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INTRODUCTION

The endocrine system comprises multiple organs that 
produce and secrete hormones, which act as endogenous 
messengers, originating from one location, circulating in 
body fluids, and instructing another. Despite their exception-
ally low amounts, hormones play a crucial role in orchestrat-
ing a plethora of physiological functions, including but not 
limited to growth, development, metabolism, and reproduc-
tion (Toivonen and Partridge, 2009).

Endocrine signaling is linked to the regulation of aging 
as well. The thrilling discovery that C. elegans with muta-
tions in daf-2, a homolog of the mammalian insulin receptor, 
had unusually long lives, brought forward the concept that 
aging is subject to endocrine regulation (Kenyon et al., 1993; 
Kimura et al., 1997). To date, endocrine regulation of aging 
has been proven to be evolutionarily conserved in diverse 
organisms from worms to mice (Kenyon, 2011). Conversely, 
over the course of the lifespan, it is generally acknowledged 
that endocrine alterations, either incapability of the endo-
crine system in producing precise amounts of hormones, or 
insensitivity of receptors in responding to their controlling 
hormones, are responsible for the deterioration of body 
functions. Those changes are detrimental and can lead to 
frailty and severe diseases (van den Beld et al., 2018). 
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Therefore, the endocrine system holds great promise as a 
target for therapeutic intervention to ameliorate aging, pre-
vent diseases, and promote health-span.

The fruit fly Drosophila melanogaster represents an 
ideal model for endocrinological and aging studies. Flies 
and mammals share highly similar endocrinology and aging 
physiology; yet a short duration is required for fly aging and 
unparalleled genetic tools available in flies greatly facilitate 
research (Toivonen and Partridge, 2009; Piper and Par-
tridge, 2018). Here, we review the current knowledge about 
the endocrine regulation of aging and the role of endocrine 
pathways in determining physiological functions during 
aging in D. melanogaster, with a main focus on the insulin/
insulin-like growth factor signaling, ecdysteroids, juvenile 
hormones, biogenic amines, and gut-derived hormones. As 
no individual hormone works apart from others, and any 
given effect of aging is too complicated to be attributed to 
one hormone, we also discuss the signaling crosstalk 
between hormones in the regulation of aging, as summa-
rized in Fig. 1. Despite significant advancements in recent 
research, there is still a substantial amount of information 
yet to be uncovered regarding the endocrinology of aging in 
D. melanogaster.

Insulin-like peptides
Drosophila possesses key elements of a highly con-

served signaling system that closely resembles the insulin/
insulin-like growth factor signaling (IIS) (Fig. 2) found in 
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5Hormonal control of aging in Drosophila

vertebrates. Drosophila melanogaster has eight Drosophila 
insulin-like peptides (Dilps1–8), seven of which are likely to 
bind to the D. melanogaster insulin receptor (InR). InR trans-
duces signals from Dilps to phosphoinositide 3-kinase 
(PI3K), via the insulin receptor substrate Chico (Biglou et al., 
2021). The intracellular signaling involves activation of a 
series of kinases, exemplified by Akt/protein kinase B (PKB). 
The transcription factor Drosophila forkhead box-containing 
protein, O subfamily (dFOXO) is negatively regulated by Akt/
PKB-mediated phosphorylation. Activated IIS promotes 
cytoplasmic retention of dFOXO, which otherwise translo-
cates into the nucleus to upregulate the expression of vari-

ous genes related to enhanced stress resistance (Biglou et 
al., 2021). IIS coordinates various physiological functions, 
one of them of relevance here being lifespan.

IIS components implicated in controlling aging
Attenuated IIS through genetic mutations of IIS pathway 

components has been consistently tied to extended fly lifes-
pan (Partridge et al., 2011). Lifespan-extending genetic 
mutations of IIS pathway components in the fruit fly were first 
identified in 2001. Flies with a null mutation in chico, both 
homozygotes and heterozygotes, are long-lived; yet the het-
erozygous mutants are normal in their body size and fecun-

