-nuclear communication.

Mito-nuclear communication operates along two primary
routes. In the anterograde direction, the nucleus regulates
mitochondrial biogenesis, composition, and function by
encoding thousands of mitochondrial proteins. Conversely,
retrograde signaling allows mitochondria to convey their func-
tional state to the nucleus, using a diverse repertoire of mes-
sengers, including the ratios of AMP/ATP and NAD*/NADH,
reactive oxygen species (ROS), and other metabolites, which
inform transcriptional and epigenetic programs to adapt to
mitochondrial dysfunction.” Such retrograde communication
underlies stress-responsive pathways, including the mito-
chondrial unfolded protein response (UPR™) and the mito-
chondrial integrated stress response (ISR™), which serve as
canonical mechanisms to maintain mitochondrial functions
under stress.”® Beyond these protein-based mechanisms,
mitochondrial nucleic acids (mtDNA and mtRNA) have also
emerged as potent retrograde messengers that can be
released into the cytosol under conditions such as pathogen
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infection or severe oxidative stress to engage innate immune
sensors such as cGAS-STING. Although a detailed discussion
of these nucleic acid-driven pathways is provided elsewhere
in this issue (see review by Winklhofer and colleagues),” their
recognition significantly expands the known landscape of
mito-nuclear communication.

While these cell-autonomous pathways are foundational,
emerging evidence suggests that mito-nuclear communication
can occur beyond the cellular boundaries, activating systemic
responses across tissues. Secreted factors known as mito-
kines, coupled with neuronal and germline circuits, establish
an organism-wide signaling network that coordinates meta-
bolism, modulates behavior, and influences longevity. Here,
we review mito-nuclear communication across scales, begin-
ning with cell-autonomous stress responses and extending
to systemic regulation of physiology and aging. By linking
mechanisms at the organelle level to outcomes at the organ-
ismal level, we aim to highlight both the evolutionary logic
and the therapeutic potential of mito-nuclear communication.

MITO-NUCLEAR COMMUNICATION IN CELLULAR
STRESS RESPONSES

Mitochondria are the central hubs of energy production and
metabolic integration, and their performance depends on con-
stant communication with the nucleus. Given that the majority
of the mitochondrial proteome is encoded in the nuclear
genome, cells rely on precise communication to monitor
mitochondrial status and calibrate nuclear transcription
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Mitochondrial stress impairs protein import and activates retrograde signaling to restore proteostasis. In C. elegans, ATFS-1 translocates to the nucleus upon
compromised mitochondrial protein import to drive the expression of chaperones and proteases, a process facilitated by epigenetic remodeling of chromatin. In
mammals, mtROS and unimported precursors activate DNAJA1-HSF1 signaling to drive similar transcriptional programs. Beyond proteostasis, the UPR™ also
links metabolic shifts to chromatin regulation and influences cell fate. Created in BioRender.

accordingly.®”” When mitochondria experience perturbations,
which can arise from genetic defects, environmental stress, or
aging, they activate retrograde signaling pathways that commu-
nicate their state to the nucleus. These retrograde pathways,
collectively known as the mitochondrial stress response, not
only restore proteostasis but also recalibrate metabolism, tran-
scription, and cell fate to preserve overall cellular homeosta-
sis.®® Two principal branches exemplify this cell-autonomous
communication: the UPR™, which couples impaired mitochon-
drial proteostasis to nuclear transcriptional programs, and the
ISR™, which links mitochondrial dysfunction to the cytosolic
ISR network to coordinate global adaptation.

The UPR™ in C. elegans

Although the UPR™ was first described in mammalian cells,
its molecular mechanisms have been most clearly defined in the
nematode Caenorhabditis elegans (Figure 1)."7'* The central
regulator is the transcription factor ATFS-1, which provides a
simple yet elegant model of import-based regulation. Under
normal conditions, ATFS-1 is imported into mitochondria and

10,11

degraded; however, when stress compromises mitochondrial
protein import, ATFS-1 accumulates in the cytosol and translo-
cates to the nucleus. There, together with partners such as
DVE-1, it activates a transcriptional program of mitochondrial
chaperones and proteases aimed at restoring proteostasis.'*'°
This adaptive response not only safeguards cellular function but
also contributes to the extended lifespan observed under condi-
tions of mild mitochondrial stress.'”"'®

Activation of the UPR™ is accompanied by broad chromatin
reorganization. Mitochondrial stress induces nuclear transloca-
tion of the histone methyltransferase MET-2 and its cofactor
LIN-65, driving global reorganization of chromatin archi-
tecture.'®?° Repression is then selectively relieved at UPR™-
targeting loci by histone H3K27 demethylation catalyzed by Ju-
monji C domain-containing (JMJD) demethylases,?’ while
permissive marks such as H3K27 and H3K18 acetylation are
deposited by the coactivator CBP-1/p300.?> Metabolic shifts
further tune this process: for example, the nucleosome remod-
eling and histone deacetylace (NURD) complex senses acetyl-
coenzyme A (CoA) availability to modulate chromatin states,
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linking mitochondrial activity directly to nuclear epigenetic
regulation.?®** Together, these findings reveal that the UPR™
is not merely a stress-induced transcriptional program but a
highly integrated response, coupling mitochondrial proteosta-
sis to the cell’s epigenetic and metabolic state. This integration
allows the UPR™ to function as both a local repair mechanism
and a regulator of long-term cellular adaptation.?®

The UPR™ in mammalian cells
In contrast to C. elegans, where ATFS-1 provides a clear mecha-
nistic framework, the details of UPR™ signaling in mammals have
been more challenging to elucidate. The canonical mammalian
UPR™, triggered by misfolded mitochondrial proteins, alleviates
proteostatic stress through CHOP-ATF4- or ATF5-dependent
transcriptional remodeling.'®?°*® However, UPR™ induction by
ATF5 in ATFS-1-deficient C. elegans and HEK293T cells was
not recapitulated in HelLa cells, suggesting that ATF5-dependent
UPR™ activation is highly context dependent.’’*° Moreover,
although ATF4 and CHOP are transiently induced, the loss of
either does not impair UPR™ activation, indicating that the ATF4
axis functions in parallel to the UPR™ branch.?® Unlike the
import-dependent switch of ATFS-1 in worms, mammalian cells
appear to rely on cytosolic surveillance mechanisms. A recent
study identified two converging signals, mitochondrial ROS
(mtROS) and unimported mitochondrial protein precursors (c-
mtProt), as triggers of this response (Figure 1).>° mtROS oxidize
the cochaperone DNAJA1, which leads to the recruitment of
HSP70 to c-mtProt and promotes the nuclear translocation of
heat shock factor 1 (HSF1). Once in the nucleus, HSF1 induces
mitochondrial chaperones and proteases, including HSPD1,
HSPE1, and LONP1. This pathway reframes the mammalian
UPR™ as a cytosolic surveillance system, with DNAJA1 emerging
as a potential hub for integrating diverse mitochondrial insults.
Beyond proteostasis, the mammalian UPR™ influences cell
fate and plasticity. During the early phase of somatic cell reprog-
ramming, bursts of mtROS act as pivotal epigenetic regulators
to promote pluripotency acquisition through modulating histone
methylation.*>*' The UPR™ is transiently activated during so-
matic cell reprogramming, where it restricts mesenchymal-to-
epithelial transition and reduces reprogramming efficiency.®?
Conversely, during differentiation, the UPR™ facilitates epithe-
lial-to-mesenchymal transition. These effects are linked to
acetyl-CoA metabolism and histone acetylation, underscoring
how mitochondrial stress reshapes the epigenetic landscape.®”
Collectively, the mammalian UPR™ is best understood not as a
linear stress pathway but as a multifaceted hub that links mito-
chondrial proteostasis, metabolism, and cell fate decisions.

The ISR™

While the UPR™ provides a dedicated pathway for maintaining
mitochondrial proteostasis, mammalian cells have also evolved
a broader strategy to integrate mitochondrial dysfunction into
global stress signaling. This complementary pathway, termed
the ISR™, extends beyond proteotoxic stress to encompass
diverse mitochondrial insults, including impaired oxidative
phosphorylation (OXPHOS), membrane depolarization, and
protein import defects.**
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The ISR is an adaptive signaling network activated by diverse
stimuli, including nutrient deprivation and proteostasis defects.
This response is mediated by the phosphorylation of elF2ua
by one of four kinases (GCN2, HRI, PERK, and PKR), leading
to global translation attenuation and selective translation
of stress-responsive mRNAs such as ATF4 and CHOP.** As a
branch of the ISR, the ISR™ links mitochondrial dysfunction
to canonical ISR machinery to coordinate transcriptional and
translational programs that preserve cellular homeostasis.

