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Review
Maintenance of organismal homeostasis depends on the
integration of intracellular and external signals, involv-
ing the ability to detect molecular perturbations. An
explosion of studies in model organisms indicates the
occurrence of dynamic communication between alarm
pathways engaged by protein-folding stress in neurons
that activate adaptive programs in peripheral organs to
control cellular proteostasis. Here we review emerging
concepts that highlight the contribution of the proteos-
tasis network to the regulation of several aspects of
animal physiology through central integration of signals
spanning multiple tissues and organs. These recent
findings uncover a new layer of functional interrelation
between cells that handle and orchestrate the global
maintenance of the proteome at the organismal level in a
cell-nonautonomous manner.

The eukaryotic proteostasis network
Protein folding into native conformations is indispensable
to cell survival, manifesting in numerous general and
specialized mechanisms of assisted folding and quality
control. These pathways provide cells with effective molec-
ular responses to meet environmental challenges that
affect the stability of the proteome, including temperature,
pH, ionic strength, and oxidative stress [1]. Misfolded
proteins usually expose internal domains that are not
normally in contact with the milieu (hydrophobic patches,
random coils), impacting their structural stability, molec-
ular partnerships, and tendency to aggregate [2]. In turn,
cells trigger a series of molecular events that monitor and
assist the efficiency of protein folding while removing
potentially cytotoxic misfolded proteins and abnormal
aggregates [2,3]. These molecular networks maintain pro-
tein homeostasis (referred to as proteostasis) under con-
stant surveillance, preventing irreparable cellular damage
within a range of suboptimal conditions, beyond which cell
death is ultimately triggered.

The proteostasis network can be clustered into a
few functional pathways that synergize in proteome
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housekeeping: the heat shock response (HSR) [4]; the un-
folded protein response (UPR) [5,6]; antioxidant responses
[7,8]; the ubiquitin–proteasome system [9,10]; the mitochon-
drial UPR [11]; and macroautophagy (Figure 1) [12,13].
Although the control of intrinsic responses to altered pro-
teostasis (cell-autonomous mechanisms) have been exten-
sively studied, recent advances have revealed the regulation
of stress responses at distances, largely mediated by the
nervous system, in a cell-nonautonomous manner. In this
review we discuss different examples depicting the occur-
rence of cell-nonautonomous control of the adaptive capacity
of a tissue to stress, with an emphasis on neuronal control of
systemic proteostasis. We also highlight possible implica-
tions for the understanding of how global physiology is
integrated in the whole organism.

Neuronal control of systemic HSR and
thermoregulation
One of the most-conserved and best-understood regulatory
pathways of cellular homeostasis is the HSR [1,4]. The
HSR comprises several protein chaperones and chaperonin
complexes that assist in the folding of mature and nascent
polypeptides in the cytosol, controlled by the prokaryotic
transcription factor s32 or its eukaryotic counterpart heat
shock factor-1 (HSF1). HSF1 is activated under thermal
stress via a combination of mechanisms that include re-
lease of inhibitory interactions with chaperone complexes,
such as heat shock protein 90 (HSP90), post-translational
modifications (phosphorylation, sumoylation, acetylation),
and trimerization into its active form triggered by an
increase of misfolded proteins [14]. HSF1 not only regu-
lates the expression of HSPs but also controls target genes
related to cell differentiation and development [14,15]. The
detailed signaling pathways involved in adaptation to
protein-folding stress under heat shock are reviewed else-
where [4,14,15].

Multicellular organisms of diverse taxa such as nema-
todes, insects, and mammals display this cell-autonomous
line of defense against thermal stress, regardless of their
particular mechanism of body-temperature regulation.
However, the emergence of the nervous system through
evolution added an additional layer of control and autono-
my to thermoregulation [16].

