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A negative correlation between fertil-
ity and longevity has been docu-
mented in many species under a variety
of conditions, but the association is not
always observed,' leading to heated dis-
cussion about the nature of the reproduc-
tion—longevity relationship.? This debate
is further fueled by the fact that no genes
or molecules have been clearly shown to
link the 2 traits. A recent study by Thon-
damal et al., in the nematode C. elegans
has identified one potential link. The
authors showed that the steroid signaling
pathway, which regulates reproduction,
is activated in response to dietary restric-
tion (DR) and is in fact required for DR-
induced lifespan extension.” Steroid sig-
naling mutants subjected to DR not only
failed to undergo lifespan extension but
also exhibited altered germline plasticity.
Interestingly, the requirement for steroid
signaling was bypassed when germline
plasticity was restored, suggesting that
the DR response is mediated, at least in
part, by signals from the germline. In
this commentary, I discuss the implica-
tions of these findings. Several theories of
aging have proposed the existence of an
energetic trade-off between reproduction
and lifespan,” but mechanistic details
are lacking. I propose that revisiting and
dissecting at the molecular level the link
between reproduction, nutrition, and
lifespan, will lead to a better understand-
ing of the aging process and its connec-
tion to reproduction.

Caenorhabditis elegans Is a Good
Aging Model

Discussions at the most recent Nobel
Week Dialog, which focused on aging,
made it quite clear that despite important
progress, we still lack a consensus on
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whether or how the aging process is regu-
lated.? Contrary to common belief, the
aging process is very diverse across the tree
of life,® and selecting model organisms for
the study of human aging is not straight-
forward. The nematode Cuaenorhabditis
elegans is one of the most widely used and
best characterized models in which to
Indeed,
under laboratory conditions, C. elegans

study human aging (Fig. 1).

hermaphrodites enjoy a long post-repro-
ductive life, similar to that observed in
human females. Of course, nematodes do
not experience menopause and they retain
the capacity to produce progeny later in
life if they mate with the (relatively rare)
males.”® Thus, in addition to being short-
lived and genetically malleable, C. elegans
is well suited to aging research because —
at least in its hermaphrodite form — it
actually experiences a life history that is
not so different from that of humans.

Long Life Is Unlikely to Be an
Adaptive Trait

Studies of experimental animals and
observations in humans have led to the
identification of an array of genes, meta-
bolic processes, and nutritional conditions
that can increase lifespan. The first idendi-
fied lifespan-enhancing intervention was
downregulation of the insulin signaling
pathway,”'® which activates several stress
response mechanisms, including antioxi-
dant and autophagic msponses.“’12 Simi-
larly, downregulation of mitochondrial
metabolism triggers the mitochondrial
unfolded protein response, an event that
may lead to lifespan extension.'”"> Abla-
tion of the germline in worms and flies
also extends the lifespan, in this case by
altering fat metabolism, insulin signaling,
and TOR signaling.w’19 However, unlike
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Figure 1. Caenorhabditis elegans is a good aging model. Although a recent report highlighted the
great variety of aging across the tree of life, ® C. elegans hermaphrodites have a long post-reproduc-
tive life, as do human females.

disruption of insulin signaling and mito-
chondrial metabolism, germline ablation
has not yet been confirmed to extend life-
span in mammals. Finally, dietary restric-
tion (DR), defined as reducing food
intake without reaching malnutrition, has
been shown to extend lifespan in a wide
range of species20 via TOR and AMP
kinase signaling and antioxidant and

established that the lifespan of wild type
animals, and probably that of humans
too, can be substantally enhanced by
numerous interventions. Although this
suggests that the concept of anti-aging
treatments is not so far-fetched, it does
imply that many cellular processes result-
ing from millions of years of evolution
actually limit the lifespan. If one assumes

enhancement must not contribute to fit-
ness. Accordingly, any genetic or pharma-
that
lifespan may well have a negative effect on
traits that do contribute to fitness, unless
appropriate compensatory mechanisms

cological  intervention extends

are in place. Thus, it is imperative that we
understand at the molecular level all con-
sequences of lifespan-extending
manipulations.

