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Complex, whole-organism processes such as energy homeosta-
sis, reproduction, and somatic tissue maintenance are coordi-
nated by networks of signaling cascades that direct tissue- and 
cell-specific physiological changes. Nutrients are crucial re-
quirements for most biological processes; thus, signaling path-
ways that detect nutrient availability are among those that exert 
a broad influence within all organisms. Seminal research during 
the last few decades has revealed that nutrient-sensing systems 
including the insulin/insulin-like growth factor 1 (IGF-1) sig-
naling (IIS) pathway, mechanistic target of rapamycin (mTOR), 
and AMP-activated protein kinase (AMPK) influence life his-
tory strategies such as those that determine reproductive status 
and somatic tissue maintenance with age.

Somatic and reproductive aging
Aging can be defined as progressive physiological decline 
after reproductive maturation, characterized by such features 

as reduced fecundity, mitochondrial dysfunction, decreased 
protein homeostasis, genomic instability, epigenetic changes, 
cellular senescence, and impaired metabolic homeostasis 
(López-Otín et al., 2013). Targeting mechanisms that control 
age-dependent changes not only affects specific conditions or 
aging-related diseases but can also extend lifespan. In fact, the 
capacity to systemically manipulate somatic aging would not 
likely exist without the underlying connections between metab-
olism, reproduction, and longevity.

A decline in female reproductive capacity is one of the 
earliest hallmarks of age-related deterioration in humans (te 
Velde and Pearson, 2002; Cohen, 2004). Rates of infertility, 
birth defects, and unsuccessful pregnancy outcomes increase 
more than a decade before menopause, well in advance of 
marked neuroendocrine changes or exhaustion of oocyte sup-
ply (Armstrong, 2001; te Velde and Pearson, 2002). The early 
stages of reproductive decline are likely caused by age-related 
deterioration in oocyte quality, evident in the rise of chromo-
somal abnormalities such as aneuploidy (te Velde and Pearson, 
2002). Reproductive cessation is followed by a lengthy post-
reproductive lifespan in humans, and a tendency for reproduc-
tive senescence to precede somatic senescence and/or death has 
also been documented for the females of numerous mammalian 
species, including nonhuman primates, toothed whales, lions, 
African elephants, polar bears, domesticated livestock species, 
dogs, and laboratory rodents (Cohen, 2004). Interestingly, the 
reproductive capacity of Caenorhabditis elegans hermaphro-
dites spans only one third to one half of total lifespan under 
nutrient-replete conditions, and, similar to humans, reproduc-
tive decline in this nematode is associated with a deterioration 
of oocyte quality (Hughes et al., 2007; Luo et al., 2009, 2010). 
Moreover, there appears to be a degree of evolutionary con-
servation from C. elegans to mice and humans for regulatory 
mechanisms that determine oocyte quality maintenance and 
reproductive aging (Hamatani et al., 2004; Steuerwald et al., 
2007; Luo et al., 2010). Ongoing investigation into the signal-
ing pathways and molecular mechanisms that control female 
reproductive senescence will likely continue to shed light on the 
processes governing reproductive and somatic aging.

Connections between reproductive status, 
metabolic resources, and longevity
Female reproductive decline is not simply a hallmark of aging; 
there are many lines of evidence indicating the existence of close 

Nutrients are necessary for life, as they are a crucial re-
quirement for biological processes including reproduc-
tion, somatic growth, and tissue maintenance. Therefore, 
signaling systems involved in detecting and interpreting 
nutrient or energy levels—most notably, the insulin/
insulin-like growth factor 1 (IGF-1) signaling pathway, 
mechanistic target of rapamycin (mTOR), and adenosine 
monophosphate-activated protein kinase (AMPK)—play 
important roles in regulating physiological decisions to 
reproduce, grow, and age. In this review, we discuss the 
connections between reproductive senescence and so-
matic aging and give an overview of the involvement of 
nutrient-sensing pathways in controlling both reproduc-
tive function and lifespan. Although the molecular mecha-
nisms that affect these processes can be influenced by 
distinct tissue-, temporal-, and pathway-specific signaling 
events, the progression of reproductive aging and somatic 
aging is systemically coordinated by integrated nutri-
ent-sensing signaling pathways regulating somatic tissue 
maintenance in conjunction with reproductive capacity.
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ties between reproductive status and longevity. For instance, 
artificial selection for late-life reproduction was associated 
with lifespan extension in the fruit fly Drosophila melano-
gaster in addition to reduced early-life fecundity (Rose and 
Charlesworth, 1980; Luckinbill et al., 1984), whereas selection 
for extended lifespan correlated with a reduction in overall re-
productive activity (Zwaan et al., 1995). In human populations, 
female fertility late in life and/or increased age at menopause is 
associated with an increase in life expectancy (Perls et al., 1997; 
Cooper and Sandler, 1998; Gagnon, 2015; Jaffe et al., 2015). 
These correlative associations beg the question of whether re-
productive function and somatic senescence are causally linked.

Mechanistic connections between the reproductive system 
and longevity have been explored using C.  elegans and were 
later verified in other organisms. Ablation or genetic disruption 
of germline stem cells in C. elegans imparts a significant exten-
sion of lifespan (Hsin and Kenyon, 1999; Arantes-Oliveira et 
al., 2002). This effect on longevity is not caused by infertility 
per se, as it is abrogated by additional ablation of the somatic 
gonad (support tissue for the germ cells; Hsin and Kenyon, 
1999), and mutations that prevent oocyte or sperm formation 
cause infertility without changes to lifespan (Arantes-Oliveira 
et al., 2002). Instead, signaling pathways actively coordinate 
germline changes with somatic aging and vice versa. To extend 
lifespan, germline loss in C.  elegans requires changes in so-
matic tissue that include nuclear localization of the transcription 
factor DAF-16, a key IIS target homologous to the mammalian 
FoxO family (Hsin and Kenyon, 1999; Berman and Kenyon, 
2006; Ghazi et al., 2009). Germlineless lifespan extension is 
mediated through effectors with important roles in fatty acid 
metabolism and autophagy, downstream of DAF-16/FoxO and 
other transcription factors (Antebi, 2013). Importantly, germ 
cell loss also extends lifespan of D. melanogaster (Flatt et al., 
2008), and transplantation of younger ovaries into female mice 
(Cargill et al., 2003) or castration in humans (Min et al., 2012) 
have both been associated with increases in life expectancy. 
Therefore, manipulating the germline or gonad leads to somatic 
changes associated with lifespan extension, and this relationship 
seems to be evolutionarily conserved. Conversely, activities of 
signaling pathways such as TGF-β Sma/Mab in somatic tissues 
have non–cell-autonomous effects in the C.  elegans germline 
that are associated with regulating oocyte quality maintenance 
and reproductive aging (Luo et al., 2010). In addition, nutrient 
cues that convey information such as somatic nutrient stores 
cause germline responses. For instance, the levels of fatty acids 
mobilized from somatic tissue in C. elegans hermaphrodites are 
interpreted in the germline and translated into signals that deter-
mine commitment to oogenesis versus spermatogenesis (Tang 
and Han, 2017). Overall, it appears that although the specific 
cues have not all been uncovered, the germline is an important 
signaling hub for the coordination of reproductive status with 
somatic conditions (Antebi, 2013). Furthermore, metabolic 
pathways and processes are key participants in the bidirectional 
lines of communication between germline and soma.

It is well known that nutrient availability is crucial for 
the energetically expensive processes of reproduction, somatic 
growth, and tissue maintenance. A connection between food 
supply and the improved fertility of domestic animals was 
proposed by Charles Darwin and has likely been observed in 
some form since the early days of animal husbandry (Wade 
and Schneider, 1992). Dietary restriction (i.e., reduced nutrient 
intake without malnutrition) can cause a reduction in progeny 

number, but importantly, it also significantly delays reproduc-
tive senescence in model organisms from C. elegans (Hughes 
et al., 2007; Luo et al., 2009) and D. melanogaster (Rauser et 
al., 2005) to mice and rats (Merry and Holehan, 1979; Nelson 
et al., 1982; McShane and Wise, 1996; Selesniemi et al., 2008). 
Moreover, dietary restriction interventions have evolutionarily 
conserved beneficial effects on age-related health and/or lifes-
pan (McCay et al., 1935; Klass, 1977; Lakowski and Hekimi, 
1998; Colman et al., 2009, 2014; Grandison et al., 2009; Mat-
tison et al., 2012; Mercken et al., 2013). Although the mecha-
nisms by which dietary restriction affects health and lifespan 
are complex and not yet fully elucidated, it appears that nutri-
ent-sensing signaling pathways such as IIS, mTOR, and AMPK 
play a role (Fontana and Partridge, 2015). Interestingly, rather 
than depending on a reduction of total calories per se, effects 
of dietary restriction are observed with intermittent energy re-
striction or time-restricted feeding regimes that do not reduce 
cumulative energy intake and can even result from exclusively 
altering levels of individual macronutrients or amino acids (e.g., 
methionine; Lee et al., 2008; Maklakov et al., 2008; Grandison 
et al., 2009; Solon-Biet et al., 2014, 2015; Brandhorst et al., 
2015; Fontana and Partridge, 2015). Stimuli such as specific 
macronutrients trigger different responses among the nutri-
ent-sensing signaling pathways, and the signaling responses to 
a dietary restriction intervention are likely important for deter-
mining its health, reproductive, and lifespan outcomes.

Because nutritional input is required for somatic growth 
and maintenance as well as reproduction, conceptually, it stands 
to reason that there would be systems in place to detect nutri-
ent availability and adjust both progeny production and somatic 
maintenance accordingly. Evolutionarily conserved signaling 
pathways that detect and interpret levels of specific nutrients 
fulfill a fundamental aspect of that role. We suggest that the 
capacity of signaling systems to impact longevity is primar-
ily a byproduct of coupling extended somatic maintenance to 
an extension of reproductive function, which would optimize 
chances for reproductive success under stressful conditions. 
However, although reproductive capacity and longevity may 
be systemically coordinated by integrated signaling networks, 
the molecular mechanisms that directly impact these processes 
are the result of tissue-, temporal-, and/or pathway-specific 
signaling events. Thus, the signaling pathways directing these 
life history decisions can be manipulated without the ultimate 
cost of reducing reproductive output or lifespan (Partridge et 
al., 2005; Antebi, 2013), likely because of a degree of redun-
dancy between nutrient-sensing systems, specificity in the sig-
naling effects of specific nutrients, and downstream signaling 
events within individual tissues. Nutrient-sensing signaling 
pathways thereby determine the progression of both somatic 
and reproductive aging.

IIS
IIS is a critical coordinator of nutrient availability with energy 
homeostasis and metabolic processes across diverse inverte-
brate and vertebrate species. The IIS pathway is activated by 
insulin-like peptide (ILP) ligands whose levels are responsive to 
nutrient availability and/or sensory information. Approximately 
40 genes in C. elegans (Pierce et al., 2001; Li et al., 2003) en-
code putative ILPs, including both agonists and antagonists 
of the IIS tyrosine kinase receptor; C.  elegans ILPs interact 
within a complex network and exert distinct effects on vari-
ous physiological processes (Fernandes de Abreu et al., 2014). 
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D. melanogaster has eight putative ILPs (Brogiolo et al., 2001; 
Garelli et al., 2012), and the mammalian insulin-like superfam-
ily comprises at least 10 ILPs, although of these, insulin and the 
insulin-like growth factors IGF-1 and -2 are the only IIS tyro-
sine kinase receptor ligands. Levels of bioactive IGF-1 and -2 
in circulation are determined by growth hormone signaling and 
IGF binding proteins (Werner et al., 2008). In contrast, insulin 
levels are acutely altered in response to circulating nutrients, 
in addition to being basally regulated depending on chronic 
demand. Immediate fluctuations result from stimulation or re-
pression of insulin secretion from pancreatic β cells; glucose 
is the primary secretagogue, but other nutrients and circulating 
factors affect insulin levels, including specific amino acids (e.g., 
a combination of glutamine and leucine), free fatty acids, and 
other hormones (Fu et al., 2013). Increased circulating insulin 
activates the IIS pathway in responsive target tissues, leading to 
the promotion of nutrient uptake and storage.

Binding of insulin-like agonists to an IIS tyrosine kinase 
receptor causes receptor activation and the phosphorylation 
of cellular receptor substrates, which can initiate signal trans-
duction via two major branches of IIS: the phosphatidylinosi-
tol 3-kinase (PI3K)/Akt pathway and the Ras/MAPK pathway 
(Fig.  1). In the PI3K/Akt pathway, activated PI3K generates 
the second messenger phosphatidylinositol 3,4,5-trisphosphate; 
controlling PI(3,4,5)P3 levels is one key step for negative regula-
tion of the PI3K/Akt signaling cascade performed by phospho-
lipid phosphatases such as the phosphatase and tensin homolog 
(PTEN). PI(3,4,5)P3 stimulates recruitment and activation of 
3-phosphoinositide–dependent protein kinase-1, which leads to 
activation of its Akt/protein kinase B substrate (Taniguchi et al., 
2006). Akt phosphorylates many targets, including the FoxO 
transcription factor family (Brunet et al., 1999; Lin et al., 2001; 
Taniguchi et al., 2006). Phosphorylation by Akt excludes FoxO 
from the nucleus, leading to reduced transcription of its targets, 
including genes involved in stress responses, protein homeosta-
sis, cell maintenance, and metabolic pathways (Lin et al., 2001; 
Murphy et al., 2003; Webb et al., 2016). In mammals, other 
known substrates of Akt include the Rab-GTPase–activating 
protein AS160 (Akt substrate of 160 kD), which is involved in 
controlling glucose uptake; glycogen synthase kinase 3, which 
represses glycogen synthase activity; and tuberous sclerosis 
complex (TSC) 1/TSC2, which regulates the activity of mTOR 
complex (mTORC) 1 (Taniguchi et al., 2006). Consequently, 
PI3K/Akt signaling is associated with downstream changes that 
influence stress responses and cell survival in addition to pro-
moting nutrient uptake and storage.

The Ras/MAPK signaling pathway is also largely com-
prised of a kinase cascade, downstream of receptors that are ac-
tivated by growth factors and other stimuli. In brief, activation of 
the small GTPase Ras leads to the stepwise activation of the ser-
ine/threonine kinase Raf, MAPK kinase (MEK) 1 and MEK2, 
and subsequently of ERK1 and ERK2 (Taniguchi et al., 2006; 
Aksamitiene et al., 2012). Although components of Ras/MAPK 
signaling appear to be highly conserved between C. elegans and 
mammals, Ras/MAPK signaling is not considered as central for 
mediating IIS as the PI3K/Akt branch of signaling in inverte-
brates (Sundaram, 2013; Chi et al., 2016). Nonetheless, the IIS 
receptor is one of the receptors upstream of the Ras homologue 
in C. elegans (Nanji et al., 2005), and in D. melanogaster, the 
IIS receptor substrate impacts Ras/MAPK signaling (Slack et 
al., 2015). In mammals, the Ras/MAPK pathway is viewed pri-
marily as a mitogenic pathway; downstream targets of activated 

ERKs include the p90 ribosomal protein S6 kinase (RSK) and 
the transcription factor ELK1, which influence cell growth, pro-
liferation, differentiation, and survival (Taniguchi et al., 2006). 
Importantly, though, multiple levels of cross-talk interactions 
exist between the PI3K/Akt and Ras/MAPK signaling pathways 
(Aksamitiene et al., 2012). Collectively, IIS affects energy ho-
meostasis through both metabolic and mitogenic responses.