Thermosensation has been studied in considerable
detail, from neuronal circuits to molecular mediators, in
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Figure 1. The proteostasis network. Schematic representation of the eukaryotic proteostasis network including the heat shock response (HSR), the unfolded protein

response (UPR), the endoplasmic reticulum (ER)-associated degradation pathway (ERAD), autophagy, and the ubiquitin–proteasome system (UPS). These protein quality

control systems are mechanistically interconnected to promote dynamic adaptation to protein-folding stress. The HSR is activated on the accumulation of misfolded

proteins by multiple mechanisms, including the release of the inhibitory interactions of heat shock factor-1 (HSF1) with heat shock protein 90 (HSP90), which induces its

trimerization and transport to the nucleus where it regulates heat shock target genes that enhance protein quality control pathways. The UPR is a complex and integrated

signal transduction pathway evolved to overcome the accumulation of unfolded or misfolded proteins at the ER lumen or to trigger cell death on irreversible stress. The

autophagy pathway comprises a catabolic process involved in the degradation of protein aggregates and damaged organelles by lysosomes and can be directly activated

by the UPR. The ERAD is also modulated by the UPR and targets misfolded proteins from the ER to the cytosol, followed by their ubiquitination and subsequent

proteasomal degradation. Finally, the UPS is the major pathway for non-lysosomal degradation of intracellular proteins whose central event is the covalent linkage of

ubiquitin to target proteins that are then recognized by the 26S proteasome for proteolysis in the cytosol.
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different model systems including Caenorhabditis elegans,
Drosophila melanogaster, and rodents. Invertebrate ther-
mosensory circuits are relatively simple and control ther-
motactic behavior, guiding the organism toward
environments that quickly equilibrate to an optimal body
temperature [17]. The simplicity of the C. elegans nervous
system made it possible to dissect the sensory components
that control thermotaxis and circumscribe them to a single
2

pair of amphid finger (AFD) neurons [18,19]. These neu-
rons express a cGMP-dependent cyclic nucleotide-gated
channel (CNGC), encoded by tax-2 and tax-4, responsible
for detecting minor fluctuations in ambient temperature
and producing stimulus-evoked Ca2+ transients [20–22].
The AFD-specific guanylyl cyclases GCY-8, GCY-18, and
GCY-23 are essential for the activation of this CNGC, as
demonstrated by the athermotactic phenotype of triple
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mutants [23]. AFD activation is communicated to postsyn-
aptic sensory interneurons (AIY, AIZ), which propagate
the signal to motor neurons that ultimately redirect the
worms to their preferred temperature [17]. In adult fruit
flies, this behavioral modality is more complex and
involves distinct sensors of external [24] and internal
[25] temperature, mediated by voltage-gated channels of
the transient receptor potential (TRP) family that operate
as thermosensors in the antenna and within the brain
[24,25]. In homeothermic vertebrates, the transient recep-
tor potential vanilloid (TRPV) voltage-gated channel fami-
ly is activated by both changes in temperature and small
molecules that engage heat and cold receptors (e.g., capsa-
icin, menthol), effectively combining thermo- and chemo-
sensation [26,27].

Until recently, there was no clear evidence connecting
the individual response of peripheral cells and the central
neuronal responses to thermal stress, but several studies
in C. elegans unveiled surprising ways of integrating the
HSR and protein misfolding at a systemic level through a
cell-nonautonomous mechanism. Remarkably, worms sub-
jected to bilateral laser ablation of AFD neurons or with
specific mutations affecting AFD-dependent thermosensa-
tion (gcy-8, tax-4) not only are athermotactic [18] but fail to
activate the HSR in peripheral tissues, such as the gut,
under acute heat stress in an HSF1-dependent manner
(Figure 2A) [22]. How do the sensory and behavioral com-
ponents of neural thermoregulation influence HSF1 acti-
vation, protein folding, and thermotolerance at a distance?
To date, the molecular mechanism of this phenomenon
remains elusive, but it might involve neuropeptide-like
molecules released from dense core vesicles in AFD neu-
rons [28]. Given that sensory information processing works
at very short timescales and with high dynamic range,
stress signals propagating from the central nervous system
(CNS) to other tissues might prepare and calibrate slower
cellular events at the periphery, such as transcription and
translation of HSPs and other protein quality control
mechanisms, on an acute change in ambient temperature.

In addition to this feedforward cell-nonautonomous
control of peripheral proteostasis, an unexpected feedback
mechanism communicating protein misfolding signals
from tissues to AFD neurons was recently discovered.
hsf-1 deficiency generates thermotactic defects in worms
as a result of changes in the activity of AFD and AWC
neurons [29]. These behavioral alterations are rescued by
HSF1 expression in the body-wall muscles, suggesting cell-
nonautonomous feedback regulation of thermotactic be-
havior driven by peripheral proteostasis networks [30].
The putative estrogen biosynthetic pathway mediated by
dhs-4 and cyp-37b1, together with expression of the puta-
tive estradiol nuclear receptor nhr-69 in AFD neurons, was
identified as a necessary component of this transcellular
feedback mechanism.

