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Abstract: The aging process is inherently complex, involving multiple mechanisms that interact
at different biological scales. The nematode Caenorhabditis elegans is a simple model organism that
has played a pivotal role in aging research following the discovery of mutations extending lifespan.
Longevity pathways identified in C. elegans were subsequently found to be conserved and regulate
lifespan in multiple species. These pathways intersect with fundamental hallmarks of aging that
include nutrient sensing, epigenetic alterations, proteostasis loss, and mitochondrial dysfunction.
Here we summarize recent data obtained in C. elegans highlighting the importance of studying aging
at both the tissue and temporal scale. We then focus on the neuromuscular system to illustrate the
kinetics of changes that take place with age. We describe recently developed tools that enabled the
dissection of the contribution of the insulin/IGF-1 receptor ortholog DAF-2 to the regulation of worm
mobility in specific tissues and at different ages. We also discuss guidelines and potential pitfalls in
the use of these new tools. We further highlight the opportunities that they present, especially when
combined with recent transcriptomic data, to address and resolve the inherent complexity of aging.
Understanding how different aging processes interact within and between tissues at different life
stages could ultimately suggest potential intervention points for age-related diseases.

Keywords: aging; tissue-specific; C. elegans; DAF-2; insulin-IGF-1 receptor; temporal resolution

1. Introduction

C. elegans has played an instrumental role in understanding the aging process since the
late 80s when the first mutations that extend lifespan were discovered [1–3]. Subsequently,
several longevity pathways identified in C. elegans were shown to play a conserved role
in lifespan regulation of other organisms including, possibly, humans [4,5]. These path-
ways typically control molecular and cellular mechanisms recognized as the “hallmarks
of aging”, which C. elegans has contributed significantly to defining (Figure 1). These in-
clude epigenetic alterations, loss of proteostasis, deactivated macroautophagy, deregulated
nutrient sensing, mitochondrial dysfunction, and impaired intercellular communication
(for a review, see [6]). Some of the genes that modulate lifespan are also involved in age-
related diseases in humans [7]. Consistently, advanced age is the main risk factor for many
common diseases such as cancers, cardiovascular disorders, and neurodegeneration. The
diversity of the mechanisms involved in aging also underscores the importance of aging
research to understanding various biological and medical challenges.

So far, enormous progress has been made in identifying longevity genes and path-
ways. However, recent findings by our laboratory and others reveal how far we are from
elucidating the complexity of aging and how a multitude of genes and mechanisms at
multiple scales contribute to declines in function, health, and lifespan.
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Figure 1. Addressing aging at different scales in C. elegans.

Numerous reports have demonstrated that aging involves both cell-autonomous and
non-cell- autonomous mechanisms (for a review, see [8]). The maintenance of whole-
body homeostasis, whether under normal or stressful conditions, necessitates effective
communication between tissues to ensure the preservation of our physiological functions.
This raises several questions. How do differentiated tissues, which perform specific tasks,
integrate whole-body homeostasis demand at the subcellular level with age? Do all tissues
age at the same pace? Which age-associated changes are “synchronized” between tissues?
Which ones are tissue-specific? What are the molecular pathways involved? Thanks to the
development of an innovative tissue-specific methodology we started addressing these
questions. Resolving this complexity is not a trivial matter, as preventing age-related
diseases involves knowing when and where interventions should take place and how they
may impact the body as a whole.

2. Increased Longevity Does Not Guarantee Improved Health in Old Age

Since the identification of daf-2 and age-1 (coding for the insulin/IGF-1 receptor and
the catalytic subunit of the mammalian PI3Kinase, respectively) as conserved regulators
of longevity, hundreds of genes have been found that modulate the lifespan of C. elegans
(see GenAge database and [9]). Early efforts focused on high-throughput RNAi genetic
screening for lifespan extension revealed important regulators such as mitochondrial
genes [10–12]. Concomitantly, C. elegans emerged as a prominent model for assessing the
impact of pharmaceutical interventions and small molecules on lifespan. Notably, some
of these interventions demonstrated a conserved effect across other animal models, as
documented in the DrugAge database.

The goal of these initial studies was to identify interventions that prolonged lifes-
pan. However, longer lifespan is not always associated with an increase in healthy life
expectancy [13–16]. “Healthy worms” are distinguished by their resilience to exogenous
stressors, including oxidative, thermal, or endoplasmic reticulum-specific stress (Figure 1).
In addition, their ability to retain mobility in late adulthood and maintain the pharyngeal
pumping rate as they age often contributes to the definition of healthy life expectancy. It
is important to note, however, that consensus metrics for defining “healthspan” in C. ele-
gans [17] and within the broader field of geroscience research are still under discussion, as
reported elsewhere [18].

The lack of overlap between lifespan and healthspan phenotypes underscores that the
factors and/or tissues that limit worm survival do not entirely align with those required
for maintaining optimal health in worms during old age. Thus, the lifespan phenotype is
not sufficient to determine whether aging is accelerated or delayed.
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Additionally, the phenotypes commonly studied in the context of aging, such as
paralysis or stress survival, pose a challenge as they may stem from various cellular
processes occurring in different tissues and at different ages. Therefore, it is imperative to
discern the molecules and cellular pathways at play in each tissue during the aging process.

Several molecular mechanisms whose modulation impacts worm lifespan have been
described, including the loss of proteostasis [19,20], mitochondrial dysfunction [21–23],
dysregulated nutrient sensing [24,25], microbiome disruption [26,27], epigenetic alter-
ation [28,29] and splicing deregulation [30]. The physiological decline of C. elegans is
characterized by changes in mobility, pharyngeal pumping and offspring production [31],
neuronal activity [32–34], and in stress resistance [35]. The sequence of molecular and cel-
lular events at the tissue-scale and their impact on physiological decline remain essentially
unknown (question mark).

2.1. Thinking about Aging at the Tissue-Scale

How do multiple aging mechanisms interact over time and space, i.e., within a tissue
at different ages and between tissues of the same age? C. elegans is an optimal system
for addressing these questions due to its short lifespan of only 20 days and its inherent
transparency. This transparency enables the measurement of subcellular phenotypes with
fine temporal resolution and in a tissue-specific manner, all within living animals. This
is made possible through the use of fluorescent reporters, which provide a powerful
tool for precise observation and analysis. Nevertheless, we still know very little about
tissue-specific aging in C. elegans. Age-related modifications have been so far mostly
observed on a whole-body scale. Those changes have been investigated at the molecular
level by transcriptomic [36–41] and proteomic [42,43] analyses. Behavioral and functional
alterations have also been reported such as decreased learning and memory [44], changes
in the response properties of thermosensory neurons [45], or loss of mobility [31,46,47]
(Figure 1).