The discovery of the OMA1-DELE1-HRI-ATF4 axis clarified
how mitochondrial dysfunction engages this cytosolic network
(Figure 2).%*3° DELE1, a mitochondrial inner membrane protein,
is cleaved by the metalloprotease OMA1 under conditions such
as OXPHOS inhibition or membrane potential dissipation,
releasing a C-terminal fragment (s-DELE1) that translocates to
the cytosol.>**® There, its C-terminal tetratricopeptide repeat
(TPR) domain mediates DELE1 oligomerization and binds to
HRI, activating its kinase function and initiating the ISR™
cascade.®® Only oligomerized DELE1 efficiently triggers elF2a
phosphorylation,®® and emerging evidence suggests additional
molecules may fine-tune this interaction.>” This activation
leads to translational reprogramming and the upregulation of
ATF4-dependent genes (e.g., FGF21, GDF15, MTHFD2, and
ATF5). In the terminal phase of the ISR™, mild activation of
ATF3 and the UPR™ may also occur, thereby restoring redox
balance and proteostasis.*®

Importantly, DELE1 can also sense protein import stress.
Under iron deficiency, unimported full-length DELE1 accumu-
lates on the mitochondrial surface, where it directly recruits
HRI independently of OMA1 cleavage.®® Recent studies further
show that DELE1 is processed at multiple cleavage sites’® and
by proteases other than OMA1.*" These layers of regulation
highlight its versatility as a context-dependent stress sensor,
capable of distinguishing qualitatively distinct mitochondrial
insults. Whether different cleavage products drive specialized
transcriptional responses or converge on the common ISR™
program remains an important open question.

Functionally, the ISR™ supports recovery from severe mito-
chondrial insults. It promotes repair after mitochondrial DNA
double-strand breaks (mtDSBs),** contributes to mitophagy,**
and maintains redox homeostasis in cardiomyocytes.*
Intriguingly, studies implicating HRI in this process have yielded
conflicting results: one reports that HRI-driven elF2a phos-
phorylation promotes mitophagy independently of the
PINK1-Parkin pathway,** whereas another suggests HRI acts
as a negative regulator of PINK1-dependent mitophagy.*’
These opposing outcomes highlight a context-dependent and
still unresolved role of the ISR™ in mitochondrial quality control.
Loss of Oma1 or Dele1 exacerbates mitochondrial cardiomy-
opathy and myopathy,*®*® while the sustained activation of
the OMA1-DELE1-HRI axis improves cell growth, neuronal
survival, mitochondrial structure, and even lifespan in models
of spastic ataxia type 5 (SPAX5).*° Notably, Oma?- or Dele1-
knockout mice appear largely asymptomatic under basal
conditions,”® underscoring the ISR™ as a stress-inducible
safeguard rather than a housekeeping function.

Recent work has also revealed the ISR™ as a driver of pathol-
ogy in certain contexts. The progression of mitochondrial
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sustaining metabolic adaptation. Created in BioRender.

myopathy is accompanied by long-term induction of the ATF4-
dependent ISR™, chronic upregulation of anabolic pathways,
and secretion of mitokines such as GDF15 and FGF21.°" In
metabolic tissues, defects in mitochondrial quality control acti-
vate retrograde ISR™ signaling, which remodels chromatin and
reprograms transcription away from mature identity genes,
thereby driving dedifferentiation and metabolic dysfunction.®?
The ISR™ also emerges as a maladaptive regulator of tissue
identity, and its pharmacological inhibition (e.g., by ISR inhibi-
tor [ISRIB]) can restore pancreatic -cell mass and function,
highlighting its potential as a therapeutic target in metabolic
disease.®® The sustained ISR™ activation in astrocytes en-
hances anabolic metabolism and promotes ciliary elongation,
suggesting a potential link to the pathogenesis of ciliopathy-
related mitochondrial neurodegenerative disorders.®® These
findings emphasize that the ISR™ must be tightly regulated in
duration and intensity to remain beneficial.

The discovery of DELE1 has raised several key questions.
Since acute mitochondrial stress triggers strong ISR activation
via elF2a phosphorylation and ATF4 upregulation, whereas
chronic mitochondrial dysfunction dampens ISR signaling but

retains ATF4-dependent tuning of cytosolic translation to main-
tain long-term adaptation,®*>° a key question arises as to how
DELE1 discriminates between these acute and chronic mito-
chondrial stress states to tailor ATF4-dependent transcription.
Another central question is whether s-DELE1 represents the
sole mediator of ISR signaling and whether elF2a phosphoryla-
tion constitutes the exclusive downstream effector. Although
the ISR has traditionally been defined as a pathway activated
through elF2a phosphorylation, additional evidence indicates
that this response can also be engaged independently of elF2a
kinases. Recent research divided the ISR into two different
sensing modes: the canonical ISR driven by elF2a phosphoryla-
tion sensing acute stress and the split ISR triggered by reduced
elF2B activity under chronic mitochondrial stress, which repro-
grams transcription via elF4E to intersect during mitochondrial
stress."® Futhermore, what feedback loops limit s-DELE1 persis-
tent accumulation to prevent cytotoxicity? Understanding how
the ISR™ integrates mitochondrial signals into nuclear adapta-
tion and how it might be harnessed therapeutically will be the
key to elucidating the signaling crosstalk between mitochondria
and nucleus.
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Figure 3. Systemic mito-nuclear communication coordinates organismal physiology

Local mitochondrial stress can be sensed and converted into secreted mitokines that broadcast signals across tissues. These systemic cues are integrated and
modulated by neuronal circuits and suppressed by germline signals during aging. Distal tissues then decode the signals to mount adaptive responses, leading to
organism-wide outcomes such as enhanced stress resilience, innate immunity, and longevity.

Together, the UPR™ and the ISR™ constitute the two principal
arms of cell-autonomous mito-nuclear communication. Impor-
tantly, they also provide the mechanistic foundation for stress
signals that can be amplified and transmitted beyond the single
cell. In the following section, we consider how these local re-
sponses scale across tissues, forming systemic mito-nuclear
communication networks that coordinate organismal physiology
and aging.

SYSTEMIC MITO-NUCLEAR COMMUNICATION

While mito-nuclear communication is fundamental for main-
taining homeostasis within individual cells, accumulating evi-
dence shows that these signals are not confined by the plasma
membrane. Mitochondrial stress can be sensed locally and
relayed across tissues, giving rise to systemic mito-nuclear
communication. This systemic communication coordinates
multi-tissue stress responses that sustain metabolic balance,
enhance resilience, and influence the aging process. In the
following sections, we dissect this communication into three
interrelated steps: the sensing and broadcasting of mitochon-
drial stress, its modulation through inter-tissue circuits, and
its interpretation by distal organs (Figure 3).

Sensing and broadcasting

The initial discovery of systemic mito-nuclear communication
came from C. elegans, where mitochondrial proteotoxic stress
restricted to neurons was sufficient to induce the UPR™ in the in-
testine.'®°” Given that the nematode intestine lacks direct inner-
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vation, this finding implied the existence of secreted signaling
molecules, now widely referred to as mitokines, that transmit
mitochondrial stress beyond the originating cell to activate mito-
nuclear communication pathways in peripheral tissues.***° Sub-
sequent work identified a diverse repertoire of such signals in
worms, including morphogens like Wnt and the transforming
growth factor beta (TGF-p) ligands®'~®*; classical neurotransmit-
ters such as serotonin, acetylcholine, and glutamate®’®°; and
neuropeptides such as FMRFamide-like peptide (FLP)-2°° and
neuropeptide-like proteins (NLPs).%”

A central question has been how mitochondrial dysfunction is
translated into mitokine release. Recent work identified the
conserved transmembrane protein TMBIM-2 as a key mediator.®®
During stress, reduced mitochondrial Ca?* buffering promotes
TMBIM-2 enrichment at the plasma membrane and synapses,
where it interacts with the Ca®* pump MCA-3 to generate
sustained Ca?* oscillations. These Ca®* oscillations facilitate
the Ca®*-dependent neurotransmitter release, such as serotonin,
which subsequently leads to UPR™ activation in the intestine.
Notably, tmbim-2 expression declines with age across species,
aligning with the reduction in Ca®* oscillations over time. Restoring
its expression in aged worms reversed the decline of pathogen-
induced avoidance learning and extended lifespan.®® This work il-
lustrates how local mitochondrial stress is sensed, broadcast, and
ultimately linked to organismal health.®®

Orchestration and modulation
Systemic mito-nuclear communication is not a simple on/off
switch but is shaped by multi-layered circuits that integrate
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diverse inputs to fine-tune organismal responses. This principle
is exemplified by the ASI-RIM neuronal axis in C. elegans.®?
Mitochondrial stress in ASI sensory neurons induces the secre-
tion of the TGF-B homolog DAF-7, which acts on RIM interneu-
rons to orchestrate the systemic UPR™ in the intestine. This
response is further modulated by opposing inputs, with dopa-
mine positively regulating the systemic signaling, whereas
GABA negatively regulates it.°*"° A related study showed that
RIM neurons respond to peripheral mitochondrial stress by
secreting octopamine, which acts on AlY interneurons to inte-
grate sensory input essential for aversive memory retrieval.”’
Together, these findings highlight the principle of neuronal
computation: systemic mito-nuclear outputs are not simple
reflexes but integrated physiological states shaped by a com-
plex interplay of neuronal signals.