Intriguingly, selective expression of disease-related
misfolded proteins in muscle or intestinal cells of C. elegans
evoked tonic inhibition of peripheral HSR by AFD neurons
[28]. This additional cell-nonautonomous mechanism was
proposed to maintain responsiveness to acute thermal
stress under chronic protein misfolding, allowing periph-
eral tissues to offset an adequate adaptive response to
proteotoxicity. It remains unknown whether this homeo-
static connection between peripheral nervous system and
CNS pathways of heat stress/protein misfolding operates
in homeothermic vertebrates. One of the indications that a
similar phenomenon might occur in mammals is an earlier
observation linking the release of stress hormones gener-
ated along the hypothalamus–pituitary–adrenal axis to
the activation of HSF1 and HSP70 in the adrenal gland
from rats subjected to restraint stress, which is also ob-
served in rats treated with adrenocorticotropin after sur-
gical removal of the pituitary gland [30]. This result
suggests that hormonal stimulation of the adrenal gland
may increase the risk of proteotoxicity due to metabolic
demands, a phenomenon that may be applicable to other
modes of neurotransmission and neuroendocrine stimula-
tion. It remains to be determined whether direct stimula-
tion of TRPVs in mammalian neurons can propagate a
signal that upregulates the HSR in innervated tissues.

Thus, a novel concept is emerging where thermosensory
neurons may induce a preconditioning effect on peripheral
tissues to engage an adaptive reaction to heat shock stress
and prepare the cells for otherwise irreversible alterations
to the proteome. Fine-tuning of this cell-nonautonomous
response could be mediated by a feedback loop from pe-
ripheral tissues to the nervous system, implying global and
dynamic integration of stress responses throughout the
body.

Proteostasis impairment and the neuronal control of
lifespan
A hallmark of cellular aging is the progressive loss of
proteostasis efficiency involving an attenuated capacity
to engage adaptive responses [31]. In addition, some of
the downstream targets of the insulin/FOXO pathway (key
aging modulators) are proteostasis enhancers [32], which
might explain part of its pro-longevity activity.

Several perturbations of the function of the endoplasmic
reticulum (ER) can lead to the accumulation of misfolded
proteins in the lumen of this organelle, a cellular condition
referred to as ER stress. ER stress engages an adaptive
reaction, the UPR [6], which is mediated by three main
stress sensors known as IRE1a, PERK, and ATF6
(Figure 1). Recent studies have extended the link between
the proteostasis network and lifespan modulation to the
UPR. Aging C. elegans have a drastic reduction in their
response to ER stress, reflected in low IRE1a activity, as
measured by the expression of its downstream target, the
transcription factor XBP1. Hypoactivation of XBP1 in older
adults correlated with compromised resistance to systemic
ER stress [33]. Previously, it was reported that genetic
inactivation of the IRE1a/XBP1 branch of the UPR short-
ened the lifespan of mutants for daf-2 (the insulin-like
growth factor 1 receptor of C. elegans) in a daf-16/foxo-
dependent manner [34]. Conversely, another study showed
that constitutive ectopic expression of xbp1s increased ER
stress resistance and prolonged lifespan, but only when the
transgene was specifically expressed in the nervous system
and the intestine [33]. In particular, XBP1s expression in
neurons initiated cell-nonautonomous activation of the
IRE1a/XBP1 branch of the UPR in the intestine, which
was required for lifespan extension [33]. As with the other
3
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Figure 2. Neuronal control of Caenorhabditis elegans proteostasis in thermoregulation, innate immunity, and aging. (A) Increases in substrate temperature activate sensory

neuronal circuits that regulate thermotactic behavior and modulate the cell-nonautonomous activation of the heat shock response (HSR) in distal tissues. This pathway

requires signaling through the guanylyl cyclase GCY-8 and the cGMP-activated channel TAX-2/4. The global HSR in C. elegans is negatively modulated by conditions that do

not support continuous growth through the dauer pheromone. Peripheral tissues can signal back to the nervous system through steroid hormones to alter behavioral

outputs. (B) Signaling pathways connected with lifespan control in neurons regulate the unfolded protein response (UPR) in peripheral tissues through a cell-

nonautonomous mechanism. The insulin-like growth factor 1 receptor DAF-2 activates the transcription factor DAF-16/FOXO, which modulates lifespan and interacts with