Although core IIS components are highly conserved from 
invertebrates to humans, there are additional layers of complex-
ity in these signaling networks. For instance, in C. elegans, the 
IIS tyrosine kinase receptor (DAF-2) and the FoxO transcrip-
tion factor homologue (DAF-16) both have splice isoforms with 
distinct roles in biological processes including lifespan control, 
taste avoidance learning, and regulation of target genes (Lin et 
al., 2001; Ohno et al., 2014; Chen et al., 2015a). In mammals, 
the IIS tyrosine kinase receptors include an IGF-1 receptor and 
two functionally distinct splice isoforms of the insulin recep-
tor, in addition to hybrids between receptor subunits; insulin, 
IGF-1, and IGF-2 vary in their binding affinities to these re-
ceptors (Taniguchi et al., 2006). Different signaling effects of 
these ligands are therefore based in part on the receptors being 
differentially distributed temporally and spatially as well as 
exhibiting preferential association with distinct cellular re-
ceptor substrates (Taniguchi et al., 2006). Many downstream 
signaling components of the mammalian IIS network are also 
known to have multiple forms and isoforms, with differences 
in tissue distribution, cellular localization, activation kinetics, 
and binding partner interactions (Taniguchi et al., 2006). This 
allows IIS to mediate diverse and intricate downstream effects 
in different tissues in response to sensory input and/or nutrient 
availability. IIS is therefore ideal for coordinating fundamen-
tal whole-organism processes—such as energy homeostasis, 
reproductive status, and somatic growth or maintenance—with 
environmental conditions.

IIS and reproduction.  IIS governs metabolism, 
growth, tissue maintenance, and reproduction in response to nu-
trient abundance. Therefore, altering IIS changes the rates of 
these processes and by extension affects longevity (Fig. 1). For 
example, its role in jointly controlling reproductive status and 
survival is evident in larval C. elegans. DAF-2/DAF-16 signal-
ing is one of the primary pathways, along with the TGF-β Dauer 
pathway, regulating the formation of dauer larvae; the dauer lar-
val stage is an alternative prereproductive stage that allows pro-
longed survival under stressful conditions, with the capacity to 
later develop into adults with full reproductive competence 
(Riddle et al., 1981; Thomas et al., 1993; Gottlieb and Ruvkun, 
1994). Notably, the IIS pathway and the Sma/Mab branch of 
TGF-β signaling (Luo et al., 2009) are both important regula-
tors of age-related reproductive decline in C. elegans adults. For 
instance, deletion of daf-28, ins-6, ins-13, or ins-31 (genes en-
coding ILPs) extends the reproductively competent period of 
adulthood (i.e., reproductive span; Fernandes de Abreu et al., 
2014). Moreover, although reduction-of-function IIS receptor 
mutants (i.e., daf-2(−) mutants) can show a slight reduction in 
total progeny production (Kenyon et al., 1993), they also exhibit 
a dramatic reproductive span extension that is dependent on ac-
tivity of the DAF-16/FoxO transcription factor in somatic tissue 
(Hughes et al., 2007; Luo et al., 2009, 2010). This is associated 
with improvements in germline and oocyte maintenance with 
age, which leads to increased viability of the oocytes and em-
bryos produced by aging daf-2(−) worms (Luo et al., 2010). IIS 
regulates several stages of germ cell and oocyte development in 
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C. elegans, including germline stem cell proliferation and main-
tenance (Luo et al., 2010; Michaelson et al., 2010; Qin and 
Hubbard, 2015) and oocyte meiotic progression (Lopez et al., 
2013). Consistent with the demonstrated importance of IIS for 
C.  elegans reproduction, reducing expression of specific 
D. melanogaster ILPs (Grönke et al., 2010) or overexpressing 
the D. melanogaster FoxO homologue (Giannakou et al., 2004) 
can lead to reduced total progeny production, and female 
D.  melanogaster with reduction-of-function mutations of the 
IIS receptor are sterile (Tatar et al., 2001). Loss-of-function mu-
tations of the IIS receptor have cell-autonomous effects in fe-
male D.  melanogaster germlines, causing reduced germline 
stem cell proliferation and vitellogenesis (LaFever and Drum-
mond-Barbosa, 2005), and IIS receptor loss-of-function in so-
matic tissue impairs germline stem cell maintenance (Hsu and 
Drummond-Barbosa, 2009). Therefore, IIS is clearly involved 
in regulating reproductive function in invertebrates.

IIS also has important effects on mammalian reproduc-
tion. Whole-body insulin receptor substrate (IRS)-2 deletion 
(Burks et al., 2000) or neuronal-specific disruption of the insu-
lin receptor (Brüning et al., 2000) significantly reduces fertility 
in mice, associated with dysregulation of the hypothalamic–
pituitary–gonadal axis as well as fewer follicles or impaired 
follicle maturation. Although some degree of oocyte-specific 
3-phosphoinositide–dependent protein kinase-1 signaling is 
required to maintain survival of primordial follicles (Reddy et 
al., 2009), whole-body disruption of the FoxO3A isoform (Cas-
trillon et al., 2003; Hosaka et al., 2004) or oocyte-specific loss 
of IIS negative regulator PTEN (Reddy et al., 2008) leads to 
activation of the entire follicular pool and the subsequent pre-
mature depletion of functional ovarian follicles in female mice, 
thereby causing infertility early in adulthood. Conversely, over-
expression of constitutively active FoxO3 increases ovarian re-
productive capacity and fertility of female mice (Pelosi et al., 

Figure 1. IIS and its effects on reproduction and longevity. Many IIS components have been shown to affect reproductive function (green asterisks) and/
or lifespan (orange asterisks) in C. elegans, D. melanogaster, and/or mice; these signaling components are indicated by asterisks in this simplified IIS sche-
matic. ILP ligands bind to a transmembrane IIS tyrosine kinase receptor (DAF-2 in C. elegans), which autophosphorylates and then recruits and activates 
key substrates, either directly or through receptor substrate intermediates. In the PI3K/Akt branch of IIS (left), activated PI3K converts PI(4,5)P2 into second 
messenger PI(3,4,5)P3; PI(3,4,5)P3 levels are negatively regulated by phospholipid phosphatases such as the PI3-phosphatase PTEN. PI(3,4,5)P3 stimulates 
recruitment and activation of 3-phosphoinositide–dependent protein kinase-1 (PDPK1) and its substrate, Akt/protein kinase B. Once activated through 
phosphorylation, Akt phosphorylates many cellular substrates not depicted in this image, including the Rab-GTPase–activating protein AS160, glycogen 
synthase kinase-3, and TSC1/TSC2. One key target of Akt is the FoxO transcription factor (DAF-16 in C. elegans); phosphorylation by Akt results in its 
exclusion from the nucleus and prevention of its transcriptional activity. In the Ras/MAPK branch of IIS (right), binding of the adapter protein Grb2 and the 
guanine nucleotide exchange protein Son of sevenless (SOS) to the activated IIS receptor, either directly or via a docking protein, allows SOS to catalyze 
a transformation of inactive GDP-bound Ras to active GTP-bound Ras. The activated small GTPase Ras stimulates activation of the serine/threonine kinase 
Raf, which leads to stepwise phosphorylation and activation of MEK1/MEK2 and then ERK1/ERK2. Activated ERK1/2 phosphorylates many cellular and 
nuclear substrates not depicted in this image, including RSK and the transcription factor ELK1. Blue arrows indicate phosphorylation (kinase activity); red 
arrows indicate dephosphorylation (phosphatase activity).
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2013). Screening the coding region of FOXO3 in populations 
of women with premature ovarian failure identified rare single- 
nucleotide polymorphisms in that locus (Watkins et al., 2006; 
Gallardo et al., 2008; Wang et al., 2010), although this form of 
ovarian dysfunction may not be representative of the normal 
progression of reproductive aging. Nonetheless, numerous lines 
of evidence have demonstrated that central and peripheral IIS 
is involved in regulating oocyte development, ovarian function, 
and reproductive status (Sliwowska et al., 2014; Das and Arur, 
2017). Given the apparent evolutionary conservation of mecha-
nisms that determine oocyte quality maintenance (Hamatani et 
al., 2004; Steuerwald et al., 2007; Luo et al., 2010), we suggest 
that IIS may also influence reproductive aging in humans.

IIS and somatic aging.  Systemic IIS likely has coor-
dinated effects on reproductive function and somatic mainte-
nance because down-regulation of IIS is also associated with 
increased longevity from invertebrates to humans. For instance, 
centenarians of a human population had lower fasting insulin 
levels than the ∼78-yr-old comparison group (Paolisso et al., 
1996), and decreased composite IIS scores were associated with 
reduced mortality in women (Van Heemst et al., 2005). Reduc-
tion of ins-7 (which encodes a putative ILP agonist of the 
DAF-2 receptor) extends C.  elegans lifespan, whereas con-
versely, intestinal overexpression of INS-7 or reduction of ins-
18 (which encodes a putative DAF-2 antagonist), shortens 
lifespan (Murphy et al., 2003, 2007). Similarly, knockdown of 
the D. melanogaster ILP dilp2 gene extends D. melanogaster 
lifespan (Grönke et al., 2010). In mice, directly or indirectly 
reducing bioactive and/or circulating IGF-1 levels is associated 
with lifespan extension (Conover and Bale, 2007; Svensson et 
al., 2011; Lorenzini et al., 2014), and specifically reducing insu-
lin without changing levels of Igf1 or circulating IGF-1 also 
extends lifespan (Templeman et al., 2017). Maintaining some 
degree of IIS is clearly necessary, so extreme down-regulation 
or deletion of IIS is detrimental for invertebrates and mammals. 
However, although the degree of lifespan extension varies (de-
pending on such factors as diet, background strain, sex, and the 
targeted signaling component), reduction-of-function mutations 
of IIS pathway components can result in as much as a ∼1,000% 
increase in C. elegans lifespan (Ayyadevara et al., 2008), ∼40–
85% increase in D. melanogaster lifespan (Clancy et al., 2001; 
Tatar et al., 2001), and ∼6–33% lifespan extension in mice 
(Holzenberger et al., 2003; Taguchi et al., 2007; Selman et al., 
2008; Foukas et al., 2013).

Genetic down-regulation of many core IIS signaling com-
ponents has an evolutionarily conserved effect on longevity 
(Fig. 1). In C. elegans and D. melanogaster, reduction-of-func-
tion mutations of the gene encoding the IIS tyrosine receptor 
cause lifespan extension (Kenyon et al., 1993; Tatar et al., 
2001). In mice, partial whole-body inactivation of IGF-1 re-
ceptors can extend lifespan (Holzenberger et al., 2003), and 
brain-specific reduction of IGF-1 receptors is associated with 
metabolic alterations and lifespan extension (Kappeler et al., 
2008). Insulin receptor knockout under the adipocyte protein 
2 promoter (which might not effectively target all white adipo-
cytes and affects other cell types such as endothelial cells; Jef-
fery et al., 2014) significantly extends lifespan in mice (Blüher 
et al., 2003); however, adipose tissue knockout of insulin re-
ceptors under the more specific and more effective adiponectin 
promoter (Jeffery et al., 2014) is severe enough to cause seri-
ous disruption of metabolic homeostasis, resulting in impaired 
insulin-stimulated glucose uptake, lipodystrophy, nonalcoholic 

fatty liver disease, and a shortened lifespan (Friesen et al., 2016; 
Qiang et al., 2016). Adult-only partial inactivation of the insulin 
receptor in nonneuronal tissues is not sufficient to alter lifespan 
(Merry et al., 2017); collectively, it seems that effects of insu-
lin receptor knockdown on murine lifespan depend on temporal 
considerations, tissue-specific effects, and the degree to which 
IIS is down-regulated. Interestingly, increased human longevity 
has been associated with variation in the insulin receptor gene 
(Kojima et al., 2004) or reduction-of-function mutations of the 
IGF-1 receptor (Suh et al., 2008), and genetic variation in the 
IGF-1 receptor gene linked to lower circulating IGF-1 levels can 
also be detected with increased frequency in long-lived humans 
(Bonafè et al., 2003). Downstream of IIS tyrosine kinase re-
ceptors, reduction-of-function mutation of an IIS receptor sub-
strate extends lifespan in D. melanogaster (Clancy et al., 2001); 
similarly, decreasing whole-body expression of IRS-1 (Selman 
et al., 2008) or reducing IRS-2 levels through whole-body hap-
loinsufficiency or brain-specific deletion (Taguchi et al., 2007) 
extends lifespan in mice. Reducing levels of the PI3K catalytic 
subunit extends lifespan in both C. elegans and mice (Friedman 
and Johnson, 1988; Foukas et al., 2013), and haploinsufficiency 
of the Akt1 isoform increases lifespan in mice (Nojima et al., 
2013). Concurrent reduction-of-function mutation of the phos-
pholipid phosphatase negative regulator of the PI3K/Akt path-
way counteracts IIS-mediated lifespan expansion in C. elegans 
(Dorman et al., 1995; Larsen et al., 1995) and transgenic overex-
pression of the homologous phospholipid phosphatase extends 
lifespan in both D.  melanogaster and mice (Hwangbo et al., 
2004; Ortega-Molina et al., 2012). Most of these investigations 
have focused on the PI3K/Akt pathway; inhibiting Ras/MAPK 
signaling only extends lifespan by ∼4–8% in D. melanogaster 
(Slack et al., 2015), and in mice with deficient Ras/MAPK sig-
naling in pancreatic β cells and brain regions, lowered circulat-
ing insulin and IGF-1 may contribute to lifespan extension by 
altering systemic PI3K/Akt signaling (Borrás et al., 2011). The 
PI3K/Akt branch of IIS clearly has an important, evolutionarily 
conserved influence on somatic aging and longevity.

IIS affects longevity by regulating processes such as me-
tabolism, protein homeostasis, and stress responses. Reduc-
tion-of-function mutations of PI3K/Akt signaling components 
affect lifespan in C. elegans by commandeering at least some of 
the same downstream mechanisms that extend survival in dauer 
larvae (Murphy et al., 2003; Wang and Kim, 2003; Ewald et 
al., 2015). Interestingly, the branch of TGF-β signaling that is 
involved with dauer formation also influences adult C. elegans 
lifespan through its interactions with IIS (Shaw et al., 2007). 
Importantly, however, lifespan extension can be experienced by 
reproductively competent adults that never entered the dauer 
stage (Friedman and Johnson, 1988; Kenyon et al., 1993; Dil-
lin et al., 2002). In both C. elegans and D. melanogaster, the 
FoxO transcription factor homologue plays a fundamental, re-
quired role in mediating the lifespan extension that results from 
down-regulating IIS components (Dorman et al., 1995; Larsen 
et al., 1995; Lin et al., 1997; Ogg et al., 1997; Slack et al., 2011), 
and overexpression of this transcription factor in the fly fat body 
is sufficient to extend lifespan in D. melanogaster (Giannakou 
et al., 2004; Hwangbo et al., 2004). Notably, genetic variation 
in FOXO1 (Lunetta et al., 2007; Li et al., 2009) and FOXO3A 
(Willcox et al., 2008; Flachsbart et al., 2009; Li et al., 2009; 
Pawlikowska et al., 2009; Broer et al., 2015) has been linked 
with long human lifespan. DAF-16/FoxO transcriptional targets 
that contribute to C.  elegans IIS-mediated lifespan extension 
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include genes involved in stress responses, pathogen resistance, 
protein homeostasis, and metabolic pathways (Murphy et al., 
2003; Tepper et al., 2013), and many of the targeted processes 
are conserved in D. melanogaster, mice, and humans (Webb et 
al., 2016). Other key IIS-responsive transcription factors that 
contribute to regulation by IIS of lifespan in C. elegans (likely 
in part through functional relationships with DAF-16/FoxO, 
in addition to independent transcriptional targets) include 
heat shock transcription factor HSF-1 (Hsu et al., 2003), Nrf 
family transcription factor SKN-1 (Tullet et al., 2008; Ewald 
et al., 2015), and the zinc finger transcription factor PQM-1 
(Tepper et al., 2013). IIS therefore governs somatic aging and 
longevity through some of the same transcription factors and 
processes that mediate IIS-dependent effects on reproduction 
and reproductive aging.