Modulation can also originate outside the nervous system,
with the germline functioning as a central hub that gates
systemic communication, particularly during aging.”>”® With
age, germline-derived signals actively suppress the somatic
UPR™, contributing to the decline in stress resilience.”* This
reveals a fundamental trade-off between reproduction and
somatic maintenance, positioning the germline as a pacemaker
of aging. By controlling somatic stress resilience via systemic
mito-nuclear communication, the germline shapes the balance
between organismal longevity and reproductive success.

Receiving and responding

Once released, mitokines must be decoded by distal tissues to
elicit adaptive responses. In C. elegans, mitokines released
from neurons act at a distance to trigger the UPR™ in the
intestine, promote proteostasis in the muscle, and alter lipid
metabolism, thereby reinforcing proteostasis and enhancing
defense against pathogens.®”:°” This communication enhances
intestinal stress resilience, with direct benefits for organismal
health and lifespan.

Systemic mito-nuclear communication is often bidirectional,
allowing the nervous system to monitor the metabolic state
of peripheral tissues and adjust behavior accordingly. For
instance, mitochondrial stress confined in peripheral tissues
can trigger aversive learning, prompting animals to avoid po-
tential hazards.”" This adaptation relies on neuromodulators
such as serotonin and octopamine,’® illustrating how mito-
chondrial stress signals are integrated into coherent behavioral
strategies that promote organismal fitness.

The germline also acts as a vital recipient of somatic stress,
with effects that can be inherited across generations. Neuronal
mitochondrial stress can be transmitted to the germline,
increasing mitochondrial DNA (mtDNA) copy number via mito-
kine Wnt in a manner that is maternally inherited for over 50
generations.”® This “stress memory” provides offspring with
improved metabolic resilience and longevity but comes with
tradeoffs like delayed development and reduced fecundity,”®"”
scaling the impact of mito-nuclear communication from organ-
ismal homeostasis to the fitness of a lineage.”®

Systemic mito-nuclear communication in mammals
Although initially described in nematodes, systemic mito-nuclear
communication is increasingly recognized in mammals, where a
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distinct suite of mammalian mitokines, including fibroblast
growth factor 21 (FGF21),”%®" growth differentiation factor 15
(GDF15),%? and various mitochondrial-derived peptides,®*~5°
mediates bidirectional signaling between neuron and peripheral
tissue (Table 1; also see Zhang et al.?® for a respective review
on mammalian mitokines).

As in C. elegans, the mammalian brain can sense metabolic
state and dispatch signals to regulate peripheral physiology.
For example, a mild mitochondrial defect in hypothalamic proo-
piomelanocortin (POMC) neurons elicits cell non-autonomous
effects that protect mice from diet-induced obesity and
improve systemic glucose metabolism.®® This neuroendocrine
axis is mediated by the mitochondrial-derived peptide mito-
chondrial open reading frame of the 12S rRNA-c (MOTS-c),
which promotes UPR™ activation and thermogenesis in
adipose tissue.®” Physiologically, exercise stimulates hypotha-
lamic MOTS-c expression, illustrating how local neuronal
stress can be harnessed for systemic benefit.2” By contrast,
severe mitochondrial perturbations, such as the genetic abla-
tion of OPA1, suppress lipolysis in white adipose tissue and
promote obesity,®® highlighting systemic mito-nuclear commu-
nication as a metabolic rheostat that translates mitochondrial
status into distinct organismal outcomes.

Conversely, peripheral tissues can broadcast mitochondrial
stress to the brain. GDF15, secreted from muscle during mito-
chondrial stress, acts on hindbrain receptors to suppress appetite
and regulate energy homeostasis.®” FGF21, induced by mito-
chondrial dysfunction in muscle or liver, circulates systemically
to drive metabolic adaptations in target tissues (e.g., adipose,
liver, and hippocampus).?>*° Humanin, a peptide encoded by
mtDNA, exerts robust neuroprotection and promotes cell sur-
vival.**°! Elevated levels of circulating mitokines, including
GDF15, FGF21, and Humanin, are associated with exceptional
longevity in humans,*°® underscoring their role in systemic resil-
ience. The translational potential of these pathways is already
evident, as GDF15 receptor agonists and FGF21 analogs are in
clinical development for metabolic diseases.”**°

The role of the germline in acute systemic communication re-
mains less explored in mammals. Whether a germline-soma
mitokine axis actively coordinates stress responses, as in nema-
todes, represents a critical open question with broad implications
for aging and metabolic health.

Physiological implications of systemic mito-nuclear
communication
Together, current findings establish systemic mito-nuclear
communication as a unifying mechanism that integrates
mitochondrial stress across tissues to coordinate organismal
physiology. This network influences metabolism by adjusting
glucose and lipid balance,®®~®® shapes behavior by modulating
appetite and aversive learning,”""">°® and regulates aging
by maintaining proteostasis and resilience across the life-
span. Remarkably, its influence extends across generations:
maternal mitochondrial stress can imprint heritable changes
in germline mtDNA content, enhancing progeny resilience and
linking these pathways to evolutionary fithess.”®"”

By scaling local mitochondrial distress into organism-wide
adaptations, systemic mito-nuclear communication provides a
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Table 1. Mitokines in C. elegans and mammals

Mitokine Transmission path Local effects Systemic effects

C. elegans

Wnt/EGL-20 neurons — peripheral tissues activates UPR™ in the intestine coordinates systemic stress
resilience and extends lifespan

neurons — germline increases germline mtDNA copy confers offspring stress
number resilience and extends their

lifespan

TGF-p/DAF-7 ASI| - RIM — intestine activates UPR™ and depletes fat enhances pathogen tolerance

Neuromodulators (serotonin neurons — intestine

and octopamine)

Neuropeptides (FLP-2 and neurons — peripheral tissues

storage in the intestine

required for neuronal-to-
intestinal UPR™ activation

required for neuronal-to-

and extends lifespan

promotes aversive learning
against hazards

improves stress resilience

NLP peptides) intestinal UPR™ activation
Mammals
FGF21 liver/skeletal muscle — activates ISR™ and induces increases energy expenditure;
metabolic tissues (e.g., adipose metabolic adaptations (e.g., protects against diet-induced
and liver)/hippocampus lipolysis and glucose uptake) in obesity and insulin resistance;
target tissues drives weight loss
GDF15 skeletal muscle — hindbrain activates hindbrain neurons to drives weight loss while
suppress appetite maintaining energy expenditure
MOTS-c skeletal muscle (exercise- adipose: promotes acts as an exercise-mimetic to
induced) — adipose/bone thermogenesis and brown fat improve metabolic health
activation; bone: promotes the
differentiation of osteoblasts
while inhibiting bone resorption
hypothalamic POMC neurons — activates UPR™ and promotes improves systemic glucose
adipose thermogenesis metabolism; prevents
diet-induced obesity
Humanin ubiquitous (mainly metabolic inhibits neuronal cell death in provides neuroprotection

tissues) — neurons

Alzheimer’s disease

robust conceptual and therapeutic framework. Understanding
how mitokines and tissue circuits interact to sustain resilience
may open new avenues for interventions targeting metabolic
disorders, neurodegeneration, and age-associated decline,
ultimately offering strategies to extend healthspan.

CONCLUDING REMARKS

In this review, we describe mito-nuclear communication,
ranging from cell-autonomous pathways that safeguard
mitochondrial function to systemic networks that broadcast
signals across tissues. Organized around the principles of
sensing, broadcasting, modulation, and response, these
pathways coordinate stress resilience, metabolic balance,
and aging, positioning mito-nuclear communication as a funda-
mental pillar of organismal health.

Furthermore, this network may not be confined to the host’s
own cells, extending its reach to a “meta-organismal” scale
shaped by the gut microbiota. Microbial metabolites such as
peptidoglycans and lactate can be directly sensed by host
mitochondria, triggering adaptive programs that influence
physiology and longevity.””~° Conversely, host mitochondrial
dysfunction can remodel microbial communities, creating
feedback loops that affect health and disease.’’*'"" These
findings raise a provocative possibility: mitochondria may
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act as a crucial interface, translating microbial chemical
cues into host nuclear responses, integrating the microbiome
into the systemic communication network.

As discussed, while acute activation of mito-nuclear commu-
nication drives protective hormesis, chronic or dysregulated
signaling can lead to pathology, such as metabolic dysfunction
and neurodegeneration. This dual nature presents a significant
challenge for translation. Looking forward, key challenges
include unraveling the temporal dynamics of these pathways:
how they are tuned during development, adapt to chronic versus
acute stress, and decline with age. The therapeutic goal is not
simply to activate or block these pathways but to fine-tune
the conversation to differentiate beneficial mitohormesis from
maladaptive chronic stress. By precisely modulating the dura-
tion and intensity of mitokine signaling to harness protective
adaptations while avoiding the detriment of sustained activation,
we may one day learn to rewrite mito-nuclear communication
to extend healthspan and mitigate age-related disease.

ACKNOWLEDGMENTS

We thank Dr. Xusheng Hao for comments on the manuscript. This work
was supported by the National Key Research and Development Program of
China (2022YFA1303000 and 2025YFA1308700), the National Natural Science
Foundation of China (32225025, 32321004, and 32430025), and the CAS Project



Molecular Cell

for Young Scientists in Basic Research (YSBR-076). Y.T. is supported by the
New Cornerstone Science Foundation through the XPLORER PRIZE.