XBP1s transcriptional activity. Neuronal XBP1s expression activates the UPR in the intestine, improving stress resistance at a distance and increasing longevity. The

molecular signal mediating this effect is unknown but its transmission seems to require the expression of the syntaxin-interacting protein UNC-13, which assists in the

secretion of small clear vesicles (SCVs) containing the putative secreted endoplasmic reticulum (ER) stress signal (SERSS). (C) Activity of the G protein-coupled receptor

OCTR-1, expressed in sensory neurons, represses the IRE1a/XBP1 pathway in intestinal cells of adult worms, modulating innate immunity to pathogens. OCTR-1-expressing

neurons also control the p38/PMK-1 mitogen-activated protein kinase (MAPK) pathway in the target organ, which may also modulate this UPR branch.
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cell-nonautonomous examples discussed above, the identi-
ty of the molecules involved in propagating the signal from
neurons to the periphery remains undefined. However, in
contrast to the HSR, UPR signaling propagation apparent-
ly requires the release of small clear vesicles (SCVs) from
synaptic terminals of XBP1s-expressing neurons; possibly
involving a small-molecule neurotransmitter rather than a
neuropeptide. Overall, this study suggests that the propa-
gation of stress signals through neurotransmission may
contribute to keeping peripheral tissues under an adaptive
regime [2,3], promoting the expression of UPR target genes
to handle environmental challenges to the proteome with a
concomitant increase in longevity (Figure 2B). Whether
this mechanism of global proteostasis control to handle
aging-related disturbances operates in mammals remains
an open question.

Apart from the vast range of environmental factors that
perturb cellular functions and ultimately lead to lifespan
reduction, accumulating discoveries indicate that sensory
perception is a potent modulator of organismal longevity
[35,36]. In C. elegans, for instance, laser ablation of distinct
gustatory/chemosensory neurons either extends (ASI,
ASG) or shortens (ASK) lifespan [37]. Moreover, in C.
elegans and Drosophila it is possible to revert lifespan
extension associated with calorie restriction by exposing
experimental animals to food odorants (bacteria and yeast,
respectively) [38,39]. The sensory component of lifespan
modulation also appears to be connected with insulin/
insulin-like peptide signaling and involve the activation
of the transcription factor daf-16/foxo [40,41]. Remarkably,
different sensory modalities affecting lifespan converge
into the daf-16/foxo signaling pathway [42] and, in Dro-
sophila, dFoxo is also associated with lifespan extension
through both cell-autonomous and cell-nonautonomous
mechanisms requiring insulin-like peptide signaling
[43]. To date, the molecular networks connecting sensory
perception and lifespan control have not been precisely
defined; however, the ability of the nervous system to
propagate UPR signals to other tissues, together with
the potentially cooperative action of XBP1 and FOXO to
extend lifespan [34], opens the intriguing possibility that
elements of the UPR may be implicated in the molecular
mechanism of the sensory modulation of aging.

Neuronal tuning of innate immunity and proteostasis
One of the first indirect pieces of evidence suggesting that
ER stress signals can propagate between cells in mammals
comes from studies in cancer models [44]. ER stress has
been widely reported as a driver of tumor growth, provid-
ing survival signals against microenvironmental changes
such as poor nutrient supplies and hypoxia [45–47]. Ex-
perimental induction of ER stress in cancer cells has been
shown to trigger the secretion of unknown factors that
engage a proinflammatory reaction in macrophages, trans-
mitting the ER stress response to these cells [44]. Similar-
ly, ER-stressed tumor cells can release factors that activate
the UPR in dendritic cells, having inhibitory effects on
immune responses against tumor cells [48]. Many studies
have uncovered a crucial role for the IRE1a/XBP1 branch
of the UPR in regulating cytokine production and innate
immunity through the Toll-like receptors (TLRs) [49].
Remarkably, recent studies in C. elegans have demonstrat-
ed that neuronal control of the UPR in peripheral tissues
also occurs within the context of innate immunity [50].
Targeting specific G protein-coupled receptors in sensory
neurons of the worm resulted in the upregulation of non-
canonical UPR transcripts (known as abu genes) during
development, thereby enhancing the resistance to patho-
gens [51]. In adult animals, this neuronal circuit also
negatively modulated the engagement of a classical
XBP1-dependent response, directly affecting the survival
of animals exposed to pathogenic bacteria [52]. Thus,
neuronal control of peripheral proteostasis may also influ-
ence the physiology of the immune system (Figure 2C).