On the other hand, it is important to
stress that the DR response does not
require an active modification of the
organism and it is conserved across spe-
cies.?? Since most organisms have, in the-
ory, evolved to withstand conditions of
suboptimal food availability, it is reason-
able to ask whether DR-associated lifespan
extension is an adaptive response. One can
imagine that such a response does not
contribute to fitness per se but is either a
remote consequence of other adaptive
changes or a part of a (currently poorly
understood) evolutionary strategy to pro-
mote species survival. The data presented
in the report of Thondamal et al. begin to

explore these possibilities.”

The Steroid Signaling Pathway
Mediates Lifespan Extension
Through Dietary Restriction

Compared with their well-fed counter-

detoxification responses.”' Taken that evolution results in increased fitness,  parts, animals subjected to DR are health-
together,  these  observations have the implicaton is  that lifespan ier, remain healthy for a longer duration,
and experience a significant

delay in the onset of frailty,

A B C all of which contribute to
ABSOLUTE PARTIAL COUPLING ABSOLUTE their extended lifespan. In

COUPLING UNCOUPLING general, we know little about
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Figure 2. Three scenarios to explain the mechanistic link between fertility and longevity in response to nutritional
changes. In (A), the traits are strictly linked, either sequentially or non-sequentially. In (B), the traits are partially
linked, raising the possibility that fertility and lifespan may be affected independently but are also regulated by
common mediators. In (C), the traits are strictly unlinked.

(also called the Dauer stage)
is regulated by nutrient-sens-
ing pathways, such as the

insulin and transforming
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growth factor B (TGFp) signaling path-
ways, and by the steroid signaling path-
way.>* Production of the steroid hormone
dafachronic acid is curtailed when food is
scarce, contributing to growth arrest.”
When feeding is reinitiated, the cyto-
chrome P450 DAF-9 is activated and pro-
duces dafachronic acid, which in turn
activates the nuclear hormone receptor
DAEF-12. This results in the resumption of
growth and reproductive development.”
The events occurring in adult nematodes
subjected to DR are much less clear. The
recent study by Thondamal et al. showed
that steroid signaling in adult C. elegans is
also affected by food availability.” How-
ever, 2 important differences were noted
between the events in developing and
adult animals. First, contrary to develop-
ing larvae, adults produce dafachronic
acid during conditions of food scarcity.
Second, the induction of daf~9 in adults
does not depend on the presence or the
activity of either the insulin or the TGF@
pathways. How daf-9 is activated by nutri-
ent scarcity remains to be determined
(Fig. 3). Induction of the steroid signaling
pathway is required for DR-mediated life-
span extension; indeed, daf~9 mutants are
incapable of increasing dafachronic acid
production and do not live longer under
DR conditions. However, addition of
exogenous dafachronic acid restores life-
span extension to that of wildtype animals
subjected to DR. The nuclear hormone
receptor DAF-12, which mediates steroid
signaling in developing wildtype animals*
(and in germline-less animals'®), is not
implicated in DR-induced lifespan exten-
sion. Rather, the closely related homolog
NHR-8, involved in cholesterol homeo-
stasis, > is required. However, dafachronic
acids do not directly transactivate NHR-8
in vitro®>. Therefore, it is unclear how
NHR-8 is activated under these condi-
tions (Fig. 3). First, it is possible that
NHR-8 is activated by dafachronic acid
in wvivo, and the failure to detect this
in vitro is due to a requirement for missing
co-activators. Second, it is possible that
NHR-8 is activated by a currently uniden-
tified dafachronic acid metabolite. A
recent study demonstrated that several
forms of dafachronic acid can activate
DAF-12%, and this may also be true for
NHR-8. NHR-8 may

Finally, act
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downstream of dafachronic acid in an
indirect manner. More work will be

required to clarify this issue.