DECLARATION OF INTERESTS

The authors declare no competing interests.

DECLARATION OF GENERATIVE Al AND AI-ASSISTED
TECHNOLOGIES IN THE WRITING PROCESS

During the preparation of this work, the authors used ChatGPT and Google
Gemini in order to improve readability. After using the tools, the authors
reviewed and edited the content as needed and take full responsibility for
the content of the publication.

REFERENCES

. Quirds, P.M., Mottis, A., and Auwerx, J. (2016). Mitonuclear communica-

tion in homeostasis and stress. Nat. Rev. Mol. Cell Biol. 77, 213-226.
https://doi.org/10.1038/nrm.2016.23.

. Shpilka, T., and Haynes, C.M. (2018). The mitochondrial UPR: mecha-

nisms, physiological functions and implications in ageing. Nat. Rev.
Mol. Cell Biol. 19, 109-120. https://doi.org/10.1038/nrm.2017.110.

. Anderson, N.S., and Haynes, C.M. (2020). Folding the mitochondrial UPR

into the integrated stress response. Trends Cell Biol. 30, 428-439.
https://doi.org/10.1016/j.tcb.2020.03.001.

. Meichsner, A., and Winklhofer, K.F. Mitochondria as sources and targets

of cellular signaling. Mol. Cell 86. https://doi.org/10.1016/j.molcel.2026.
01.008.

. Ruan, L., Wang, Y., Zhang, X., Tomaszewski, A., McNamara, J.T., and Li,

R. (2020). Mitochondria-associated proteostasis. Annu. Rev. Biophys.
49, 41-67. https://doi.org/10.1146/annurev-biophys-121219-081604.

. Zhu, Z., Mallik, S., Stevens, T.A., Huang, R., Levy, E.D., and Shan, S.O.

(2025). Principles of cotranslational mitochondrial protein import. Cell
188, 5605-5617.e14. https://doi.org/10.1016/j.cell.2025.07.021.

. Luo, J., Khandwala, S., Hu, J., Lee, S.-Y., Hickey, K.L., Levine, Z.G.,

Harper, J.W., Ting, A.Y., and Weissman, J.S. (2025). Proximity-specific
ribosome profiling reveals the logic of localized mitochondrial translation.
Cell 188, 5589-5604.e17. https://doi.org/10.1016/j.cell.2025.08.002.

. Chen, P.X., Zhang, L., Chen, D., and Tian, Y. (2024). Mitochondrial stress

and aging: lessons from C. elegans. Semin. Cell Dev. Biol. 154, 69-76.
https://doi.org/10.1016/j.semcdb.2023.02.010.

. Kim, S., Ramalho, T.R., and Haynes, C.M. (2024). Regulation of

proteostasis and innate immunity via mitochondria-nuclear commu-
nication. J. Cell Biol. 223, e202310005. https://doi.org/10.1083/jcb.
202310005.

. Zhao, Q., Wang, J., Levichkin, I.V., Stasinopoulos, S., Ryan, M.T., and

Hoogenraad, N.J. (2002). A mitochondrial specific stress response in
mammalian cells. EMBO J. 21, 4411-4419. https://doi.org/10.1093/em-
boj/cdf445.

. Martinus, R.D., Garth, G.P., Webster, T.L., Cartwright, P., Naylor, D.J.,

Hgj, P.B., and Hoogenraad, N.J. (1996). Selective induction of mito-
chondrial chaperones in response to loss of the mitochondrial genome.
Eur. J. Biochem. 240, 98-103. https://doi.org/10.1111/].1432-1033.
1996.0098h.x.

. Haynes, C.M., Yang, Y., Blais, S.P., Neubert, T.A., and Ron, D. (2010).

The matrix peptide exporter HAF-1 signals a mitochondrial UPR by
activating the transcription factor ZC376.7 in C. elegans. Mol. Cell 37,
529-540. https://doi.org/10.1016/j.molcel.2010.01.015.

. Benedetti, C., Haynes, C.M., Yang, Y., Harding, H.P., and Ron, D.

(2006). Ubiquitin-like protein 5 positively regulates chaperone gene
expression in the mitochondrial unfolded protein response. Genetics
174, 229-239. https://doi.org/10.1534/genetics.106.061580.

. Haynes, C.M., Petrova, K., Benedetti, C., Yang, Y., and Ron, D. (2007).

ClpP mediates activation of a mitochondrial unfolded protein response

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

¢? CellPress

in C. elegans. Dev. Cell 13, 467-480. https://doi.org/10.1016/j.devcel.
2007.07.016.

Nargund, A.M., Pellegrino, M.W., Fiorese, C.J., Baker, B.M., and Hay-
nes, C.M. (2012). Mitochondrial import efficiency of ATFS-1 regulates
mitochondrial UPR activation. Science 337, 587-590. https://doi.org/
10.1126/science.1223560.

Yoneda, T., Benedetti, C., Urano, F., Clark, S.G., Harding, H.P., and
Ron, D. (2004). Compartment-specific perturbation of protein handling
activates genes encoding mitochondrial chaperones. J. Cell Sci. 117,
4055-4066. https://doi.org/10.1242/jcs.01275.

Dillin, A., Hsu, A.-L., Arantes-Oliveira, N., Lehrer-Graiwer, J., Hsin, H.,
Fraser, A.G., Kamath, R.S., Ahringer, J., and Kenyon, C. (2002). Rates
of behavior and aging specified by mitochondrial function during devel-
opment. Science 298, 2398-2401. https://doi.org/10.1126/science.
1077780.

Durieux, J., Wolff, S., and Dillin, A. (2011). The cell-non-autonomous
nature of electron transport chain-mediated longevity. Cell 144,
79-91. https://doi.org/10.1016/j.cell.2010.12.016.

Tian, Y., Garcia, G., Bian, Q., Steffen, K.K., Joe, L., Wolff, S., Meyer, B.J.,
and Dillin, A. (2016). Mitochondrial stress induces chromatin reorganiza-
tion to promote longevity and UPR™. Cell 165, 1197-1208. https:/doi.
org/10.1016/j.cell.2016.04.011.

Towbin, B.D., Gonzalez-Aguilera, C., Sack, R., Gaidatzis, D., Kalck, V.,
Meister, P., Askjaer, P., and Gasser, S.M. (2012). Step-wise methylation
of histone H3K9 positions heterochromatin at the nuclear periphery. Cell
150, 934-947. https://doi.org/10.1016/j.cell.2012.06.051.

Merkwirth, C., Jovaisaite, V., Durieux, J., Matilainen, O., Jordan, S.D.,
Quiros, P.M., Steffen, K.K., Williams, E.G., Mouchiroud, L., Tronnes,
S.U., et al. (2016). Two conserved histone demethylases regulate mito-
chondrial stress-induced longevity. Cell 165, 1209-1223. https://doi.
org/10.1016/j.cell.2016.04.012.

Li, T.Y., Sleiman, M.B., Li, H., Gao, A.W., Mottis, A., Bachmann, A.M., El
Alam, G., Li, X., Goeminne, L.J.E., Schoonjans, K., et al. (2021). The
transcriptional coactivator CBP/p300 is an evolutionarily conserved
node that promotes longevity in response to mitochondrial stress.
Nat. Aging 7, 165-178. https://doi.org/10.1038/s43587-020-00025-z.

Zhu, D., Wu, X., Zhou, J., Li, X., Huang, X., Li, J., Wu, J., Bian, Q., Wang,
Y., and Tian, Y. (2020). NuRD mediates mitochondrial stress—induced
longevity via chromatin remodeling in response to acetyl-CoA level.
Sci. Adv. 6, eabb2529. https://doi.org/10.1126/sciadv.abb2529.

Zhou, J., Zhu, D., Wang, Y., Wang, Z., Zhang, N., Huang, X., Zhang, Y.,
Wang, Y., Wu, X., and Tian, Y. (2025). Mitochondrial stress orchestrates
chromatin remodeling and longevity via phosphoregulation of the NuRD
component LIN-40. Sci. China Life Sci. 68, 3340-3352. https://doi.org/
10.1007/s11427-025-2954-3.

Zhu, D., Li, X, and Tian, Y. (2022). Mitochondrial-to-nuclear communica-
tion in aging: an epigenetic perspective. Trends Biochem. Sci. 47,
645-659. https://doi.org/10.1016/j.tibs.2022.03.008.

Munch, C. (2018). The different axes of the mammalian mitochondrial
unfolded protein response. BMC Biol. 16, 81. https://doi.org/10.1186/
5$12915-018-0548-x.

Fiorese, C.J., Schulz, A.M., Lin, Y.-F., Rosin, N., Pellegrino, M.W., and
Haynes, C.M. (2016). The transcription factor ATF5 mediates a
mammalian mitochondrial UPR. Curr. Biol. 26, 2037-2043. https://
doi.org/10.1016/j.cub.2016.06.002.