Conversely, only a few tissue-specific changes have been investigated, such as those
affecting the reproductive system, e.g., reproductive rate and number of offspring, germ cell
deterioration, changes in oocyte morphology, and the appearance of tumorous germlines with
age [48–50]. Other morphological changes have been reported for some neurons [51–54], as
well as the loss of intestinal [55,56] or muscle cell integrity (e.g., sarcomere structure [46,57]
and see below). A more detailed overview of the age-associated anatomical and physiological
alterations in C. elegans is reported in two recent reviews [58,59] and illustrated in WormAtlas
(https://www.wormatlas.org/aging/aginghomepage.htm (accessed on 1 December 2023)).

Despite these recent efforts, the study of tissue aging in C. elegans is still in its infancy,
as we lack a true tissue-aging model that systematically describes the sequential changes
that take place with age in each tissue (Figure 1).

2.2. Importance of Addressing Aging on a Temporal Scale

The importance of timing in longevity regulation was first suggested by the antag-
onistic pleiotropy theory of aging. This theory predicts that genes prolonging lifespan
when inactivated during adulthood, have detrimental effects when inhibited earlier in
development [60]. Such genes were identified in C. elegans using an RNAi screening strat-
egy, focusing on 2700 genes essential for growth and development. Post-developmental
inactivation of some of these genes revealed their role in lifespan regulation. An extended
lifespan was observed for 64 of them belonging to different functional groups, such as
translation, RNA, chromatin factors and metabolism [61]. This suggests that the consti-
tutive inactivation of certain genes and mechanisms can mask their beneficial impact on
lifespan, sometimes in unexpected ways, as described hereafter for autophagy.

The blockage of autophagy is considered one of the universal hallmarks of aging
(Ref. [6] for review see [20,62]) (Figure 1). In agreement with this consensus, constitutive
inactivation of autophagy reduces the lifespan of C. elegans, most likely due to the accumu-
lation of defective proteins and organelles [63–65]. However, two studies in C. elegans have

https://www.wormatlas.org/aging/aginghomepage.htm
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reported that inactivating autophagy can extend lifespan if the intervention takes place in
adulthood or later [66,67]. Thus, autophagy might shift from a beneficial to a detrimental
role in the context of age-associated dysfunction.

Conversely, the extension of lifespan can also be driven by changes occurring specifi-
cally during the early part of the life cycle. A paradigmatic example is the impact of the
downregulation of certain mitochondrial genes.

Mitochondria are indispensable for key cellular functions, including ATP production,
calcium homeostasis, and fatty acid metabolism. However, they also generate harmful re-
active oxygen species (ROS) as a by-product of electron leakage from the electron transport
chain (ETC). ROS are considered to play a causal role in aging according to the oxidative
theory of aging [68].

Supporting this theory, there is evidence that the mild inactivation of components
within the mitochondrial ETC prolongs lifespan in various organisms, including C. ele-
gans [8–10,68,69], flies [70], and mice [71]. However, the temporal aspect of inactivation
is of paramount importance in C. elegans. To exert a positive influence on lifespan, it is
imperative to specifically inactivate mitochondrial genes during development rather than
adulthood. Merkwirth et al. [72] later discovered that the observed extension of lifespan
resulting from a modest inactivation of the ETC function involves an adaptative mito-
chondrial unfolded protein response (UPRmt). This response is orchestrated through the
activation of epigenetic regulators, shedding light on the intricate mechanisms linking
mitochondrial function, protein homeostasis, and epigenetics for the regulation of lifespan.
In addition, UPRmt involves numerous effectors that have been extensively studied in
C. elegans [73–77].

Overall, these observations underscore the critical importance of timing in the ef-
ficacy of life-prolonging interventions, a factor that can vary depending on the specific
intervention or mechanism under consideration.

3. Decoupling Developmental Phenotypes and Lifespan: Insights from DAF-2/IIRc
and LET-363/TOR

DAF-2/IIRc and LET-363/TOR stand out as two of the most extensively studied
proteins with respect to their involvement in regulating longevity across numerous species.
The serine-threonine kinase TOR is a central effector of lifespan extension by dietary
restriction [78]. For many years, the effects of LET-363/TOR on C. elegans lifespan could
not be studied rigorously for several reasons. The available mutants were arrested at
the L3 larval stage, well before adulthood, and the inactivation of let-363/TOR by RNAi
gave variable and confusing results. Subsequent investigations revealed that the initial
ambiguity stemmed from the unintended knockdown of a mitochondrial gene, mrpl-47,
through RNA interference. This gene is part of an operon with let-363 and has a discernible
impact on lifespan [12,79].

Strong daf-2/IIRc mutations also lead to early developmental phenotypes in C. elegans,
including embryonic lethality and growth arrest. Weaker daf-2/IIRc inactivation is associated
with both prolonged lifespan and fertility defects [80]. The fertility defects observed in
daf-2/IIRc and let-363/TOR mutants [81] in C. elegans and other species have long been
considered inseparable from their increased lifespan, in agreement with the disposable
soma theory of aging [82,83]. Nevertheless, the development of new tools enabling the
inducible degradation of protein by the AID (auxin inducible degradation) system [84] have
shown that development and germline phenotypes can be uncoupled from the longevity
phenotype for both proteins.

The AID system was discovered in plants and adapted to perform conditional protein
depletion in C. elegans. It relies on the expression of a plant-specific F-box protein, TIR1,
which is the substrate recognition component of an Skp1-Cullin-F-box (SCF) E3 ubiquitin
ligase complex. TIR1 interacts with the substrate protein only in the presence of auxin and
targets it for degradation by the proteasome. The introduction of a degron sequence by
CRISPR/Cas9 genome editing into the gene encoding the protein to be degraded allows its
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recognition as a substrate by TIR1. However, this recognition occurs only in the presence of
auxin, which can be introduced into the culture medium at any given point. Leveraging the
tissue-specific expression of TIR1, the AID system provided a powerful tool to investigate
the temporal and tissue-specific requisites of these proteins in the intricate regulation
of lifespan.

