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Aging results in a decline of cellular proteostasis capacity which culminates in the
accumulation of phototoxic material, causing the onset of age-related maladies
and ultimately cell death. Mechanisms that regulate proteostasis such as cellular
stress response pathways sense disturbances in the proteome. They are activated
to increase the expression of protein quality control components that counteract
cellular damage. Utilizing invertebrate model organisms such as Caenorhabditis
elegans, it has become increasingly evident that the regulation of proteostasis and
the activation of cellular stress responses is not a cell autonomous process. In
animals, stress responses are orchestrated by signals coming from other tissues,
including the nervous system, the intestine and the germline that have a profound
impact on determining the aging process. Genetic pathways discovered in C.
elegans that facilitate cell nonautonomous regulation of stress responses are
providing an exciting feeding ground for new interventions. In this review I will
discuss cell nonautonomous proteostasis mechanisms and their impact on aging
as well as ongoing research and clinical trials that can increase organismal
proteostasis to lengthen health- and lifespan.
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Introduction

One of the primary hallmarks of aging is the inability of aging cells and organisms to respond
to environmental and intrinsic phototoxic challenges (López-Otín et al., 2023). Over the past
decade, the utility of invertebrate and vertebrate model organisms has allowed us to investigate
the leading causes of cellular and organismal aging processes. The model organism
C.aenorhabditis elegans in particular has provided invaluable insights because of its high
genetic homology with humans and conserved biological pathways (Zhang et al., 2022),
which significantly enhanced our understanding of age-associated phenotypes and its
underlying causes. We now know that the underlying molecular basis for age-dependent
proteostasis decline is a diminished transcriptional activation of stress response pathways and
an impaired proteasome that fails to counteract the accumulation of misfolded and aggregated
proteins (Ben-Zvi et al., 2009; Labbadia and Morimoto, 2015). Using model organisms such as
Caenorhabditis elegans demonstrated that the lifespan of a species can be modulated through
genetic, pharmaceutical and dietary interventions that activate key signaling pathways increasing
the capacity of the proteostasis network and prolonging lifespan. These signaling pathways
include the insulin-like signaling pathway (ILS) (Kenyon et al., 1993), nutrient sensing pathways
such as TOR and AMPK pathways (Apfeld et al., 2004; Burkewitz et al., 2014) as well as stress
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responsive signaling cues such as the heat shock response (HSR) and the
unfolded protein response of the endoplasmic reticulum (UPRER) and
the mitochondria (UPRmito) (Anckar and Sistonen, 2011; Taylor et al.,
2014). An exciting advancement in this area is that stress responsive
signaling pathways can also be activated at a cross-tissue level through
paracrine and endocrine signaling, adding yet another layer that
orchestrates proteostasis components across the entire organism.

In this review I highlight recent advances in our understanding
of what drives proteostasis collapse at an organismal level by
outlining transcellular stress signaling networks that maintain
tissue and organismal protein homeostasis. This encompasses
transcriptional activation of stress response pathways, folding and
maintenance by molecular chaperones and degradation pathways. I
furthermore outline potential strategies for reinforcing cell
nonautonomous pathways to improve organismal health.

Safeguarding the proteome by
molecular chaperones

Molecular chaperones are one of the main players
upregulated by cellular stress responses to counteract the
protein misfolding damage caused by stress. Molecular
chaperones and can be roughly classified into ATP
independent chaperones and ATP dependent chaperones. ATP
independent chaperones such as the small heat shock proteins
Hsp16, and Hsp12 have a role to bind unfolded proteins to
prevent aggregation (Mogk et al., 2018). ATP dependent
chaperones include Hsp60, Hsp70 and Hsp90, which are
essential for protein folding and maintenance at different steps
of the folding process. For a more in-depth review of these
chaperones and their role in protein folding, the reader is
referred to excellent reviews on this topic (Kim et al., 2013;
Schopf et al., 2017; Biebl and Buchner, 2019; Kohler and
Andréasson, 2020; Reinle et al., 2022). With relation to aging,
the current hypothesis is that misfolded proteins accumulate and
direct chaperones away from their crucial function which
increases the burden on the proteostasis network to maintain
the diminishing proteome integrity (Gidalevitz et al., 2006).
Added to this burden is the inability of cells to efficiently
activate stress response pathways due to epigenetic changes on
the promoters of stress-inducible genes that decreases the
production of chaperones (Labbadia and Morimoto, 2015).

The beneficial effect of chaperones during aging on proteome
health has been shown time and time again using different
avenues, either directly via overexpression of the chaperone
itself or by overexpression of transcription factors regulating
chaperone expression such as HSF-1 and DAF-16/FOXO.
Overexpression of HSF-1 or DAF-16 increases chaperone
networks present in the cell and facilitates lifespan extension
(Walker and Lithgow, 2003; Morley and Morimoto, 2004). In
addition to protein folding and preserving protein functionality
throughout the life course, some chaperones are also crucial for
disaggregation processes of protein aggregates in the cell. This
includes small Hsps, Hsp70 and J-protein that are conserved
from bacteria to mammalian systems (Mogk et al., 2018). Bacteria
and unicellular organisms such as yeast harbor
Hsp100 disaggregates, which are members of the AAA+

(ATPase associated with diverse cellular activities) protein
family and require ATP hydrolysis to unfold and dissociate
protein aggregates (Lindquist and Kim, 1996; Mogk et al.,
1999). Metazoans, which includes C. elegans and humans, lack
the Hsp100 disaggregate family and instead utilize Hsp110 family
chaperones or Hsp70 and J-proteins to reverse protein
aggregation and preserve cellular survival (Nillegoda et al.,
2017; 2015; Kirstein et al., 2017). In an organism such as C.
elegans, overexpression of HSF-1 in specific cell types,
particularly the nervous system, is sufficient to prolong
lifespan (Douglas et al., 2015). Activation of DAF-16/FOXO in
long lived ILS/daf-2mutant worms were shown to contain higher
chaperone-protein aggregate loads, demonstrating that even
though chaperone availability is higher in daf-2 mutants they
can still get sequestered away from the functional proteome
(Walther et al., 2015).

The molecular chaperone Hsp90, has a special role in the
regulation of stress responses through its involvement in
developmental and stress signaling pathways (Taipale et al.,
2010). In a multicellular organisms such as C. elegans it is
required for the cross-tissue coordination of organismal
proteostasis (van Oosten-Hawle et al., 2013). Knockdown or
inhibition of Hsp90 at the systemic level in C. elegans induces the
heat shock response and increases HSF-1 regulated chaperone
networks. Depending on the level of knockdown or inhibition
this can have an age-protective effect. For example,
Hsp90 inhibitors such as Monorden are considered gero-
protectors (Janssens et al., 2019).

Clearance mechanisms of misfolded
proteins

Unfolded, misfolded or damaged proteins are removed from
the cellular proteome to limit the potential phototoxic
consequences caused by aggregated proteins in the cell. The
main system for selective degradation of proteins is the
ubiquitin-proteasome system (UPS) whereby proteins tagged
with a polyubiquitin chain are marked for recognition by the
proteolytic machinery of the UPS, the 26S proteasome. Indeed
increasing UPS activity leads to lifespan extension (Vilchez et al.,
2012; Chondrogianni et al., 2015) and long-lived glp-1 mutants
show higher levels of proteasome activity (Vilchez et al., 2012).
Similar to the UPS, another evolutionary conserved degradation
pathway, autophagy, is linked with lifespan extension. In
autophagy, cellular macromolecules such as, e.g., protein
aggregates or defective proteins can be encapsulated by
vesicles and are delivered to the lysosome for further
breakdown (Yin et al., 2016). Substantial evidence has shown
that the upregulation of autophagy is crucial for lifespan
extension which can be induced by different pro-longevity
pathways including the ILS and TOR pathways, as well as the
UPRER and the Heat shock response (Hansen et al., 2008; Kumsta
and Hansen, 2017; Chang and Hansen, 2018; Imanikia et al.,
2019a; Wong et al., 2023). Thus, the increased availability of
degradation mechanisms allowing persistent clearance of
misfolded or aggregated proteins when they occur is lifespan
extending and beneficial for health of an organism.
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Organismal stress responses regulating
longevity

The coordination of stress responses across the different organs
and tissues of an organism requires cell nonautonomous regulation
of stress response pathways including the HSR, the UPRER, the
UPRmito (Figure 1) as well as transcellular chaperone signaling (TCS)
allowing for the induction of molecular chaperone across tissues
independent of HSF-1 (Figure 2) (Prahlad et al., 2008; Taylor and
Dillin, 2013; van Oosten-Hawle et al., 2013; Berendzen et al., 2016).
These organismal stress response pathways integrate the adaptation
to different stresses across cell types, while at the same time heeding
the proteostatic requirements of each individual tissue. Although we
are still at the beginning of understanding this integrated organismal
proteostasis network, molecular details demonstrating the
mechanisms of inter-tissue communication are emerging.

Cell nonautonomous activation of the heat
shock response

The heat shock response is regulated by the heat shock transcription
factor HSF1, an ancient and highly conserved transcription factor that
responds to phototoxic challenges impairing the cytosolic proteome.
The current predominant model of HSF1 regulation is that during
normal conditions, HSF1 is sequestered as a monomer in the cytosol by
a multichaperone complex consisting of Hsp70, TRiC and Hsp90
(Abravaya et al., 1992; Duina et al., 1998; Zou et al., 1998; Guo
et al., 2001; Anckar and Sistonen, 2011; Neef et al., 2014; Zheng

et al., 2016; Masser et al., 2019). During heat stress and other
phototoxic conditions the chaperones are titrated away by misfolded
proteins, releasing HSF1 which is then able to trimerize, and translocate
to the nucleus to induce expression of heat shock proteins and other
factors required to re-establish cellular protein homeostasis (Anckar
and Sistonen, 2011).