Fig. 1.  Signaling crosstalk between pro-longevity pathways and their downstream effectors in Drosophila melanogaster. In the figure, solid 
lines indicate certain interactions, while dashed lines indicate that there is only circumstantial evidence. In general, Dilps are received by InR, 
thereby activating IIS. Reduced IIS induces nuclear translocation of dFOXO and confers longevity assurance. Dietary restriction, inhibition of 
TOR pathway, and mild JNK activation can prolong longevity in an IIS-dependent manner. Besides IIS, two other endocrine pathways, ecdys-
teroids and JHs, also regulate lifespan, either in parallel to IIS, or overlapping with IIS. Endocrine regulation of aging is coordinated between 
tissues and organs. IPCs produce Dilp1, Dilp2, Dilp3, and Dilp5, and the fat body produces Dilp6. dilp1, which is suppressed by dilp2, induces 
AKH expression in the CC to promote energy mobilization. Dilp2, Dilp3, and Dilp5 activate IIS in both IPCs and peripheral tissues, negatively 
impacting longevity. dFOXO directly represses dawdle in the muscle to improve proteostasis and interacts with Aop in the gut to prevent 
misregulation of lipid metabolism. In the fat body, dFOXO targets dilp6 expression, and fat body-derived Dilp6 inhibits the expression of dilp2 
and dilp5 in IPCs to promote longevity. In addition to dFOXO, FKH is another key transcriptional factor that lies downstream to attenuated IIS 
to mediate longevity. Ecdysteroids and JHs are biosynthesized in the ovary and the CA, respectively. Suppression of both pathways increases 
lifespan, and IIS might act upstream at both synthesis and effect level in their regulation of lifespan. In turn, JH might positively affect fat-body 
dilp6 expression. In addition to IIS-dependent longevity assurance, JH might mediate the trade-off between fecundity and longevity in the 
ovary. Moreover, both JH and ecdysteroids have been implicated in the regulation of adaptive gut growth, whose dysregulation limits lifespan 
in aged individuals. Abbreviations: IPC, insulin-producing cells; CC, corpus cardiacum; CA, corpus allatum; Dilp, Drosophila insulin-like pep-
tides; IIS, insulin/insulin-like growth factor signaling; dFOXO, Drosophila forkhead box-containing protein, O subfamily; InR, insulin receptor; 
FKH, FOXA ortholog Forkhead; Aop, anterior open; JNK, c-Jun N-terminal kinase pathway; TOR, target of rapamycin; 4E-BP, the eukaryotic 
translation initiation factor 4E binding protein; AKH, adipokinetic hormone; AkhR, adipokinetic hormone receptor; JH, juvenile hormone; 20E, 
20-hydroxyecdysone.
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dity (Clancy et al., 2001). A hypomorphic mutation in InR, 
which confers loss of InR function, also increases female 
lifespan by 85% (Tatar et al., 2001b). Subsequent studies 
have been devoted to understanding the role of tissue-
specific intervention against IIS pathway components in lon-
gevity assurance. The tissues on which much progress has 
been made are the nervous system, the gut, and the fat 
body, which is the fly equivalent of the mammalian liver and 
white adipose tissue. dilp2, dilp3, and dilp5 are mainly pro-
duced in a set of neurosecretory cells called insulin-
producing cells (IPCs) in the brain, while dilp6 is strongly 
expressed in the fat body (Semaniuk et al., 2021). Partial 
ablation of IPCs from the late larval stage results in an exten-
sion of lifespan (Broughton et al., 2005). Among the three 
neuronal dilps, dilp2 is of particular interest due to its 
reduced expression level in long-lived IIS mutants (Hwangbo 
et al., 2004; Wang et al., 2005). Although IPC-specific dilp2 
knockdown does not result in any lifespan extension, dilp2 
mutants have an extended lifespan. The increase in dilp3 
and dilp5 expression in both dilp2-reduced flies might run 
counter to modulation of overall neuronal dilps, obfuscating 
the role of each neuronal dilp in longevity regulation 
(Broughton et al., 2008; Grönke et al., 2010). On the other 
hand, overexpression of fat-body dilp6 prolongs lifespan, via 
reducing neuronal dilp2 and dilp5 expression and circulat-
ing Dilp2 in the hemolymph, suggesting the presence of 
crosstalk between the fat body and the nervous system (Bai 
et al., 2012). Increasing the expression of Imp-L2, encoding 
a circulating Dilp-binding protein, ubiquitously or specifically 
in the gut and the fat body, phenocopies IIS reduction and 
enhances longevity, arguing that the gut can be a critical tis-

sue as well (Alic et al., 2011b). Collectively, these findings 
show that IIS acts both autonomously and non-autonomously 
to control longevity.