The degradation of LET-363/TOR (or of its positive regulator RAGA-1) from the first
day of adulthood extended the worms’ lifespan and thus makes it possible to dissociate
increased lifespan from growth and reproductive disorders [85]. Inhibition of DAF-2/IIRc
expression in adulthood alone also recapitulates the increased lifespan observed with the
weak daf-2/IIRc allele without deleterious effects on development or fertility [16,86,87].
Remarkably, degrading DAF-2/IIRc at advanced age—when 50–75% of the population has
already perished—results in a doubling of life expectancy among the remaining survivors.
This intriguing finding suggests that even in the later stages of life, old worms retain the
capacity to engage anti-aging mechanisms [87].

4. Age-Associated Subcellular Changes: Commonalities and Distinct Patterns across
Diverse Tissues

The development of tissue-specific reporters in C. elegans showed that fundamental
cellular processes such as autophagy [88,89] or protein degradation by the ubiquitin pro-
teasome system (UPS) [90,91] exhibited variation with age. At the age of one week, C.
elegans already displays severe symptoms of aging and stops reproducing. Analysis of
autophagy flux provided evidence for a blockade occurring from this age in both neurons
and muscle. UPS activity also showed a tissue-specific variation with age. However, while
it was clearly reduced in some neurons, it remained unchanged in muscle cells as compared
to young animals [90,91].

Maintaining protein homeostasis relies on a tissue-specific repertoire of chaperone
proteins, and their expression exhibits age-related variations in both C. elegans and humans.
Consequently, the response of a tissue to a homeostasis imbalance is shaped by its functional
characteristics and the age of the individual [92–94].

Approaches allowing the expression or inactivation of specific genes in certain tissues
have revealed the involvement of secondary signals and inter-tissue communication for
the modulation of lifespan (for a review, see [8]). Coordinated responses at the whole-
body scale have been demonstrated for the regulation of protein [95,96] and mitochondrial
homeostasis [97–100]. Distant tissues can adopt phenotypes similar to the signaling tissue or
alternatively, a different adaptive response may be triggered in distant tissues (for reviews,
see [21,101]). This has largely been illustrated through the study of the unfolded protein
response (of both ER and mitochondria) that can be triggered in the intestine or in muscle
from neurons [98,102] or from the germline [103,104] through Wnt, neurotransmitter, and
neuropeptides signaling.

DAF-2/IIRc and LET-363/TOR have also been shown to have tissue-specific functions
in controlling lifespan during adulthood [16,85,87]. DAF-2/IIRc is ubiquitously expressed
in adult worms [16]. However, the regulation of lifespan depends essentially on its activity
in neurons and the intestine and involves interaction between these two tissues. Other
tissues may be required for longevity regulation since ubiquitous daf-2 inactivation is
associated with a longer lifespan compared to combined daf-2 inactivation in neuronal
and gut tissues. Notably, while LET-363/TOR inactivation in neurons during adulthood
is sufficient to extend lifespan, its ubiquitous depletion reduced it [85]. These results
demonstrate that LET-363/TOR inhibition is deleterious in some tissues but advantageous
in others, highlighting the importance of identifying the key tissue(s) in which a pathway
acts to regulate aging rather than targeting it broadly throughout the entire body.

More recently, the impact of DAF-2/IIRc has been addressed in greater detail beyond
the lifespan phenotype, examining its effects at the temporal and tissue scale, particularly
in the regulation of muscle aging, as described hereafter.
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5. Defining Sequential Changes Characterizing Muscle Aging in C. elegans: A
Step Forward

C. elegans possesses striated muscle cells with a highly conserved structure of sar-
comeric contractile units that support the worm’s locomotion. A stereotyped sequence of
molecular and cellular events characterizes muscle aging. These changes include: (1) a
sharp decrease in sarcomeric transcripts in the first days of adulthood [105], followed by
(2) the progressive fragmentation of muscle mitochondria [105,106], and (3) a blockade
of autophagy [88,105]. Notably, the mRNA levels of 27 sarcomeric genes show a marked
downregulation, ranging from 5 to 20 times, within the first week of adulthood, starting as
early as day 1 of adulthood.

Based on promoter sequence analysis, Mergoud et al. [105] identified three conserved
myogenic transcription factors as potential regulators: the conserved MAD-box UNC-
120/SRF, the basic helix-loop-helix HLH-1/MYOD, and HND-1/HAND1 transcription
factors, all known for their role in embryonic muscle differentiation [107]. They showed that
only unc-120 and hlh-1 are expressed during adulthood. Inactivating unc-120 expression
during adulthood only accelerated the loss of mobility, the decline of muscle transcripts, the
fragmentation of mitochondria, and the blockade of autophagy. Conversely, inactivating hlh-
1 did not affect the kinetics of any of the above biomarkers. Furthermore, the overexpression
of UNC-120/SRF in muscle only was sufficient to delay the appearance of muscle aging
biomarkers and improved mobility in aged animals. Importantly, while unc-120 inactivation
reduced lifespan, the beneficial impact of UNC-120 muscle overexpression on muscle aging
was not associated with lifespan extension.

5.1. Delayed Age-Associated Sub-Cellular Changes through DAF-2/IIRc Inactivation

DAF-2/IIRc inactivation increases worm lifespan by 100% and also prevents a plethora
of age-related changes, including vulnerability to stress and the loss of mobility associated
with aging. Li et al. [33] observed a decline in neurosecretion from motor neurons due
to aging, commencing at day 7 of adulthood. This decline appeared mitigated in aged
daf-2 mutants, indicating that the loss of DAF-2/IIRc may enhance locomotion, at least
partially, by preserving motoneuron function. daf-2 mutants compared to wild-type worms
also show a delay in the downregulation of sarcomeric transcripts, muscle mitochondria
fragmentation, and the blockade of autophagy [88,105].

Hence, the UNC-120/SRF transcription factor and the DAF-2/IIRc receptor both
impact the entire sequence of muscle changes. While unc-120 inactivation accelerates this
sequence, muscle UNC-120 OE or daf-2 inactivation has the opposite effect, delaying it. This
suggests a potential interconnection between the markers of muscle aging that appear at
different ages, which is consistent with the concept of the temporal scaling of C. elegans
aging proposed by Stroustrup et al. [108]. These authors observed that interventions as
diverse as changes in diet, temperature, exposure to oxidative stress, and disruption of
different genes (the heat shock factor hsf-1, the hypoxia-inducible factor hif-1, and the
insulin/IGF-1 pathway components daf-2, age-1, and daf-16) all alter lifespan distributions
by an apparent stretching or shrinking of time. They thus conclude that organismal aging
dynamics are invariant across genetic and environmental contexts [108]. However, later
works showed that the underlying regulatory mechanisms are more complex than expected
(see below).