In multicellular organisms HSF1 regulates stress adaptation and
lifespan, that is tightly linked with behavioral responses. C. elegans
senses thermal changes via amphid finger (AFD) neurons that
control and direct the thermotactic movement of the animal
away from damaging and life threatening temperatures (Mori
et al., 2007; Sugi et al., 2011). These same neurons are also
involved in the activation of HSF-1 in non-neuronal tissues
following heat shock, a process that was shown to be mediated
via serotonergic signaling (Prahlad et al., 2008; Tatum et al., 2015)
(Figure 1A). Optogenetic activation of AFD neurons is sufficient to
activate HSR in the animal, despite the nematode not being exposed
to any thermal challenges and led to reduction of aggregated
proteins in responding muscle tissue (Figure 1A) (Tatum et al.,
2015). This however does not function in isolation as neurons still
receive feedback from other tissues, demonstrating that neuronal as
well as non-neuronal cells influence behavioral plasticity to
environmental challenges (Sugi et al., 2011). Moreover, neuronal
control can be overruled by tissues expressing chronic accumulation
of aggregated proteins, such that chaperones are still induced despite
AFD neuronal dysfunction (Prahlad andMorimoto, 2011). However
how this is regulated is currently not known, and may perhaps rely
on steroid hormone signaling induced by HSF-1 in non-neuronal
tissues (Sugi et al., 2011).

FIGURE 1
Cell nonautonomous stress response pathways regulating aging. (A) Cell nonautonomous heat shock response (HSR). Thermosensory and
chemosensory neurons, glia and germline cells inC. elegans function as “sensor” tissues that integrate stress response regulation throughout the body via
the release of signals (neurotransmitters, neuropeptides, demethylases) resulting in HSF-1 and/or DAF-16 dependent responses in target tissues. (B) The
cell nonautonomous unfolded protein response of the ER (UPRER). Genetic activation of the UPRER in neurons, glia and intestinal cells releases a
range of signals that triggers the UPRER in the intestine, along with other protein quality control mechanisms (autophagy, lysosome) and altered lipid
metabolism benefitting aging. (C) The cell nonautonomous unfolded protein response of the mitochondria (UPRmito). Genetically induced
mitochondrial ETC perturbation, or expression of polyQ proteins in neurons leads to release of serotonin and Wnt signals to activate the UPRmito in the
intestine, enhancing organismal proteostasis and healthspan.
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In addition to thermo-sensory neurons, chemosensory neurons are
also crucial for organismal responses to thermal challenges: during heat
stress conditions, chemosensory neurons activate the GPCR thermal
receptor GTR-1 to induce heat shock proteins in non-neuronal tissues
(Figure 1A) (Maman et al., 2013). In addition to heat stress,
chemosensory neurons also control the activation of DAF-16 but not
HSF-1 in remote tissues in response to oxidative stress and pathogenic
bacteria (Volovik et al., 2014). Thus, the nervous systemhas the capability
to activate different proteostasis transcription factors in remote tissues of
the body with distinct effects on proteostasis. Further work demonstrated
that thermal adaptation requires neural HSF-1 in the thermo-sensory
circuit to regulate stress resilience, whereas neuralHSF-1 through another
signal activates DAF-16/FOXO in the intestine to regulate longevity and
aging (Douglas et al., 2015). This response initiated by neural HSF-1 is
tightly associatedwith lipidmetabolism in the intestine that canmodulate
membrane fluidity and thermal adaptation of the organism (Chauve
et al., 2021). ThisHSF-1 dependent function through the thermo-sensory
circuit is however different from HSF-1’s function in lipid surveillance,
where it modulates lipid metabolism and age determination through the
nuclear hormone receptor NHR-49 (Watterson et al., 2022).

Cell nonautonomous activation of the
unfolded protein response of the ER

The unfolded protein response of the endoplasmic reticulum
(UPRER) in both mammals and invertebrates is regulated by three
signaling cascades initiated by ER sensor proteins IRE1, PERK and

ATF6. IRE1 is a kinase and endoribonuclease that during phototoxic
stress in the ER oligomerizes and autophosphorylates to facilitate
excision of an intron from the mRNA encoding the
XBP1 transcription factor (Walter and Ron, 2011; Karagöz et al.,
2019). This leads to translation of an active transcription factor,
known as XBP1s that promotes the upregulation of chaperone and
endoplasmic reticulum associated degradation (ERAD) genes
(Walter and Ron, 2011).

Many studies using C. elegans as a model system have now
established that if the ability to induce the UPR is lost, lifespan is
shortened. For example, C. elegans mutants of ire-1 or xbp-1 genes
have a shortened lifespan (Henis-Korenblit et al., 2010). In yeast,
XBP1 is required for enhanced longevity during dietary restriction
and activation of the UPR extends the replicative lifespan (Cui et al.,
2015). In C. elegans, activating the UPR pharmacologically increases
lifespan in an IRE-1 dependent manner (Matai et al., 2019) and
activating the UPR genetically by expression of the XBP-1 active
form XBP-1s in the nervous system is sufficient to not only improve
lifespan (Taylor and Dillin, 2013), but also increase proteostasis and
stress resistance and protects against phototoxic aggregative disease
proteins (Figure 1B) (Imanikia et al., 2019a).

As with the HSR, activation of the UPR can be transmitted from
1 cell type to another in C. elegans and mammalian cells (Taylor and
Dillin, 2013; Rodvold et al., 2017). In C. elegans this inter-tissue
regulation seems to concentrate specifically between neurons and
the intestine (Taylor and Dillin, 2013). Transcellular activation from
the nervous system to the gut is governed by small clear vesicle
release of neurotransmitters including tyramine (Taylor and Dillin,
2013; Imanikia et al., 2019a; Özbey et al., 2020) which leads to
increased lysosome activity in the gut and altered lipid metabolism
(Imanikia et al., 2019a; 2019b). This increases clearance of amyloid
disease proteins at a cell nonautonomous level, and clearly links
UPR activation with metabolism.

Activation of the UPR in glial like cells in C. elegans also leads to
UPR activation in the intestine of the worm, however operates
through a different signaling pathways that relies on neuropeptide
release rather than neurotransmitters (Frakes et al., 2020). This
indicates that the glial induced UPR pathway signaling to the gut
requires a different mechanism (Figure 1B).

Cell nonautonomous activation of the
unfolded protein response of the
mitochondria

Mitochondrial impairment is associated with cellular dysfunction
and is considered one of the hallmarks of aging (López-Otín et al.,
2023). Impaired mitochondrial integrity induces the mitochondrial
unfolded protein response (UPRmt) which stimulates mitochondrial
biogenesis, metabolic adaptations and mitochondria specific survival
genes including heat shock proteins (Münch and Harper, 2016; Shpilka
andHaynes, 2018). Activation of theUPRmt as a result of low or reduced
amount of mitochondrial function such as through perturbations of the
electron transport chain (ETC.) can be beneficial for lifespan extension
in C. elegans (Dillin et al., 2002; Durieux et al., 2011; Ito et al., 2021).
However, whether the activation of the UPRmt results in lifespan
extension is context-dependent: For example, deletion of the UPRmt

transcription factor ATFS-1 has no effect on C. elegans lifespan, while

FIGURE 2
Transcellular chaperone signaling pathway. Hsp90
overexpression in neurons or intestine triggers Hsp90 upregulation in
muscle cells through glutamatergic neurotransmission or intestine-
secreted innate immune peptides. The chaperone response
relies on transcription factors PHA-4 and PQM-1 in C. elegans and
results in increased healthspan. Hsp90 knockdown in the intestine
relays the signal to muscle cells via secreted lipases that activate the
CEH-58 transcription factor to induce Hsp70 expression resulting in
increased lifespan and stress resilience. HSF-1 and CEH-58 are
thought to function as mutual suppressors, keeping overactivation of
HSF-1 and the HSR in check while TCS is activated.
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constitutively active ATFS-1 mutants even reduce longevity (Bennett
et al., 2014; Haynes and Hekimi, 2022). Thus, such observations argue
against a causal link between the UPRmt and longevity that needs to be
further investigated in the future.

As with the UPRER and the HSR, the UPRmt can also function at a
cell nonautonomous level in metazoans (Durieux et al., 2011).
Regulation of the UPRmt across tissues in C. elegans depends on the
neuronal release of serotonin and can be triggered by genetically
induced perturbations of the, ETC., in neurons (Berendzen et al.,
2016; Zhang et al., 2018). Interestingly polyQ protein aggregates in
the nervous system can induce the UPRmt in the intestine, a cross-tissue
process that relies on Wnt signaling (Zhang et al., 2018). Similarly,
germline cells can also release long-range Wnt signal to induce
overactivation of the UPRmt in somatic tissues, which determines
protein aggregation related to Huntington and ALS (Calculli et al.,
2021). Within this same context, it was shown that UPRmt

overactivation can also exacerbate toxic protein aggregation (Calculli
et al., 2021) indicating that stress response induction is not always
associated with beneficial organismal outcomes.