Although it is likely that signaling systems only affect 
longevity in order to optimize somatic integrity for reproduc-
tive success, the arms of the pathways that affect reproduction 
and longevity can be dissected using genetic tools. Initiating 
down-regulation of IIS only during adulthood (via daf-2 RNA 
interference) is sufficient to achieve full extension of lifespan 
in C. elegans, but down-regulation of IIS is required during late 
development/early adulthood to regulate reproduction, which 
indicates that there are different temporal requirements for IIS 
to control somatic and reproductive aging (Dillin et al., 2002; 
Luo et al., 2010). In addition, although DAF-16/FoxO activity 
in the intestine and hypodermis—but not in muscle—contrib-
utes to extending the lifespan of daf-2(−) C. elegans (Libina et 
al., 2003; Zhang et al., 2013), this transcription factor acts in the 
intestine and muscle to mediate the reproductive span extension 
of daf-2(−) mutants (Luo et al., 2010) and in the somatic gonad 
to influence germline progenitor cell maintenance (Qin and 
Hubbard, 2015). Therefore, although somatic maintenance and 
reproductive function are systemically coordinated by the same 
signaling pathway, age-specific and tissue-specific IIS events 
are important for determining the progression of each.

mTOR signaling
Other evolutionarily conserved nutrient-sensing systems have 
also been demonstrated to regulate both reproductive processes 
and longevity. The serine/threonine kinase mTOR plays an in-
tegral role in regulating growth and metabolism in response 
to several upstream cues, including signals from IIS and other 
growth factors, the cellular energy sensor AMPK, proinflam-
matory cytokines, nutrients such as amino acids (particularly 
leucine and arginine), and oxygen levels (Johnson et al., 2013; 
Saxton and Sabatini, 2017). mTOR is the catalytic subunit of 
two distinct complexes—mTORC1 and mTORC2—that differ 
with respect to some of the proteins forming the complexes, 
downstream signaling effects, and sensitivity to the drug rapa-
mycin (which acutely inhibits the activity of mTORC1, the bet-
ter characterized of the two complexes; Johnson et al., 2013; 
Saxton and Sabatini, 2017). The kinase activity of mTORC1 can 
be regulated through direct phosphorylation, or, in D. melano-
gaster and mammals, through regulation of its TSC1/2 repres-
sor (Fig. 2; Johnson et al., 2013; Saxton and Sabatini, 2017). 
For instance, the Akt kinase of IIS directly phosphorylates an 
mTORC1 component and also increases mTORC1 activity by 
inactivating the TSC1/2 complex (Inoki et al., 2002; Manning 
et al., 2002; Potter et al., 2002; Sancak et al., 2007; Vander Haar 
et al., 2007). mTORC1 promotes mRNA translation and protein 
synthesis by phosphorylating p70 ribosomal protein S6 kinase 

(S6K) and eukaryotic translation initiation factor 4E–binding 
protein 1 (Brunn et al., 1997; Burnett et al., 1998; Gingras et 
al., 1999), and it also represses autophagy through multiple sub-
strates (Kim et al., 2011; Saxton and Sabatini, 2017). In addi-
tion, mTORC1 regulates lipid synthesis, glucose metabolism, 
and mitochondrial function (Johnson et al., 2013; Saxton and 
Sabatini, 2017). mTOR therefore integrates information from 
multiple upstream nutrient and energy sensors to regulate met-
abolic processes essential for coordinating energy homeostasis, 
reproductive status, and somatic maintenance.

mTOR signaling and reproduction.  mTOR signal-
ing influences both reproduction and longevity (Fig.  2). Al-
though effects of mTOR on age-dependent reproductive decline 
have not been extensively studied, loss-of-function of mTOR or 
the downstream mTORC1 effector S6K leads to reduced prog-
eny production and/or a shifted reproductive period in C. ele-
gans (Vellai et al., 2003; Pan et al., 2007), associated with 
delayed cell cycle progression of larval germ cells and reduced 
germline stem cell proliferation (Korta et al., 2012). In addition, 
loss of function of mTOR cell-autonomously impairs germline 
stem cell proliferation and maintenance in female D. melano-
gaster (LaFever et al., 2010), and the mTORC1 inhibitor rapa-
mycin reduces fecundity in D. melanogaster in a dose-dependent 
manner (Bjedov et al., 2010). In female mice, mTORC1 signal-
ing in granulosa cells regulates primordial follicular activation 
and triggers the PI3K/Akt pathway in oocytes (Zhang et al., 
2014), and mice with granulosa cell-specific overactivation of 
mTORC1 exhibit increased ovulation and reproductive activity 
(Huang et al., 2013). Oocyte-specific overactivation of 
mTORC1 through deletion of TSC1 or TSC2 in oocytes of pri-
mordial and developing follicles leads to global follicular acti-
vation and thus follicle depletion and premature infertility in 
female mice (Adhikari et al., 2009, 2010), resembling the phe-
notype of female mice with disrupted FoxO3A or PTEN (Cas-
trillon et al., 2003; Hosaka et al., 2004; Reddy et al., 2008); the 
PI3K/Akt and mTORC1 signaling pathways and/or their down-
stream targets might intersect or overlap within oocytes 
(Adhikari et al., 2010, 2013). mTORC2 also influences follicle 
function and supply, as oocyte-specific ablation of the essential 
mTORC2 component Rictor leads to extensive follicular death, 
depletion of functional ovarian follicles, abnormal sex hormone 
levels, and premature infertility in female mice (Chen et al., 
2015b). In addition to these peripheral actions, mTOR appears 
to centrally regulate reproductive status (Roa and Tena-Sem-
pere, 2014). Collectively, these studies support a role for mTOR 
signaling in the control of reproductive processes.

mTOR signaling and somatic aging.  mTOR is 
also involved in lifespan regulation (Fig. 2). Loss of function of 
the mTOR serine/threonine kinase extends lifespan in C. ele-
gans (Vellai et al., 2003; Jia et al., 2004), D.  melanogaster 
(Kapahi et al., 2004), and, if combined with knockdown of 
mTORC subunit LST8, mice (Lamming et al., 2012). Inhibiting 
mTORC1 activity by mutating the gene encoding the mTORC1 
complex subunit Raptor in C. elegans or by overexpressing the 
genes encoding TSC1 or TSC2 in D. melanogaster also extends 
lifespan (Jia et al., 2004; Kapahi et al., 2004). Furthermore, 
treatment with the mTORC1 inhibitor rapamycin extends lifes-
pan of C. elegans (Robida-Stubbs et al., 2012), D. melanogas-
ter (Bjedov et al., 2010), and mice, even when treatment is not 
initiated until late adulthood (Harrison et al., 2009). With re-
spect to downstream mTORC1 substrates, reducing levels of 
the effector S6K can also extend lifespan in all of these model 
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organisms (Kapahi et al., 2004; Hansen et al., 2007; Pan et al., 
2007; Selman et al., 2009). Collectively, mTORC1 signaling 
contributes to the regulation of reproductive function, and, con-
sistent with the concept that key nutrient-sensing pathways link 
environmental conditions to both reproductive status and so-
matic maintenance, mTORC1 also has an evolutionarily con-
served role in influencing longevity.

AMPK signaling
AMPK is a highly conserved, critical sensor of energy status 
that is activated in response to cellular energy depletion, caus-
ing downstream effects generally associated with the induction 
of catabolic pathways and repression of anabolic pathways 
(Hardie et al., 2012, 2016). AMPK is a complex comprised of 
a catalytic subunit and two regulatory subunits; its kinase activ-
ity is activated or increased by direct AMP binding and by up-
stream regulatory kinases responding to elevated cellular levels 
of AMP, ADP, and/or calcium (Hardie et al., 2016). Numerous 
metabolic processes are influenced by AMPK through its phos-
phorylation of enzymes, regulatory proteins, and other involved 
cellular components (Hardie et al., 2012). For instance, AMPK 
suppresses protein synthesis and promotes autophagy in part 
through its inhibition of mTORC1 (Hardie et al., 2012; Laplante 
and Sabatini, 2012). In addition, AMPK is indirectly involved 
in altering expression levels of proteins involved in metabolic 
pathways through regulating coactivators and transcription fac-
tors such as the C. elegans DAF-16 and the human homologue 
FoxO3 (Greer et al., 2007a,b). Collectively, in response to low 
cellular energy levels (i.e., an indirect indication of nutrient 
availability), AMPK activity (a) stimulates energy production 
through the promotion of such processes as glucose and fatty 
acid cellular uptake, glycolysis and β-oxidation, mitochon-
drial biogenesis, and autophagy, and it also (b) down-regulates 

pathways involved in the biosynthesis of lipids, carbohydrates, 
proteins, or ribosomal RNA, to reduce cellular energy con-
sumption (Hardie et al., 2012).

AMPK signaling and reproduction.  AMPK con-
tributes to the regulation of reproduction and survival through 
its involvement with energy homeostasis and metabolic path-
ways. In C. elegans larvae, AMPK regulates whole-body energy 
stores and the cell cycle of germline stem cells under nutri-
ent-poor conditions. Several different stages of C. elegans lar-
vae survive stressful or nutrient-deficient conditions by entering 
specialized alternative larval stages associated with germline 
stem cell quiescence while development is suspended; AMPK 
is required for cessation of germline stem cell proliferation in 
L1-arrested larvae (Fukuyama et al., 2012) and dauer larvae 
(Narbonne and Roy, 2006), potentially through AMPK-medi-
ated inhibition of mTORC1. Loss-of-function double mutation 
of aak-1 and aak-2, genes encoding AMPK catalytic subunits, 
causes sterility in adult C. elegans that have survived this L1 
arrest (Fukuyama et al., 2012), demonstrating that AMPK sig-
naling in nutrient-deficient conditions is crucial for the future 
reproductive function of C. elegans larvae. Transgenic expres-
sion of constitutively active aak-2 appears to cause a shift in the 
reproductive period of adult C. elegans under nutrient-replete 
conditions, with fewer eggs produced early but more eggs pro-
duced later in the reproductive period, compared with WT ani-
mals (Burkewitz et al., 2015). In addition, AMPK regulates 
mammalian reproduction. For instance, in vitro treatment of rat 
granulosa cells with an AMPK-activating adenosine analogue 
alters expression levels of cell cycle–regulatory proteins 
(Kayampilly and Menon, 2009) and reduces progesterone se-
cretion (Tosca et al., 2005), indicating that AMPK is involved in 
suppressing ovarian granulosa cell proliferation and regulating 
sex hormone production. As seen with IIS and mTOR signaling, 

Figure 2. mTORC1 signaling and its effects 
on reproduction and longevity. Many mTOR 
signaling components have been shown to 
affect reproductive function (green asterisks) 
and/or lifespan (orange asterisks) in C.  el-
egans, D.  melanogaster, and/or mice; these 
signaling components are indicated by aster-
isks in this simplified mTOR schematic. The 
serine/threonine kinase mTOR is the catalytic 
subunit of two distinct complexes, mTORC1 
(which includes the constituent protein Raptor, 
among others) and mTORC2 (which includes 
the constituent protein Rictor, among others). 
The kinase activity of mTORC1 is strongly stim-
ulated by the GTP-bound form of Rheb (Ras 
homologue enriched in brain); mTORC1 is 
thereby negatively regulated by TSC1/TSC2 
complex, which converts Rheb to its inactive 
GDP-bound state. mTORC1 activity can be 
directly regulated (i.e., by AMPK or Akt phos-
phorylating constituent proteins of the complex 
or by rapamycin acutely inhibiting mTORC1 
activity), but upstream signals also indirectly 
control mTORC1 activity through the TSC1/2 
repressor. For instance, effector kinases of the 
PI3K/Akt and Ras/MAPK branches of IIS (Akt 
or ERK1/2 and RSK, respectively) inactivate 
the TSC1/2 complex. In contrast, phosphory-
lation by AMPK increases GTPase-activating 
protein activity of TSC2 toward Rheb, leading 
to inhibition of mTORC1 activity. Other up-
stream regulators (not depicted) also control 
mTORC1 activity. mTORC1 phosphorylates 
many substrates, including S6K.
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AMPK also acts in the brain to centrally affect reproductive 
processes by mediating responses to hormones, modulating the 
hypothalamic–pituitary–gonadal axis, and influencing such 
processes as estrous cycling and puberty onset (Roa 
and Tena-Sempere, 2014).

AMPK signaling and somatic aging.  In addition 
to its effects on reproductive function, AMPK also influences 
survival and longevity. Loss-of-function mutation of both 
C. elegans AMPK catalytic subunits decreases the viability of 
L1- 
arrested larvae (Fukuyama et al., 2012), and aak-2(-) dauers 
have reduced survival as a result of rapid consumption of their 
stored fat reserves (Narbonne and Roy, 2009). Loss of func-
tion of aak-2 also reduces the lifespan of C.  elegans adults 
under normal, nutrient-replete conditions (Apfeld et al., 2004), 
whereas transgenic overexpression of either aak-2 (Apfeld et 
al., 2004) or a modified, constitutively active aak-2 (Mair et 
al., 2011) increases lifespan. One AMPK target that mediates 
these longevity effects in C.  elegans adults is the cAMP- 
responsive element binding protein-regulated transcription 
coactivator CRTC-1; phosphorylation by AMPK causes the 
nuclear exclusion and inactivation of this transcription cofac-
tor, and overexpression of active aak-2 does not extend the 
lifespan of C. elegans mutants expressing a modified CRTC-1 
that is refractory to AMPK phosphorylation (Mair et al., 
2011). This is also the case when the modified, refractory 
CRTC-1 is only expressed neuronally, where it appears to 
counteract the pro-longevity effects of aak-2 through whole-
body transcriptional changes associated with mitochondrial 
metabolic processes (Burkewitz et al., 2015). Importantly, 
CRTC-1 does not impact the effects of AMPK on reproduc-
tion, indicating that this is a signaling node where reproduc-
tive function and longevity are uncoupled (Burkewitz et al., 
2015). Consistent with the beneficial effects that AMPK has 
on C. elegans survival, D. melanogaster with increased AMP/
ATP and ADP/ATP ratios caused by heterozygous mutations 
of AMP biosynthetic enzymes are long lived; lifespan is also 
increased by transgenic overexpression of AMPK in the fly’s 
fat body or muscle, and decreased by RNAi-mediated AMPK 
knockdown in these tissues (Stenesen et al., 2013). Neuro-
nal-specific or intestinal transgenic up-regulation of the 
AMPK catalytic subunit also increases lifespan in D. melano-
gaster (Ulgherait et al., 2014). Effects of AMPK on lifespan 
have not yet been directly tested in mammals, although inter-
estingly, AMPK activation declines with age in several differ-
ent tissues of rats and mice (Salminen and Kaarniranta, 2012). 
Therefore, AMPK is a critical energy-sensing kinase that reg-
ulates processes and pathways associated with reproduction, 
somatic maintenance, and survival.

Integration of nutrient-sensing systems
Despite a tendency to conceptualize and investigate IIS, 
mTOR, and AMPK as separate signaling pathways, it is im-
portant to consider that there is cross-talk between them, 
and some amount of overlap in their downstream targets. 
For instance, AMPK phosphorylates regulatory sites of both 
the C.  elegans DAF-16 and its human homologue, FoxO3, 
leading to up-regulated transcriptional activity of this key 
IIS-responsive transcription factor (Greer et al., 2007a,b). 
Interestingly, loss of function of an AMPK catalytic subunit 
significantly suppresses the lifespan extension of C. elegans 
dauers or adults with reduction-of-function mutations of the 

IIS receptor (Narbonne and Roy, 2006). In mammalian cells, 
AMPK and mTORC1 have counteracting effects on auto-
phagy in part through their opposing regulation of a shared 
substrate, the autophagy-initiating kinase Ulk1 (Kim et al., 
2011). In addition, AMPK inhibits mTORC1 itself through di-
rect phosphorylation of the mTORC1 subunit Raptor (Gwinn 
et al., 2008), and by increasing suppression of mTORC1 ac-
tivity by TSC2 (Inoki et al., 2003). IIS leads to up-regulated 
mTORC1 activity; Akt increases mTORC1 activity by directly 
phosphorylating mTORC1 constituent protein PRAS40 (San-
cak et al., 2007; Vander Haar et al., 2007), and the TSC1/2 
repressor is inactivated by effector kinases of the PI3K/Akt 
or Ras/MAPK branches of IIS (Akt, or ERK1/2 and RSK, 
respectively; Inoki et al., 2002; Manning et al., 2002; Potter 
et al., 2002; Roux et al., 2004; Ma et al., 2005). IIS FoxO 
transcription factors also transcriptionally regulate several 
mTOR signaling components in invertebrates and mammals, 
including TSC1, specific mTORC1 subunit proteins, and some 
mTORC1 substrates (Johnson et al., 2013). Based on these 
examples and other points of interaction or feedback between 
IIS, mTOR, and AMPK signaling, it is evident that these  
nutrient-sensing pathways do not act in isolation within a 
system. Signaling pathway overlap is therefore an important 
consideration when dissecting the processes involved in regu-
lating somatic and reproductive aging.