Cell-nonautonomous modulation of energy metabolism
by the neuronal UPR
The ability to procure food sources, adjust nutrient intake
to need, and regulate energy expenditure while maintain-
ing a relatively constant body weight requires a delicate
global metabolic balance in the animal. The tissue-specific
hormonal regulation of metabolism has been widely stud-
ied in mammals and discoveries regarding its relationship
to neural circuits controlling hunger and satiety have
accelerated, in part due to the expanding obesity epidemic
in Western societies. Recent advances have placed the
regulation of proteostasis by the UPR in a larger picture
of metabolic energy regulation, with implications for obe-
sity, diabetes, and insulin resistance [53,54].

In particular, recent data indicate that IRE1a signaling
may have a key role in controlling energy metabolism in a
cell-nonautonomous manner [55]. IRE1a is a kinase and
endoribonuclease located at the ER membrane that on
activation catalyzes the splicing of the mRNA encoding
the transcription factor XBP1 to its active form XBP1s [5].
XBP1s translocates to the nucleus and upregulates a
cluster of genes involved in protein folding, quality control,
lipid metabolism, and many components of the secretory
pathway [56,57]. IRE1a also signals through modulation of
the RNA stability of a cluster of genes in a cell type-specific
manner [known as regulated IRE1-dependent decay
(RIDD)] [58], in addition to controlling the activation of
stress pathways mediated by c-Jun N-terminal kinase
(JNK) and nuclear factor kappa B (NF-kB), among other
responses [59].

Consistent with its function in specialized secretory
cells [60,61], and its role in coordinating lipid biosynthesis
and organelle-membrane remodeling in eukaryotic cells
[62,63], the IRE1a/XBP1 branch of the UPR is required for
proper insulin production and secretion by pancreatic b

cells [64,65], induction of lipogenesis in the liver [66], and
the differentiation of adipose tissue in rodents [67]. Pan-
creas-specific deletion of XBP1 or IRE1a leads to hypoin-
sulinemia, hyperglycemia, and associated metabolic
abnormalities due to a decreased number of b cells in
pancreatic islets and a defect in the processing of proinsu-
lin peptides along the secretory pathway [64]. Conversely,
a mutation affecting proinsulin folding in mice leads to
chronic ER stress and b cell death [68]. In addition, proin-
sulin mRNA and other transcripts required for insulin
secretion are substrates of RIDD, which reduces insulin
signaling capacity when IRE1a is overactivated [64]. In the
5
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mouse liver, a high-carbohydrate diet induces XBP1 ex-
pression, whereas hepatospecific Xbp1 ablation leads to
pronounced reduction in the expression of lipogenic
enzymes and a blunted lipogenic response to carbohy-
drates [66]. Only recently, the hepatic induction of IRE1a

and XBP1s was found to be part of a regulatory response to
the fed state and to directly mediate the transcriptional
induction of UDP-galactose 4-epimerase (GalE), an en-
zyme that participates in the generation of substrates
for protein glycosylation [69]. Furthermore, inducible
XBP1s overexpression in the liver switches this organ to
an autonomous postprandial state, dissociated from caloric
intake and characterized by a high biosynthetic rate with
rerouting of endogenous glucose to protein glycosylation.
The net result of this phenomenon is a decrease in glucose
release into the circulation, hypoglycemia, and increased
insulin sensitivity [69]. Thus, intrinsic cellular stress
responses converge into the UPR to modulate glucose
and lipid metabolism. However, recent evidence also sug-
gests that activation of the UPR in specific neurons may
control cell-nonautonomous responses in the periphery due
to global energy requirements (see below).