Hsp90 as an integrator of organismal stress
responses through transcellular chaperone
signaling

Heat shock protein 90 is one of the major chaperones involved in
the regulation of the heat shock response (Zou et al., 1998). It has a wide
yet very specific set of client proteins such as transcription factors and
signaling kinases (Pearl, 2016). For example, almost every serine/
threonine kinase is a client–and hence Hsp90 is involved in many
developmental pathways including the cell cycle, Notch, stress and
immune signaling pathways (Vowels and Thomas, 1994; Murakami
and Johnson, 1996; Tewari et al., 2004; Inoue et al., 2006; Lissemore
et al., 2018). Hsp90’s involvement in a multitude of crucial cellular
signaling events implicates it in almost every aspect of cellular function
and adaptability to environmental challenges, making it an integrator of
stress signaling pathways. Therefore, alteration of cellular expression
levels (overexpression or knockdown) has impactful consequences for
cellular health and survival. Overexpression at the cellular level can
suppress protein aggregation, but is also thought to repress the
HSF1 transcriptional activity. On the other hand, knockdown or
pharmacological inhibition of Hsp90 induces the heat shock
response (Zou et al., 1998; Janssens et al., 2019). In multicellular
organisms such as C. elegans beneficial consequences of
Hsp90 overexpression or knockdown however depends on tissue-
context and developmental stage. If Hsp90 is knocked down in
specific tissues such as the C. elegans gut, this is sufficient to induce
a Hsp70 chaperone response in other tissues and leads to lifespan
extension and stress resilience (Miles et al., 2023). The induction of
chaperones relies however on different transcription factors in addition
to HSF-1 to orchestrate the cross-tissue regulation of stress responses,
which includes PHA-4 (van Oosten-Hawle et al., 2013), PQM-1
(O’Brien et al., 2018) and CEH-58 (Figure 2) (Miles et al., 2023).
Surprisingly HSF-1 suppresses this cross-tissue activation of
Hsp70 expression, which relies on the homeodomain transcription
factor CEH-58. The interplay of both HSF-1 and CEH-58 regulating
Hsp70 and other stress induced genes is crucial for organismal survival
during thermal stress (Miles et al., 2023), albeit molecular details of a

likely interaction between both transcription factors needs to be further
elucidated. CEH-58 potentially keeps HSF-1 activity in check to prevent
overactivation of the HSR at a cell nonautonomous level. Notably, when
Hsp90 is knocked down in the neurons, this can result in dauer
formation, early larval arrest and decreased lifespan (Somogyvári
et al., 2018) rather than lifespan extension, highlighting the
importance for tissue-context. Overexpression of Hsp90 in the
neurons induces transcellular chaperone signaling (TCS) which
upregulates protective chaperones and protein quality control
mechanisms in other somatic tissues and reduces the burden of
accumulating aggregates in the neurons itself as well as in other
tissues. This is thought to be regulated via glutamatergic
neurotransmission in the neurons and the intestine. This then
induces secreted innate immune peptides and triggers
Hsp90 induction in muscle cells (O’Brien et al., 2018), albeit the
how this process is regulated in muscle cells requires further
investigation (Figure 2). In summary, these observations indicate
that Hsp90 acts as an integrator of stress responses that dependent
on the level of expression and tissue context determines organismal
aging.

A tissue code to modulate organismal
proteostasis, health and longevity

Many discoveries relating to inter-tissue signaling have been made
using transgenic animals, where the genetic modification in a specific cell
type leads to a cross-tissue signaling event that increased the animals’
health and lifespan. Triggering these events by environmental, nutrient or
pharmacological inputs will have powerful and revolutionizing impacts
on age-related disorders, in particular if this means circumventing the
obstacle of the blood-brain barrier. Specific environmental or intrinsic
challenges need to be integrated into a complex network of pathways that
link environmental cues with the nutritional, reproductive and health
state of the organism with long-term proteostasis capacity. Such an
integration of multiple cues also raises the question for the existence of a
“tissue code” that allows a specific response to be initiated in other
receiving cell types and organs. Understanding these relationships and
inter-cellular stress signaling responses activated in target tissues will be
critical to allow further development into therapies. Among the cell types
and organs that act as integrators of stress signals that distribute
protective stress signals to other tissues are the nervous system, the
intestine and the germline, which will be discussed in more detailed in
this section.

Signals from the nervous system

The nervous system integrates several input cues that can
originate from environmental challenges to intrinsic phototoxic
stresses as a result of aggregation-prone disease proteins in
different tissues. Depending on the type of phototoxic stimulus,
C. elegans utilizes distinct neurons to activate specific stress
responses in distal tissues of the body. As mentioned earlier,
thermo-sensory AFD neurons activate HSF-1 in response to
thermal challenges in somatic and germ cells via serotonergic
neurotransmission, particularly leading to upregulation of
Hsp70 and Hsp16 (Prahlad et al., 2008). On the other hand,
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GABA and cholinergic signaling from stimulatory motor neurons
impact poly Q aggregation in muscle cells (Garcia et al., 2007).
Dependent on where HSF-1 is overexpressed in the nervous system,
leads to different outcomes: HSF-1 in neurons uses the thermo-
sensory neural circuit to promote heat stress resistance and heat
shock protein expression in the soma (Douglas et al., 2015). HSF-1
expression in glial-like cells regulates the organismal heat shock
response via neuropeptide signaling (Gildea et al., 2022).
Transcellular activation of the UPRER appears to use similar
routes to induce the UPRER in remote tissues. The genetic
activation of the UPRER via xbp-1s in neurons uses tyraminergic
neurotransmission (Özbey et al., 2020), whereas activation of the
UPRER in glial cells triggers ER resident Hsp70 expression (BiP) to
induce ER stress resistance and longevity via neuropeptide signaling
(Frakes et al., 2020). The UPRER can also be induced by mutating the
octopamine receptor 1 (octr-1) in neurons (Figure 1B), however this
results in the increased expression of UPRER genes IRE-1 and XBP-1
in the rest of the body but not BiP (Sun et al., 2012).

The HSR as well as innate immune response can be activated by
olfactory chemosensation pre-emptively inducing the expression of
molecular chaperones in the anticipation of an environmental
challenge (Ooi and Prahlad, 2017) (Figure 1A). Similarly,
chemosensory activation by a specific odorant molecule is sufficient
to trigger the cell nonautonomous activation of the UPR ER via TGF-β
signaling (De-Souza et al., 2022) (Figure 1B). Thus, stimulating
organismal proteostasis via olfactory sensory inputs that lead to
activation of specific stress responses and quality control networks
may be a promising avenue for therapeutics.

Signals from the gut

The intestine plays a key role in cell nonautonomous
proteostasis through its signaling actions induced by dietary or
nutrient status, olfactory cues induced by the nervous system and
environmental challenges that challenge protein quality control.

In C. elegans the intestine is employed as one of the central organs
for fat storage (Mullaney and Ashrafi, 2009) and pathogenic infection
(Kim and Ewbank, 2018), feeding back information to the nervous
system and other tissues. As such the intestine is instrumental to
communicate crosstalk among different tissues thereby contributing
to lifespan regulation. One avenue it achieves this is through its function
as a fat storage organ and lipids that when released can act as signaling
molecules to mediate tissue interactions and longevity (Imanikia et al.,
2019b; Savini et al., 2022). Intestinal expression of XBP-1s is associated
with lipid metabolic alterations that increase mono-unsaturated fatty
acids (MUFAs), such as oleic acid, promoting longevity and cell
nonautonomous proteostasis enhancement (Figure 1B) (Imanikia
et al., 2019b). It is thought that MUFAs enriched either through diet
or altered fat metabolism contribute to lifespan extension through
upregulating lipid droplets and peroxisomes in the intestine (Papsdorf
et al., 2023). This results in a modification of the ratio of membrane
lipids and ether lipids leading to decreased age-associated lipid
oxidation and preserving membrane and cell integrity in the
intestine in older worms (Papsdorf et al., 2023).

Lysosomes are key organelles that actively participate in lipid
metabolism and lipid break down by lysosomal lipases to release free
fatty acids from triacylglycerols stored in the intestine. XBP-1s

expression in the gut also induces lysosome upregulation that
improves protein quality control processes such as autophagy at
an organismal level and reduced aggregation and proteotoxicity of
age-associated disease proteins such as amyloid beta in the muscle
(Figure 1B) (Imanikia et al., 2019a). Free fatty acids released from
lysosomes and other catabolic mechanisms can act as signaling hubs
inside cells as well as intercellular signals. For example, intestinal
lysosome-derived fatty acids are crucial for tissue-coordination
promoting pro-longevity effects and mediating transcriptional
activity of hormone receptors in the neurons (Savini et al., 2022).
A fat-to-neuron signaling pathway was shown explicitly in a recent
study, where the lipase LIPL-4 induced lysosomal lipolysis in the
intestine. This increased di-homo-γ-linoleic acid, which binds to the
secreted lipid chaperone LBP-3 and induces NHR-49 (PPARα) in
the neurons to promote longevity (Savini et al., 2022).

Other intestinal perturbations of proteostasis also contribute to
signaling to other tissues, such as reducing Hsp90 levels specifically
in the intestine via TCS (Figure 2) (Miles et al., 2023). This activates
pro-longevity effects by signaling directly to muscle cells via a
signaling cue depending on the membrane associated protein
PDZ domain protein TXT-1 in muscle and the transcription
factor CEH-58. Interestingly, secreted lipases (TXT-4/TXT-8) are
also involved in this process, suggesting that lysosomal lipolysis may
be a contributing factor (Miles et al., 2023).