In addition to the intracellular interactions between nu-
trient-sensing systems, intercellular or intertissue interactions 
increase the complexity of these signaling networks. Although 
signaling pathways can have cell-autonomous effects, there 
are also situations where nutrient levels sensed in specific tis-
sue types lead to downstream effects in other tissues. For in-
stance, neuronal-specific IIS, mTOR, and AMPK signaling can 
have nonautonomous effects on somatic maintenance and/or 
reproductive processes through such mechanisms as altering 
hormone responses or modulating the hypothalamic–pituitary–
gonadal axis (Brüning et al., 2000; Taguchi et al., 2007; Roa 
et al., 2009; Roa and Tena-Sempere, 2014; Sliwowska et al., 
2014; Ulgherait et al., 2014; Das and Arur, 2017). This points 
to a central component of these signaling pathways’ regulation 
of systemic physiological processes, in addition to signaling 
cascades within other key tissues. Interactions between signal-
ing pathways can also occur intercellularly, such as PI3K/Akt 
pathway activation in mouse oocytes resulting from mTORC1 
signaling in the nearby granulosa cells (Zhang et al., 2014). 
Further investigations into intercellular and intertissue lines of 
communication will be invaluable for uncovering the mecha-
nisms coordinating major systemic processes such as reproduc-
tion and somatic maintenance.

Stress or altered food availability is also likely to exert 
coordinated effects on multiple signaling pathways. These nu-
trient-sensing signaling pathways vary in their responsiveness 
to assorted nutrient signals, which contributes to the wide range 
of physiological effects that can occur under different condi-
tions. However, food depletion or abundance often represents 
a changed availability of numerous nutrient cues, thus causing 
signaling effects downstream of multiple pathways. In nutri-
ent-rich conditions, reduced AMPK activity in combination 
with elevated IIS and mTORC1 signaling would be expected 
in certain tissues, collectively leading to the up-regulation of 
processes geared toward increasing growth and reproduction 
(i.e., promotion of nutrient uptake and storage, mitogenic and 
anabolic pathways, mRNA translation and protein synthesis, 
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etc.; Fig.  3  A). Conversely, with detection of nutrient deple-
tion, the rates of these functions would be generally slowed 
in favor of processes important for energy production, tissue 
maintenance, stress resistance, and extended survival because 
of the combination of increased AMPK activity, down-reg-

ulated mTORC1 signaling, and the increased transcriptional 
activity of FoxO transcription factors downstream of reduced 
IIS (Fig. 3 B). Systemic outputs such as reproductive function 
or somatic maintenance are likely broadly controlled by these 
integrated signaling pathways.

Figure 3. Regulation of energy homeostasis, reproductive processes, and somatic growth or maintenance by signaling pathways that perceive and 
respond to nutrient availability. (A) Nutrient abundance leads to increased insulin/IGF-1 and mTORC1 signaling, which collectively promote cellular 
processes that support energy storage or expenditure, increased reproduction, and growth. (B) Nutrient depletion leads to increased AMPK signaling and 
transcriptional activity of FoxO transcription factors, which promote protective cellular processes that support energy production or conservation, mainte-
nance of reproductive function rather than progeny production, and lifespan extension. This simplified model does not account for macronutrient-specific 
responses or tissue-specific nutrient detection, and it does not distinguish between different tissues when summarizing downstream signaling effects. Black 
arrows indicate increased stimulation of a signaling pathway in response to the environmental conditions, and gray dotted arrows indicate little or no 
stimulation of a signaling pathway under the environmental conditions. Large text or arrows indicate relatively high levels of signaling compared with small 
text or arrows; blue indicates up-regulation or promotion, and red indicates down-regulation or suppression.
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Concluding remarks
Both reproduction and somatic maintenance are governed by a 
requirement for nutrients. Key signaling networks such as IIS, 
mTOR, and AMPK signaling are involved in perceiving and in-
terpreting nutrient levels and subsequently regulating the phys-
iological decisions to reproduce, grow, or age. Other signaling 
pathways that respond to such cues as nutrient availability are 
therefore good candidates for coordinating energy homeostasis, 
reproductive status, and somatic maintenance with age. More-
over, we suggest that disentangling intertissue communicating 
signals and downstream molecular mechanisms acting within 
distinct tissue and cell types will reveal processes directly af-
fecting the progression of reproductive and somatic aging.

Acknowledgments

C.T. Murphy is the Director of the Glenn Foundation for Aging Re-
search at Princeton University and a Howard Hughes Medical Insti-
tute–Simons Foundation Faculty Scholar. This work was supported  
by a National Institutes of Health Director’s Pioneer Award 
(1DP1GM119167-01) to C.T. Murphy and a Canadian Institutes of 
Health Research Banting Postdoctoral Fellowship to N.M. Templeman. 

The authors declare no competing financial interests.

Submitted: 31 July 2017
Revised: 2 October 2017
Accepted: 4 October 2017

References
Adhikari, D., G.  Flohr, N.  Gorre, Y.  Shen, H.  Yang, E.  Lundin, Z.  Lan, 

M.J. Gambello, and K. Liu. 2009. Disruption of Tsc2 in oocytes leads 
to overactivation of the entire pool of primordial follicles. Mol. Hum. 
Reprod. 15:765–770. https ://doi .org /10 .1093 /molehr /gap092

Adhikari, D., W.  Zheng, Y.  Shen, N.  Gorre, T.  Hämäläinen, A.J.  Cooney, 
I. Huhtaniemi, Z.-J. Lan, and K. Liu. 2010. Tsc/mTORC1 signaling in 
oocytes governs the quiescence and activation of primordial follicles. 
Hum. Mol. Genet. 19:397–410. https ://doi .org /10 .1093 /hmg /ddp483

Adhikari, D., S. Risal, K. Liu, and Y. Shen. 2013. Pharmacological inhibition 
of mTORC1 prevents over-activation of the primordial follicle pool in 
response to elevated PI3K signaling. PLoS One. 8:e53810. https ://doi .org 
/10 .1371 /journal .pone .0053810

Aksamitiene, E., A. Kiyatkin, and B.N. Kholodenko. 2012. Cross-talk between 
mitogenic Ras/MAPK and survival PI3K/Akt pathways: a fine balance. 
Biochem. Soc. Trans. 40:139–146. https ://doi .org /10 .1042 /BST20110609

Antebi, A.  2013. Regulation of longevity by the reproductive system. Exp. 
Gerontol. 48:596–602. https ://doi .org /10 .1016 /j .exger .2012 .09 .009

Apfeld, J., G. O’Connor, T. McDonagh, P.S. DiStefano, and R. Curtis. 2004. The 
AMP-activated protein kinase AAK-2 links energy levels and insulin-like 
signals to lifespan in C. elegans. Genes Dev. 18:3004–3009. https ://doi 
.org /10 .1101 /gad .1255404

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

Armstrong, D.T.  2001. Effects of maternal age on oocyte developmental 
competence. Theriogenology. 55:1303–1322. https ://doi .org /10 .1016 /
S0093 -691X(01)00484 -8

Ayyadevara, S., R. Alla, J.J. Thaden, and R.J. Shmookler Reis. 2008. Remarkable 
longevity and stress resistance of nematode PI3K-null mutants. Aging 
Cell. 7:13–22. https ://doi .org /10 .1111 /j .1474 -9726 .2007 .00348 .x

Berman, J.R., and C. Kenyon. 2006. Germ-cell loss extends C. elegans life span 
through regulation of DAF-16 by kri-1 and lipophilic-hormone signaling. 
Cell. 124:1055–1068. https ://doi .org /10 .1016 /j .cell .2006 .01 .039

Bjedov, I., J.M.  Toivonen, F.  Kerr, C.  Slack, J.  Jacobson, A.  Foley, and 
L. Partridge. 2010. Mechanisms of life span extension by rapamycin in 
the fruit fly Drosophila melanogaster. Cell Metab. 11:35–46. https ://doi 
.org /10 .1016 /j .cmet .2009 .11 .010

Blüher, M., B.B.  Kahn, and C.R.  Kahn. 2003. Extended longevity in mice 
lacking the insulin receptor in adipose tissue. Science. 299:572–574.  
https ://doi .org /10 .1126 /science .1078223

Bonafè, M., M. Barbieri, F. Marchegiani, F. Olivieri, E. Ragno, C. Giampieri, 
E.  Mugianesi, M.  Centurelli, C.  Franceschi, and G.  Paolisso. 2003. 
Polymorphic variants of insulin-like growth factor I (IGF-I) receptor and 
phosphoinositide 3-kinase genes affect IGF-I plasma levels and human 
longevity: cues for an evolutionarily conserved mechanism of life span 
control. J.  Clin. Endocrinol. Metab. 88:3299–3304. https ://doi .org /10 
.1210 /jc .2002 -021810

Borrás, C., D. Monleón, R. López-Grueso, J. Gambini, L. Orlando, F.V. Pallardó, 
E. Santos, J. Viña, and J. Font de Mora. 2011. RasGrf1 deficiency delays 
aging in mice. Aging (Albany NY). 3:262–276. https ://doi .org /10 .18632 /
aging .100279

Brandhorst, S., I.Y.  Choi, M.  Wei, C.W.  Cheng, S.  Sedrakyan, G.  Navarrete, 
L.  Dubeau, L.P.  Yap, R.  Park, M.  Vinciguerra, et al. 2015. A periodic 
diet that mimics fasting promotes multi-system regeneration, enhanced 
cognitive performance, and healthspan. Cell Metab. 22:86–99. https ://doi 
.org /10 .1016 /j .cmet .2015 .05 .012

Broer, L., A.S.  Buchman, J.  Deelen, D.S.  Evans, J.D.  Faul, K.L.  Lunetta, 
P.  Sebastiani, J.A.  Smith, A.V.  Smith, T.  Tanaka, et al. 2015. GWAS 
of longevity in CHA RGE consortium confirms APOE and FOXO3 
candidacy. J. Gerontol. A Biol. Sci. Med. Sci. 70:110–118. https ://doi .org 
/10 .1093 /gerona /glu166

Brogiolo, W., H. Stocker, T. Ikeya, F. Rintelen, R. Fernandez, and E. Hafen. 2001. 
An evolutionarily conserved function of the Drosophila insulin receptor 
and insulin-like peptides in growth control. Curr. Biol. 11:213–221. https 
://doi .org /10 .1016 /S0960 -9822(01)00068 -9

Brunet, A., A. Bonni, M.J. Zigmond, M.Z. Lin, P. Juo, L.S. Hu, M.J. Anderson, 
K.C.  Arden, J.  Blenis, and M.E.  Greenberg. 1999. Akt promotes cell 
survival by phosphorylating and inhibiting a Forkhead transcription 
factor. Cell. 96:857–868. https ://doi .org /10 .1016 /S0092 -8674(00)80595 
-4

Brüning, J.C., D.  Gautam, D.J.  Burks, J.  Gillette, M.  Schubert, P.C.  Orban, 
R.  Klein, W.  Krone, D.  Müller-Wieland, and C.R.  Kahn. 2000. Role 
of brain insulin receptor in control of body weight and reproduction. 
Science. 289:2122–2125. https ://doi .org /10 .1126 /science .289 .5487 .2122

Brunn, G.J., C.C. Hudson, A. Sekulić, J.M. Williams, H. Hosoi, P.J. Houghton, 
J.C.  Lawrence Jr., and R.T.  Abraham. 1997. Phosphorylation of the 
translational repressor PHAS-I by the mammalian target of rapamycin. 
Science. 277:99–101. https ://doi .org /10 .1126 /science .277 .5322 .99

Burkewitz, K., I.  Morantte, H.J.M.  Weir, R.  Yeo, Y.  Zhang, F.K.  Huynh, 
O.R.  Ilkayeva, M.D.  Hirschey, A.R.  Grant, and W.B.  Mair. 2015. 
Neuronal CRTC-1 governs systemic mitochondrial metabolism and 
lifespan via a catecholamine signal. Cell. 160:842–855. https ://doi .org /10 
.1016 /j .cell .2015 .02 .004

Burks, D.J., J.  Font de Mora, M.  Schubert, D.J.  Withers, M.G.  Myers, 
H.H. Towery, S.L. Altamuro, C.L. Flint, and M.F. White. 2000. IRS-2 
pathways integrate female reproduction and energy homeostasis. Nature. 
407:377–382. https ://doi .org /10 .1038 /35030105

Burnett, P.E., R.K. Barrow, N.A. Cohen, S.H. Snyder, and D.M. Sabatini. 1998. 
RAFT1 phosphorylation of the translational regulators p70 S6 kinase and 
4E-BP1. Proc. Natl. Acad. Sci. USA. 95:1432–1437. https ://doi .org /10 
.1073 /pnas .95 .4 .1432

Cargill, S.L., J.R. Carey, H.-G. Müller, and G. Anderson. 2003. Age of ovary 
determines remaining life expectancy in old ovariectomized mice. Aging 
Cell. 2:185–190. https ://doi .org /10 .1046 /j .1474 -9728 .2003 .00049 .x

Castrillon, D.H., L. Miao, R. Kollipara, J.W. Horner, and R.A. DePinho. 2003. 
Suppression of ovarian follicle activation in mice by the transcription 
factor Foxo3a. Science. 301:215–218. https ://doi .org /10 .1126 /science 
.1086336

Chen, A.T.-Y., C. Guo, O.A. Itani, B.G. Budaitis, T.W. Williams, C.E. Hopkins, 
R.C. McEachin, M. Pande, A.R. Grant, S. Yoshina, et al. 2015a. Longevity 
genes revealed by integrative analysis of isoform-specific daf-16/FoxO 
mutants of Caenorhabditis elegans. Genetics. 201:613–629. https ://doi 
.org /10 .1534 /genetics .115 .177998

Chen, Z., X. Kang, L. Wang, H. Dong, C. Wang, Z. Xiong, W. Zhao, C.  Jia, 
J.  Lin, W.  Zhang, et al. 2015b. Rictor/mTORC2 pathway in oocytes 
regulates folliculogenesis, and its inactivation causes premature ovarian 
failure. J. Biol. Chem. 290:6387–6396. https ://doi .org /10 .1074 /jbc .M114 
.605261

Chi, C., D.  Ronai, M.T.  Than, C.J.  Walker, A.K.  Sewell, and M.  Han. 2016. 
Nucleotide levels regulate germline proliferation through modulating 
GLP-1/Notch signaling in C. elegans. Genes Dev. 30:307–320. https ://doi 
.org /10 .1101 /gad .275107 .115

Clancy, D.J., D.  Gems, L.G.  Harshman, S.  Oldham, H.  Stocker, E.  Hafen, 
S.J. Leevers, and L. Partridge. 2001. Extension of life-span by loss of CHI 
CO, a Drosophila insulin receptor substrate protein. Science. 292:104–
106. https ://doi .org /10 .1126 /science .1057991