The pancreas, liver, and adipose tissue, along with the
skeletal muscle, are central to glucose/energy homeostasis,
owing to their function in the endocrine and metabolic
responses to nutritional status/energy expenditure. The
brain has a high demand for glucose and manages these
responses centrally by sensing circulating glucose, insulin,
leptin, and other hormones, peptides, and metabolites
carrying information about the nutritional state of the
animal (Figure 3A) [70]. The hypothalamus can be consid-
ered a central processing unit where many survival signals
related to appetite, sleep, and other motivational states
converge and the corresponding behavioral outputs are
generated [71]. Pro-opiomelanocortin (POMC) and Agou-
ti-related peptide-expressing (AgRP) neurons in the hypo-
thalamic arcuate nucleus respond to insulin, leptin, and
free long-chain fatty acids, contributing to orchestrate
behavioral responses to hunger and satiety [72].

Diet-induced obesity in rodents stimulates the UPR in
the hypothalamus, a finding that has been confirmed in
obese human subjects [73,74]. In addition, hypothalamic
ER stress induced by a high-fat diet correlates with leptin
resistance in mice [74], whereas brain-specific deletion of
XBP1 combined with a high-fat diet causes exacerbated
leptin resistance, hyperphagia, hypoactivity, and in-
creased adiposity compared with wild type control ani-
mals, clearly indicating that hypothalamic ER
proteostasis is especially sensitive to dietary changes as-
sociated with the metabolic syndrome [74].

A recent study revealed a novel mode of action of
hypothalamic ER stress that can modulate global metabo-
lism through a mechanism involving cell-nonautonomous
propagation of the UPR to the liver. It was found that
POMC-specific transgenesis of active XBP1s protects mice
against diet-induced obesity, improves insulin sensitivity,
increases energy expenditure, and lowers the endogenous
production of glucose by the liver (Figure 3B) [75]. Addi-
tionally, treatment of brain tissue with common ER stress-
ors [tunicamycin or dithiothreitol (DTT)] blunts insulin-
and leptin-evoked responses in POMC neurons, suggesting
6

that leptin and insulin resistance in obese subjects might
be causally connected with early ER stress markers and
subsequent inflammation of the hypothalamus. Remark-
ably, ectopic expression of XBP1s in POMC neurons using
transgenic mice triggered the activation of XBP1 mRNA
splicing in the liver [75], suggesting, for the first time, the
occurrence of cell-nonautonomous UPR signaling propaga-
tion across organs in mammals. This circuit enhanced the
expression of hepatic GalE and led to a decrease in endog-
enous glucose release into the circulation [75]. Whether
this transcellular UPR activation is directly mediated by a
feedforward molecular signal from the brain under nutri-
tional stress or a secondary response to other hypothalamic
outputs remains an open question. Interestingly, recent
neuroanatomical studies showed the existence of a direct
multisynaptic connection between the hypothalamus and
the liver that could be explored in future studies to assess
this central question [76].

An analogous pathway of cell-nonautonomous regula-
tion of metabolic state through other components of the
UPR has been described in C. elegans. A dominant muta-
tion in the neuronal insulin-like peptide daf-28 in two
chemosensory neurons (ASI) causes ER stress and UPR
activation. This sequence of events proved sufficient to
trigger entry into the dauer stage in the absence of envi-
ronmental stressors [77]. The dauer diapause is a devel-
opmental stage characterized by metabolic quiescence,
elicited by strongly adverse environmental conditions
(starvation, overcrowding, extreme temperatures). In this
case, the stress signal propagates from ASI neurons to the
rest of the body by unknown mechanisms.