Signals from the germline

Germline removal, either by genetic interventions or ablation
extends the lifespan of C. elegans (Hsin and Kenyon, 1999; Wang
et al., 2008). The increased longevity is not the result of sterility,
because removal of the gonad in addition to the germline, i.e., the
entire reproductive system, has no effect on lifespan (Hsin and
Kenyon, 1999). Lifespan extension depends on genes required for
germline cell proliferation which produce signals responsible for
modulation of longevity, with the best studied gene being glp-1 that
encodes for a N-glycosylated transmembrane protein homolog of
Notch expressed in germline stem cells (Austin and Kimble, 1987). If
glp-1 is mutated, germ cells undergo premature meiosis resulting in
long-lived adults that lack a germline (Arantes-Oliveira et al., 2002).
This germline removal activates a signaling network regulated by
proteostasis transcription factors including DAF-16/FOXO, DAF-
12, TCER-1, SKN-1 and PHA-4 (Gerisch et al., 2001; Berman and
Kenyon, 2006; Panowski et al., 2007; Ghazi et al., 2009). Similar to
ILS mutants, lifespan extension in germline-lacking nematodes
depends on DAF-16 activation and its localization localizing to
intestinal nuclei suggesting germline-to-intestine signaling
(Panowski et al., 2007; Antebi, 2013a; Magner et al., 2013),
whereas ILS signaling which originates from neurons, results in
nuclear localization of DAF-16 in almost all cell types (Hsu et al.,
2003; Antebi, 2013b). Signals from the germline that promote
somatic proteostasis significantly decreases once reproduction
starts (Shemesh et al., 2013) due to epigenetic changes at stress
gene loci that are determined through the germline-controlled
demethylase jmjd-3.1 (Figure 1A) (Labbadia and Morimoto,
2015). Reproductive maturity reduces jmjd-3.1 expression and
hence demethylation on DNA binding sites required for stress
transcription factors such as HSF-1. As a consequence, activation
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of literally all stress response pathways dramatically drop. Germline
lacking worms where this signal from the germline to block jmjd-3.1
expression is absent are more stress resistant even during advanced
age (Labbadia and Morimoto, 2015). Interestingly, the proteostasis
network promoting pro-longevity genes initiated through germline
signaling is significantly different from those induced by other
means such as dietary restriction (Shpigel et al., 2019). Germline
induced signaling activates a DAF-16 dependent transcriptional
network targeted at enhancing the ability to withstand acute
stresses, whereas dietary restriction activates the transcription
factor PQM-1 that induces a protein quality control network
aimed at alleviating chronic stresses related to disease associated
protein misfolding (Shpigel et al., 2019). However the signaling cue
regulating PQM-1 activation in response to dietary restriction has
not yet been determined. Moreover, not all germline induced signals
depend on DAF-16 activation. For example, DNA damage in the C.
elegans germline evokes innate immune signals that independently
of the ILS pathway and DAF-16 activate the ubiquitin proteasome
system (UPS) in somatic tissues, enhancing systemic stress
resistance and organismal protein quality control (Ermolaeva
et al., 2013). Notably, germline-less mutants have increased
autophagy activity (Lapierre et al., 2011), which is mediated via
the mTOR signaling pathway and the PHA-4 transcription factor
that regulates the expression of many autophagy genes (Lapierre
et al., 2013).

In addition to DAF-16 receiving signals from the germline to
enhance animals stress responses and extend lifespan, active DAF-
16 in the soma can also send signals to the germline that determines
HSF-1 activation in the germline (Edwards et al., 2021). Thus, the
germline is instrumental for pro-longevity signals regulating somatic
aging, but reciprocally also receives signals from the soma that have
an impact on organismal protein quality control.

Concluding remarks and future outlook

Maintaining the functionality of stress response pathways during
aging in an organism is an exciting area of research that can have a
powerful impact on age-related maladies. How this is achieved through
inter-tissue signals that activate these protective responses is a
promising area of study. While the past decade has seen progress in
our understanding of cell nonautonomous stress signaling responses,
many key questions remain. One is the importance of understanding
how tissue-specificity is ensured in terms of the type of signal and
receptors targeted. An inter-tissue stress signal coming from the
germline initiates a different response in specific target tissues than
signals originating from the nervous system.While the outcomemay be
similar, i.e., increased health span, the transcriptional program that is
initiated will be very specific. Thus, understanding this tissue-specificity
and tissue hierarchy will be essential for the further development of
potential therapies. Future research will require more cell type specific
quantification both at the proteomic and transcriptional level to assess
how proteostasis networks in the individual tissue types are changed
depending on the type of signal and other biomarkers for aging.

Although C. elegans has been the starting point for many drug
screens leading to clinical trials, it should be taken into consideration
that some types of interventions working in C. elegansmay not work in
mammals. For example, C. elegans is considered a semelparous species,

meaning it produces offspring in a single reproductive period before cell
death (Kern and Gems, 2022). Consequently, the evolutionary logic
behind aging in C. elegans might be different when compared to
humans, questioning its utility as a good model for aging. Humans
and other mammals, as well as fish and reptile are iteroparus species,
i.e., they have several offspring throughout their lives. However,
signaling pathways that drive cellular health are highly evolutionary
conserved, underscoring that pharmacological or genetic interventions
applied in the worm will have a powerful impact on aging in multiple
model species including humans. This has been shown time and time
again and is supported by countless studies. The association of longevity
with reduced signaling through the insulin/IGF signaling pathway that
was initially discovered in C. elegans is conserved in mammals and was
shown to protect from age-associated protein toxicity (Kenyon et al.,
1993; Murakami and Johnson, 1996; Morley and Morimoto, 2004;
Cohen et al., 2006). Metformin an FDA approved drug to treat diabetes
in humans since 60 years was discovered using C. elegans as a lifespan
extending drug (Cabreiro et al., 2013). Since then several studies have
shown that metformin delays aging in multiple animal model systems
(Cabreiro et al., 2013; Martin-Montalvo et al., 2013; Madiraju et al.,
2014). Metformin is on the way for clinical trials such as the Targeting
Aging with Metformin (TAME) trial, which is a series of a 6-year
clinical phase III trials that will engage over 3,000 aging individuals to
test whether those takingmetformin exhibit delayed progression of age-
related diseases including dementia and cancer ((Barzilai et al., 2016;
Kulkarni et al., 2022); https://www.afar.org/tame-trial).

Another example shows the utility of C. elegans for geroprotector
screens, using re-purposed drugs and compounds. For example, in a
screen for “geroprotectors”, C. elegans was instrumental for the
identification of monorden and tanespimycin, which are both
Hsp90 inhibitors previously used as cancer drugs (Janssens et al.,
2019). Further testing in human cells, showed that monorden
treatment improved proteostasis and extended cell health and
survival during phototoxic stress (Janssens et al., 2019).

Thus, efforts of future studies using hypotheses generated in the
last decade and developing interventions that rely on inter-tissue
stress signaling may have exciting new potential to extend the
human health- and lifespan.

Author contributions

PO-H wrote and edited the manuscript and generated the Figures.
The Figures were generated with Biorender. The author confirms being
the sole contributor of this work and has approved it for publication.

Acknowledgments

The author acknowledges Laboratory Start-up funds from the
University of North Carolina at Charlotte to PO-H

Conflict of interest

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

Frontiers in Physiology frontiersin.org07

van Oosten-Hawle 10.3389/fphys.2023.1228490

https://www.afar.org/tame-trial
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1228490


Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Abravaya, K., Myers, M. P., Murphy, S. P., and Morimoto, R. I. (1992). The human
heat shock protein hsp70 interacts with HSF, the transcription factor that regulates heat
shock gene expression. Genes. Dev. 6, 1153–1164. doi:10.1101/gad.6.7.1153

Anckar, J., and Sistonen, L. (2011). Regulation of HSF1 function in the heat stress
response: Implications in aging and disease. Annu. Rev. Biochem. 80, 1089–1115. doi:10.
1146/annurev-biochem-060809-095203

Antebi, A. (2013b). Regulation of longevity by the reproductive system. Exp. Gerontol.
48, 596–602. doi:10.1016/j.exger.2012.09.009

Antebi, A. (2013a). Steroid regulation of C. elegans diapause, developmental timing, and
longevity. Curr. Top. Dev. Biol. 105, 181–212. doi:10.1016/B978-0-12-396968-2.00007-5

Apfeld, J., O’Connor, G., McDonagh, T., DiStefano, P. S., and Curtis, R. (2004). The
AMP-activated protein kinase AAK-2 links energy levels and insulin-like signals to
lifespan in C. elegans. Genes. Dev. 18, 3004–3009. doi:10.1101/gad.1255404

Arantes-Oliveira, N., Apfeld, J., Dillin, A., and Kenyon, C. (2002). Regulation of life-
span by germ-line stem cells in Caenorhabditis elegans. Science 295, 502–505. doi:10.
1126/science.1065768

Austin, J., and Kimble, J. (1987). glp-1 is required in the germ line for regulation of the
decision between mitosis and meiosis in C. elegans. Cell. 51, 589–599. doi:10.1016/0092-
8674(87)90128-0

Barzilai, N., Crandall, J. P., Kritchevsky, S. B., and Espeland, M. A. (2016). Metformin
as a tool to target aging. Cell. Metab. 23, 1060–1065. doi:10.1016/j.cmet.2016.05.011