5.2. DAF-2/IIRc: Orchestrating Age-Dependent Mobility through Dual Autonomous and
Non-Autonomous Pathways

Roy et al. [16] constructed a daf-2 knock-in line to visualize and deplete the DAF-2/IIRc
protein in a spatially and temporally controlled manner using the AID system. As expected,
reducing DAF-2/IIRc expression in the nervous system or in the intestine during adulthood
only, is sufficient to extend lifespan [16,87,109–111], although it does not preserve mobility
at middle age [16] (Figure 2).
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Mobility relies on the functional coordination of muscle and neuronal tissues. The
selective downregulation of DAF-2/IIRc in muscles had no impact on lifespan or resistance
to oxidative stress. Interestingly this targeted downregulation resulted in an increase in
mobility in middle-aged (13-day-old) adults. The enhanced mobility was comparable to
the effect observed with the weak daf-2 allele.

The canonical DAF-2/IIRc pathway involves the conserved FOXO transcription factor
DAF-16, the activation of which is essential for the extension of lifespan. However, the
regulation of mobility by muscle DAF-2/IIRc does not depend on DAF-16/FOXO, but
requires UNC-120/SRF.

Furthermore, the neuronal inactivation of DAF-2/IIRc unexpectedly reduces mobility,
but only in early adulthood and via the DAF-16/FOXO transcription factor (Figure 2).

These results show that the longer lifespan and preserved mobility phenotype ob-
served in daf-2 mutants are in fact the sum of independent effects in different tissues and
via tissue-specific effectors.

In C. elegans, the age-associated regulation of mobility by DAF-2/IIRc is determined
by the sequential and opposing impact of neurons and muscle and can be dissociated from
the lifespan phenotype. Intestinal and neuronal DAF-2/IIRc activities modulate lifespan,
whereas muscle DAF-2/IIRc does not. Neuronal DAF-2/IIRc promotes mobility in early
adulthood through the inhibition of DAF-16/FOXO, whereas muscle DAF-2/IIRc decreases
mobility in middle age through the inactivation of UNC-120/SRF.

Overall, Roy et al. demonstrated that the wild-type DAF-2/DAF-16 signaling pathway
plays a crucial role in promoting the mobility of young worms within neurons. However,
as worms age, this positive influence diminishes. Conversely, the muscular expression
of DAF-2/IIRc seems to have no impact on early age mobility, while it impedes older
worms’ mobility through the inactivation of UNC-120/SRF. Roy et al. [16] also showed that
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both neuronal and muscular DAF-2/IIRc activities promote the fragmentation of muscle
mitochondria with age.

daf-2 mutations were shown to prevent a number of behavioral, molecular, and cellular
phenotypes associated with aging [112]. In order to address the physiological relationship
between those different phenotypes, it will be important to determine whether these
phenotypes depend on specific daf-2 activities in tissues, and at what age daf-2 activity is
required for their control.

6. Deciphering Sequential Changes in Tissue Aging in C. elegans: Limits and
Future Directions

Taken together, the analysis of daf-2 mutants reveals that integrated phenotypes such
as longevity or mobility can result from the sum of opposing age-dependent and tissue-
specific activities. Obtaining a complete picture of the molecular and cellular bases of aging
and their interactions, even in a simple organism like C. elegans, may seem an unattainable
goal when considering its multifactorial nature. To this end, we propose to use a more
systematic analysis of aging at the tissue level.

Recent tools allowing tissue-specific expression or inactivation in C. elegans will con-
tribute greatly to the investigation of the kinetics of age-related changes and their regulation
in different tissues. Nevertheless, care must be taken when using transgenic tools, as dis-
cussed here. Early transgenesis techniques in worms involved the expression of a transgene
(non-integrated or integrated into the genome after irradiation) in multiple copies. Thus,
in numerous studies published so far, the authors used animals expressing high levels
of transgenic proteins which may interfere with physiological aging. As an example, the
most widely used biomarker of muscle aging is the MYO-3::GFP translational reporter,
which overexpresses the MYO-3 protein (myosin heavy chain) fused to GFP. This line has a
shortened lifespan compared to wild-type animals (F. Solari, pers. com. [113]) and shows
fiber disorganization well before the adult stage [105,114]. The same translational fusion,
introduced by knocking GFP at the endogenous myo-3 locus (by CRISPR/Cas9 strategy),
revealed that muscle fiber did not display the disorganization described above, even at an
age when 50% of the worms were no longer moving [105]. Another example is the strain
used to visualize mitochondrial morphology, which relies on mitochondria-targeted GFP.
When this transgene is expressed in a multicopy array, mitochondrial fragmentation begins
as early as the first week of worm adulthood [105,106]. On the other hand, when the same
reporter is expressed from a single-copy transgene, fragmentation begins at a later age [16].

In summary, it is advisable to prioritize single-copy transgenic lines and verify that
their lifespan, along with other pertinent phenotypes, remains relatively stable compared
to wild-type animals. This approach proves to be a sound starting point for the study of
aging at the tissue level.

The use of the AID system in C. elegans, which enables the time- and tissue-dependent
inactivation of a given protein, also has certain limitations. Auxin at 1 mM concentration
has been reported to promote ER stress resistance and other phenotypes in wild-type
animals [115]. However, a lower concentration may induce efficient degradation without
triggering additional effects as shown for LET-363/TOR [85]. So, one should carefully con-
trol the impact of auxin on their favorite phenotype when using this experimental strategy.