Hormesis and cell-nonautonomous control of
proteostasis
Exposure of cells and tissues to low levels (nonlethal) of
stress engages adaptive states that render them resistant
to a stronger stimulus of the same nature. This mechanism
of protection is known as hormesis and has been reported
in cells exposed to oxidative stress, heat shock, and ER
stress, among other stimuli [78–80]. These cell-autono-
mous pathways may help protect organisms from an on-
coming perturbation of cellular homeostasis. ER-hormesis
is emerging as a novel concept in the context of the pro-
teostasis network, with relevance to neurodegenerative
diseases involving protein misfolding [81]. Experimental
induction of mild ER stress has been shown to protect
against Parkinson’s disease in mammals and flies through
the upregulation of macroautophagy [82]. Similarly, tar-
geting the transcription factor XBP1 in the nervous system
provides protection against neurodegeneration, possibly
due to upregulation of autophagy [83,84] or adaptive ER
stress responses [85]. A recent study in C. elegans sug-
gested that expression of heterochromatin factor 1 (HP1) in
neurons could affect the sensitivity of intestinal cells to ER
stress through a cell-nonautonomous mechanism. This
protective response involved the peripheral upregulation
of an ER hormesis reaction due to enhanced expression of
XBP1 and autophagy [86]. These data suggest that multi-
ple neuronal pathways may influence the adaptive capaci-
ty of the whole organism through the modulation of ER
hormesis in target tissues.
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Figure 3. Cell-nonautonomous control of metabolism through hypothalamic unfolded protein response (UPR) signaling in mammals. (A) The brain integrates multiple

endocrine and nutritional signals that coordinate glucose and energy metabolism. Leptin and insulin signaling converge in hypothalamic neurons, mainly pro-

opiomelanocortin (POMC) and Agouti-related peptide-expressing (AgRP) cells, where they activate complex neuronal circuits and signaling pathways that control energy

expenditure, feeding behavior, and glucose balance. Insulin receptors are widely expressed throughout the body and have a prominent role in glucose consumption and

production in peripheral tissues. The liver can be considered the main regulator of organismal glucose and lipid availability, controlled in part by insulin signaling and

neural inputs. (B) Expression of transcriptionally active XBP1s in a subset of POMC neurons of the hypothalamic arcuate nucleus inhibits the production of protein tyrosine

phosphatase 1B (PTP1B) and suppressor of cytokine signaling 3 (SOCS3), both negative regulators of insulin and leptin signaling in the presence of endoplasmic reticulum

(ER) stressors, thus protecting neurons from the deleterious effects of ER stress on these hormonal pathways. Inducible POMC-specific Xbp1s expression in mice also

generates a hypermetabolic phenotype mediated in part by browning of adipose tissue. Remarkably, expression of XBP1s in these neurons also triggered cell-

nonautonomous Xbp1 splicing and UPR activation in the liver, contributing to improved glucose homeostasis by mimicking a postprandial state of glucose utilization.
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Concluding remarks
Here we have reviewed accumulating evidence indicating
that diverse physiological processes in the body are orches-
trated by the nervous system through fine-tuning of the
proteostasis network. These examples illustrate how stress
signals spread systemically in the organism of different
species and produce either adaptation or non-obvious dele-
terious effects. From these regulatory pathways, a common
theme emerges, where the nervous system exerts previously
unrecognized neuroendocrine influence on other tissues to
manage and coordinate system-wide stress responses. In
turn, peripheral tissues may also signal back to the brain to
modulate behavioral outputs. Consequently, the regulation
of systemic proteostasis benefits from centralized and dis-
tributed control, reflecting how multicellular organisms
engage cell-autonomous and -nonautonomous homeostatic
mechanisms to respond to environmental changes that
affect protein folding and the accumulative damage associ-
ated with aging. These events coordinate and possibly pre-
dict the need for quantitative adjustments in the buffering
capacity of the proteostasis network to manage proteotoxi-
city. Minor proteotoxic stimuli may be recognized by the
nervous system through specialized sensors and propagate
rapidly to the rest of the body through electrical or paracrine
transmission. Thus, the global robustness of the proteosta-
sis network may be enhanced, generating a state of alert
that engages protective mechanisms on an unstressed cell to
precondition the tissue to further oncoming perturbations.

Many fascinating questions remain open in this rapidly
developing field (Box 1). If stress effectors such as XBP1s or
HSF1 are induced on a distal cell in the absence of
stress, how are the classical stress sensors activated? This
7
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fundamental issue has not been addressed in the studies
reviewed here. Alternatively, cell-nonautonomous mecha-
nisms of proteostasis control may involve the induction of
low or even technically undetectable levels of stress in the
target cell, triggering a hormetic mechanism of protection.
Thus far, in the case of the UPR, the possible recruitment of
signaling branches parallel to XBP1 (i.e., PERK and ATF6)
has not been explored, and may help in distinguishing
between selective signaling activation versus the occur-
rence of global stress. We can speculate that signals emerg-
ing from the nervous system may trigger physiological
responses in the target tissue that increase the demand
for synthesis and secretion of proteins (basal mild stress),
generating a hormetic state at a distance.