Adult flies with dFOXO activated in the fat body have sup-
pressed local IIS and decreased neuronal dilp2 expression, 
which in turn reduces global IIS, implying a positive feedback 
mechanism in IIS’ regulation of aging (Giannakou et al., 
2004; Hwangbo et al., 2004; Alic et al., 2014b). Furthermore, 
mutation of dFOXO blocks the lifespan extension in flies with 
impaired IIS (Slack et al., 2011; Yamamoto and Tatar, 2011). 
These studies have proved both the necessity and the suffi-
ciency of dFOXO in IIS-mediated lifespan regulation. Besides 
dFOXO, the D. melanogaster FOXA ortholog Forkhead 
(FKH) is another key transcriptional player that lies down-
stream of IIS. Gut-specific FKH upregulation is sufficient to 
prolong lifespan, and loss of FKH cancels IIS-mediated pro-
longevity effects (Bolukbasi et al., 2017). In the nervous sys-
tem, neuron-specific FKH overexpression and astrocyte-like 
glia cell-specific dFOXO overexpression independently 
extend lifespan (Woodling et al., 2020; Bolukbasi et al., 
2021). Moreover, individual neurons respond differently to 
reduced IIS. While InR inactivation in serotonergic neurons 
increases lifespan, InR inactivation in cholinergic, dopami-
nergic, and glutamatergic neurons decreases lifespan 
(Dravecz et al., 2022). These findings have provided a cell 
type-specific insight into IIS-mediated lifespan regulation.

The mechanisms downstream of IIS to ameliorate aging
In parallel to increased longevity, repressing IIS influ-

ences various aspects of physiology, and a host of studies 
have focused on examining whether these physiological 
phenotypes are causal or simply correlated to lifespan 
extension (Giannakou and Partridge, 2007; Piper et al., 
2008; Partridge et al., 2011; Kannan and Fridell, 2013). IIS 
mutants feature altered metabolism, in particular raised tre-
halose and glycogen levels (Broughton et al., 2005). With 
global phospho-proteomic analysis, dilp2 has been found to 
decrease the phosphorylation of Ser15 of glycogen phos-
phorylase, the rate-limiting enzyme in glycogenolysis, 
thereby suppressing its enzymatic activity. Failure to deacti-
vate the enzyme thus results in elevated glycogen levels in 
IIS mutants (Post et al., 2018). dilp1 is required for dilp2 
mutants to live long, and this pro-longevity effect acts par-
tially through the induction of adipokinetic hormone (AKH). 
AKH, produced in the corpus cardiaca (CC), acts as the 
functional homolog of mammalian glucagon, whose secre-
tion induces mobilization of stored energy and increases 
lifespan (Post et al., 2019). Improved resistance to oxidative 
stress observed in long-lived IIS mutants is another possible 
mechanism to slow aging. Moderate upregulation of cellular 
detoxification via autophagy is necessary for IIS to increase 
lifespan (Bjedov et al., 2020). These studies have revealed 
critical causal outputs of IIS that guide longevity assurance.

More recent studies have taken approaches to charac-
terizing the transcriptome and proteome of long-lived IIS 
mutants, to search for coordinated functional changes (Alic 
et al., 2011a, 2014a; Bai et al., 2013; Tain et al., 2017). Upon 
IIS reduction, the transcriptional response of dFOXO ensures 
correct expression of genes spanning various functions, 
including cell cycle, DNA repair, intracellular transport, and 
protein catabolism (Alic et al., 2011a). Chromatin immunopre-

Fig. 2.  Insulin/Insulin-like peptide signaling in Drosophila melano-
gaster. Drosophila insulin-like peptides (Dilps) bind to insulin recep-
tors (InR) on the surface of target cells. The binding of Dilps to InR 
activates phosphoinositide 3-kinase (PI3K), via the insulin receptor 
substrate Chico. This further triggers a series of intracellular events 
involving the activation of various proteins through a cascade of 
phosphorylation reactions, exemplified by Akt/protein kinase B 
(PKB). Akt/PKB then phosphorylates the transcriptional factor Dro-
sophila forkhead box-containing protein, O subfamily (dFOXO), pro-
moting its retention in the cytoplasm. In the absence of IIS signaling, 
dFOXO freely translocates into the nucleus. Once in the nucleus, 
dFOXO binds to specific DNA sequences and upregulates the 
expression of genes involved in stress response. This results in 
enhanced stress resistance and increased lifespan.
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cipitation analysis with dFOXO from long-lived IIS mutants 
has shown that dFOXO directly represses dawdle, encoding 
an activin-like ligand. Reduced activin signaling promotes 
autophagy, improves muscle performance, and reduces neu-
ronal Dilp secretion, hence extending lifespan (Bai et al., 
2013). In the gut, dFOXO regulates the expression of Anterior 
open (Aop), encoding an E-twenty six (ETS)-family transcrip-
tional repressor, which counteracts ETS-family transcrip-
tional activator to prevent detrimental drop in the lipid storage 
that limits lifespan (Alic et al., 2014a). In the gut and the fat 
body, Aop lies downstream to attenuated IIS to extend lifes-
pan (Slack et al., 2015). Meanwhile, profiling of the proteomes 
in IPC-ablated and dFOXO-deleted flies has identified pro-
teins whose expressions are dependent on IIS. These pro-
teins can be grouped into diverse functional entities. Proteins 
associated with mitochondrial biogenesis increase in the fat 
body, while proteins associated with proteasomal assembly 
increase in the gut (Tain et al., 2017). Collectively, these stud-
ies have captured the complexity and tissue-specificity of 
cellular responses downstream of reduced IIS and proposed 
a consistent mechanism by which IIS employs autophagy 
and the ubiquitin-proteasome machinery to maintain proteo-
stasis, thus promoting longevity.