Quirds, P.M., Prado, M.A., Zamboni, N., D’Amico, D., Williams, R.W.,
Finley, D., Gygi, S.P., and Auwerx, J. (2017). Multi-omics analysis
identifies ATF4 as a key regulator of the mitochondrial stress response
in mammals. J. Cell Biol. 216, 2027-2045. https://doi.org/10.1083/jcb.
201702058.

Sutandy, F.X.R., GéBner, |., Tascher, G., and Munch, C. (2023). A cyto-
solic surveillance mechanism activates the mitochondrial UPR. Nature
618, 849-854. https://doi.org/10.1038/s41586-023-06142-0.

Ying, Z., Chen, K., Zheng, L., Wu, Y., Li, L., Wang, R., Long, Q., Yang, L.,
Guo, J., Yao, D., et al. (2016). Transient activation of mitoflashes

Molecular Cell 86, February 5, 2026 529



https://doi.org/10.1038/nrm.2016.23
https://doi.org/10.1038/nrm.2017.110
https://doi.org/10.1016/j.tcb.2020.03.001
https://doi.org/10.1016/j.molcel.2026.01.008
https://doi.org/10.1016/j.molcel.2026.01.008
https://doi.org/10.1146/annurev-biophys-121219-081604
https://doi.org/10.1016/j.cell.2025.07.021
https://doi.org/10.1016/j.cell.2025.08.002
https://doi.org/10.1016/j.semcdb.2023.02.010
https://doi.org/10.1083/jcb.202310005
https://doi.org/10.1083/jcb.202310005
https://doi.org/10.1093/emboj/cdf445
https://doi.org/10.1093/emboj/cdf445
https://doi.org/10.1111/j.1432-1033.1996.0098h.x
https://doi.org/10.1111/j.1432-1033.1996.0098h.x
https://doi.org/10.1016/j.molcel.2010.01.015
https://doi.org/10.1534/genetics.106.061580
https://doi.org/10.1016/j.devcel.2007.07.016
https://doi.org/10.1016/j.devcel.2007.07.016
https://doi.org/10.1126/science.1223560
https://doi.org/10.1126/science.1223560
https://doi.org/10.1242/jcs.01275
https://doi.org/10.1126/science.1077780
https://doi.org/10.1126/science.1077780
https://doi.org/10.1016/j.cell.2010.12.016
https://doi.org/10.1016/j.cell.2016.04.011
https://doi.org/10.1016/j.cell.2016.04.011
https://doi.org/10.1016/j.cell.2012.06.051
https://doi.org/10.1016/j.cell.2016.04.012
https://doi.org/10.1016/j.cell.2016.04.012
https://doi.org/10.1038/s43587-020-00025-z
https://doi.org/10.1126/sciadv.abb2529
https://doi.org/10.1007/s11427-025-2954-3
https://doi.org/10.1007/s11427-025-2954-3
https://doi.org/10.1016/j.tibs.2022.03.008
https://doi.org/10.1186/s12915-018-0548-x
https://doi.org/10.1186/s12915-018-0548-x
https://doi.org/10.1016/j.cub.2016.06.002
https://doi.org/10.1016/j.cub.2016.06.002
https://doi.org/10.1083/jcb.201702058
https://doi.org/10.1083/jcb.201702058
https://doi.org/10.1038/s41586-023-06142-0

¢? CellPress

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

530

modulates nanog at the early phase of somatic cell reprogramming. Cell
Metab. 23, 220-226. https://doi.org/10.1016/j.cmet.2015.10.002.

Ying, Z., Xiang, G., Zheng, L., Tang, H., Duan, L., Lin, X., Zhao, Q., Chen,
K., Wu, Y., Xing, G., et al. (2018). Short-term mitochondrial permeability
transition pore opening modulates histone lysine methylation at the early
phase of somatic cell reprogramming. Cell Metab. 28, 935-945.e5.
https://doi.org/10.1016/j.cmet.2018.08.001.

Ying, Z., Xin, Y., Liu, Z., Tan, T., Huang, Y., Ding, Y., Hong, X., Li, Q., Li, C.,
Guo, J., et al. (2025). The mitochondrial unfolded protein response in-
hibits pluripotency acquisition and mesenchymal-to-epithelial transition
in somatic cell reprogramming. Nat. Metab. 7, 940-951. https://doi.org/
10.1038/s42255-025-01261-6.

Pakos-Zebrucka, K., Koryga, I., Mnich, K., Ljujic, M., Samali, A., and
Gorman, A.M. (2016). The integrated stress response. EMBO Rep.
17, 1374-1395. https://doi.org/10.15252/embr.201642195.

Guo, X., Aviles, G., Liu, Y., Tian, R., Unger, B.A,, Lin, Y.T., Wiita, A.P., Xu,
K., Correia, M.A., and Kampmann, M. (2020). Mitochondrial stress is
relayed to the cytosol by an OMA1-DELE1-HRI pathway. Nature 579,
427-432. https://doi.org/10.1038/s41586-020-2078-2.

Fessler, E., Eckl, E.-M., Schmitt, S., Mancilla, I.A., Meyer-Bender, M.F.,
Hanf, M., Philippou-Massier, J., Krebs, S., Zischka, H., and Jae, L.T.
(2020). A pathway coordinated by DELE1 relays mitochondrial stress to
the cytosol. Nature 579, 433-437. https://doi.org/10.1038/s41586-020-
2076-4.

Yang, J., Baron, K.R., Pride, D.E., Schneemann, A., Guo, X., Chen, W.,
Song, A.S., Aviles, G., Kampmann, M., Wiseman, R.L., et al. (2023).
DELE1 oligomerization promotes integrated stress response activation.
Nat. Struct. Mol. Biol. 30, 1295-1302. https://doi.org/10.1038/s41594-
023-01061-0.

Li, W., Dong, M., Gao, K., Guan, J., and Liu, Y. (2024). Genome-wide
CRISPR screens identify PTPN21 and WDR26 as modulators of the
mitochondrial stress-induced ISR. Life Metab. 3, loae020. https://doi.
org/10.1098/lifemeta/loae020.

Wang, X., and Zhang, G. (2025). The mitochondrial integrated stress
response: a novel approach to anti-aging and pro-longevity. Ageing
Res. Rev. 103, 102603. https://doi.org/10.1016/j.arr.2024.1026083.

Sekine, Y., Houston, R., Eckl, E.-M., Fessler, E., Narendra, D.P., Jae,
L.T., and Sekine, S. (2023). A mitochondrial iron-responsive pathway
regulated by DELE1. Mol. Cell 83, 2059-2076.e6. https://doi.org/10.
1016/j.molcel.2023.05.031.

Fessler, E., Krumwiede, L., and Jae, L.T. (2022). DELE1 tracks perturbed
protein import and processing in human mitochondria. Nat. Commun. 13,
1853. https://doi.org/10.1038/s41467-022-29479-y.

Bi, P.Y., Killackey, S.A., Schweizer, L., Arnoult, D., Philpott, D.J., and
Girardin, S.E. (2024). Cytosolic retention of HtrA2 during mitochondrial
protein import stress triggers the DELE1-HRI pathway. Commun. Biol.
7, 391. https://doi.org/10.1038/s42003-024-06107-7.

Fu, Y., Sacco, O., DeBitetto, E., Kanshin, E., Ueberheide, B., and Sfeir, A.
(2023). Mitochondrial DNA breaks activate an integrated stress response
to reestablish homeostasis. Mol. Cell 83, 3740-3753.€9. https://doi.org/
10.1016/j.molcel.2023.09.026.

Ahola, S., Rivera Mejias, P., Hermans, S., Chandragiri, S., Giavalisco,
P., Nolte, H., and Langer, T. (2022). OMA1-mediated integrated stress
response protects against ferroptosis in mitochondrial cardiomyopa-
thy. Cell Metab. 34, 1875-1891.e7. https://doi.org/10.1016/j.cmet.
2022.08.017.

Chakrabarty, Y., Yang, Z., Chen, H., and Chan, D.C. (2024). The HRI
branch of the integrated stress response selectively triggers
mitophagy. Mol. Cell 84, 1090-1100.€6. https://doi.org/10.1016/j.mol-
cel.2024.01.016.

Singh, P.K., Agarwal, S., Volpi, I., Wilhelm, L.P., Becchi, G., Keenlyside,
A., Macartney, T., Toth, R., Rousseau, A., Masson, G.R., et al. (2025). Ki-
nome screening identifies integrated stress response kinase EIF2AK1/
HRI as a negative regulator of PINK1 mitophagy signaling. Sci. Adv. 77,
eadn2528. https://doi.org/10.1126/sciadv.adn2528.

Molecular Cell 86, February 5, 2026

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Molecular Cell

Shammas, M.K., Huang, X., Wu, B.P., Fessler, E., Song, |.Y., Randolph,
N.P., Li, Y., Bleck, C.K.E., Springer, D.A., Fratter, C., et al. (2022).
OMA1 mediates local and global stress responses against protein mis-
folding in CHCHD10 mitochondrial myopathy. J. Clin. Investig. 132,
e157504. https://doi.org/10.1172/JCI157504.