One of the main advantages of C. elegans is that all its tissues are post-mitotic in the
adult (with the exception of the germ line) so that the age of a cell corresponds to the
age of the whole body. Dynamic gene expression can thus be monitored without the
confounding effect of a change in tissue cell composition, as has been reported in mammals
with age [116,117]. Various C. elegans repositories containing genes whose expression is
enriched in specific tissues will be instrumental in defining the key molecular players
required for the functional status of a given tissue. These players may include shared
elements among tissues, such as the products of house-keeping genes, as well as those
specific to each individual tissue. Repository data include transcriptomic results obtained
through bulk analysis [118] and at the single cell resolution of young adult animals ([119]
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and see WormSeq website). The same results have also been analyzed using the cell2cell
tool to deduce potential cell-to-cell interactions based on the expression of ligand- and
receptor-encoding genes across cells in single-cell transcriptomic datasets [118]. More
recently, three independent laboratories reported variations in gene expression in C. elegans
concerning age and different genetic backgrounds, observed at the resolution of single
cells or nuclei [120–122]. Those studies identified a few common biological pathways that
are affected by age in several tissues. These encompass genes linked to translation and
DNA repair, occasionally exhibiting opposite patterns. Most age-related changes seem to
be tissue-specific. It is crucial to validate those variations in living animals and to ascertain
whether these transcriptional changes influence corresponding protein levels and functions
as the organism ages.

7. Conclusions

The implementation of tissue-specific strategies, coupled with temporal resolution,
will enable us to answer fundamental questions about aging. Are certain tissues more sus-
ceptible to early signs of cellular aging? Do these tissues act as drivers of organismal aging
through secondary signaling mechanisms? These strategies are expected to make a signifi-
cant contribution to our understanding of the aging process at the cellular and tissue levels,
unraveling the intricate integration that leads to the complexities of organismal aging.
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67. Wilhelm, T.; Byrne, J.; Medina, R.; Kolundžić, E.; Geisinger, J.; Hajduskova, M.; Tursun, B.; Richly, H. Neuronal Inhibition of the

Autophagy Nucleation Complex Extends Life Span in Post-Reproductive C. elegans. Genes Dev. 2017, 31, 1561–1572. [CrossRef]
68. Harman, D. Aging: A Theory Based on Free Radical and Radiation Chemistry. J. Gerontol. 1956, 11, 298–300. [CrossRef]
69. Munkácsy, E.; Rea, S.L. The Paradox of Mitochondrial Dysfunction and Extended Longevity. Exp. Gerontol. 2014, 56, 221–233.

[CrossRef]
70. Copeland, J.M.; Cho, J.; Lo, T.; Hur, J.H.; Bahadorani, S.; Arabyan, T.; Rabie, J.; Soh, J.; Walker, D.W. Extension of Drosophila Life

Span by RNAi of the Mitochondrial Respiratory Chain. Curr. Biol. 2009, 19, 1591–1598. [CrossRef]
71. Liu, X.; Jiang, N.; Hughes, B.; Bigras, E.; Shoubridge, E.; Hekimi, S. Evolutionary Conservation of the Clk-1-Dependent Mechanism

of Longevity: Loss of Mclk1 Increases Cellular Fitness and Lifespan in Mice. Genes Dev. 2005, 19, 2424–2434. [CrossRef]

https://doi.org/10.1111/acel.13146
https://doi.org/10.1093/gerona/59.12.1251
https://www.ncbi.nlm.nih.gov/pubmed/15699524
https://doi.org/10.1038/ncomms9919
https://www.ncbi.nlm.nih.gov/pubmed/26586186
https://doi.org/10.1093/genetics/161.3.1101
https://doi.org/10.18632/aging.100638
https://www.ncbi.nlm.nih.gov/pubmed/24531613
https://doi.org/10.3389/fcell.2021.718522
https://doi.org/10.1073/pnas.1011711108
https://doi.org/10.1523/JNEUROSCI.6606-10.2011
https://doi.org/10.1523/JNEUROSCI.1494-11.2012
https://doi.org/10.4161/cib.17138
https://www.ncbi.nlm.nih.gov/pubmed/22446530
https://doi.org/10.1111/j.1474-9726.2011.00713.x
https://doi.org/10.1016/j.cub.2018.06.035
https://www.ncbi.nlm.nih.gov/pubmed/30100339
https://doi.org/10.1038/nature01135
https://doi.org/10.1111/acel.12853
https://doi.org/10.1016/j.mad.2023.111827
https://doi.org/10.1371/journal.pgen.0030056
https://doi.org/10.1016/j.mam.2021.101020
https://www.ncbi.nlm.nih.gov/pubmed/34507801
https://doi.org/10.1126/science.1087782
https://doi.org/10.1371/journal.pgen.0040024
https://doi.org/10.14348/molcells.2021.0183
https://www.ncbi.nlm.nih.gov/pubmed/34949740
https://doi.org/10.1111/j.1365-2443.2009.01306.x
https://www.ncbi.nlm.nih.gov/pubmed/19469880
https://doi.org/10.1101/gad.301648.117
https://doi.org/10.1093/geronj/11.3.298
https://doi.org/10.1016/j.exger.2014.03.016
https://doi.org/10.1016/j.cub.2009.08.016
https://doi.org/10.1101/gad.1352905


Cells 2024, 13, 288 12 of 13

72. Merkwirth, C.; Jovaisaite, V.; Durieux, J.; Matilainen, O.; Jordan, S.D.; Quiros, P.M.; Steffen, K.K.; Williams, E.G.; Mouchiroud, L.;
Tronnes, S.U.; et al. Two Conserved Histone Demethylases Regulate Mitochondrial Stress-Induced Longevity. Cell 2016, 165,
1209–1223. [CrossRef]

73. Tian, Y.; Garcia, G.; Bian, Q.; Steffen, K.K.; Joe, L.; Wolff, S.; Meyer, B.J.; Dillin, A. Mitochondrial Stress Induces Chromatin
Reorganization to Promote Longevity and UPR(Mt). Cell 2016, 165, 1197–1208. [CrossRef] [PubMed]

74. Shpilka, T.; Haynes, C.M. The Mitochondrial UPR: Mechanisms, Physiological Functions and Implications in Ageing. Nat. Rev.
Mol. Cell Biol. 2018, 19, 109–120. [CrossRef] [PubMed]

75. Mottis, A.; Herzig, S.; Auwerx, J. Mitocellular Communication: Shaping Health and Disease. Science 2019, 366, 827–832. [CrossRef]
76. Anderson, N.S.; Haynes, C.M. Folding the Mitochondrial UPR into the Integrated Stress Response. Trends Cell Biol. 2020, 30,

428–439. [CrossRef] [PubMed]
77. Bar-Ziv, R.; Bolas, T.; Dillin, A. Systemic Effects of Mitochondrial Stress. EMBO Rep. 2020, 21, e50094. [CrossRef]
78. Kapahi, P.; Kaeberlein, M.; Hansen, M. Dietary Restriction and Lifespan: Lessons from Invertebrate Models. Ageing Res. Rev.