The Steroid Signaling Pathway
Links the Germline to the Dietary
Restriction-mediated Lifespan
Extension

In contrast to its effect on lifespan in C.
elegans, DR has a negative effect on fertil-
ity resulting from a delay in reproduc-
tion.22%%8 In C. elegans fed ad libitum,
egg laying ceases at day 4-6. However,
animals subjected to DR display an
reduced daily egg production but continue
to lay eggs until day 9-12.%%° A similar
trend is observed in mammals when
exposed to moderate DR and then
returned to an ad libitum diet.”” These
observations suggest that delaying repro-
duction in times of food scarcity is also
conserved across species. Whether repro-
duction and lifespan are co-regulated in
animals during DR conditions is not yet
known. In 1977, Thomas Kirkwood pro-
posed that the 2 processes are linked
through energy constraints. This theory,
known as the disposable soma theory of
aging,4 proposes that energy resources are
either dedicated to promoting reproduc-
tion or could be reallocated to maintain
somatic tissues, leading naturally to life-
span extension. However, it is not clear
how this theory might accommodate sit-
uations when food is limiting. One could
predict that when energy stores are low,
priority should be given to reproduction
at the expense of lifespan. However, it is
also possible that reproduction might be
turned off under such conditions, because
progeny survival would be compromised.
In this case, the best strategy may be to
delay reproduction until energy stores can
be replenished.

Interestingly, Drosophila fed a DR diet
supplemented with amino acids have the
same reproductive capacity and lifespan as
their well-fed counterparts, whereas sup-
plementation with other nutrients has no
effect on the typical DR phenotype of
extended lifespan and reduced fecundity.'
These data suggest first that lifespan exten-
sion and reduced fertility is triggered by
acid-associated

specific amino signals
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Figure 3. Hypothetical model based on the
findings of Thondamal et al.> Red arrows and
text serve to highlight several outstanding
questions: How is the key cytochrome P450
enzyme activated by DR?; which bile acid(s)
serves as a ligand for NHR-8?; and what is the
identity and mechanism of action of the sig-
nal(s) emitted by the germline that affects
lifespan?

rather than by energy limitation per se,
and second, that reproduction and life-
span are not strictly coupled under DR
(Fig. 2A).

Food restriction is known to cause
shrinkage of the germline in C. ele-
gans.”*?" Thondamal et al. found that the
DR-mediated loss of germline nuclei is
abrogated in animals in which steroid sig-
naling is disrupted by mutation of either
daf-9 or nhr-8. This is not surprising, con-
sidering that TOR signaling is known to
control germ cell proliferation upon
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nutrient limitation, but TOR mRNA lev-
els in the steroid signaling mutants are
unaffected by food  deprivation.”
Intrigued by the dual capacity of the ste-
roid signaling pathway to affect lifespan
and germline plasticity in response to DR,
Thondamal et al. searched for a potential
link between the 2 phenotypes. Perturba-
tion of the Notch and TGEFp signaling
pathways is known to diminish the germ
cell count in the distal gonzld.32 Remark-
ably, disruption of these pathways in ste-
roid mutants reduced the germ cell count
in the distal gonad under ad libitum con-
ditions and restored germline plasticity
upon DR. Moreover, the animals also
recovered their capacity to live longer
upon DR. These findings suggest that the
germline is involved in lifespan extension
upon nutrient deprivation and addition-
ally implicate steroid signaling as the link
between these events.

Taken together, the study of Thonda-
mal et al. in C. elegans’ and the study of
Drosophila discussed above! argue against
a strict coupling between reproduction
and lifespan under conditions of nutrient
restriction (Fig. 2A) but instead argue for
a partial coupling (Fig. 2B). The findings
in C elegans also exclude a complete
uncoupling (Fig. 2C) because the 2 traits
are clearly linked. This underscores the
urgent need to identify, at the molecular
level, all components of the pathways that
couple
Although steroid signaling is one compo-

reproduction  and lifespan.
nent, many other molecules are undoubt-
edly involved and await identification.
Although Thondamal et al. were able
to correlate the reduction in germ cell
count in the proximal gonad with lifespan
extension upon DR, the molecular iden-
tity of the hypothetical signal emitted by
the germline to mediate the lifespan
response to be
(Fig. 3). Nevertheless, several studies have