Huynh, H., Zhu, S., Lee, S., Bao, Y., Pang, J., Nguyen, A., Gu, Y., Chen,
C., Ouyang, K., Evans, S.M., et al. (2023). DELE1 is protective for mito-
chondrial cardiomyopathy. J. Mol. Cell. Cardiol. 175, 44-48. https://
doi.org/10.1016/j.yjmcc.2022.12.003.

Lin, H.-P., Petersen, J.D., Gilsrud, A.J., Madruga, A., D’'Silva, T.M.,
Huang, X., Shammas, M.K., Randolph, N.P., Johnson, K.R., Li, Y.,
et al. (2024). DELE1 maintains muscle proteostasis to promote growth
and survival in mitochondrial myopathy. EMBO J. 43, 5548-5585.
https://doi.org/10.1038/s44318-024-00242-x.

Franchino, C.A., Brughera, M., Baderna, V., De Ritis, D., Rocco, A.,
Seneca, S., Regal, L., Podini, P., D’Antonio, M., Toro, C., et al.
(2024). Sustained OMA1-mediated integrated stress response is bene-
ficial for spastic ataxia type 5. Brain 747, 1043-1056. https://doi.org/
10.1093/brain/awad340.

Yamada, T., lkeda, A., Murata, D., Wang, H., Zhang, C., Khare, P., Ada-
chi, Y., Ito, F., Quirés, P.M., Blackshaw, S., et al. (2025). Dual regulation of
mitochondrial fusion by Parkin-PINK1 and OMA1. Nature 639, 776-783.
https://doi.org/10.1038/s41586-025-08590-2.

Khan, N.A., Nikkanen, J., Yatsuga, S., Jackson, C., Wang, L., Pradhan,
S., Kiveld, R., Pessia, A., Velagapudi, V., and Suomalainen, A. (2017).
mTORCH1 regulates mitochondrial integrated stress response and mito-
chondrial myopathy progression. Cell Metab. 26, 419-428.e5. https://
doi.org/10.1016/j.cmet.2017.07.007.

Walker, E.M., Pearson, G.L., Lawlor, N., Stendahl, A.M., Lietzke, A.,
Sidarala, V., Zhu, J., Stromer, T., Reck, E.C., Li, J., et al. (2025). Retro-
grade mitochondrial signaling governs the identity and maturity of
metabolic tissues. Science 388, eadf2034. https://doi.org/10.1126/sci-
ence.adf2034.

Ignatenko, O., Malinen, S., Rybas, S., Vihinen, H., Nikkanen, J., Kononov,
A., Jokitalo, E.S., Ince-Dunn, G., and Suomalainen, A. (2023). Mitochon-
drial dysfunction compromises ciliary homeostasis in astrocytes. J. Cell
Biol. 222, €202203019. https://doi.org/10.1083/jcb.202203019.

Samluk, L., Urbanska, M., Kisielewska, K., Mohanraj, K., Kim, M.-J.,
Machnicka, K., Liszewska, E., Jaworski, J., and Chacinska, A. (2019).
Cytosolic translational responses differ under conditions of severe
short-term and long-term mitochondrial stress. Mol. Biol. Cell 30,
1864-1877. https://doi.org/10.1091/mbc.E18-10-0628.

Molenaars, M., Janssens, G.E., Williams, E.G., Jongejan, A,, Lan, J.,
Rabot, S., Joly, F., Moerland, P.D., Schomakers, B.V., Lezzerini, M.,
et al. (2020). A conserved mito-cytosolic translational balance links
two longevity pathways. Cell Metab. 31, 549-563.e7. https://doi.org/
10.1016/j.cmet.2020.01.011.

Chen, C.-W., Papadopoli, D., Szkop, K.J., Guan, B.-J., Alzahrani, M., Wu,
J., Jobava, R., Asraf, M.M., Krokowski, D., Vourekas, A., et al. (2025).
Plasticity of the mammalian integrated stress response. Nature 6417,
1319-1328. https://doi.org/10.1038/s41586-025-08794-6.

Berendzen, K.M., Durieux, J., Shao, L.-W., Tian, Y., Kim, H.-E., Wolff,
S., Liu, Y., and Dillin, A. (2016). Neuroendocrine coordination of mito-
chondrial stress signaling and proteostasis. Cell 166, 1553-1563.e10.
https://doi.org/10.1016/j.cell.2016.08.042.

Bar-Ziv, R., Bolas, T., and Dillin, A. (2020). Systemic effects of mitochon-
drial stress. EMBO Rep. 27, €50094. https://doi.org/10.15252/embr.
202050094.

Li, J., Cui, J., and Tian, Y. (2022). Neuron-periphery mitochondrial stress
communication in aging and diseases. Life Med. 7, 168-178. https://doi.
org/10.1093/lifemedi/Inac051.

Zhang, H., Li, X., Fan, W., Pandovski, S., Tian, Y., and Dillin, A. (2023).
Inter-tissue communication of mitochondrial stress and metabolic
health. Life Metab. 2, load001. https://doi.org/10.1093/lifemeta/
load001.


https://doi.org/10.1016/j.cmet.2015.10.002
https://doi.org/10.1016/j.cmet.2018.08.001
https://doi.org/10.1038/s42255-025-01261-6
https://doi.org/10.1038/s42255-025-01261-6
https://doi.org/10.15252/embr.201642195
https://doi.org/10.1038/s41586-020-2078-2
https://doi.org/10.1038/s41586-020-2076-4
https://doi.org/10.1038/s41586-020-2076-4
https://doi.org/10.1038/s41594-023-01061-0
https://doi.org/10.1038/s41594-023-01061-0
https://doi.org/10.1093/lifemeta/loae020
https://doi.org/10.1093/lifemeta/loae020
https://doi.org/10.1016/j.arr.2024.102603
https://doi.org/10.1016/j.molcel.2023.05.031
https://doi.org/10.1016/j.molcel.2023.05.031
https://doi.org/10.1038/s41467-022-29479-y
https://doi.org/10.1038/s42003-024-06107-7
https://doi.org/10.1016/j.molcel.2023.09.026
https://doi.org/10.1016/j.molcel.2023.09.026
https://doi.org/10.1016/j.cmet.2022.08.017
https://doi.org/10.1016/j.cmet.2022.08.017
https://doi.org/10.1016/j.molcel.2024.01.016
https://doi.org/10.1016/j.molcel.2024.01.016
https://doi.org/10.1126/sciadv.adn2528
https://doi.org/10.1172/JCI157504
https://doi.org/10.1016/j.yjmcc.2022.12.003
https://doi.org/10.1016/j.yjmcc.2022.12.003
https://doi.org/10.1038/s44318-024-00242-x
https://doi.org/10.1093/brain/awad340
https://doi.org/10.1093/brain/awad340
https://doi.org/10.1038/s41586-025-08590-2
https://doi.org/10.1016/j.cmet.2017.07.007
https://doi.org/10.1016/j.cmet.2017.07.007
https://doi.org/10.1126/science.adf2034
https://doi.org/10.1126/science.adf2034
https://doi.org/10.1083/jcb.202203019
https://doi.org/10.1091/mbc.E18-10-0628
https://doi.org/10.1016/j.cmet.2020.01.011
https://doi.org/10.1016/j.cmet.2020.01.011
https://doi.org/10.1038/s41586-025-08794-6
https://doi.org/10.1016/j.cell.2016.08.042
https://doi.org/10.15252/embr.202050094
https://doi.org/10.15252/embr.202050094
https://doi.org/10.1093/lifemedi/lnac051
https://doi.org/10.1093/lifemedi/lnac051
https://doi.org/10.1093/lifemeta/load001
https://doi.org/10.1093/lifemeta/load001

Molecular Cell

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

Zhang, Q., Wu, X., Chen, P., Liu, L., Xin, N., Tian, Y., and Dillin, A. (2018).
The mitochondrial unfolded protein response is mediated cell-non-
autonomously by retromer-dependent Wnt signaling. Cell 174, 870-
883.e17. https://doi.org/10.1016/j.cell.2018.06.029.

Wang, Z., Zhang, Q., Jiang, Y., Zhou, J., and Tian, Y. (2024). ASI-RIM
neuronal axis regulates systemic mitochondrial stress response via
TGF-p signaling cascade. Nat. Commun. 15, 8997. https://doi.org/10.
1038/s41467-024-53093-9.

Zhu, H., Bruck-Haimson, R., Zaretsky, A., Cohen, |., Falk, R., Achache,
H., Tzur, Y.B., and Cohen, E. (2025). A nucleolar mechanism suppresses
organismal proteostasis by modulating TGFB/ERK signalling. Nat. Cell
Biol. 27, 87-102. https://doi.org/10.1038/s41556-024-01564-y.

Zhu, H., Zhang, Q., Tian, Y., and Cohen, E. (2025). TGF-p signaling as an
organismal proteostasis regulator. Trends Cell Biol. 35, 1016-1027.
https://doi.org/10.1016/j.tcb.2025.07.008.