Ben-Zvi, A., Miller, E. A., and Morimoto, R. I. (2009). Collapse of proteostasis
represents an early molecular event in Caenorhabditis elegans aging. Proc. Natl. Acad.
Sci. U.S.A. 106, 14914–14919. doi:10.1073/pnas.0902882106

Bennett, C. F., Vander Wende, H., Simko, M., Klum, S., Barfield, S., Choi, H., et al.
(2014). Activation of the mitochondrial unfolded protein response does not predict
longevity in Caenorhabditis elegans. Nat. Commun. 5, 3483. doi:10.1038/ncomms4483

Berendzen, K. M., Durieux, J., Shao, L.-W., Tian, Y., Kim, H., Wolff, S., et al. (2016).
Neuroendocrine coordination of mitochondrial stress signaling and proteostasis. Cell.
166, 1553–1563.e10. doi:10.1016/j.cell.2016.08.042

Berman, J. R., and Kenyon, C. (2006). Germ-cell loss extends C. elegans life span
through regulation of DAF-16 by kri-1 and lipophilic-hormone signaling. Cell. 124,
1055–1068. doi:10.1016/j.cell.2006.01.039

Biebl, M. M., and Buchner, J. (2019). Structure, function, and regulation of the
Hsp90 machinery. Cold Spring Harb. Perspect. Biol. 11, a034017. doi:10.1101/
cshperspect.a034017

Burkewitz, K., Zhang, Y., and Mair, W. B. (2014). AMPK at the nexus of energetics
and aging. Cell. Metab. 20, 10–25. doi:10.1016/j.cmet.2014.03.002

Cabreiro, F., Au, C., Leung, K.-Y., Vergara-Irigaray, N., Cochemé, H. M., Noori, T.,
et al. (2013). Metformin retards aging in C. elegans by altering microbial folate and
methionine metabolism. Cell. 153, 228–239. doi:10.1016/j.cell.2013.02.035

Calculli, G., Lee, H. J., Shen, K., Pham, U., Herholz, M., Trifunovic, A., et al. (2021).
Systemic regulation of mitochondria by germline proteostasis prevents protein
aggregation in the soma of C. elegans. Sci. Adv. 7, eabg3012. doi:10.1126/sciadv.abg3012

Chang, J. T., and Hansen, M. (2018). Age-associated and tissue-specific decline in
autophagic activity in the nematode C. elegans. Autophagy 14, 1276–1277. doi:10.1080/
15548627.2018.1445914

Chauve, L., Hodge, F., Murdoch, S., Masoudzadeh, F., Mann, H.-J., Lopez-Clavijo, A.
F., et al. (2021). Neuronal HSF-1 coordinates the propagation of fat desaturation across
tissues to enable adaptation to high temperatures in C. elegans. PLoS Biol. 19, e3001431.
doi:10.1371/journal.pbio.3001431

Chondrogianni, N., Georgila, K., Kourtis, N., Tavernarakis, N., and Gonos, E. S.
(2015). 20S proteasome activation promotes life span extension and resistance to
proteotoxicity in Caenorhabditis elegans. FASEB J. 29, 611–622. doi:10.1096/fj.14-
252189

Cohen, E., Bieschke, J., Perciavalle, R. M., Kelly, J. W., and Dillin, A. (2006). Opposing
activities protect against age-onset proteotoxicity. Science 313, 1604–1610. doi:10.1126/
science.1124646

Cui, H.-J., Liu, X.-G., McCormick, M., Wasko, B. M., Zhao, W., He, X., et al. (2015).
PMT1 deficiency enhances basal UPR activity and extends replicative lifespan of
Saccharomyces cerevisiae. Age (Dordr) 37, 9788. doi:10.1007/s11357-015-9788-7

De-Souza, E. A., Thompson, M. A., and Taylor, R. C. (2022). Olfactory
chemosensation extends lifespan through TGF-β signaling and UPR activation.
doi:10.1101/2022.10.12.511902

Dillin, A., Hsu, A.-L., Arantes-Oliveira, N., Lehrer-Graiwer, J., Hsin, H., Fraser, A. G.,
et al. (2002). Rates of behavior and aging specified by mitochondrial function during
development. Science 298, 2398–2401. doi:10.1126/science.1077780

Douglas, P. M., Baird, N. A., Simic, M. S., Uhlein, S., McCormick, M. A., Wolff, S. C.,
et al. (2015). Heterotypic signals from neural HSF-1 separate thermotolerance from
longevity. Cell. Rep. 12, 1196–1204. doi:10.1016/j.celrep.2015.07.026

Duina, A. A., Kalton, H. M., and Gaber, R. F. (1998). Requirement for Hsp90 and a
CyP-40-type cyclophilin in negative regulation of the heat shock response. J. Biol. Chem.
273, 18974–18978. doi:10.1074/jbc.273.30.18974

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

Edwards, S. L., Erdenebat, P., Morphis, A. C., Kumar, L., Wang, L., Chamera, T., et al.
(2021). Insulin/IGF-1 signaling and heat stress differentially regulate HSF1 activities in
germline development. Cell. Rep. 36, 109623. doi:10.1016/j.celrep.2021.109623

Ermolaeva, M. A., Segref, A., Dakhovnik, A., Ou, H.-L., Schneider, J. I., Utermöhlen,
O., et al. (2013). DNA damage in germ cells induces an innate immune response that
triggers systemic stress resistance. Nature 501, 416–420. doi:10.1038/nature12452

Frakes, A. E., Metcalf, M. G., Tronnes, S. U., Bar-Ziv, R., Durieux, J., Gildea, H. K.,
et al. (2020). Four glial cells regulate ER stress resistance and longevity via neuropeptide
signaling in C. elegans. Science 367, 436–440. doi:10.1126/science.aaz6896

Garcia, S. M., Casanueva, M. O., Silva, M. C., Amaral, M. D., and Morimoto, R. I.
(2007). Neuronal signaling modulates protein homeostasis in Caenorhabditis elegans
post-synaptic muscle cells. Genes. Dev. 21, 3006–3016. doi:10.1101/gad.1575307

Gerisch, B., Weitzel, C., Kober-Eisermann, C., Rottiers, V., and Antebi, A. (2001). A
hormonal signaling pathway influencing C. elegans metabolism, reproductive
development, and life span. Dev. Cell. 1, 841–851. doi:10.1016/s1534-5807(01)00085-5

Ghazi, A., Henis-Korenblit, S., and Kenyon, C. (2009). A transcription
elongation factor that links signals from the reproductive system to lifespan
extension in Caenorhabditis elegans. PLoS Genet. 5, e1000639. doi:10.1371/
journal.pgen.1000639

Gidalevitz, T., Ben-Zvi, A., Ho, K. H., Brignull, H. R., and Morimoto, R. I. (2006).
Progressive disruption of cellular protein folding in models of polyglutamine diseases.
Science 311, 1471–1474. doi:10.1126/science.1124514

Gildea, H. K., Frankino, P. A., Tronnes, S. U., Pender, C. L., Durieux, J., Dishart, J. G.,
et al. (2022). Glia of C. elegans coordinate a protective organismal heat shock response
independent of the neuronal thermosensory circuit. Sci. Adv. 8, eabq3970. doi:10.1126/
sciadv.abq3970

Guo, Y., Guettouche, T., Fenna, M., Boellmann, F., Pratt, W. B., Toft, D. O., et al.
(2001). Evidence for a mechanism of repression of heat shock factor 1 transcriptional
activity by a multichaperone complex. J. Biol. Chem. 276, 45791–45799. doi:10.1074/jbc.
M105931200

Hansen, M., Chandra, A., Mitic, L. L., Onken, B., Driscoll, M., and Kenyon, C. (2008).
A role for autophagy in the extension of lifespan by dietary restriction in C. elegans.
PLoS Genet. 4, e24. doi:10.1371/journal.pgen.0040024

Haynes, C. M., and Hekimi, S. (2022). Mitochondrial dysfunction, aging, and the
mitochondrial unfolded protein response in Caenorhabditis elegans. Genetics 222,
iyac160. doi:10.1093/genetics/iyac160

Henis-Korenblit, S., Zhang, P., Hansen, M., McCormick, M., Lee, S.-J., Cary, M., et al.
(2010). Insulin/IGF-1 signaling mutants reprogram ER stress response regulators to
promote longevity. Proc. Natl. Acad. Sci. U. S. A. 107, 9730–9735. doi:10.1073/pnas.
1002575107

Hsin, H., and Kenyon, C. (1999). Signals from the reproductive system regulate the
lifespan of C. elegans. Nature 399, 362–366. doi:10.1038/20694

Hsu, A.-L., Murphy, C. T., and Kenyon, C. (2003). Regulation of aging and age-related
disease by DAF-16 and heat-shock factor. Science 300, 1142–1145. doi:10.1126/science.
1083701

Imanikia, S., Özbey, N. P., Krueger, C., Casanueva, M. O., and Taylor, R. C. (2019a).
Neuronal XBP-1 activates intestinal lysosomes to improve proteostasis in C. elegans.
Curr. Biol. 29, 2322–2338.e7. doi:10.1016/j.cub.2019.06.031

Imanikia, S., Sheng, M., Castro, C., Griffin, J. L., and Taylor, R. C. (2019b). XBP-1
remodels lipid metabolism to extend longevity. Cell. Rep. 28, 581–589.e4. doi:10.1016/j.
celrep.2019.06.057

Inoue, T., Hirata, K., Kuwana, Y., Fujita, M., Miwa, J., Roy, R., et al. (2006). Cell cycle
control by daf-21/Hsp90 at the first meiotic prophase/metaphase boundary during