2017, 39, 3–14. [CrossRef]
79. Blumenthal, T.; Evans, D.; Link, C.D.; Guffanti, A.; Lawson, D.; Thierry-Mieg, J.; Thierry-Mieg, D.; Chiu, W.L.; Duke, K.; Kiraly,

M.; et al. A Global Analysis of Caenorhabditis elegans Operons. Nature 2002, 417, 851–854. [CrossRef]
80. Gems, D.; Sutton, A.J.; Sundermeyer, M.L.; Albert, P.S.; King, K.V.; Edgley, M.L.; Larsen, P.L.; Riddle, D.L. Two Pleiotropic Classes

of Daf-2 Mutation Affect Larval Arrest, Adult Behavior, Reproduction and Longevity in Caenorhabditis elegans. Genetics 1998, 150,
129–155. [CrossRef]

81. Gomes, L.C.; Odedra, D.; Dikic, I.; Pohl, C. Autophagy and Modular Restructuring of Metabolism Control Germline Tumor
Differentiation and Proliferation in C. elegans. Autophagy 2016, 12, 529–546. [CrossRef] [PubMed]

82. Medvedev, Z.A. An Attempt at a Rational Classification of Theories of Ageing. Biol. Rev. Camb. Philos. Soc. 1990, 65, 375–398.
[CrossRef] [PubMed]

83. da Costa, J.P.; Vitorino, R.; Silva, G.M.; Vogel, C.; Duarte, A.C.; Rocha-Santos, T. A Synopsis on Aging-Theories, Mechanisms and
Future Prospects. Ageing Res. Rev. 2016, 29, 90–112. [CrossRef] [PubMed]

84. Zhang, L.; Ward, J.D.; Cheng, Z.; Dernburg, A.F. The Auxin-Inducible Degradation (AID) System Enables Versatile Conditional
Protein Depletion in C. elegans. Development 2015, 142, 4374–4384. [CrossRef] [PubMed]

85. Smith, H.J.; Lanjuin, A.; Sharma, A.; Prabhakar, A.; Nowak, E.; Stine, P.G.; Sehgal, R.; Stojanovski, K.; Towbin, B.D.; Mair, W.B.
Neuronal mTORC1 Inhibition Promotes Longevity without Suppressing Anabolic Growth and Reproduction in C. elegans. PLoS
Genet. 2023, 19, e1010938. [CrossRef]

86. Dillin, A.; Crawford, D.K.; Kenyon, C. Timing Requirements for Insulin/IGF-1 Signaling in C. elegans. Science 2002, 298, 831–834.
[CrossRef] [PubMed]

87. Venz, R.; Pekec, T.; Katic, I.; Ciosk, R.; Ewald, C.Y. End-of-Life Targeted Degradation of DAF-2 Insulin/IGF-1 Receptor Promotes
Longevity Free from Growth-Related Pathologies. eLife 2021, 10, e71335. [CrossRef] [PubMed]

88. Chang, J.T.; Kumsta, C.; Hellman, A.B.; Adams, L.M.; Hansen, M. Spatiotemporal Regulation of Autophagy during Caenorhabditis
elegans Aging. eLife 2017, 6, e18459. [CrossRef]

89. Chang, J.T.; Hansen, M.; Kumsta, C. Assessing Tissue-Specific Autophagy Flux in Adult Caenorhabditis elegans. Methods Mol. Biol.
2020, 2144, 187–200. [CrossRef]

90. Hamer, G.; Matilainen, O.; Holmberg, C.I. A Photoconvertible Reporter of the Ubiquitin-Proteasome System in Vivo. Nat. Methods
2010, 7, 473–478. [CrossRef]

91. Gupta, R.; Kasturi, P.; Bracher, A.; Loew, C.; Zheng, M.; Villella, A.; Garza, D.; Hartl, F.U.; Raychaudhuri, S. Firefly Luciferase
Mutants as Sensors of Proteome Stress. Nat. Methods 2011, 8, 879–884. [CrossRef]

92. Shemesh, N.; Jubran, J.; Dror, S.; Simonovsky, E.; Basha, O.; Argov, C.; Hekselman, I.; Abu-Qarn, M.; Vinogradov, E.; Mauer,
O.; et al. The Landscape of Molecular Chaperones across Human Tissues Reveals a Layered Architecture of Core and Variable
Chaperones. Nat. Commun. 2021, 12, 2180. [CrossRef]

93. Nisaa, K.; Ben-Zvi, A. Chaperone Networks Are Shaped by Cellular Differentiation and Identity. Trends Cell Biol. 2022, 32, 470–474.
[CrossRef]

94. Jung, R.; Lechler, M.C.; Fernandez-Villegas, A.; Chung, C.W.; Jones, H.C.; Choi, Y.H.; Thompson, M.A.; Rödelsperger, C.; Röseler,
W.; Kaminski Schierle, G.S.; et al. A Safety Mechanism Enables Tissue-Specific Resistance to Protein Aggregation during Aging in
C. elegans. PLoS Biol. 2023, 21, e3002284. [CrossRef]

95. Lazaro-Pena, M.I.; Cornwell, A.B.; Diaz-Balzac, C.A.; Das, R.; Ward, Z.C.; Macoretta, N.; Thakar, J.; Samuelson, A.V.
Homeodomain-Interacting Protein Kinase Maintains Neuronal Homeostasis during Normal Caenorhabditis elegans Aging and
Systemically Regulates Longevity from Serotonergic and GABAergic Neurons. eLife 2023, 12, e85792. [CrossRef]

96. van Oosten-Hawle, P. Exploiting Inter-Tissue Stress Signaling Mechanisms to Preserve Organismal Proteostasis during Aging.
Front. Physiol. 2023, 14, 1228490. [CrossRef]

97. Durieux, J.; Wolff, S.; Dillin, A. The Cell-Non-Autonomous Nature of Electron Transport Chain-Mediated Longevity. Cell 2011,
144, 79–91. [CrossRef]