Chen, L.-T., Lin, C.-T., Lin, L.-Y., Hsu, J.-M., Wu, Y.-C., and Pan, C.-L.
(2021). Neuronal mitochondrial dynamics coordinate systemic mitochon-
drial morphology and stress response to confer pathogen resistance in
C. elegans. Dev. Cell 56, 1770-1785.e12. https://doi.org/10.1016/j.dev-
cel.2021.04.021.

Shao, L.-W., Niu, R., and Liu, Y. (2016). Neuropeptide signals cell non-
autonomous mitochondrial unfolded protein response. Cell Res. 26,
1182-1196. https://doi.org/10.1038/cr.2016.118.

Liu, Y., Zhou, J., Zhang, N., Wu, X., Zhang, Q., Zhang, W., Li, X., and Tian,
Y. (2022). Two sensory neurons coordinate the systemic mitochondrial
stress response via GPCR signaling in C. elegans. Dev. Cell 57, 2469-
2482.e5. https://doi.org/10.1016/j.devcel.2022.10.001.

Li, J., Cui, J., Li, X., Zhu, D., Chen, Z., Huang, X., Wang, Y., Wu, Q., and
Tian, Y. (2025). TMBIM-2 orchestrates systemic mitochondrial
stress response via facilitating Ca®* oscillations. J. Cell Biol. 224,
€202408050. https://doi.org/10.1083/jcb.202408050.

Sun, Y., and Li, T.Y. (2025). TMBIM-2 links neuronal mitochondrial stress
to systemic adaptation via calcium signaling. J. Cell Biol. 224,
€202503004. https://doi.org/10.1083/jcb.202503004.

Cornell, R., Cao, W., Harradine, B., Godini, R., Handley, A., and Pocock,
R. (2024). Neuro-intestinal acetylcholine signalling regulates the mito-
chondrial stress response in Caenorhabditis elegans. Nat. Commun.
15, 6594. https://doi.org/10.1038/s41467-024-50973-y.

Liao, C.-P., Chiang, Y.-C., Tam, W.H., Chen, Y.-J., Chou, S.-H., and Pan,
C.-L. (2022). Neurophysiological basis of stress-induced aversive
memory in the nematode Caenorhabditis elegans. Curr. Biol. 32, 5309—
5322.e6. https://doi.org/10.1016/j.cub.2022.11.012.

Charmpilas, N., Sotiriou, A., Axarlis, K., Tavernarakis, N., and Hoppe, T.
(2024). Reproductive regulation of the mitochondrial stress response in
Caenorhabditis elegans. Cell Rep. 43, 114336. https://doi.org/10.1016/
j.celrep.2024.114336.

Shen, K., Durieux, J., Mena, C.G., Webster, B.M., Tsui, C.K., Zhang, H.,
Joe, L., Berendzen, K.M., and Dillin, A. (2024). The germline coordinates
mitokine signaling. Cell 187, 4605-4620.e17. https://doi.org/10.1016/.
cell.2024.06.010.

Zhou, L., Jiang, L., Li, L., Ma, C., Xia, P., Ding, W., and Liu, Y. (2024).
A germline-to-soma signal triggers an age-related decline of mitochon-
drial stress response. Nat. Commun. 75, 8723. https://doi.org/10.1038/
s41467-024-53064-0.

Chiang, Y.-C., Liao, C.-P., and Pan, C.-L. (2022). A serotonergic circuit
regulates aversive associative learning under mitochondrial stress in
C. elegans. Proc. Natl. Acad. Sci. USA 119, e2115533119. https://doi.
org/10.1073/pnas.2115533119.

Zhang, Q., Wang, Z., Zhang, W., Wen, Q., Li, X., Zhou, J., Wu, X., Guo, Y.,
Liu, Y., Wei, C., et al. (2021). The memory of neuronal mitochondrial
stress is inherited transgenerationally via elevated mitochondrial DNA
levels. Nat. Cell Biol. 23, 870-880. https://doi.org/10.1038/s41556-021-
00724-8.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

¢? CellPress

Zhang, Q., and Tian, Y. (2022). Molecular insights into the transgenera-
tional inheritance of stress memory. J. Genet. Genomics 49, 89-95.
https://doi.org/10.1016/j.jgg.2021.11.015.

Park, M., and Wang, M.C. (2021). Mitochondrial UPR through genera-
tions. Nat. Cell Biol. 23, 820-821. https://doi.org/10.1038/s41556-021-
00729-3.

Tyynismaa, H., Carroll, C.J., Raimundo, N., Ahola-Erkkila, S., Wenz,
T., Ruhanen, H., Guse, K., Hemminki, A., Peltola-Mjgsund, K.E.,
Tulkki, V., et al. (2010). Mitochondrial myopathy induces a starva-
tion-like response. Hum. Mol. Genet. 19, 3948-3958. https://doi.org/
10.1093/hmg/ddg310.

Suomalainen, A., Elo, J.M., Pietildinen, K.H., Hakonen, A.H.,
Sevastianova, K., Korpela, M., Isohanni, P., Marjavaara, S.K., Tyni,
T., Kiuru-Enari, S., et al. (2011). FGF-21 as a biomarker for muscle-
manifesting mitochondrial respiratory chain deficiencies: a diagnostic
study. Lancet Neurol. 70, 806-818. https://doi.org/10.1016/S1474-
4422(11)70155-7.

Kim, K.H., Jeong, Y.T., Oh, H., Kim, S.H., Cho, J.M., Kim, Y.-N., Kim,
S.S., Kim, D.H., Hur, K.Y., Kim, H.K., et al. (2013). Autophagy deficiency
leads to protection from obesity and insulin resistance by inducing Fgf21
as a mitokine. Nat. Med. 19, 83-92. https://doi.org/10.1038/nm.3014.

Chung, H.K., Ryu, D., Kim, K.S., Chang, J.Y., Kim, Y.K., Yi, H.-S., Kang,
S.G., Choi, M.J,, Lee, S.E., Jung, S.-B., et al. (2017). Growth differentia-
tion factor 15 is a myomitokine governing systemic energy homeostasis.
J. Cell Biol. 2716, 149-165. https://doi.org/10.1083/jcb.201607110.

Lee, C., Zeng, J., Drew, B.G., Sallam, T., Martin-Montalvo, A., Wan, J.,
Kim, S.-J., Mehta, H., Hevener, A.L., de Cabo, R., et al. (2015). The mito-
chondrial-derived peptide MOTS-c promotes metabolic homeostasis
and reduces obesity and insulin resistance. Cell Metab. 27, 443-454.
https://doi.org/10.1016/j.cmet.2015.02.009.

Hashimoto, Y., Niikura, T., Tajima, H., Yasukawa, T., Sudo, H., Ito, Y.,
Kita, Y., Kawasumi, M., Kouyama, K., Doyu, M., et al. (2001). A rescue
factor abolishing neuronal cell death by a wide spectrum of familial
Alzheimer’s disease genes and Ap. Proc. Natl. Acad. Sci. USA 98,
6336-6341. https://doi.org/10.1073/pnas.101133498.

Cobb, L.J., Lee, C., Xiao, J., Yen, K., Wong, R.G., Nakamura, H.K.,
Mehta, H.H., Gao, Q., Ashur, C., Huffman, D.M., et al. (2016). Naturally
occurring mitochondrial-derived peptides are age-dependent regulators
of apoptosis, insulin sensitivity, and inflammatory markers. Aging 8,
796-809. https://doi.org/10.18632/aging.100943.

Timper, K., Paeger, L., Sanchez-Lasheras, C., Varela, L., Jais, A., Nolte,
H., Vogt, M.C., Hausen, A.C., Heilinger, C., Evers, N., et al. (2018). Mild
impairment of mitochondrial OXPHOS promotes fatty acid utilization in
POMC neurons and improves glucose homeostasis in obesity. Cell
Rep. 25, 383-397.e10. https://doi.org/10.1016/j.celrep.2018.09.034.

Kang, G.M., Min, S.H., Lee, C.H., Kim, J.Y., Lim, H.S., Choi, M.J.,
Jung, S.-B., Park, J.W., Kim, S., Park, C.B., et al. (2021). Mitohorme-
sis in hypothalamic POMC neurons mediates regular exercise-
induced high-turnover metabolism. Cell Metab. 33, 334-349.e6.
https://doi.org/10.1016/j.cmet.2021.01.008.

Gémez-Valadés, A.G., Pozo, M., Varela, L., Boudjadja, M.B., Ramirez,
S., Chivite, I., Eyre, E., Haddad-Tévolli, R., Obri, A., Mila-Guasch, M.,
et al. (2021). Mitochondrial cristae-remodeling protein OPA1 in POMC
neurons couples Ca®* homeostasis with adipose tissue lipolysis. Cell
Metab. 33, 1820-1835.e9. https://doi.org/10.1016/j.cmet.2021.
07.008.

Forsstrom, S., Jackson, C.B., Carroll, C.J., Kuronen, M., Pirinen, E.,
Pradhan, S., Marmyleva, A., Auranen, M., Kleine, I.-M., Khan, N.A.,
et al. (2019). Fibroblast growth factor 21 drives dynamics of local
and systemic stress responses in mitochondrial myopathy with
mtDNA deletions. Cell Metab. 30, 1040-1054.e7. https://doi.org/10.
1016/j.cmet.2019.08.019.