Frontiers in Physiology frontiersin.org08

van Oosten-Hawle 10.3389/fphys.2023.1228490

https://doi.org/10.1101/gad.6.7.1153
https://doi.org/10.1146/annurev-biochem-060809-095203
https://doi.org/10.1146/annurev-biochem-060809-095203
https://doi.org/10.1016/j.exger.2012.09.009
https://doi.org/10.1016/B978-0-12-396968-2.00007-5
https://doi.org/10.1101/gad.1255404
https://doi.org/10.1126/science.1065768
https://doi.org/10.1126/science.1065768
https://doi.org/10.1016/0092-8674(87)90128-0
https://doi.org/10.1016/0092-8674(87)90128-0
https://doi.org/10.1016/j.cmet.2016.05.011
https://doi.org/10.1073/pnas.0902882106
https://doi.org/10.1038/ncomms4483
https://doi.org/10.1016/j.cell.2016.08.042
https://doi.org/10.1016/j.cell.2006.01.039
https://doi.org/10.1101/cshperspect.a034017
https://doi.org/10.1101/cshperspect.a034017
https://doi.org/10.1016/j.cmet.2014.03.002
https://doi.org/10.1016/j.cell.2013.02.035
https://doi.org/10.1126/sciadv.abg3012
https://doi.org/10.1080/15548627.2018.1445914
https://doi.org/10.1080/15548627.2018.1445914
https://doi.org/10.1371/journal.pbio.3001431
https://doi.org/10.1096/fj.14-252189
https://doi.org/10.1096/fj.14-252189
https://doi.org/10.1126/science.1124646
https://doi.org/10.1126/science.1124646
https://doi.org/10.1007/s11357-015-9788-7
https://doi.org/10.1101/2022.10.12.511902
https://doi.org/10.1126/science.1077780
https://doi.org/10.1016/j.celrep.2015.07.026
https://doi.org/10.1074/jbc.273.30.18974
https://doi.org/10.1016/j.cell.2010.12.016
https://doi.org/10.1016/j.celrep.2021.109623
https://doi.org/10.1038/nature12452
https://doi.org/10.1126/science.aaz6896
https://doi.org/10.1101/gad.1575307
https://doi.org/10.1016/s1534-5807(01)00085-5
https://doi.org/10.1371/journal.pgen.1000639
https://doi.org/10.1371/journal.pgen.1000639
https://doi.org/10.1126/science.1124514
https://doi.org/10.1126/sciadv.abq3970
https://doi.org/10.1126/sciadv.abq3970
https://doi.org/10.1074/jbc.M105931200
https://doi.org/10.1074/jbc.M105931200
https://doi.org/10.1371/journal.pgen.0040024
https://doi.org/10.1093/genetics/iyac160
https://doi.org/10.1073/pnas.1002575107
https://doi.org/10.1073/pnas.1002575107
https://doi.org/10.1038/20694
https://doi.org/10.1126/science.1083701
https://doi.org/10.1126/science.1083701
https://doi.org/10.1016/j.cub.2019.06.031
https://doi.org/10.1016/j.celrep.2019.06.057
https://doi.org/10.1016/j.celrep.2019.06.057
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1228490


oogenesis in Caenorhabditis elegans. Dev. Growth Differ. 48, 25–32. doi:10.1111/j.1440-
169X.2006.00841.x

Ito, A., Zhao, Q., Tanaka, Y., Yasui, M., Katayama, R., Sun, S., et al. (2021).
Metolazone upregulates mitochondrial chaperones and extends lifespan in
Caenorhabditis elegans. Biogerontology 22, 119–131. doi:10.1007/s10522-020-09907-6

Janssens, G. E., Lin, X.-X., Millan-Ariño, L., Kavšek, A., Sen, I., Seinstra, R. I., et al. (2019).
Transcriptomics-based screening identifies pharmacological inhibition of Hsp90 as a means
to defer aging. Cell. Rep. 27, 467–480.e6. doi:10.1016/j.celrep.2019.03.044

Karagöz, G. E., Acosta-Alvear, D., and Walter, P. (2019). The unfolded protein
response: Detecting and responding to fluctuations in the protein-folding capacity of the
endoplasmic reticulum. Cold Spring Harb. Perspect. Biol. 11, a033886. doi:10.1101/
cshperspect.a033886

Kenyon, C., Chang, J., Gensch, E., Rudner, A., and Tabtiang, R. (1993). A C. elegans
mutant that lives twice as long as wild type.Nature 366, 461–464. doi:10.1038/366461a0

Kern, C. C., and Gems, D. (2022). Semelparous death as one element of iteroparous
aging gone large. Front. Genet. 13, 880343. doi:10.3389/fgene.2022.880343

Kim, D. H., and Ewbank, J. J. (2018). Signaling in the innate immune response.
WormBook 2018, 1–35. doi:10.1895/wormbook.1.83.2

Kim, Y. E., Hipp, M. S., Bracher, A., Hayer-Hartl, M., and Ulrich Hartl, F. (2013).
Molecular chaperone functions in protein folding and proteostasis.Annu. Rev. Biochem.
82, 323–355. doi:10.1146/annurev-biochem-060208-092442

Kirstein, J., Arnsburg, K., Scior, A., Szlachcic, A., Guilbride, D. L., Morimoto, R. I.,
et al. (2017). In vivo properties of the disaggregate function of J-proteins and Hsc70 in
Caenorhabditis elegans stress and aging. Aging Cell. 16, 1414–1424. doi:10.1111/acel.
12686

Kohler, V., and Andréasson, C. (2020). Hsp70-mediated quality control: should I stay
or should I go? Biol. Chem. 401, 1233–1248. doi:10.1515/hsz-2020-0187

Kulkarni, A. S., Aleksic, S., Berger, D. M., Sierra, F., Kuchel, G. A., and Barzilai, N.
(2022). Geroscience-guided repurposing of FDA-approved drugs to target aging: A
proposed process and prioritization. Aging Cell. 21, e13596. doi:10.1111/acel.13596

Kumsta, C., and Hansen, M. (2017). Hormetic heat shock and HSF-1 overexpression
improve C. elegans survival and proteostasis by inducing autophagy. Autophagy 13,
1076–1077. doi:10.1080/15548627.2017.1299313

Labbadia, J., and Morimoto, R. I. (2015). Repression of the heat shock response is a
programmed event at the onset of reproduction. Mol. Cell. 59, 639–650. doi:10.1016/j.
molcel.2015.06.027

Lapierre, L. R., DeMagalhaes Filho, C. D., McQuary, P. R., Chu, C.-C., Visvikis, O., Chang,
J. T., et al. (2013). The TFEB orthologue HLH-30 regulates autophagy and modulates
longevity in Caenorhabditis elegans. Nat. Commun. 4, 2267. doi:10.1038/ncomms3267

Lapierre, L. R., Gelino, S., Meléndez, A., and Hansen, M. (2011). Autophagy and lipid
metabolism coordinately modulate life span in germline-less C. elegans. Curr. Biol. 21,
1507–1514. doi:10.1016/j.cub.2011.07.042

Lindquist, S., and Kim, G. (1996). Heat-shock protein 104 expression is sufficient for
thermotolerance in yeast. Proc. Natl. Acad. Sci. 93, 5301–5306. doi:10.1073/pnas.93.11.5301

Lissemore, J. L., Connors, E., Liu, Y., Qiao, L., Yang, B., Edgley, M. L., et al. (2018). The
molecular chaperone HSP90 promotes Notch signaling in the germline of
Caenorhabditis elegans. G3 (Bethesda) 8, 1535–1544. doi:10.1534/g3.118.300551

López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2023).
Hallmarks of aging: An expanding universe. Cell. 186, 243–278. doi:10.1016/j.cell.2022.
11.001

Madiraju, A. K., Erion, D. M., Rahimi, Y., Zhang, X.-M., Braddock, D. T., Albright, R.
A., et al. (2014). Metformin suppresses gluconeogenesis by inhibiting mitochondrial
glycerophosphate dehydrogenase. Nature 510, 542–546. doi:10.1038/nature13270

Magner, D. B., Wollam, J., Shen, Y., Hoppe, C., Li, D., Latza, C., et al. (2013). The
NHR-8 nuclear receptor regulates cholesterol and bile acid homeostasis in C. elegans.
Cell. Metab. 18, 212–224. doi:10.1016/j.cmet.2013.07.007

Maman, M., Marques, F. C., Volovik, Y., Dubnikov, T., Bejerano-Sagie, M., and
Cohen, E. (2013). A neuronal GPCR is critical for the induction of the heat shock
response in the nematode C. elegans. J. Neurosci. 33, 6102–6111. doi:10.1523/
JNEUROSCI.4023-12.2013

Martin-Montalvo, A., Mercken, E. M., Mitchell, S. J., Palacios, H. H., Mote, P. L.,
Scheibye-Knudsen, M., et al. (2013). Metformin improves healthspan and lifespan in
mice. Nat. Commun. 4, 2192. doi:10.1038/ncomms3192

Masser, A. E., Kang, W., Roy, J., Mohanakrishnan Kaimal, J., Quintana-Cordero, J.,
Friedländer, M. R., et al. (2019). Cytoplasmic protein misfolding titrates Hsp70 to
activate nuclear Hsf1. Elife 8, e47791. doi:10.7554/eLife.47791