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/1/93/961560/jcb_201707168.pdf by Princeton U

niversity Library user on 14 Septem
ber 2020

https://doi.org/10.1093/molehr/gap092
https://doi.org/10.1093/hmg/ddp483
https://doi.org/10.1371/journal.pone.0053810
https://doi.org/10.1371/journal.pone.0053810
https://doi.org/10.1042/BST20110609
https://doi.org/10.1016/j.exger.2012.09.009
https://doi.org/10.1101/gad.1255404
https://doi.org/10.1101/gad.1255404
https://doi.org/10.1126/science.1065768
https://doi.org/10.1016/S0093-691X(01)00484-8
https://doi.org/10.1016/S0093-691X(01)00484-8
https://doi.org/10.1111/j.1474-9726.2007.00348.x
https://doi.org/10.1016/j.cell.2006.01.039
https://doi.org/10.1016/j.cmet.2009.11.010
https://doi.org/10.1016/j.cmet.2009.11.010
https://doi.org/10.1126/science.1078223
https://doi.org/10.1210/jc.2002-021810
https://doi.org/10.1210/jc.2002-021810
https://doi.org/10.18632/aging.100279
https://doi.org/10.18632/aging.100279
https://doi.org/10.1016/j.cmet.2015.05.012
https://doi.org/10.1016/j.cmet.2015.05.012
https://doi.org/10.1093/gerona/glu166
https://doi.org/10.1093/gerona/glu166
https://doi.org/10.1016/S0960-9822(01)00068-9
https://doi.org/10.1016/S0960-9822(01)00068-9
https://doi.org/10.1016/S0092-8674(00)80595-4
https://doi.org/10.1016/S0092-8674(00)80595-4
https://doi.org/10.1126/science.289.5487.2122
https://doi.org/10.1126/science.277.5322.99
https://doi.org/10.1016/j.cell.2015.02.004
https://doi.org/10.1016/j.cell.2015.02.004
https://doi.org/10.1038/35030105
https://doi.org/10.1073/pnas.95.4.1432
https://doi.org/10.1073/pnas.95.4.1432
https://doi.org/10.1046/j.1474-9728.2003.00049.x
https://doi.org/10.1126/science.1086336
https://doi.org/10.1126/science.1086336
https://doi.org/10.1534/genetics.115.177998
https://doi.org/10.1534/genetics.115.177998
https://doi.org/10.1074/jbc.M114.605261
https://doi.org/10.1074/jbc.M114.605261
https://doi.org/10.1101/gad.275107.115
https://doi.org/10.1101/gad.275107.115
https://doi.org/10.1126/science.1057991


Signaling systems directing reproduction and aging • Templeman and murphy 103

Cohen, A.A.  2004. Female post-reproductive lifespan: a general mammalian 
trait. Biol. Rev. Camb. Philos. Soc. 79:733–750. https ://doi .org /10 .1017 
/S1464793103006432

Colman, R.J., R.M.  Anderson, S.C.  Johnson, E.K.  Kastman, K.J.  Kosmatka, 
T.M. Beasley, D.B. Allison, C. Cruzen, H.A. Simmons, J.W. Kemnitz, 
and R.  Weindruch. 2009. Caloric restriction delays disease onset and 
mortality in rhesus monkeys. Science. 325:201–204. https ://doi .org /10 
.1126 /science .1173635

Colman, R.J., T.M.  Beasley, J.W.  Kemnitz, S.C.  Johnson, R.  Weindruch, and 
R.M.  Anderson. 2014. Caloric restriction reduces age-related and all-
cause mortality in rhesus monkeys. Nat. Commun. 5:3557. https ://doi .org 
/10 .1038 /ncomms4557

Conover, C.A., and L.K.  Bale. 2007. Loss of pregnancy-associated plasma 
protein A extends lifespan in mice. Aging Cell. 6:727–729. https ://doi .org 
/10 .1111 /j .1474 -9726 .2007 .00328 .x

Cooper, G.S., and D.P.  Sandler. 1998. Age at natural menopause and 
mortality. Ann. Epidemiol. 8:229–235. https ://doi .org /10 .1016 /S1047 
-2797(97)00207 -X

Das, D., and S.  Arur. 2017. Conserved insulin signaling in the regulation of 
oocyte growth, development, and maturation. Mol. Reprod. Dev. 84:444–
459. https ://doi .org /10 .1002 /mrd .22806

Dillin, A., D.K.  Crawford, and C.  Kenyon. 2002. Timing requirements for 
insulin/IGF-1 signaling in C. elegans. Science. 298:830–834. https ://doi 
.org /10 .1126 /science .1074240

Dorman, J.B., B.  Albinder, T.  Shroyer, and C.  Kenyon. 1995. The age-1 and 
daf-2 genes function in a common pathway to control the lifespan of 
Caenorhabditis elegans. Genetics. 141:1399–1406.

Ewald, C.Y., J.N.  Landis, J.  Porter Abate, C.T.  Murphy, and T.K.  Blackwell. 
2015. Dauer-independent insulin/IGF-1-signalling implicates collagen 
remodelling in longevity. Nature. 519:97–101. https ://doi .org /10 .1038 /
nature14021

Fernandes de Abreu, D.A., A.  Caballero, P.  Fardel, N.  Stroustrup, Z.  Chen, 
K.  Lee, W.D.  Keyes, Z.M.  Nash, I.F.  López-Moyado, F.  Vaggi, et al. 
2014. An insulin-to-insulin regulatory network orchestrates phenotypic 
specificity in development and physiology. PLoS Genet. 10:e1004225. 
https ://doi .org /10 .1371 /journal .pgen .1004225

Flachsbart, F., A.  Caliebe, R.  Kleindorp, H.  Blanché, H.  von Eller-Eberstein, 
S. Nikolaus, S. Schreiber, and A. Nebel. 2009. Association of FOXO3A 
variation with human longevity confirmed in German centenarians. Proc. 
Natl. Acad. Sci. USA. 106:2700–2705. https ://doi .org /10 .1073 /pnas 
.0809594106

Flatt, T., K.-J.  Min, C.  D’Alterio, E.  Villa-Cuesta, J.  Cumbers, R.  Lehmann, 
D.L.  Jones, and M.  Tatar. 2008. Drosophila germ-line modulation of 
insulin signaling and lifespan. Proc. Natl. Acad. Sci. USA. 105:6368–
6373. https ://doi .org /10 .1073 /pnas .0709128105

Fontana, L., and L. Partridge. 2015. Promoting health and longevity through diet: 
from model organisms to humans. Cell. 161:106–118. https ://doi .org /10 
.1016 /j .cell .2015 .02 .020

Foukas, L.C., B. Bilanges, L. Bettedi, W. Pearce, K. Ali, S. Sancho, D.J. Withers, 
and B. Vanhaesebroeck. 2013. Long-term p110α PI3K inactivation exerts 
a beneficial effect on metabolism. EMBO Mol. Med. 5:563–571. https ://
doi .org /10 .1002 /emmm .201201953

Friedman, D.B., and T.E.  Johnson. 1988. A mutation in the age-1 gene in 
Caenorhabditis elegans lengthens life and reduces hermaphrodite fertil-
ity. Genetics. 118:75–86.

Friesen, M., C.S. Hudak, C.R. Warren, F. Xia, and C.A. Cowan. 2016. Adipocyte 
insulin receptor activity maintains adipose tissue mass and lifespan. 
Biochem. Biophys. Res. Commun. 476:487–492. https ://doi .org /10 .1016 
/j .bbrc .2016 .05 .151

Fu, Z., E.R.  Gilbert, and D.  Liu. 2013. Regulation of insulin synthesis and 
secretion and pancreatic Beta-cell dysfunction in diabetes. Curr. Diabetes 
Rev. 9:25–53. https ://doi .org /10 .2174 /157339913804143225

Fukuyama, M., K.  Sakuma, R.  Park, H.  Kasuga, R.  Nagaya, Y.  Atsumi, 
Y.  Shimomura, S.  Takahashi, H.  Kajiho, A.  Rougvie, et al. 2012. 
C.  elegans AMPKs promote survival and arrest germline development 
during nutrient stress. Biol. Open. 1:929–936. https ://doi .org /10 .1242 /bio 
.2012836

Gagnon, A. 2015. Natural fertility and longevity. Fertil. Steril. 103:1109–1116. 
https ://doi .org /10 .1016 /j .fertnstert .2015 .03 .030

Gallardo, T.D., G.B.  John, K.  Bradshaw, C.  Welt, R.  Reijo-Pera, P.H.  Vogt, 
P. Touraine, S. Bione, D. Toniolo, L.M. Nelson, et al. 2008. Sequence 
variation at the human FOXO3 locus: a study of premature ovarian failure 
and primary amenorrhea. Hum. Reprod. 23:216–221. https ://doi .org /10 
.1093 /humrep /dem255

Garelli, A., A.M. Gontijo, V. Miguela, E. Caparros, and M. Dominguez. 2012. 
Imaginal discs secrete insulin-like peptide 8 to mediate plasticity of 

growth and maturation. Science. 336:579–582. https ://doi .org /10 .1126 /
science .1216735

Ghazi, A., S. Henis-Korenblit, and C. Kenyon. 2009. A transcription elongation 
factor that links signals from the reproductive system to lifespan extension 
in Caenorhabditis elegans. PLoS Genet. 5:e1000639. https ://doi .org /10 
.1371 /journal .pgen .1000639

Giannakou, M.E., M. Goss, M.A. Jünger, E. Hafen, S.J. Leevers, and L. Partridge. 
2004. Long-lived Drosophila with overexpressed dFOXO in adult fat 
body. Science. 305:361. https ://doi .org /10 .1126 /science .1098219

Gingras, A.-C., S.P.  Gygi, B.  Raught, R.D.  Polakiewicz, R.T.  Abraham, 
M.F. Hoekstra, R. Aebersold, and N. Sonenberg. 1999. Regulation of 4E-
BP1 phosphorylation: a novel two-step mechanism. Genes Dev. 13:1422–
1437. https ://doi .org /10 .1101 /gad .13 .11 .1422

Gottlieb, S., and G. Ruvkun. 1994. daf-2, daf-16 and daf-23: genetically inter-
acting genes controlling Dauer formation in Caenorhabditis elegans. 
Genetics. 137:107–120.

Grandison, R.C., M.D.W. Piper, and L. Partridge. 2009. Amino-acid imbalance 
explains extension of lifespan by dietary restriction in Drosophila. 
Nature. 462:1061–1064. https ://doi .org /10 .1038 /nature08619

Greer, E.L., D. Dowlatshahi, M.R. Banko, J. Villen, K. Hoang, D. Blanchard, 
S.P.  Gygi, and A.  Brunet. 2007a. An AMPK-FOXO pathway mediates 
longevity induced by a novel method of dietary restriction in C. elegans. 
Curr. Biol. 17:1646–1656. https ://doi .org /10 .1016 /j .cub .2007 .08 .047

Greer, E.L., P.R. Oskoui, M.R. Banko, J.M. Maniar, M.P. Gygi, S.P. Gygi, and 
A.  Brunet. 2007b. The energy sensor AMP-activated protein kinase 
directly regulates the mammalian FOXO3 transcription factor. J.  Biol. 
Chem. 282:30107–30119. https ://doi .org /10 .1074 /jbc .M705325200

Grönke, S., D.-F. Clarke, S. Broughton, T.D. Andrews, and L. Partridge. 2010. 
Molecular evolution and functional characterization of Drosophila 
insulin-like peptides. PLoS Genet. 6:e1000857. https ://doi .org /10 .1371 /
journal .pgen .1000857

Gwinn, D.M., D.B.  Shackelford, D.F.  Egan, M.M.  Mihaylova, A.  Mery, 
D.S. Vasquez, B.E. Turk, and R.J. Shaw. 2008. AMPK phosphorylation 
of raptor mediates a metabolic checkpoint. Mol. Cell. 30:214–226. https 
://doi .org /10 .1016 /j .molcel .2008 .03 .003

Hamatani, T., G.  Falco, M.G.  Carter, H.  Akutsu, C.A.  Stagg, A.A.  Sharov, 
D.B.  Dudekula, V.  VanBuren, and M.S.H.  Ko. 2004. Age-associated 
alteration of gene expression patterns in mouse oocytes. Hum. Mol. 
Genet. 13:2263–2278. https ://doi .org /10 .1093 /hmg /ddh241

Hansen, M., S.  Taubert, D.  Crawford, N.  Libina, S.-J.  Lee, and C.  Kenyon. 
2007. Lifespan extension by conditions that inhibit translation in 
Caenorhabditis elegans. Aging Cell. 6:95–110. https ://doi .org /10 .1111 /j 
.1474 -9726 .2006 .00267 .x

Hardie, D.G., F.A. Ross, and S.A. Hawley. 2012. AMPK: a nutrient and energy 
sensor that maintains energy homeostasis. Nat. Rev. Mol. Cell Biol. 
13:251–262. https ://doi .org /10 .1038 /nrm3311

Hardie, D.G., B.E.  Schaffer, and A.  Brunet. 2016. AMPK: an energy-sensing 
pathway with multiple inputs and outputs. Trends Cell Biol. 26:190–201. 
https ://doi .org /10 .1016 /j .tcb .2015 .10 .013

Harrison, D.E., R.  Strong, Z.D.  Sharp, J.F.  Nelson, C.M.  Astle, K.  Flurkey, 
N.L.  Nadon, J.E.  Wilkinson, K.  Frenkel, C.S.  Carter, et al. 2009. 
Rapamycin fed late in life extends lifespan in genetically heterogeneous 
mice. Nature. 460:392–395.

Holzenberger, M., J.  Dupont, B.  Ducos, P.  Leneuve, A.  Géloën, P.C.  Even, 
P. Cervera, and Y. Le Bouc. 2003. IGF-1 receptor regulates lifespan and 
resistance to oxidative stress in mice. Nature. 421:182–187. https ://doi 
.org /10 .1038 /nature01298

Hosaka, T., W.H. Biggs III, D. Tieu, A.D. Boyer, N.M. Varki, W.K. Cavenee, and 
K.C. Arden. 2004. Disruption of forkhead transcription factor (FOXO) 
family members in mice reveals their functional diversification. Proc. 
Natl. Acad. Sci. USA. 101:2975–2980. https ://doi .org /10 .1073 /pnas 
.0400093101

Hsin, H., and C. Kenyon. 1999. Signals from the reproductive system regulate 
the lifespan of C. elegans. Nature. 399:362–366. https ://doi .org /10 .1038 
/20694

Hsu, H.-J., and D.  Drummond-Barbosa. 2009. Insulin levels control female 
germline stem cell maintenance via the niche in Drosophila. Proc. 
Natl. Acad. Sci. USA. 106:1117–1121. https ://doi .org /10 .1073 /pnas 
.0809144106

Hsu, A.-L., C.T. Murphy, and C. Kenyon. 2003. Regulation of aging and age-
related disease by DAF-16 and heat-shock factor. Science. 300:1142–
1145. https ://doi .org /10 .1126 /science .1083701

Huang, L., Z.-B. Wang, Z.-Z. Jiang, M.-W. Hu, F. Lin, Q.-H. Zhang, Y.-B. Luo, 
Y. Hou, Y. Zhao, H.-Y. Fan, et al. 2013. Specific disruption of Tsc1 in 
ovarian granulosa cells promotes ovulation and causes progressive 
accumulation of corpora lutea. PLoS One. 8:e54052. https ://doi .org /10 
.1371 /journal .pone .0054052

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/1/93/961560/jcb_201707168.pdf by Princeton U

niversity Library user on 14 Septem
ber 2020

https://doi.org/10.1017/S1464793103006432
https://doi.org/10.1017/S1464793103006432
https://doi.org/10.1126/science.1173635
https://doi.org/10.1126/science.1173635
https://doi.org/10.1038/ncomms4557
https://doi.org/10.1038/ncomms4557
https://doi.org/10.1111/j.1474-9726.2007.00328.x
https://doi.org/10.1111/j.1474-9726.2007.00328.x
https://doi.org/10.1016/S1047-2797(97)00207-X
https://doi.org/10.1016/S1047-2797(97)00207-X
https://doi.org/10.1002/mrd.22806
https://doi.org/10.1126/science.1074240
https://doi.org/10.1126/science.1074240
https://doi.org/10.1038/nature14021
https://doi.org/10.1038/nature14021
https://doi.org/10.1371/journal.pgen.1004225
https://doi.org/10.1073/pnas.0809594106
https://doi.org/10.1073/pnas.0809594106
https://doi.org/10.1073/pnas.0709128105
https://doi.org/10.1016/j.cell.2015.02.020
https://doi.org/10.1016/j.cell.2015.02.020
https://doi.org/10.1002/emmm.201201953
https://doi.org/10.1002/emmm.201201953
https://doi.org/10.1016/j.bbrc.2016.05.151
https://doi.org/10.1016/j.bbrc.2016.05.151
https://doi.org/10.2174/157339913804143225
https://doi.org/10.1242/bio.2012836
https://doi.org/10.1242/bio.2012836
https://doi.org/10.1016/j.fertnstert.2015.03.030
https://doi.org/10.1093/humrep/dem255
https://doi.org/10.1093/humrep/dem255
https://doi.org/10.1126/science.1216735
https://doi.org/10.1126/science.1216735
https://doi.org/10.1371/journal.pgen.1000639
https://doi.org/10.1371/journal.pgen.1000639
https://doi.org/10.1126/science.1098219
https://doi.org/10.1101/gad.13.11.1422
https://doi.org/10.1038/nature08619
https://doi.org/10.1016/j.cub.2007.08.047
https://doi.org/10.1074/jbc.M705325200
https://doi.org/10.1371/journal.pgen.1000857
https://doi.org/10.1371/journal.pgen.1000857
https://doi.org/10.1016/j.molcel.2008.03.003
https://doi.org/10.1016/j.molcel.2008.03.003
https://doi.org/10.1093/hmg/ddh241
https://doi.org/10.1111/j.1474-9726.2006.00267.x
https://doi.org/10.1111/j.1474-9726.2006.00267.x
https://doi.org/10.1038/nrm3311
https://doi.org/10.1016/j.tcb.2015.10.013
https://doi.org/10.1038/nature01298
https://doi.org/10.1038/nature01298
https://doi.org/10.1073/pnas.0400093101
https://doi.org/10.1073/pnas.0400093101
https://doi.org/10.1038/20694
https://doi.org/10.1038/20694
https://doi.org/10.1073/pnas.0809144106
https://doi.org/10.1073/pnas.0809144106
https://doi.org/10.1126/science.1083701
https://doi.org/10.1371/journal.pone.0054052
https://doi.org/10.1371/journal.pone.0054052