98. Shao, L.-W.; Niu, R.; Liu, Y. Neuropeptide Signals Cell Non-Autonomous Mitochondrial Unfolded Protein Response. Cell Res.
2016, 26, 1182–1196. [CrossRef] [PubMed]

https://doi.org/10.1016/j.cell.2016.04.012
https://doi.org/10.1016/j.cell.2016.04.011
https://www.ncbi.nlm.nih.gov/pubmed/27133166
https://doi.org/10.1038/nrm.2017.110
https://www.ncbi.nlm.nih.gov/pubmed/29165426
https://doi.org/10.1126/science.aax3768
https://doi.org/10.1016/j.tcb.2020.03.001
https://www.ncbi.nlm.nih.gov/pubmed/32413314
https://doi.org/10.15252/embr.202050094
https://doi.org/10.1016/j.arr.2016.12.005
https://doi.org/10.1038/nature00831
https://doi.org/10.1093/genetics/150.1.129
https://doi.org/10.1080/15548627.2015.1136771
https://www.ncbi.nlm.nih.gov/pubmed/26759963
https://doi.org/10.1111/j.1469-185X.1990.tb01428.x
https://www.ncbi.nlm.nih.gov/pubmed/2205304
https://doi.org/10.1016/j.arr.2016.06.005
https://www.ncbi.nlm.nih.gov/pubmed/27353257
https://doi.org/10.1242/dev.129635
https://www.ncbi.nlm.nih.gov/pubmed/26552885
https://doi.org/10.1371/journal.pgen.1010938
https://doi.org/10.1126/science.1074240
https://www.ncbi.nlm.nih.gov/pubmed/12399591
https://doi.org/10.7554/eLife.71335
https://www.ncbi.nlm.nih.gov/pubmed/34505574
https://doi.org/10.7554/eLife.18459
https://doi.org/10.1007/978-1-0716-0592-9_17
https://doi.org/10.1038/nmeth.1460
https://doi.org/10.1038/nmeth.1697
https://doi.org/10.1038/s41467-021-22369-9
https://doi.org/10.1016/j.tcb.2021.11.001
https://doi.org/10.1371/journal.pbio.3002284
https://doi.org/10.7554/eLife.85792
https://doi.org/10.3389/fphys.2023.1228490
https://doi.org/10.1016/j.cell.2010.12.016
https://doi.org/10.1038/cr.2016.118
https://www.ncbi.nlm.nih.gov/pubmed/27767096


Cells 2024, 13, 288 13 of 13

99. Ahier, A.; Dai, C.-Y.; Kirmes, I.; Cummins, N.; Hung, G.C.C.; Götz, J.; Zuryn, S. PINK1 and Parkin Shape the Organism-Wide
Distribution of a Deleterious Mitochondrial Genome. Cell Rep. 2021, 35, 109203. [CrossRef] [PubMed]

100. Chen, L.-T.; Lin, C.-T.; Lin, L.-Y.; Hsu, J.-M.; Wu, Y.-C.; Pan, C.-L. Neuronal Mitochondrial Dynamics Coordinate Systemic
Mitochondrial Morphology and Stress Response to Confer Pathogen Resistance in C. elegans. Dev. Cell 2021, 56, 1770–1785.e12.
[CrossRef] [PubMed]

101. Hansen, M.; Rubinsztein, D.C.; Walker, D.W. Autophagy as a Promoter of Longevity: Insights from Model Organisms. Nat. Rev.
Mol. Cell Biol. 2018, 19, 579–593. [CrossRef]

102. Zhang, Q.; Wu, X.; Chen, P.; Liu, L.; Xin, N.; Tian, Y.; Dillin, A. The Mitochondrial Unfolded Protein Response Is Mediated
Cell-Non-Autonomously by Retromer-Dependent Wnt Signaling. Cell 2018, 174, 870–883.e17. [CrossRef] [PubMed]

103. Hsin, H.; Kenyon, C. Signals from the Reproductive System Regulate the Lifespan of C. elegans. Nature 1999, 399, 362–366.
[CrossRef] [PubMed]

104. Calculli, G.; Lee, H.J.; Shen, K.; Pham, U.; Herholz, M.; Trifunovic, A.; Dillin, A.; Vilchez, D. Systemic Regulation of Mitochondria
by Germline Proteostasis Prevents Protein Aggregation in the Soma of C. elegans. Sci. Adv. 2021, 7, eabg3012. [CrossRef] [PubMed]

105. Mergoud Dit Lamarche, A.; Molin, L.; Pierson, L.; Mariol, M.-C.; Bessereau, J.-L.; Gieseler, K.; Solari, F. UNC-120/SRF Indepen-
dently Controls Muscle Aging and Lifespan in Caenorhabditis elegans. Aging Cell 2018, 17, e12713. [CrossRef] [PubMed]

106. Regmi, S.G.; Rolland, S.G.; Conradt, B. Age-Dependent Changes in Mitochondrial Morphology and Volume Are Not Predictors
of Lifespan. Aging 2014, 6, 118–130. [CrossRef] [PubMed]

107. Fukushige, T.; Brodigan, T.M.; Schriefer, L.A.; Waterston, R.H.; Krause, M. Defining the Transcriptional Redundancy of Early
Bodywall Muscle Development in C. elegans: Evidence for a Unified Theory of Animal Muscle Development. Genes Dev. 2006, 20,
3395–3406. [CrossRef]

108. Stroustrup, N.; Anthony, W.E.; Nash, Z.M.; Gowda, V.; Gomez, A.; López-Moyado, I.F.; Apfeld, J.; Fontana, W. The Temporal
Scaling of Caenorhabditis elegans Ageing. Nature 2016, 530, 103–107. [CrossRef]

109. Wolkow, C.A.; Kimura, K.D.; Lee, M.-S.; Ruvkun, G. Regulation of C. elegans Life-Span by Insulinlike Signaling in the Nervous
System. Science 2000, 290, 5. [CrossRef]

110. Libina, N.; Berman, J.R.; Kenyon, C. Tissue-Specific Activities of C. elegans DAF-16 in the Regulation of Lifespan. Cell 2003, 115,
489–502. [CrossRef]

111. Zhang, Y.-P.; Zhang, W.-H.; Zhang, P.; Li, Q.; Sun, Y.; Wang, J.-W.; Zhang, S.O.; Cai, T.; Zhan, C.; Dong, M.-Q. Intestine-Specific
Removal of DAF-2 Nearly Doubles Lifespan in Caenorhabditis elegans with Little Fitness Cost. Nat. Commun. 2022, 13, 6339.
[CrossRef]