Matai, L., Sarkar, G. C., Chamoli, M., Malik, Y., Kumar, S. S., Rautela, U., et al. (2019).
Dietary restriction improves proteostasis and increases life span through endoplasmic
reticulum hormesis. Proc. Natl. Acad. Sci. U. S. A. 116, 17383–17392. doi:10.1073/pnas.
1900055116

Miles, J., Townend, S., Milonaitytė, D., Smith, W., Hodge, F., Westhead, D. R., et al.
(2023). Transcellular chaperone signaling is an intercellular stress-response distinct
from the HSF-1-mediated heat shock response. PLoS Biol. 21, e3001605. doi:10.1371/
journal.pbio.3001605

Mogk, A., Bukau, B., and Kampinga, H. H. (2018). Cellular handling of protein aggregates
by disaggregation machines. Mol. Cell. 69, 214–226. doi:10.1016/j.molcel.2018.01.004

Mogk, A., Tomoyasu, T., Goloubinoff, P., Rüdiger, S., Röder, D., Langen, H., et al.
(1999). Identification of thermolabile Escherichia coli proteins: Prevention and
reversion of aggregation by DnaK and ClpB. EMBO J. 18, 6934–6949. doi:10.1093/
emboj/18.24.6934

Mori, I., Sasakura, H., and Kuhara, A. (2007). Worm thermotaxis: A model system for
analyzing thermosensation and neural plasticity. Curr. Opin. Neurobiol. 17, 712–719.
doi:10.1016/j.conb.2007.11.010

Morley, J. F., and Morimoto, R. I. (2004). Regulation of longevity in Caenorhabditis
elegans by heat shock factor and molecular chaperones. Mol. Biol. Cell. 15, 657–664.
doi:10.1091/mbc.e03-07-0532

Mullaney, B. C., and Ashrafi, K. (2009). C. elegans fat storage and metabolic
regulation. Biochim. Biophys. Acta 1791, 474–478. doi:10.1016/j.bbalip.2008.12.013

Münch, C., and Harper, J. W. (2016). Mitochondrial unfolded protein response
controls matrix pre-RNA processing and translation.Nature 534, 710–713. doi:10.1038/
nature18302

Murakami, S., and Johnson, T. E. (1996). A genetic pathway conferring life extension
and resistance to UV stress in Caenorhabditis elegans. Genetics 143, 1207–1218. doi:10.
1093/genetics/143.3.1207

Neef, D. W., Jaeger, A. M., Gomez-Pastor, R., Willmund, F., Frydman, J., and Thiele, D. J.
(2014). A direct regulatory interaction between chaperonin TRiC and stress-responsive
transcription factor HSF1. Cell. Rep. 9, 955–966. doi:10.1016/j.celrep.2014.09.056

Nillegoda, N. B., Kirstein, J., Szlachcic, A., Berynskyy, M., Stank, A., Stengel, F., et al.
(2015). Crucial HSP70 co-chaperone complex unlocks metazoan protein
disaggregation. Nature 524, 247–251. doi:10.1038/nature14884

Nillegoda, N. B., Stank, A., Malinverni, D., Alberts, N., Szlachcic, A., Barducci, A.,
et al. (2017). Evolution of an intricate J-protein network driving protein disaggregation
in eukaryotes. Elife 6, e24560. doi:10.7554/eLife.24560

O’Brien, D., Jones, L. M., Good, S., Miles, J., Vijayabaskar, M. S., Aston, R., et al.
(2018). A PQM-1-mediated response triggers transcellular chaperone signaling and
regulates organismal proteostasis. Cell. Rep. 23, 3905–3919. doi:10.1016/j.celrep.2018.
05.093

Ooi, F. K., and Prahlad, V. (2017). Olfactory experience primes the heat shock
transcription factor HSF-1 to enhance the expression of molecular chaperones in C.
elegans. Sci. Signal 10, eaan4893. doi:10.1126/scisignal.aan4893

Özbey, N. P., Imanikia, S., Krueger, C., Hardege, I., Morud, J., Sheng, M., et al. (2020).
Tyramine acts downstream of neuronal XBP-1s to coordinate inter-tissue UPRER activation
and behavior in C. elegans. Dev. Cell. 55, 754–770.e6. doi:10.1016/j.devcel.2020.10.024

Panowski, S. H., Wolff, S., Aguilaniu, H., Durieux, J., and Dillin, A. (2007). PHA-4/
Foxa mediates diet-restriction-induced longevity of C. elegans. Nature 447, 550–555.
doi:10.1038/nature05837

Papsdorf, K., Miklas, J. W., Hosseini, A., Cabruja, M., Morrow, C. S., Savini, M., et al.
(2023). Lipid droplets and peroxisomes are co-regulated to drive lifespan extension in
response to mono-unsaturated fatty acids. Nat. Cell. Biol. 25, 672–684. doi:10.1038/
s41556-023-01136-6

Pearl, L. H. (2016). Review: The HSP90 molecular chaperone-an enigmatic ATPase.
Biopolymers 105, 594–607. doi:10.1002/bip.22835

Prahlad, V., Cornelius, T., and Morimoto, R. I. (2008). Regulation of the cellular heat
shock response in Caenorhabditis elegans by thermosensory neurons. Science 320,
811–814. doi:10.1126/science.1156093

Prahlad, V., and Morimoto, R. I. (2011). Neuronal circuitry regulates the response of
Caenorhabditis elegans to misfolded proteins. PNAS 108, 14204–14209. doi:10.1073/
pnas.1106557108

Reinle, K., Mogk, A., and Bukau, B. (2022). The diverse functions of small heat shock
proteins in the proteostasis network. J. Mol. Biol. 434, 167157. doi:10.1016/j.jmb.2021.167157

Rodvold, J. J., Chiu, K. T., Hiramatsu, N., Nussbacher, J. K., Galimberti, V.,
Mahadevan, N. R., et al. (2017). Intercellular transmission of the unfolded protein
response promotes survival and drug resistance in cancer cells. Sci. Signal 10, eaah7177.
doi:10.1126/scisignal.aah7177

Savini, M., Folick, A., Lee, Y.-T., Jin, F., Cuevas, A., Tillman, M. C., et al. (2022).
Lysosome lipid signalling from the periphery to neurons regulates longevity. Nat. Cell.
Biol. 24, 906–916. doi:10.1038/s41556-022-00926-8

Schopf, F. H., Biebl, M. M., and Buchner, J. (2017). The HSP90 chaperone machinery.
Nat. Rev. Mol. Cell. Biol. 18, 345–360. doi:10.1038/nrm.2017.20

Shemesh, N., Shai, N., and Ben-Zvi, A. (2013). Germline stem cell arrest inhibits the
collapse of somatic proteostasis early in Caenorhabditis elegans adulthood. Aging Cell.
12, 814–822. doi:10.1111/acel.12110

Shpigel, N., Shemesh, N., Kishner, M., and Ben-Zvi, A. (2019). Dietary restriction and
gonadal signaling differentially regulate post-development quality control functions in
Caenorhabditis elegans. Aging Cell. 18, e12891. doi:10.1111/acel.12891

Shpilka, T., and Haynes, C. M. (2018). The mitochondrial UPR: Mechanisms,
physiological functions and implications in ageing. Nat. Rev. Mol. Cell. Biol. 19,
109–120. doi:10.1038/nrm.2017.110

Frontiers in Physiology frontiersin.org09

van Oosten-Hawle 10.3389/fphys.2023.1228490

https://doi.org/10.1111/j.1440-169X.2006.00841.x
https://doi.org/10.1111/j.1440-169X.2006.00841.x
https://doi.org/10.1007/s10522-020-09907-6
https://doi.org/10.1016/j.celrep.2019.03.044
https://doi.org/10.1101/cshperspect.a033886
https://doi.org/10.1101/cshperspect.a033886
https://doi.org/10.1038/366461a0
https://doi.org/10.3389/fgene.2022.880343
https://doi.org/10.1895/wormbook.1.83.2
https://doi.org/10.1146/annurev-biochem-060208-092442
https://doi.org/10.1111/acel.12686
https://doi.org/10.1111/acel.12686
https://doi.org/10.1515/hsz-2020-0187
https://doi.org/10.1111/acel.13596
https://doi.org/10.1080/15548627.2017.1299313
https://doi.org/10.1016/j.molcel.2015.06.027
https://doi.org/10.1016/j.molcel.2015.06.027
https://doi.org/10.1038/ncomms3267
https://doi.org/10.1016/j.cub.2011.07.042
https://doi.org/10.1073/pnas.93.11.5301
https://doi.org/10.1534/g3.118.300551
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1038/nature13270
https://doi.org/10.1016/j.cmet.2013.07.007
https://doi.org/10.1523/JNEUROSCI.4023-12.2013
https://doi.org/10.1523/JNEUROSCI.4023-12.2013
https://doi.org/10.1038/ncomms3192
https://doi.org/10.7554/eLife.47791
https://doi.org/10.1073/pnas.1900055116
https://doi.org/10.1073/pnas.1900055116
https://doi.org/10.1371/journal.pbio.3001605
https://doi.org/10.1371/journal.pbio.3001605
https://doi.org/10.1016/j.molcel.2018.01.004
https://doi.org/10.1093/emboj/18.24.6934
https://doi.org/10.1093/emboj/18.24.6934
https://doi.org/10.1016/j.conb.2007.11.010
https://doi.org/10.1091/mbc.e03-07-0532
https://doi.org/10.1016/j.bbalip.2008.12.013
https://doi.org/10.1038/nature18302
https://doi.org/10.1038/nature18302
https://doi.org/10.1093/genetics/143.3.1207
https://doi.org/10.1093/genetics/143.3.1207
https://doi.org/10.1016/j.celrep.2014.09.056
https://doi.org/10.1038/nature14884
https://doi.org/10.7554/eLife.24560
https://doi.org/10.1016/j.celrep.2018.05.093
https://doi.org/10.1016/j.celrep.2018.05.093
https://doi.org/10.1126/scisignal.aan4893
https://doi.org/10.1016/j.devcel.2020.10.024
https://doi.org/10.1038/nature05837
https://doi.org/10.1038/s41556-023-01136-6
https://doi.org/10.1038/s41556-023-01136-6
https://doi.org/10.1002/bip.22835
https://doi.org/10.1126/science.1156093
https://doi.org/10.1073/pnas.1106557108
https://doi.org/10.1073/pnas.1106557108
https://doi.org/10.1016/j.jmb.2021.167157
https://doi.org/10.1126/scisignal.aah7177
https://doi.org/10.1038/s41556-022-00926-8
https://doi.org/10.1038/nrm.2017.20
https://doi.org/10.1111/acel.12110
https://doi.org/10.1111/acel.12891
https://doi.org/10.1038/nrm.2017.110
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1228490