JCB • Volume 217 • NumBer 1 • 2018104

Hughes, S.E., K.  Evason, C.  Xiong, and K.  Kornfeld. 2007. Genetic and 
pharmacological factors that influence reproductive aging in nematodes. 
PLoS Genet. 3:e25. https ://doi .org /10 .1371 /journal .pgen .0030025

Hwangbo, D.S., B.  Gershman, M.-P.  Tu, M.  Palmer, and M.  Tatar. 2004. 
Drosophila dFOXO controls lifespan and regulates insulin signalling in 
brain and fat body. Nature. 429:562–566. (published correction appears 
in Nature. 2005. 434:118) https ://doi .org /10 .1038 /nature02549

Inoki, K., Y. Li, T. Zhu, J. Wu, and K.L. Guan. 2002. TSC2 is phosphorylated 
and inhibited by Akt and suppresses mTOR signalling. Nat. Cell Biol. 
4:648–657. https ://doi .org /10 .1038 /ncb839

Inoki, K., T. Zhu, and K.-L. Guan. 2003. TSC2 mediates cellular energy response 
to control cell growth and survival. Cell. 115:577–590. https ://doi .org /10 
.1016 /S0092 -8674(03)00929 -2

Jaffe, D., L. Kogan, O. Manor, Y. Gielchinsky, U. Dior, and N. Laufer. 2015. 
Influence of late-age births on maternal longevity. Ann. Epidemiol. 
25:387–391. https ://doi .org /10 .1016 /j .annepidem .2014 .12 .002

Jeffery, E., R. Berry, C.D. Church, S. Yu, B.A. Shook, V. Horsley, E.D. Rosen, 
and M.S. Rodeheffer. 2014. Characterization of Cre recombinase models 
for the study of adipose tissue. Adipocyte. 3:206–211. https ://doi .org /10 
.4161 /adip .29674

Jia, K., D. Chen, and D.L. Riddle. 2004. The TOR pathway interacts with the 
insulin signaling pathway to regulate C.  elegans larval development, 
metabolism and life span. Development. 131:3897–3906. https ://doi .org 
/10 .1242 /dev .01255

Johnson, S.C., P.S.  Rabinovitch, and M.  Kaeberlein. 2013. mTOR is a key 
modulator of ageing and age-related disease. Nature. 493:338–345. https 
://doi .org /10 .1038 /nature11861

Kapahi, P., B.M. Zid, T. Harper, D. Koslover, V. Sapin, and S. Benzer. 2004. 
Regulation of lifespan in Drosophila by modulation of genes in the TOR 
signaling pathway. Curr. Biol. 14:885–890. https ://doi .org /10 .1016 /j .cub 
.2004 .03 .059

Kappeler, L., C.  De Magalhaes Filho, J.  Dupont, P.  Leneuve, P.  Cervera, 
L. Périn, C. Loudes, A. Blaise, R. Klein, J. Epelbaum, et al. 2008. Brain 
IGF-1 receptors control mammalian growth and lifespan through a 
neuroendocrine mechanism. PLoS Biol. 6:e254. https ://doi .org /10 .1371 
/journal .pbio .0060254

Kayampilly, P.P., and K.M.J.  Menon. 2009. Follicle-stimulating hormone 
inhibits adenosine 5′-monophosphate-activated protein kinase activation 
and promotes cell proliferation of primary granulosa cells in culture 
through an Akt-dependent pathway. Endocrinology. 150:929–935. https 
://doi .org /10 .1210 /en .2008 -1032

Kenyon, C., J. Chang, E. Gensch, A. Rudner, and R. Tabtiang. 1993. A C. elegans 
mutant that lives twice as long as wild type. Nature. 366:461–464. https 
://doi .org /10 .1038 /366461a0

Kim, J., M.  Kundu, B.  Viollet, and K.-L.  Guan. 2011. AMPK and mTOR 
regulate autophagy through direct phosphorylation of Ulk1. Nat. Cell 
Biol. 13:132–141. https ://doi .org /10 .1038 /ncb2152

Klass, M.R.  1977. Aging in the nematode Caenorhabditis elegans: major 
biological and environmental factors influencing life span. Mech. Ageing 
Dev. 6:413–429. https ://doi .org /10 .1016 /0047 -6374(77)90043 -4

Kojima, T., H. Kamei, T. Aizu, Y. Arai, M. Takayama, S. Nakazawa, Y. Ebihara, 
H. Inagaki, Y. Masui, Y. Gondo, et al. 2004. Association analysis between 
longevity in the Japanese population and polymorphic variants of genes 
involved in insulin and insulin-like growth factor 1 signaling pathways. 
Exp. Gerontol. 39:1595–1598. https ://doi .org /10 .1016 /j .exger .2004 .05 
.007

Korta, D.Z., S. Tuck, and E.J.A. Hubbard. 2012. S6K links cell fate, cell cycle 
and nutrient response in C.  elegans germline stem/progenitor cells. 
Development. 139:859–870. https ://doi .org /10 .1242 /dev .074047

LaFever, L., and D. Drummond-Barbosa. 2005. Direct control of germline stem 
cell division and cyst growth by neural insulin in Drosophila. Science. 
309:1071–1073. https ://doi .org /10 .1126 /science .1111410

LaFever, L., A.  Feoktistov, H.-J.  Hsu, and D.  Drummond-Barbosa. 2010. 
Specific roles of Target of rapamycin in the control of stem cells and their 
progeny in the Drosophila ovary. Development. 137:2117–2126. https ://
doi .org /10 .1242 /dev .050351

Lakowski, B., and S.  Hekimi. 1998. The genetics of caloric restriction in 
Caenorhabditis elegans. Proc. Natl. Acad. Sci. USA. 95:13091–13096. 
https ://doi .org /10 .1073 /pnas .95 .22 .13091

Lamming, D.W., L. Ye, P. Katajisto, M.D. Goncalves, M. Saitoh, D.M. Stevens, 
J.G.  Davis, A.B.  Salmon, A.  Richardson, R.S.  Ahima, et al. 2012. 
Rapamycin-induced insulin resistance is mediated by mTORC2 loss and 
uncoupled from longevity. Science. 335:1638–1643. https ://doi .org /10 
.1126 /science .1215135

Laplante, M., and D.M. Sabatini. 2012. mTOR signaling in growth control and 
disease. Cell. 149:274–293. https ://doi .org /10 .1016 /j .cell .2012 .03 .017

Larsen, P.L., P.S.  Albert, and D.L.  Riddle. 1995. Genes that regulate both 
development and longevity in Caenorhabditis elegans. Genetics. 
139:1567–1583.

Lee, K.P., S.J. Simpson, F.J. Clissold, R. Brooks, J.W.O. Ballard, P.W. Taylor, 
N.  Soran, and D.  Raubenheimer. 2008. Lifespan and reproduction in 
Drosophila: New insights from nutritional geometry. Proc. Natl. Acad. 
Sci. USA. 105:2498–2503. https ://doi .org /10 .1073 /pnas .0710787105

Li, W., S.G. Kennedy, and G. Ruvkun. 2003. daf-28 encodes a C. elegans insulin 
superfamily member that is regulated by environmental cues and acts in 
the DAF-2 signaling pathway. Genes Dev. 17:844–858. https ://doi .org /10 
.1101 /gad .1066503

Li, Y., W.-J. Wang, H. Cao, J. Lu, C. Wu, F.-Y. Hu, J. Guo, L. Zhao, F. Yang, 
Y.-X. Zhang, et al. 2009. Genetic association of FOXO1A and FOXO3A 
with longevity trait in Han Chinese populations. Hum. Mol. Genet. 
18:4897–4904. https ://doi .org /10 .1093 /hmg /ddp459

Libina, N., J.R.  Berman, and C.  Kenyon. 2003. Tissue-specific activities of 
C. elegans DAF-16 in the regulation of lifespan. Cell. 115:489–502. https 
://doi .org /10 .1016 /S0092 -8674(03)00889 -4

Lin, K., J.B.  Dorman, A.  Rodan, and C.  Kenyon. 1997. daf-16: An HNF-3/
forkhead family member that can function to double the life-span of 
Caenorhabditis elegans. Science. 278:1319–1322. https ://doi .org /10 
.1126 /science .278 .5341 .1319

Lin, K., H.  Hsin, N.  Libina, and C.  Kenyon. 2001. Regulation of the 
Caenorhabditis elegans longevity protein DAF-16 by insulin/IGF-1 and 
germline signaling. Nat. Genet. 28:139–145. https ://doi .org /10 .1038 
/88850

Lopez, A.L. III, J. Chen, H.-J. Joo, M. Drake, M. Shidate, C. Kseib, and S. Arur. 
2013. DAF-2 and ERK couple nutrient availability to meiotic progression 
during Caenorhabditis elegans oogenesis. Dev. Cell. 27:227–240. https ://
doi .org /10 .1016 /j .devcel .2013 .09 .008

López-Otín, C., M.A. Blasco, L. Partridge, M. Serrano, and G. Kroemer. 2013. 
The hallmarks of aging. Cell. 153:1194–1217. https ://doi .org /10 .1016 /j 
.cell .2013 .05 .039

Lorenzini, A., A.B.  Salmon, C.  Lerner, C.  Torres, Y.  Ikeno, S.  Motch, 
R. McCarter, and C. Sell. 2014. Mice producing reduced levels of insulin-
like growth factor type 1 display an increase in maximum, but not mean, 
life span. J. Gerontol. A Biol. Sci. Med. Sci. 69:410–419. https ://doi .org 
/10 .1093 /gerona /glt108

Luckinbill, L.S., R.  Arking, M.J.  Clare, W.C.  Cirocco, and S.A.  Buck. 1984. 
Selection for delayed senescence in Drosophila melanogaster. Evolution. 
38:996–1003. https ://doi .org /10 .1111 /j .1558 -5646 .1984 .tb00369 .x

Lunetta, K.L., R.B.  D’Agostino Sr., D.  Karasik, E.J.  Benjamin, C.-Y.  Guo, 
R. Govindaraju, D.P. Kiel, M. Kelly-Hayes, J.M. Massaro, M.J. Pencina, 
et al. 2007. Genetic correlates of longevity and selected age-related 
phenotypes: a genome-wide association study in the Framingham Study. 
BMC Med. Genet. 8(Suppl 1):S13. https ://doi .org /10 .1186 /1471 -2350 -8 
-S1 -S13

Luo, S., W.M.  Shaw, J.  Ashraf, and C.T.  Murphy. 2009. TGF-beta Sma/Mab 
signaling mutations uncouple reproductive aging from somatic aging. 
PLoS Genet. 5:e1000789. https ://doi .org /10 .1371 /journal .pgen .1000789

Luo, S., G.A.  Kleemann, J.M.  Ashraf, W.M.  Shaw, and C.T.  Murphy. 2010. 
TGF-β and insulin signaling regulate reproductive aging via oocyte and 
germline quality maintenance. Cell. 143:299–312. https ://doi .org /10 
.1016 /j .cell .2010 .09 .013

Ma, L., Z. Chen, H. Erdjument-Bromage, P. Tempst, and P.P. Pandolfi. 2005. 
Phosphorylation and functional inactivation of TSC2 by Erk: implications 
for tuberous sclerosis and cancer pathogenesis. Cell. 121:179–193. https 
://doi .org /10 .1016 /j .cell .2005 .02 .031

Mair, W., I. Morantte, A.P.C. Rodrigues, G. Manning, M. Montminy, R.J. Shaw, 
and A. Dillin. 2011. Lifespan extension induced by AMPK and calcineurin 
is mediated by CRTC-1 and CREB. Nature. 470:404–408. https ://doi .org 
/10 .1038 /nature09706

Maklakov, A.A., S.J. Simpson, F. Zajitschek, M.D. Hall, J. Dessmann, F. Clissold, 
D. Raubenheimer, R. Bonduriansky, and R.C. Brooks. 2008. Sex-specific 
fitness effects of nutrient intake on reproduction and lifespan. Curr. Biol. 
18:1062–1066. https ://doi .org /10 .1016 /j .cub .2008 .06 .059

Manning, B.D., A.R.  Tee, M.N.  Logsdon, J.  Blenis, and L.C.  Cantley. 2002. 
Identification of the tuberous sclerosis complex-2 tumor suppressor gene 
product tuberin as a target of the phosphoinositide 3-kinase/akt pathway. 
Mol. Cell. 10:151–162. https ://doi .org /10 .1016 /S1097 -2765(02)00568 -3

Mattison, J.A., G.S. Roth, T.M. Beasley, E.M. Tilmont, A.M. Handy, R.L. Herbert, 
D.L. Longo, D.B. Allison, J.E. Young, M. Bryant, et al. 2012. Impact of 
caloric restriction on health and survival in rhesus monkeys from the NIA 
study. Nature. 489:318–321. https ://doi .org /10 .1038 /nature11432

McCay, C.M., M.F. Crowell, and L.A. Maynard. 1935. The effect of retarded 
growth upon the length of life span and upon the ultimate body size. 
J. Nutr. 10:63–79.