remains determined

provided some important clues. First, the
eat-2(ad1116) allele (which reduces pha-
ryngeal pumping and imposes mechanical
DR) extends the lifespan of wild type C.
elegans but not of germline-ablated ani-
mals.?® Second, DR by bacterial dilution
greatly extends the lifespan of glp-1
(e2141ts) mutants, which are deficient in
germline stem cell proliferation and con-
tain only a few non-proliferative germline

e1020276-4

stem cells (our unpublished data). Assum-
ing that the eat-2(ad1116) allele and bac-
terial dilution trigger a similar DR
response, these data would suggest that
the presence of germline stem cells (even
in the non-proliferative state) is a key to
lifespan extension upon DR. Finally, 2
recent studies found that mating of C. ele-
gans hermaphrodites with males abolished
their capacity to respond to DR.**** Mat-
ing also provoked a drastic shrinking of
the  hermaphrodites, including the
gonad,®* effectively excluding the possibil-
ity that gonad shrinking alone explains
lifespan extension though DR. Instead,
the data suggest that the animals’ repro-
ductive status plays a role in the decision
to trigger the longevity response. More
work will be required to gain a detailed
understanding of how this is achieved and
to identify the critical factors that transmit
“reproductive messages” to the soma.

Conservation of the Molecular
Components Linking the
Reproductive and Longevity
Responses to Dietary Restriction

Because the link between lifespan
extension and low fertility is widely
observed across the tree of life, it is reason-
able to ask whether these phenotypes are
also coordinately regulated in a conserved
manner. One important test will be to
determine whether DR lengthens the lives
of sterile animals of various species. How-
ever, such experiments are not straightfor-
ward. The signal(s)
capable of triggering the somatic DR

germline-derived

response would first need to be identified
to ensure that the method of sterilization
is capable of impinging on the production
of the signal(s).

As mentioned above, the study by
Thondamal et al. showed that coordina-
tion of the reproductive and lifespan phe-
notypes by steroid signaling involves
NHR-8.% This receptor is homologous to
several mammalian sterol-sensing recep-
tors, such as the farnesoid X receptor
(FXR), vitamin D receptor (VDR), liver
X receptor (LXR), constitutive androstane
receptor (CAR), and pregnane X receptor
(PXR). These receptors are capable of
binding to a wide variety of cholesterol
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derivatives (oxysterols). Also, as discussed
above, the NHR-8 ligand involved in the
DR response is not known. The secretion
of most bile acids is induced upon feeding
in mammals, but some are overproduced
upon fasting as well®® which makes it dif-
ficult to predict which steroid hormone
might function analogously to dafachronic
acid. However, it is interesting to note
that FXR was recently described to affect
autophalgy,‘%’37 as does NHR-8.>

FGF21 is another candidate for linking
reproduction and lifespan in mammals.
This peptidic hormone is induced by fast-
ing, and transgenic mice constitutively
overexpressing FGF21 have extended life-
spans and disturbed reproductive capabili-
ties compared with wild type mice.”®?’
No clear FGF21 homolog has been identi-
fied in the C. elegans genome, but it is
interesting that the expression of FGF21
in mice is also controlled by sterol-sensing
nuclear receptors that resemble NHR-8,%°
supporting the possibility that FGF21
may link lifespan and reproduction in
mice. In sum, many nutrient-regulated
longevity and reproductive phenotypes are
clearly conserved, and there are some
intriguing clues suggesting that similar
molecular mediators may be involved in
different species. However, confirmation
must await complete identification of the
genes and molecules that link lifespan to
reproduction in different species.

Conclusion

Accumulating evidence suggests that
lifespan is affected by numerous proximal
processes. Interference with normal con-
trol of proteostasis, mitochondrial metab-
olism, and fat metabolism, for example,
all limit lifespan to some extent, and these
are areas of intense interest in aging
research. Less clear is whether there is a
conserved intervention that can extend the
lifespan across species. DR is currently the
only non-pharmalogical intervention
known to promote longevity in wild type
animals. A full understanding of this
response will be essential to design appro-
priate interventions that induce all proxi-
mal processes required to extend lifespan.
In addition, elucidating the pathways that
link lifespan to other adaptive traits,
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including reproduction, may pave the way

to the design of interventions that extend

lifespan without incurring biological costs.
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