112. Lee, H.; Lee, S.-J.V. Recent Progress in Regulation of Aging by Insulin/IGF-1 Signaling in Caenorhabditis elegans. Mol. Cells 2022,
45, 763–770. [CrossRef]

113. Solari, F. INMG, MeLiS, CNRS UMR 5284, INSERM U1314, University Claude Bernard Lyon 1, Lyon, France. 2015; unpublished.
114. Meissner, B.; Rogalski, T.; Viveiros, R.; Warner, A.; Plastino, L.; Lorch, A.; Granger, L.; Segalat, L.; Moerman, D.G. Determining the

Sub-Cellular Localization of Proteins within Caenorhabditis elegans Body Wall Muscle. PLoS ONE 2011, 6, e19937. [CrossRef]
115. Bhoi, A.; Palladino, F.; Fabrizio, P. Auxin Confers Protection against ER Stress in Caenorhabditis elegans. Biol. Open 2021, 10,

bio057992. [CrossRef] [PubMed]
116. Schaum, N.; Lehallier, B.; Hahn, O.; Pálovics, R.; Hosseinzadeh, S.; Lee, S.E.; Sit, R.; Lee, D.P.; Losada, P.M.; Zardeneta, M.E.; et al.

Ageing Hallmarks Exhibit Organ-Specific Temporal Signatures. Nature 2020, 583, 596–602. [CrossRef] [PubMed]
117. Tabula Muris Consortium A Single-Cell Transcriptomic Atlas Characterizes Ageing Tissues in the Mouse. Nature 2020, 583,

590–595. [CrossRef] [PubMed]
118. Kaletsky, R.; Yao, V.; Williams, A.; Runnels, A.M.; Tadych, A.; Zhou, S.; Troyanskaya, O.G.; Murphy, C.T. Transcriptome Analysis

of Adult Caenorhabditis elegans Cells Reveals Tissue-Specific Gene and Isoform Expression. PLoS Genet. 2018, 14, e1007559.
[CrossRef] [PubMed]

119. Ghaddar, A.; Armingol, E.; Huynh, C.; Gevirtzman, L.; Lewis, N.E.; Waterston, R.; O’Rourke, E.J. Whole-Body Gene Expression
Atlas of an Adult Metazoan. Sci. Adv. 2023, 9, eadg0506. [CrossRef] [PubMed]

120. Wang, X.; Jiang, Q.; Song, Y.; He, Z.; Zhang, H.; Song, M.; Zhang, X.; Dai, Y.; Karalay, O.; Dieterich, C.; et al. Ageing Induces
Tissue-specific Transcriptomic Changes in Caenorhabditis elegans. EMBO J. 2022, 41, e109633. [CrossRef] [PubMed]

121. Roux, A.E.; Yuan, H.; Podshivalova, K.; Hendrickson, D.; Kerr, R.; Kenyon, C.; Kelley, D. Individual Cell Types in C. elegans Age
Differently and Activate Distinct Cell-Protective Responses. Cell Rep. 2023, 42, 112902. [CrossRef]

122. Gao, S.M.; Qi, Y.; Zhang, Q.; Mohammed, A.S.; Lee, Y.-T.; Guan, Y.; Li, H.; Fu, Y.; Wang, M.C. Aging Atlas Reveals Cell-Type-
Specific Regulation of Pro-Longevity Strategies. bioRxiv 2023, 2023.02.28.530490. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.celrep.2021.109203
https://www.ncbi.nlm.nih.gov/pubmed/34077728
https://doi.org/10.1016/j.devcel.2021.04.021
https://www.ncbi.nlm.nih.gov/pubmed/33984269
https://doi.org/10.1038/s41580-018-0033-y
https://doi.org/10.1016/j.cell.2018.06.029
https://www.ncbi.nlm.nih.gov/pubmed/30057120
https://doi.org/10.1038/20694
https://www.ncbi.nlm.nih.gov/pubmed/10360574
https://doi.org/10.1126/sciadv.abg3012
https://www.ncbi.nlm.nih.gov/pubmed/34172445
https://doi.org/10.1111/acel.12713
https://www.ncbi.nlm.nih.gov/pubmed/29314608
https://doi.org/10.18632/aging.100639
https://www.ncbi.nlm.nih.gov/pubmed/24642473
https://doi.org/10.1101/gad.1481706
https://doi.org/10.1038/nature16550
https://doi.org/10.1126/science.290.5489.147
https://doi.org/10.1016/S0092-8674(03)00889-4
https://doi.org/10.1038/s41467-022-33850-4
https://doi.org/10.14348/molcells.2022.0097
https://doi.org/10.1371/journal.pone.0019937
https://doi.org/10.1242/bio.057992
https://www.ncbi.nlm.nih.gov/pubmed/33495210
https://doi.org/10.1038/s41586-020-2499-y
https://www.ncbi.nlm.nih.gov/pubmed/32669715
https://doi.org/10.1038/s41586-020-2496-1
https://www.ncbi.nlm.nih.gov/pubmed/32669714
https://doi.org/10.1371/journal.pgen.1007559
https://www.ncbi.nlm.nih.gov/pubmed/30096138
https://doi.org/10.1126/sciadv.adg0506
https://www.ncbi.nlm.nih.gov/pubmed/37352352
https://doi.org/10.15252/embj.2021109633
https://www.ncbi.nlm.nih.gov/pubmed/35253240
https://doi.org/10.1016/j.celrep.2023.112902
https://doi.org/10.1101/2023.02.28.530490

	Introduction 
	Increased Longevity Does Not Guarantee Improved Health in Old Age 
	Thinking about Aging at the Tissue-Scale 
	Importance of Addressing Aging on a Temporal Scale 

	Decoupling Developmental Phenotypes and Lifespan: Insights from DAF-2/IIRc and LET-363/TOR 
	Age-Associated Subcellular Changes: Commonalities and Distinct Patterns across Diverse Tissues 
	Defining Sequential Changes Characterizing Muscle Aging in C. elegans: A Step Forward 
	Delayed Age-Associated Sub-Cellular Changes through DAF-2/IIRc Inactivation 
	DAF-2/IIRc: Orchestrating Age-Dependent Mobility through Dual Autonomous and Non-Autonomous Pathways 

	Deciphering Sequential Changes in Tissue Aging in C. elegans: Limits and Future Directions 
	Conclusions 
	References