Tezze, C., Romanello, V., Desbats, M.A., Fadini, G.P., Albiero, M., Fa-
varo, G., Ciciliot, S., Soriano, M.E., Morbidoni, V., Cerqua, C., et al.
(2017). Age-associated loss of OPA1 in muscle impacts muscle mass,
metabolic homeostasis, systemic inflammation, and epithelial senes-
cence. Cell Metab. 25, 1374-1389.e6. https://doi.org/10.1016/j.cmet.
2017.04.021.

Molecular Cell 86, February 5, 2026 531



https://doi.org/10.1016/j.cell.2018.06.029
https://doi.org/10.1038/s41467-024-53093-9
https://doi.org/10.1038/s41467-024-53093-9
https://doi.org/10.1038/s41556-024-01564-y
https://doi.org/10.1016/j.tcb.2025.07.008
https://doi.org/10.1016/j.devcel.2021.04.021
https://doi.org/10.1016/j.devcel.2021.04.021
https://doi.org/10.1038/cr.2016.118
https://doi.org/10.1016/j.devcel.2022.10.001
https://doi.org/10.1083/jcb.202408050
https://doi.org/10.1083/jcb.202503004
https://doi.org/10.1038/s41467-024-50973-y
https://doi.org/10.1016/j.cub.2022.11.012
https://doi.org/10.1016/j.celrep.2024.114336
https://doi.org/10.1016/j.celrep.2024.114336
https://doi.org/10.1016/j.cell.2024.06.010
https://doi.org/10.1016/j.cell.2024.06.010
https://doi.org/10.1038/s41467-024-53064-0
https://doi.org/10.1038/s41467-024-53064-0
https://doi.org/10.1073/pnas.2115533119
https://doi.org/10.1073/pnas.2115533119
https://doi.org/10.1038/s41556-021-00724-8
https://doi.org/10.1038/s41556-021-00724-8
https://doi.org/10.1016/j.jgg.2021.11.015
https://doi.org/10.1038/s41556-021-00729-3
https://doi.org/10.1038/s41556-021-00729-3
https://doi.org/10.1093/hmg/ddq310
https://doi.org/10.1093/hmg/ddq310
https://doi.org/10.1016/S1474-4422(11)70155-7
https://doi.org/10.1016/S1474-4422(11)70155-7
https://doi.org/10.1038/nm.3014
https://doi.org/10.1083/jcb.201607110
https://doi.org/10.1016/j.cmet.2015.02.009
https://doi.org/10.1073/pnas.101133498
https://doi.org/10.18632/aging.100943
https://doi.org/10.1016/j.celrep.2018.09.034
https://doi.org/10.1016/j.cmet.2021.01.003
https://doi.org/10.1016/j.cmet.2021.07.008
https://doi.org/10.1016/j.cmet.2021.07.008
https://doi.org/10.1016/j.cmet.2019.08.019
https://doi.org/10.1016/j.cmet.2019.08.019
https://doi.org/10.1016/j.cmet.2017.04.021
https://doi.org/10.1016/j.cmet.2017.04.021

¢ CellPress

91.

92.

93.

94.

95.

96.

Guo, B., Zhai, D., Cabezas, E., Welsh, K., Nouraini, S., Satterthwait,
A.C., and Reed, J.C. (2003). Humanin peptide suppresses apoptosis
by interfering with Bax activation. Nature 423, 456-461. https://doi.
org/10.1038/nature01627.

Conte, M., Ostan, R., Fabbri, C., Santoro, A., Guidarelli, G., Vitale, G.,
Mari, D., Sevini, F., Capri, M., Sandri, M., et al. (2019). Human aging
and longevity are characterized by high levels of mitokines.
J. Gerontol. A Biol. Sci. Med. Sci. 74, 600-607. https://doi.org/10.
1093/gerona/gly153.

Tanaka, T., Biancotto, A., Moaddel, R., Moore, A.Z., Gonzalez-Freire, M.,
Aon, M.A., Candia, J., Zhang, P., Cheung, F., Fantoni, G., et al. (2018).
Plasma proteomic signature of age in healthy humans. Aging Cell 17,
e€12799. https://doi.org/10.1111/acel.12799.

Benichou, O., Coskun, T., Gonciarz, M.D., Garhyan, P., Adams, A.C., Du,
Y., Dunbar, J.D., Martin, J.A., Mather, K.J., Pickard, R.T., et al. (2023).
Discovery, development, and clinical proof of mechanism of
LY3463251, a long-acting GDF15 receptor agonist. Cell Metab. 35,
274-286.e10. https://doi.org/10.1016/j.cmet.2022.12.011.

Loomba, R., Sanyal, A.J., Kowdley, K.V., Bhatt, D.L., Alkhouri, N.,
Frias, J.P., Bedossa, P., Harrison, S.A., Lazas, D., Barish, R., et al.
(2023). Randomized, controlled trial of the FGF21 analogue pegoza-
fermin in NASH. N. Engl. J. Med. 389, 998-1008. https://doi.org/10.
1056/NEJM0a2304286.

Wu, Y.-C., Beets, I., Fox, B.W., Fajardo Palomino, D.F., Chen, L., Liao,
C.-P., Vandewyer, E., Lin, L.-Y., He, C.-W., Chen, L.-T., et al. (2025).

532 Molecular Cell 86, February 5, 2026

97.

98.

99.

100.

101.

Molecular Cell

Intercellular sphingolipid signaling mediates aversive learning in
C. elegans. Curr. Biol. 35, 2323-2336.€9. https://doi.org/10.1016/j.cub.
2025.03.082.

Tian, D., and Han, M. (2022). Bacterial peptidoglycan muropeptides
benefit mitochondrial homeostasis and animal physiology by acting as
ATP synthase agonists. Dev. Cell 57, 361-372.e5. https://doi.org/10.
1016/j.devcel.2021.12.016.

Hao, F., Liu, H., and Qi, B. (2024). Bacterial peptidoglycan acts as
a digestive signal mediating host adaptation to diverse food resources
in C. elegans. Nat. Commun. 15, 3286. https://doi.org/10.1038/s41467-
024-47530-y.

Wise, A.D., TenBarge, E.G., Mendonga, J.d.C., Mennen, E.C., McDaniel,
S.R., Reber, C.P., Holder, B.E., Bunch, M.L., Belevska, E., Marshall,
M.G., et al. (2025). Mitochondria sense bacterial lactate and drive release
of neutrophil extracellular traps. Cell Host Microbe 33, 341-357.e9.
https://doi.org/10.1016/j.chom.2025.02.003.

Han, B., Sivaramakrishnan, P., Lin, C.J., Neve, LA.A,, He, J., Tay, LW.R.,
Sowa, J.N., Sizovs, A., Du, G., Wang, J., et al. (2017). Microbial genetic
composition tunes host longevity. Cell 169, 1249-1262.e13. https://doi.
org/10.1016/j.cell.2017.05.036.

Urbauer, E., Aguanno, D., Mindermann, N., Omer, H., Metwaly, A., Kram-
mel, T., Faro, T., Remke, M., Reitmeier, S., Barthel, S., et al. (2024). Mito-
chondrial perturbation in the intestine causes microbiota-dependent injury
and gene signatures discriminative of inflammatory disease. Cell Host
Microbe 32, 1347-1364.e10. https://doi.org/10.1016/j.chom.2024.06.013.


https://doi.org/10.1038/nature01627
https://doi.org/10.1038/nature01627
https://doi.org/10.1093/gerona/gly153
https://doi.org/10.1093/gerona/gly153
https://doi.org/10.1111/acel.12799
https://doi.org/10.1016/j.cmet.2022.12.011
https://doi.org/10.1056/NEJMoa2304286
https://doi.org/10.1056/NEJMoa2304286
https://doi.org/10.1016/j.cub.2025.03.082
https://doi.org/10.1016/j.cub.2025.03.082
https://doi.org/10.1016/j.devcel.2021.12.016
https://doi.org/10.1016/j.devcel.2021.12.016
https://doi.org/10.1038/s41467-024-47530-y
https://doi.org/10.1038/s41467-024-47530-y
https://doi.org/10.1016/j.chom.2025.02.003
https://doi.org/10.1016/j.cell.2017.05.036
https://doi.org/10.1016/j.cell.2017.05.036
https://doi.org/10.1016/j.chom.2024.06.013

	Mito-nuclear communication: From cellular responses to organismal health
	Introduction
	Mito-nuclear communication in cellular stress responses
	The UPRmt in C. elegans
	The UPRmt in mammalian cells
	The ISRmt

	Systemic mito-nuclear communication
	Sensing and broadcasting
	Orchestration and modulation
	Receiving and responding
	Systemic mito-nuclear communication in mammals
	Physiological implications of systemic mito-nuclear communication

	Concluding remarks
	Acknowledgments
	Declaration of interests
	Declaration of generative AI and AI-assisted technologies in the writing process
	References