Growing evidence indicates that distinct stimuli can
engage the UPR in the absence of molecular signatures
associated with protein-folding stress, as reported recently
for the angiogenic factor vascular endothelial growth factor
(VEGF) in endothelial cells [87,88], for glucose-induced
insulin production in pancreatic b cells [65], for the activa-
tion of TLRs in macrophages [89], and through changes in
the lipid composition of ER membranes [90,91]. Similarly,
specific extracellular signals such as TLR ligands [92] and
fibroblast growth factor 2 (FGF2) [93] can modulate the
activity of different branches of the UPR, promoting cell
survival under ER stress conditions, opening alternative
routes of UPR activation. In addition, recent data show
that the electrical activity in motoneurons could engage
IRE1a/XBP1 signaling [94] and that the exposure of neu-
rons to brain-derived neurotrophic factor (BDNF) induces
XBP1 mRNA splicing [95]. These observations are in
agreement with the idea that the UPR has many ER
stress-independent functions, where components of the
response operate as ‘signaling modules’ of various inter-
connected pathways [5]. Thus, we caution that the ob-
served cell-nonautonomous activation of proteostasis
responses may be the consequence of regular intercellular
communication through signaling pathways that engage
UPR components as mediators of alternative physiological
outputs unrelated to protein-folding stress, such as energy
metabolism and the innate immune response.

Most data available on the cell-nonautonomous
control of the proteostasis network have been obtained
Box 1. Outstanding questions

� What are the signals mediating the propagation of stress

responses in a cell-nonautonomous manner?

� Are the HSR and UPR sensors activated through novel stress-

independent signaling mechanisms in the target cell?

� Is the cell-nonautonomous control of the proteostasis network

conserved in mammals? If so, can peripheral tissues feed back to

the nervous system to fine-tune brain function and global

proteostasis? What are the implications for animal behavior,

innate immunity, and metabolism?

� Can the cell-nonautonomous control of proteostasis be exploited

as a therapeutic strategy to treat neurological diseases, metabolic

disorders, and other proteotoxic conditions?

� Does the neuronal sensory circuitry in mammals control global

proteostasis? Can higher functions of the nervous system (e.g.,

cognition, perception, motor activity) modulate global proteos-

tasis and its physiological outputs?
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in C. elegans. This is why a major challenge in the field
is to uncover analogous mechanisms in mammals and to
investigate whether multiple components of the proteos-
tasis network are interconnected in a cell-nonautonomous
manner. All of these emerging data in model organisms
open previously unpredicted avenues for therapeutic in-
tervention. An elegant study revealed that transcellular
transmission of stress signals between peripheral organs
occurs through HSP90 expression [96]. In this report,
tissue-specific expression of disease-related misfolded pro-
teins triggered local proteostasis perturbations that prop-
agated to other organs. If feedforward/feedback
mechanisms of neuronal control of global proteostasis in
mammals are discovered in the coming years, transcellular
stress signaling may be exploited to target an easily drug-
gable peripheral organ to then affect the adaptive capacity
of the brain in the context of neurodegenerative diseases.
For example, drugs that efficiently enhance autophagy or
stabilize protein conformation but have low access to the
CNS due to low blood–brain barrier permeability may
prove effective by adjusting neuronal homeostasis through
a cell-nonautonomous mechanism.

The identity of the signals emanating from the nervous
system to peripheral tissues and organs needs further
investigation. Simpler model systems such as C. elegans
and Drosophila might be suitable for pinpointing these
molecular targets through a combination of genetic screens
for candidate biosynthetic/signaling pathways, pharmaco-
logical manipulation of putative neuropeptide/neurotrans-
mitter signaling, and quantitative proteomics. The
findings ahead will be crucial not only to complete an
important piece of this intriguing biological puzzle, but
also to consolidate proteostasis modulation as a promising
therapeutic avenue for many devastating diseases involv-
ing protein misfolding that affect millions of people world-
wide [81,97].
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