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/1/93/961560/jcb_201707168.pdf by Princeton U

niversity Library user on 14 Septem
ber 2020

https://doi.org/10.1371/journal.pgen.0030025
https://doi.org/10.1038/nature02549
https://doi.org/10.1038/ncb839
https://doi.org/10.1016/S0092-8674(03)00929-2
https://doi.org/10.1016/S0092-8674(03)00929-2
https://doi.org/10.1016/j.annepidem.2014.12.002
https://doi.org/10.4161/adip.29674
https://doi.org/10.4161/adip.29674
https://doi.org/10.1242/dev.01255
https://doi.org/10.1242/dev.01255
https://doi.org/10.1038/nature11861
https://doi.org/10.1038/nature11861
https://doi.org/10.1016/j.cub.2004.03.059
https://doi.org/10.1016/j.cub.2004.03.059
https://doi.org/10.1371/journal.pbio.0060254
https://doi.org/10.1371/journal.pbio.0060254
https://doi.org/10.1210/en.2008-1032
https://doi.org/10.1210/en.2008-1032
https://doi.org/10.1038/366461a0
https://doi.org/10.1038/366461a0
https://doi.org/10.1038/ncb2152
https://doi.org/10.1016/0047-6374(77)90043-4
https://doi.org/10.1016/j.exger.2004.05.007
https://doi.org/10.1016/j.exger.2004.05.007
https://doi.org/10.1242/dev.074047
https://doi.org/10.1126/science.1111410
https://doi.org/10.1242/dev.050351
https://doi.org/10.1242/dev.050351
https://doi.org/10.1073/pnas.95.22.13091
https://doi.org/10.1126/science.1215135
https://doi.org/10.1126/science.1215135
https://doi.org/10.1016/j.cell.2012.03.017
https://doi.org/10.1073/pnas.0710787105
https://doi.org/10.1101/gad.1066503
https://doi.org/10.1101/gad.1066503
https://doi.org/10.1093/hmg/ddp459
https://doi.org/10.1016/S0092-8674(03)00889-4
https://doi.org/10.1016/S0092-8674(03)00889-4
https://doi.org/10.1126/science.278.5341.1319
https://doi.org/10.1126/science.278.5341.1319
https://doi.org/10.1038/88850
https://doi.org/10.1038/88850
https://doi.org/10.1016/j.devcel.2013.09.008
https://doi.org/10.1016/j.devcel.2013.09.008
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1093/gerona/glt108
https://doi.org/10.1093/gerona/glt108
https://doi.org/10.1111/j.1558-5646.1984.tb00369.x
https://doi.org/10.1186/1471-2350-8-S1-S13
https://doi.org/10.1186/1471-2350-8-S1-S13
https://doi.org/10.1371/journal.pgen.1000789
https://doi.org/10.1016/j.cell.2010.09.013
https://doi.org/10.1016/j.cell.2010.09.013
https://doi.org/10.1016/j.cell.2005.02.031
https://doi.org/10.1016/j.cell.2005.02.031
https://doi.org/10.1038/nature09706
https://doi.org/10.1038/nature09706
https://doi.org/10.1016/j.cub.2008.06.059
https://doi.org/10.1016/S1097-2765(02)00568-3
https://doi.org/10.1038/nature11432


Signaling systems directing reproduction and aging • Templeman and murphy 105

McShane, T.M., and P.M.  Wise. 1996. Life-long moderate caloric restriction 
prolongs reproductive life span in rats without interrupting estrous 
cyclicity: effects on the gonadotropin-releasing hormone/luteinizing 
hormone axis. Biol. Reprod. 54:70–75. https ://doi .org /10 .1095 /
biolreprod54 .1 .70

Mercken, E.M., S.D. Crosby, D.W. Lamming, L. JeBailey, S. Krzysik-Walker, 
D.T.  Villareal, M.  Capri, C.  Franceschi, Y.  Zhang, K.  Becker, et al. 
2013. Calorie restriction in humans inhibits the PI3K/AKT pathway and 
induces a younger transcription profile. Aging Cell. 12:645–651. https ://
doi .org /10 .1111 /acel .12088

Merry, B.J., and A.M. Holehan. 1979. Onset of puberty and duration of fertility 
in rats fed a restricted diet. J. Reprod. Fertil. 57:253–259. https ://doi .org 
/10 .1530 /jrf .0 .0570253

Merry, T.L., D. Kuhlow, B. Laube, D. Pöhlmann, A.F.H. Pfeiffer, C.R. Kahn, 
M.  Ristow, and K.  Zarse. 2017. Impairment of insulin signalling in 
peripheral tissue fails to extend murine lifespan. Aging Cell. 16:761–772. 
https ://doi .org /10 .1111 /acel .12610

Michaelson, D., D.Z.  Korta, Y.  Capua, and E.J.A.  Hubbard. 2010. Insulin 
signaling promotes germline proliferation in C.  elegans. Development. 
137:671–680. https ://doi .org /10 .1242 /dev .042523

Min, K.-J., C.-K. Lee, and H.-N. Park. 2012. The lifespan of Korean eunuchs. 
Curr. Biol. 22:R792–R793. https ://doi .org /10 .1016 /j .cub .2012 .06 .036

Murphy, C.T., S.A.  McCarroll, C.I.  Bargmann, A.  Fraser, R.S.  Kamath, 
J.  Ahringer, H.  Li, and C.  Kenyon. 2003. Genes that act downstream 
of DAF-16 to influence the lifespan of Caenorhabditis elegans. Nature. 
424:277–283. https ://doi .org /10 .1038 /nature01789

Murphy, C.T., S.-J. Lee, and C. Kenyon. 2007. Tissue entrainment by feedback 
regulation of insulin gene expression in the endoderm of Caenorhabditis 
elegans. Proc. Natl. Acad. Sci. USA. 104:19046–19050. https ://doi .org /10 
.1073 /pnas .0709613104

Nanji, M., N.A. Hopper, and D. Gems. 2005. LET-60 RAS modulates effects 
of insulin/IGF-1 signaling on development and aging in Caenorhabditis 
elegans. Aging Cell. 4:235–245. https ://doi .org /10 .1111 /j .1474 -9726 
.2005 .00166 .x

Narbonne, P., and R.  Roy. 2006. Inhibition of germline proliferation during 
C.  elegans dauer development requires PTEN, LKB1 and AMPK 
signalling. Development. 133:611–619. https ://doi .org /10 .1242 /dev 
.02232

Narbonne, P., and R.  Roy. 2009. Caenorhabditis elegans dauers need LKB1/
AMPK to ration lipid reserves and ensure long-term survival. Nature. 
457:210–214. https ://doi .org /10 .1038 /nature07536

Nelson, J.F., L.S.  Felicio, P.K.  Randall, C.  Sims, and C.E.  Finch. 1982. A 
longitudinal study of estrous cyclicity in aging C57BL/6J mice: I. Cycle 
frequency, length and vaginal cytology. Biol. Reprod. 27:327–339. https 
://doi .org /10 .1095 /biolreprod27 .2 .327

Nojima, A., M. Yamashita, Y. Yoshida, I. Shimizu, H. Ichimiya, N. Kamimura, 
Y. Kobayashi, S. Ohta, N. Ishii, and T. Minamino. 2013. Haploinsufficiency 
of akt1 prolongs the lifespan of mice. PLoS One. 8:e69178. https ://doi 
.org /10 .1371 /journal .pone .0069178

Ogg, S., S. Paradis, S. Gottlieb, G.I. Patterson, L. Lee, H.A. Tissenbaum, and 
G. Ruvkun. 1997. The Fork head transcription factor DAF-16 transduces 
insulin-like metabolic and longevity signals in C.  elegans. Nature. 
389:994–999. https ://doi .org /10 .1038 /40194

Ohno, H., S.  Kato, Y.  Naito, H.  Kunitomo, M.  Tomioka, and Y.  Iino. 2014. 
Role of synaptic phosphatidylinositol 3-kinase in a behavioral learning 
response in C.  elegans. Science. 345:313–317. https ://doi .org /10 .1126 /
science .1250709

Ortega-Molina, A., A.  Efeyan, E.  Lopez-Guadamillas, M.  Muñoz-Martin, 
G.  Gómez-López, M.  Cañamero, F.  Mulero, J.  Pastor, S.  Martinez, 
E.  Romanos, et al. 2012. Pten positively regulates brown adipose 
function, energy expenditure, and longevity. Cell Metab. 15:382–394. 
https ://doi .org /10 .1016 /j .cmet .2012 .02 .001

Pan, K.Z., J.E.  Palter, A.N.  Rogers, A.  Olsen, D.  Chen, G.J.  Lithgow, and 
P.  Kapahi. 2007. Inhibition of mRNA translation extends lifespan in 
Caenorhabditis elegans. Aging Cell. 6:111–119. https ://doi .org /10 .1111 
/j .1474 -9726 .2006 .00266 .x

Paolisso, G., A.  Gambardella, S.  Ammendola, A.  D’Amore, V.  Balbi, 
M.  Varricchio, and F.  D’Onofrio. 1996. Glucose tolerance and insulin 
action in healty centenarians. Am. J. Physiol. 270:E890–E894.

Partridge, L., D.  Gems, and D.J.  Withers. 2005. Sex and death: what is the 
connection? Cell. 120:461–472. https ://doi .org /10 .1016 /j .cell .2005 .01 
.026

Pawlikowska, L., D. Hu, S. Huntsman, A. Sung, C. Chu, J. Chen, A.H. Joyner, 
N.J.  Schork, W.-C.  Hsueh, A.P.  Reiner, et al. Study of Osteoporotic 
Fractures. 2009. Association of common genetic variation in the insulin/
IGF1 signaling pathway with human longevity. Aging Cell. 8:460–472. 
https ://doi .org /10 .1111 /j .1474 -9726 .2009 .00493 .x

Pelosi, E., S. Omari, M. Michel, J. Ding, T. Amano, A. Forabosco, D. Schlessinger, 
and C. Ottolenghi. 2013. Constitutively active Foxo3 in oocytes preserves 
ovarian reserve in mice. Nat. Commun. 4:1843. https ://doi .org /10 .1038 /
ncomms2861

Perls, T.T., L. Alpert, and R.C. Fretts. 1997. Middle-aged mothers live longer. 
Nature. 389:133. https ://doi .org /10 .1038 /38148

Pierce, S.B., M.  Costa, R.  Wisotzkey, S.  Devadhar, S.A.  Homburger, 
A.R. Buchman, K.C. Ferguson, J. Heller, D.M. Platt, A.A. Pasquinelli, 
et al. 2001. Regulation of DAF-2 receptor signaling by human insulin 
and ins-1, a member of the unusually large and diverse C. elegans insulin 
gene family. Genes Dev. 15:672–686. https ://doi .org /10 .1101 /gad .867301

Potter, C.J., L.G.  Pedraza, and T.  Xu. 2002. Akt regulates growth by directly 
phosphorylating Tsc2. Nat. Cell Biol. 4:658–665. https ://doi .org /10 .1038 
/ncb840

Qiang, G., H. Whang Kong, S. Xu, H.A. Pham, S.D. Parlee, A.A. Burr, V. Gil, 
J.  Pang, A.  Hughes, X.  Gu, et al. 2016. Lipodystrophy and severe 
metabolic dysfunction in mice with adipose tissue-specific insulin 
receptor ablation. Mol. Metab. 5:480–490. https ://doi .org /10 .1016 /j 
.molmet .2016 .05 .005

Qin, Z., and E.J.A.  Hubbard. 2015. Non-autonomous DAF-16/FOXO activity 
antagonizes age-related loss of C. elegans germline stem/progenitor cells. 
Nat. Commun. 6:7107. https ://doi .org /10 .1038 /ncomms8107

Rauser, C.L., J.S. Hong, M.B. Cung, K.M. Pham, L.D. Mueller, and M.R. Rose. 
2005. Testing whether male age or high nutrition causes the cessation 
of reproductive aging in female Drosophila melanogaster populations. 
Rejuvenation Res. 8:86–95. https ://doi .org /10 .1089 /rej .2005 .8 .86

Reddy, P., L. Liu, D. Adhikari, K. Jagarlamudi, S. Rajareddy, Y. Shen, C. Du, 
W. Tang, T. Hämäläinen, S.L. Peng, et al. 2008. Oocyte-specific deletion 
of Pten causes premature activation of the primordial follicle pool. 
Science. 319:611–613. https ://doi .org /10 .1126 /science .1152257

Reddy, P., D.  Adhikari, W.  Zheng, S.  Liang, T.  Hämäläinen, V.  Tohonen, 
W.  Ogawa, T.  Noda, S.  Volarevic, I.  Huhtaniemi, and K.  Liu. 2009. 
PDK1 signaling in oocytes controls reproductive aging and lifespan 
by manipulating the survival of primordial follicles. Hum. Mol. Genet. 
18:2813–2824. https ://doi .org /10 .1093 /hmg /ddp217

Riddle, D.L., M.M.  Swanson, and P.S.  Albert. 1981. Interacting genes in 
nematode dauer larva formation. Nature. 290:668–671. https ://doi .org /10 
.1038 /290668a0

Roa, J., and M. Tena-Sempere. 2014. Connecting metabolism and reproduction: 
roles of central energy sensors and key molecular mediators. Mol. Cell. 
Endocrinol. 397:4–14. https ://doi .org /10 .1016 /j .mce .2014 .09 .027

Roa, J., D.  Garcia-Galiano, L.  Varela, M.A.  Sánchez-Garrido, R.  Pineda, 
J.M. Castellano, F. Ruiz-Pino, M. Romero, E. Aguilar, M. López, et al. 
2009. The mammalian target of rapamycin as novel central regulator 
of puberty onset via modulation of hypothalamic Kiss1 system. 
Endocrinology. 150:5016–5026. https ://doi .org /10 .1210 /en .2009 -0096

Robida-Stubbs, S., K.  Glover-Cutter, D.W.  Lamming, M.  Mizunuma, 
S.D.  Narasimhan, E.  Neumann-Haefelin, D.M.  Sabatini, and 
T.K. Blackwell. 2012. TOR signaling and rapamycin influence longevity 
by regulating SKN-1/Nrf and DAF-16/FoxO. Cell Metab. 15:713–724. 
https ://doi .org /10 .1016 /j .cmet .2012 .04 .007

Rose, M., and B.  Charlesworth. 1980. A test of evolutionary theories of 
senescence. Nature. 287:141–142. https ://doi .org /10 .1038 /287141a0

Roux, P.P., B.A.  Ballif, R.  Anjum, S.P.  Gygi, and J.  Blenis. 2004. Tumor-
promoting phorbol esters and activated Ras inactivate the tuberous 
sclerosis tumor suppressor complex via p90 ribosomal S6 kinase. Proc. 
Natl. Acad. Sci. USA. 101:13489–13494. https ://doi .org /10 .1073 /pnas 
.0405659101

Salminen, A., and K. Kaarniranta. 2012. AMP-activated protein kinase (AMPK) 
controls the aging process via an integrated signaling network. Ageing 
Res. Rev. 11:230–241. https ://doi .org /10 .1016 /j .arr .2011 .12 .005

Sancak, Y., C.C. Thoreen, T.R. Peterson, R.A. Lindquist, S.A. Kang, E. Spooner, 
S.A.  Carr, and D.M.  Sabatini. 2007. PRAS40 is an insulin-regulated 
inhibitor of the mTORC1 protein kinase. Mol. Cell. 25:903–915. https ://
doi .org /10 .1016 /j .molcel .2007 .03 .003

Saxton, R.A., and D.M. Sabatini. 2017. mTOR signaling in growth, metabolism, 
and disease. Cell. 168:960–976. (published erratum appears in Cell. 
2017. 169:361–371) https ://doi .org /10 .1016 /j .cell .2017 .02 .004

Selesniemi, K., H.-J.  Lee, and J.L.  Tilly. 2008. Moderate caloric restriction 
initiated in rodents during adulthood sustains function of the female 
reproductive axis into advanced chronological age. Aging Cell. 7:622–
629. https ://doi .org /10 .1111 /j .1474 -9726 .2008 .00409 .x

Selman, C., S. Lingard, A.I. Choudhury, R.L. Batterham, M. Claret, M. Clements, 
F. Ramadani, K. Okkenhaug, E. Schuster, E. Blanc, et al. 2008. Evidence 
for lifespan extension and delayed age-related biomarkers in insulin 
receptor substrate 1 null mice. FAS EB J. 22:807–818. https ://doi .org /10 
.1096 /fj .07 -9261com