Somogyvári, M., Gecse, E., and Sőti, C. (2018). DAF-21/Hsp90 is required for C.
elegans longevity by ensuring DAF-16/FOXO isoform A function. Sci. Rep. 8, 12048.
doi:10.1038/s41598-018-30592-6

Sugi, T., Nishida, Y., and Mori, I. (2011). Regulation of behavioral plasticity by
systemic temperature signaling in Caenorhabditis elegans. Nat. Neurosci. 14, 984–992.
doi:10.1038/nn.2854

Sun, J., Liu, Y., and Aballay, A. (2012). Organismal regulation of XBP-1-mediated
unfolded protein response during development and immune activation. EMBO Rep. 13,
855–860. doi:10.1038/embor.2012.100

Taipale, M., Jarosz, D. F., and Lindquist, S. (2010). HSP90 at the hub of protein
homeostasis: Emerging mechanistic insights. Nat. Rev. Mol. Cell. Biol. 11, 515–528.
doi:10.1038/nrm2918

Tatum, M. C., Ooi, F. K., Chikka, M. R., Chauve, L., Martinez-Velazquez, L. A.,
Steinbusch, H. W. M., et al. (2015). Neuronal serotonin release triggers the heat shock
response in C. elegans in the absence of temperature increase. Curr. Biol. 25, 163–174.
doi:10.1016/j.cub.2014.11.040

Taylor, R. C., Berendzen, K. M., and Dillin, A. (2014). Systemic stress signalling:
Understanding the cell non-autonomous control of proteostasis. Nat. Rev. Mol. Cell.
Biol. 15, 211–217. doi:10.1038/nrm3752

Taylor, R. C., and Dillin, A. (2013). XBP-1 is a cell-nonautonomous regulator of stress
resistance and longevity. Cell. 153, 1435–1447. doi:10.1016/j.cell.2013.05.042

Tewari, M., Hu, P. J., Ahn, J. S., Ayivi-Guedehoussou, N., Vidalain, P.-O., Li, S., et al.
(2004). Systematic interactome mapping and genetic perturbation analysis of a C.
elegans TGF-β signaling network. Mol. Cell. 13, 469–482. doi:10.1016/S1097-2765(04)
00033-4

van Oosten-Hawle, P., Porter, R. S., and Morimoto, R. I. (2013). Regulation of
organismal proteostasis by transcellular chaperone signaling. Cell. 153, 1366–1378.
doi:10.1016/j.cell.2013.05.015

Vilchez, D., Morantte, I., Liu, Z., Douglas, P. M., Merkwirth, C., Rodrigues, A. P. C.,
et al. (2012). RPN-6 determines C. elegans longevity under phototoxic stress conditions.
Nature 489, 263–268. doi:10.1038/nature11315

Volovik, Y., Moll, L., Marques, F. C., Maman, M., Bejerano-Sagie, M., and Cohen,
E. (2014). Differential regulation of the heat shock factor 1 and DAF-16 by
neuronal nhl-1 in the nematode C. elegans. Cell. Rep. 9, 2192–2205. doi:10.
1016/j.celrep.2014.11.028

Vowels, J. J., and Thomas, J. H. (1994). Multiple chemosensory defects in daf-11 and
daf-21 mutants of Caenorhabditis elegans. Genetics 138, 303–316. doi:10.1093/genetics/
138.2.303

Walker, G. A., and Lithgow, G. J. (2003). Lifespan extension in C. elegans by a
molecular chaperone dependent upon insulin-like signals. Aging Cell. 2, 131–139.
doi:10.1046/j.1474-9728.2003.00045.x

Walter, P., and Ron, D. (2011). The unfolded protein response: From stress pathway
to homeostatic regulation. Science 334, 1081–1086. doi:10.1126/science.1209038

Walther, D. M., Kasturi, P., Zheng, M., Pinkert, S., Vecchi, G., Ciryam, P., et al. (2015).
Widespread proteome remodeling and aggregation in aging C. elegans. Cell. 161,
919–932. doi:10.1016/j.cell.2015.03.032

Wang, M. C., O’Rourke, E. J., and Ruvkun, G. (2008). Fat metabolism links germline
stem cells and longevity in C. elegans. Science 322, 957–960. doi:10.1126/science.
1162011

Watterson, A., Arneaud, S. L. B., Wajahat, N., Wall, J. M., Tatge, L., Beheshti, S. T.,
et al. (2022). Loss of heat shock factor initiates intracellular lipid surveillance by actin
destabilization. Cell. Rep. 41, 111493. doi:10.1016/j.celrep.2022.111493

Wong, S. Q., Ryan, C. J., Bonal, D. M., Mills, J., and Lapierre, L. R. (2023). Neuronal HLH-
30/TFEBmodulates peripheral mitochondrial fragmentation to improve thermoresistance in
Caenorhabditis elegans. Aging Cell. 22, e13741. doi:10.1111/acel.13741

Yin, Z., Pascual, C., and Klionsky, D. J. (2016). Autophagy: Machinery and regulation.
Microb. Cell. 3, 588–596. doi:10.15698/mic2016.12.546

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

Zhang, W. H., Koyuncu, S., and Vilchez, D. (2022). Insights into the links between
proteostasis and aging from C. elegans. Front. Aging 3, 854157. doi:10.3389/fragi.2022.854157

Zheng, X., Krakowiak, J., Patel, N., Beyzavi, A., Ezike, J., Khalil, A. S., et al. (2016).
Dynamic control of Hsf1 during heat shock by a chaperone switch and phosphorylation.
Elife 5, e18638. doi:10.7554/eLife.18638

Zou, J., Guo, Y., Guettouche, T., Smith, D. F., and Voellmy, R. (1998). Repression of
heat shock transcription factor HSF1 activation by HSP90 (HSP90 complex) that forms
a stress-sensitive complex with HSF1. Cell. 94, 471–480. doi:10.1016/S0092-8674(00)
81588-3

Frontiers in Physiology frontiersin.org10

van Oosten-Hawle 10.3389/fphys.2023.1228490

https://doi.org/10.1038/s41598-018-30592-6
https://doi.org/10.1038/nn.2854
https://doi.org/10.1038/embor.2012.100
https://doi.org/10.1038/nrm2918
https://doi.org/10.1016/j.cub.2014.11.040
https://doi.org/10.1038/nrm3752
https://doi.org/10.1016/j.cell.2013.05.042
https://doi.org/10.1016/S1097-2765(04)00033-4
https://doi.org/10.1016/S1097-2765(04)00033-4
https://doi.org/10.1016/j.cell.2013.05.015
https://doi.org/10.1038/nature11315
https://doi.org/10.1016/j.celrep.2014.11.028
https://doi.org/10.1016/j.celrep.2014.11.028
https://doi.org/10.1093/genetics/138.2.303
https://doi.org/10.1093/genetics/138.2.303
https://doi.org/10.1046/j.1474-9728.2003.00045.x
https://doi.org/10.1126/science.1209038
https://doi.org/10.1016/j.cell.2015.03.032
https://doi.org/10.1126/science.1162011
https://doi.org/10.1126/science.1162011
https://doi.org/10.1016/j.celrep.2022.111493
https://doi.org/10.1111/acel.13741
https://doi.org/10.15698/mic2016.12.546
https://doi.org/10.1016/j.cell.2018.06.029
https://doi.org/10.3389/fragi.2022.854157
https://doi.org/10.7554/eLife.18638
https://doi.org/10.1016/S0092-8674(00)81588-3
https://doi.org/10.1016/S0092-8674(00)81588-3
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1228490

	Exploiting inter-tissue stress signaling mechanisms to preserve organismal proteostasis during aging
	Introduction
	Safeguarding the proteome by molecular chaperones
	Clearance mechanisms of misfolded proteins
	Organismal stress responses regulating longevity
	Cell nonautonomous activation of the heat shock response
	Cell nonautonomous activation of the unfolded protein response of the ER
	Cell nonautonomous activation of the unfolded protein response of the mitochondria
	Hsp90 as an integrator of organismal stress responses through transcellular chaperone signaling

	A tissue code to modulate organismal proteostasis, health and longevity
	Signals from the nervous system
	Signals from the gut
	Signals from the germline

	Concluding remarks and future outlook
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