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/1/93/961560/jcb_201707168.pdf by Princeton U

niversity Library user on 14 Septem
ber 2020

https://doi.org/10.1095/biolreprod54.1.70
https://doi.org/10.1095/biolreprod54.1.70
https://doi.org/10.1111/acel.12088
https://doi.org/10.1111/acel.12088
https://doi.org/10.1530/jrf.0.0570253
https://doi.org/10.1530/jrf.0.0570253
https://doi.org/10.1111/acel.12610
https://doi.org/10.1242/dev.042523
https://doi.org/10.1016/j.cub.2012.06.036
https://doi.org/10.1038/nature01789
https://doi.org/10.1073/pnas.0709613104
https://doi.org/10.1073/pnas.0709613104
https://doi.org/10.1111/j.1474-9726.2005.00166.x
https://doi.org/10.1111/j.1474-9726.2005.00166.x
https://doi.org/10.1242/dev.02232
https://doi.org/10.1242/dev.02232
https://doi.org/10.1038/nature07536
https://doi.org/10.1095/biolreprod27.2.327
https://doi.org/10.1095/biolreprod27.2.327
https://doi.org/10.1371/journal.pone.0069178
https://doi.org/10.1371/journal.pone.0069178
https://doi.org/10.1038/40194
https://doi.org/10.1126/science.1250709
https://doi.org/10.1126/science.1250709
https://doi.org/10.1016/j.cmet.2012.02.001
https://doi.org/10.1111/j.1474-9726.2006.00266.x
https://doi.org/10.1111/j.1474-9726.2006.00266.x
https://doi.org/10.1016/j.cell.2005.01.026
https://doi.org/10.1016/j.cell.2005.01.026
https://doi.org/10.1111/j.1474-9726.2009.00493.x
https://doi.org/10.1038/ncomms2861
https://doi.org/10.1038/ncomms2861
https://doi.org/10.1038/38148
https://doi.org/10.1101/gad.867301
https://doi.org/10.1038/ncb840
https://doi.org/10.1038/ncb840
https://doi.org/10.1016/j.molmet.2016.05.005
https://doi.org/10.1016/j.molmet.2016.05.005
https://doi.org/10.1038/ncomms8107
https://doi.org/10.1089/rej.2005.8.86
https://doi.org/10.1126/science.1152257
https://doi.org/10.1093/hmg/ddp217
https://doi.org/10.1038/290668a0
https://doi.org/10.1038/290668a0
https://doi.org/10.1016/j.mce.2014.09.027
https://doi.org/10.1210/en.2009-0096
https://doi.org/10.1016/j.cmet.2012.04.007
https://doi.org/10.1038/287141a0
https://doi.org/10.1073/pnas.0405659101
https://doi.org/10.1073/pnas.0405659101
https://doi.org/10.1016/j.arr.2011.12.005
https://doi.org/10.1016/j.molcel.2007.03.003
https://doi.org/10.1016/j.molcel.2007.03.003
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1111/j.1474-9726.2008.00409.x
https://doi.org/10.1096/fj.07-9261com
https://doi.org/10.1096/fj.07-9261com


JCB • Volume 217 • NumBer 1 • 2018106

Selman, C., J.M.A. Tullet, D. Wieser, E. Irvine, S.J. Lingard, A.I. Choudhury, 
M.  Claret, H.  Al-Qassab, D.  Carmignac, F.  Ramadani, et al. 2009. 
Ribosomal protein S6 kinase 1 signaling regulates mammalian life span. 
Science. 326:140–144. https ://doi .org /10 .1126 /science .1177221

Shaw, W.M., S. Luo, J. Landis, J. Ashraf, and C.T. Murphy. 2007. The C. elegans 
TGF-beta Dauer pathway regulates longevity via insulin signaling. Curr. 
Biol. 17:1635–1645. https ://doi .org /10 .1016 /j .cub .2007 .08 .058

Slack, C., M.E. Giannakou, A. Foley, M. Goss, and L. Partridge. 2011. dFOXO-
independent effects of reduced insulin-like signaling in Drosophila. Aging 
Cell. 10:735–748. https ://doi .org /10 .1111 /j .1474 -9726 .2011 .00707 .x

Slack, C., N. Alic, A. Foley, M. Cabecinha, M.P. Hoddinott, and L. Partridge. 
2015. The Ras-Erk-ETS-signaling pathway is a drug target for longevity. 
Cell. 162:72–83. https ://doi .org /10 .1016 /j .cell .2015 .06 .023

Sliwowska, J.H., C.  Fergani, M.  Gawałek, B.  Skowronska, P.  Fichna, and 
M.N. Lehman. 2014. Insulin: its role in the central control of reproduction. 
Physiol. Behav. 133:197–206. https ://doi .org /10 .1016 /j .physbeh .2014 .05 
.021

Solon-Biet, S.M., A.C.  McMahon, J.W.O.  Ballard, K.  Ruohonen, L.E.  Wu, 
V.C. Cogger, A. Warren, X. Huang, N. Pichaud, R.G. Melvin, et al. 2014. 
The ratio of macronutrients, not caloric intake, dictates cardiometabolic 
health, aging, and longevity in ad libitum-fed mice. Cell Metab. 19:418–
430. https ://doi .org /10 .1016 /j .cmet .2014 .02 .009

Solon-Biet, S.M., K.A. Walters, U.K. Simanainen, A.C. McMahon, K. Ruohonen, 
J.W.O. Ballard, D. Raubenheimer, D.J. Handelsman, D.G. Le Couteur, 
and S.J. Simpson. 2015. Macronutrient balance, reproductive function, 
and lifespan in aging mice. Proc. Natl. Acad. Sci. USA. 112:3481–3486. 
https ://doi .org /10 .1073 /pnas .1422041112

Stenesen, D., J.M.  Suh, J.  Seo, K.  Yu, K.-S.  Lee, J.-S.  Kim, K.-J.  Min, and 
J.M. Graff. 2013. Adenosine nucleotide biosynthesis and AMPK regulate 
adult life span and mediate the longevity benefit of caloric restriction in 
flies. Cell Metab. 17:101–112. https ://doi .org /10 .1016 /j .cmet .2012 .12 
.006

Steuerwald, N.M., M.G. Bermúdez, D. Wells, S. Munné, and J. Cohen. 2007. 
Maternal age-related differential global expression profiles observed in 
human oocytes. Reprod. Biomed. Online. 14:700–708. https ://doi .org /10 
.1016 /S1472 -6483(10)60671 -2

Suh, Y., G.  Atzmon, M.-O.  Cho, D.  Hwang, B.  Liu, D.J.  Leahy, N.  Barzilai, 
and P. Cohen. 2008. Functionally significant insulin-like growth factor 
I receptor mutations in centenarians. Proc. Natl. Acad. Sci. USA. 
105:3438–3442. https ://doi .org /10 .1073 /pnas .0705467105

Sundaram, M.V. 2013. Canonical RTK-Ras-ERK signaling and related alternative 
pathways. WormBook. 1:1–38. https ://doi .org /10 .1895 /wormbook .1 .80 .2

Svensson, J., K. Sjögren, J. Fäldt, N. Andersson, O. Isaksson, J.-O. Jansson, and 
C. Ohlsson. 2011. Liver-derived IGF-I regulates mean life span in mice. 
PLoS One. 6:e22640. https ://doi .org /10 .1371 /journal .pone .0022640

Taguchi, A., L.M.  Wartschow, and M.F.  White. 2007. Brain IRS2 signaling 
coordinates life span and nutrient homeostasis. Science. 317:369–372. 
https ://doi .org /10 .1126 /science .1142179

Tang, H., and M. Han. 2017. Fatty acids regulate germline sex determination 
through ACS-4-dependent myristoylation. Cell. 169:457–469. https ://doi 
.org /10 .1016 /j .cell .2017 .03 .049

Taniguchi, C.M., B. Emanuelli, and C.R. Kahn. 2006. Critical nodes in signalling 
pathways: insights into insulin action. Nat. Rev. Mol. Cell Biol. 7:85–96. 
https ://doi .org /10 .1038 /nrm1837

Tatar, M., A. Kopelman, D. Epstein, M.P. Tu, C.M. Yin, and R.S. Garofalo. 2001. 
A mutant Drosophila insulin receptor homolog that extends life-span and 
impairs neuroendocrine function. Science. 292:107–110. https ://doi .org 
/10 .1126 /science .1057987

Templeman, N.M., S.  Flibotte, J.H.L.  Chik, S.  Sinha, G.E.  Lim, L.J.  Foster, 
C. Nislow, and J.D. Johnson. 2017. Reduced circulating insulin enhances 
insulin sensitivity in old mice and extends lifespan. Cell Reports. 20:451–
463. https ://doi .org /10 .1016 /j .celrep .2017 .06 .048

Tepper, R.G., J.  Ashraf, R.  Kaletsky, G.  Kleemann, C.T.  Murphy, and 
H.J.  Bussemaker. 2013. PQM-1 complements DAF-16 as a key 
transcriptional regulator of DAF-2-mediated development and longevity. 
Cell. 154:676–690. https ://doi .org /10 .1016 /j .cell .2013 .07 .006

te Velde, E.R., and P.L. Pearson. 2002. The variability of female reproductive 
ageing. Hum. Reprod. Update. 8:141–154. https ://doi .org /10 .1093 /
humupd /8 .2 .141

Thomas, J.H., D.A. Birnby, and J.J. Vowels. 1993. Evidence for parallel process-
ing of sensory information controlling dauer formation in Caenorhabditis 
elegans. Genetics. 134:1105–1117.

Tosca, L., P.  Froment, P.  Solnais, P.  Ferré, F.  Foufelle, and J.  Dupont. 2005. 
Adenosine 5′-monophosphate-activated protein kinase regulates 
progesterone secretion in rat granulosa cells. Endocrinology. 146:4500–
4513. https ://doi .org /10 .1210 /en .2005 -0301

Tullet, J.M.A., M. Hertweck, J.H. An, J. Baker, J.Y. Hwang, S. Liu, R.P. Oliveira, 
R.  Baumeister, and T.K.  Blackwell. 2008. Direct inhibition of the 
longevity-promoting factor SKN-1 by insulin-like signaling in C. elegans. 
Cell. 132:1025–1038. https ://doi .org /10 .1016 /j .cell .2008 .01 .030

Ulgherait, M., A.  Rana, M.  Rera, J.  Graniel, and D.W.  Walker. 2014. AMPK 
modulates tissue and organismal aging in a non-cell-autonomous manner. 
Cell Reports. 8:1767–1780. https ://doi .org /10 .1016 /j .celrep .2014 .08 .006

Vander Haar, E., S.-I. Lee, S. Bandhakavi, T.J. Griffin, and D.-H. Kim. 2007. 
Insulin signalling to mTOR mediated by the Akt/PKB substrate PRAS40. 
Nat. Cell Biol. 9:316–323. https ://doi .org /10 .1038 /ncb1547

Van Heemst, D., M.  Beekman, S.P.  Mooijaart, B.T.  Heijmans, B.W.  Brandt, 
B.J.  Zwaan, P.E.  Slagboom, and R.G.J.  Westendorp. 2005. Reduced 
insulin/IGF-1 signalling and human longevity. Aging Cell. 4:79–85. https 
://doi .org /10 .1111 /j .1474 -9728 .2005 .00148 .x

Vellai, T., K.  Takacs-Vellai, Y.  Zhang, A.L.  Kovacs, L.  Orosz, and F.  Müller. 
2003. Genetics: influence of TOR kinase on lifespan in C.  elegans. 
Nature. 426:620. https ://doi .org /10 .1038 /426620a

Wade, G.N., and J.E.  Schneider. 1992. Metabolic fuels and reproduction in 
female mammals. Neurosci. Biobehav. Rev. 16:235–272. https ://doi .org 
/10 .1016 /S0149 -7634(05)80183 -6

Wang, J., and S.K.  Kim. 2003. Global analysis of dauer gene expression in 
Caenorhabditis elegans. Development. 130:1621–1634. https ://doi .org 
/10 .1242 /dev .00363

Wang, B., Y. Mu, F. Ni, S. Zhou, J. Wang, Y. Cao, and X. Ma. 2010. Analysis of 
FOXO3 mutation in 114 Chinese women with premature ovarian failure. 
Reprod. Biomed. Online. 20:499–503. https ://doi .org /10 .1016 /j .rbmo 
.2010 .01 .008

Watkins, W.J., A.J. Umbers, K.J. Woad, S.E. Harris, I.M. Winship, K. Gersak, 
and A.N. Shelling. 2006. Mutational screening of FOXO3A and FOXO1A 
in women with premature ovarian failure. Fertil. Steril. 86:1518–1521. 
https ://doi .org /10 .1016 /j .fertnstert .2006 .03 .054

Webb, A.E., A.  Kundaje, and A.  Brunet. 2016. Characterization of the direct 
targets of FOXO transcription factors throughout evolution. Aging Cell. 
15:673–685. https ://doi .org /10 .1111 /acel .12479

Werner, H., D.  Weinstein, and I.  Bentov. 2008. Similarities and differences 
between insulin and IGF-I: structures, receptors, and signalling 
pathways. Arch. Physiol. Biochem. 114:17–22. https ://doi .org /10 .1080 
/13813450801900694

Willcox, B.J., T.A. Donlon, Q. He, R. Chen, J.S. Grove, K. Yano, K.H. Masaki, 
D.C. Willcox, B. Rodriguez, and J.D. Curb. 2008. FOXO3A genotype is 
strongly associated with human longevity. Proc. Natl. Acad. Sci. USA. 
105:13987–13992. https ://doi .org /10 .1073 /pnas .0801030105

Zhang, H., S.  Risal, N.  Gorre, K.  Busayavalasa, X.  Li, Y.  Shen, B.  Bosbach, 
M.  Brännström, and K.  Liu. 2014. Somatic cells initiate primordial 
follicle activation and govern the development of dormant oocytes in 
mice. Curr. Biol. 24:2501–2508. https ://doi .org /10 .1016 /j .cub .2014 .09 
.023

Zhang, P., M. Judy, S.-J. Lee, and C. Kenyon. 2013. Direct and indirect gene 
regulation by a life-extending FOXO protein in C.  elegans: roles for 
GATA factors and lipid gene regulators. Cell Metab. 17:85–100. https ://
doi .org /10 .1016 /j .cmet .2012 .12 .013

Zwaan, B., R. Bijlsma, and R.F. Hoekstra. 1995. Direct selection on life span 
in Drosophila melanogaster. Evolution. 49:649–659. https ://doi .org /10 
.1111 /j .1558 -5646 .1995 .tb02301 .x

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/1/93/961560/jcb_201707168.pdf by Princeton U

niversity Library user on 14 Septem
ber 2020

https://doi.org/10.1126/science.1177221
https://doi.org/10.1016/j.cub.2007.08.058
https://doi.org/10.1111/j.1474-9726.2011.00707.x
https://doi.org/10.1016/j.cell.2015.06.023
https://doi.org/10.1016/j.physbeh.2014.05.021
https://doi.org/10.1016/j.physbeh.2014.05.021
https://doi.org/10.1016/j.cmet.2014.02.009
https://doi.org/10.1073/pnas.1422041112
https://doi.org/10.1016/j.cmet.2012.12.006
https://doi.org/10.1016/j.cmet.2012.12.006
https://doi.org/10.1016/S1472-6483(10)60671-2
https://doi.org/10.1016/S1472-6483(10)60671-2
https://doi.org/10.1073/pnas.0705467105
https://doi.org/10.1895/wormbook.1.80.2
https://doi.org/10.1371/journal.pone.0022640
https://doi.org/10.1126/science.1142179
https://doi.org/10.1016/j.cell.2017.03.049
https://doi.org/10.1016/j.cell.2017.03.049
https://doi.org/10.1038/nrm1837
https://doi.org/10.1126/science.1057987
https://doi.org/10.1126/science.1057987
https://doi.org/10.1016/j.celrep.2017.06.048
https://doi.org/10.1016/j.cell.2013.07.006
https://doi.org/10.1093/humupd/8.2.141
https://doi.org/10.1093/humupd/8.2.141
https://doi.org/10.1210/en.2005-0301
https://doi.org/10.1016/j.cell.2008.01.030
https://doi.org/10.1016/j.celrep.2014.08.006
https://doi.org/10.1038/ncb1547
https://doi.org/10.1111/j.1474-9728.2005.00148.x
https://doi.org/10.1111/j.1474-9728.2005.00148.x
https://doi.org/10.1038/426620a
https://doi.org/10.1016/S0149-7634(05)80183-6
https://doi.org/10.1016/S0149-7634(05)80183-6
https://doi.org/10.1242/dev.00363
https://doi.org/10.1242/dev.00363
https://doi.org/10.1016/j.rbmo.2010.01.008
https://doi.org/10.1016/j.rbmo.2010.01.008
https://doi.org/10.1016/j.fertnstert.2006.03.054
https://doi.org/10.1111/acel.12479
https://doi.org/10.1080/13813450801900694
https://doi.org/10.1080/13813450801900694
https://doi.org/10.1073/pnas.0801030105
https://doi.org/10.1016/j.cub.2014.09.023
https://doi.org/10.1016/j.cub.2014.09.023
https://doi.org/10.1016/j.cmet.2012.12.013
https://doi.org/10.1016/j.cmet.2012.12.013
https://doi.org/10.1111/j.1558-5646.1995.tb02301.x
https://doi.org/10.1111/j.1558-5646.1995.tb02301.x