Longevity pathways with which IIS interacts
Although IIS-mediated lifespan extension is mainly 

attributed to the downstream effects of dFOXO, dFOXO is 
only required for a part of transcriptional responses and 
physiological changes brought on by reduced IIS (Alic et al., 
2011a; Slack et al., 2011). This suggests that IIS signals 
through additional longevity pathways to fine-tune survival. 
The two pathways of note are the target of rapamycin (TOR) 
pathway, and the stress-sensing c-Jun N-terminal kinase 
(JNK) pathway (Giannakou and Partridge, 2007). The TOR 
pathway is primarily associated with amino acid sensing and 
cellular responses to growth factors, mainly via direct phos-
phorylation of the key effector, the eukaryotic translation ini-
tiation factor 4E binding protein (4E-BP). Inhibiting the TOR 
pathway, either through overexpressing the downstream 
negative regulator, or rapamycin administration, extends 
lifespan (Kapahi et al., 2004; Bjedov et al., 2010). Reduced 
IIS represses the activity of the TOR complex 1, and 4E-BP 
is required for chico mutants to slow aging and increase 
stress resistance (Kapahi et al., 2004; Luong et al., 2006; 
Bai et al., 2015). Overexpression of 4E-BP in muscles 
extends lifespan and preserves muscle proteostasis in 
response to dFOXO signaling (Demontis and Perrimon, 
2010). The JNK pathway is another critical system in regulat-
ing longevity. JNK is activated in response to stresses to 
trigger the protective mechanism of cells and to promote 
survival. Mild JNK activation at an organismal level gives 
flies an extended lifespan and enhanced stress tolerance 
(Gan et al., 2021). Activation of JNK in the IPCs exerts pro-
longevity effects through inducing nuclear translocation of 
dFOXO and downregulating dilp2 expression, ultimately 
antagonizing IIS (Hwangbo et al., 2004; Wang et al., 2005; 
Karpac et al., 2009).

Besides the two signaling pathways, the nutrient-
sensing IIS pathway extensively interacts with dietary 
restriction (DR), a conserved pro-longevity mechanism 
(Partridge et al., 2011). DR can be achieved by diluting the 

food medium, with the yeast component playing a major role 
(Mair et al., 2005). While flies with mutated chico, overex-
pressed dFOXO, or activated TOR can increase their lifes-
pan to a similar extent as controls under DR, they reach their 
maximum lifespan at a higher food concentration than con-
trols, implying that reduced IIS/TOR renders flies into a par-
tially diet-restricted state (Clancy et al., 2002; Kapahi et al., 
2004; Giannakou et al., 2008). Flies expressing a dominant-
negative form of InR are longer-lived than controls even with 
DR (Grandison et al., 2009). In contrast, flies with deletion of 
three neuronal dilps fail to respond to DR, such that their 
lifespan remains unchanged at all food concentrations, at a 
level the control can maximize under DR (Broughton et al., 
2010; Grönke et al., 2010). It has been argued that a diet 
dilution series can overlook the effect of the nutrient ratio, 
which results in such mixed outcomes (Piper et al., 2011). 
Under the low protein-to-carbohydrate ratio that maximizes 
the lifespan of wild-type flies, dilp5 mRNA is decreased and 
dilp6 mRNA is increased (Min et al., 2008; Post and Tatar, 
2016). These findings suggest that IIS and DR act through 
overlapping lifespan extension mechanisms (Kannan and 
Fridell, 2013; Tatar et al., 2014). However, DR prolongs the 
lifespan of dFOXO-null flies to the same magnitude as seen 
in controls (Giannakou et al., 2008; Min et al., 2008). There-
fore, it has been proposed that in the absence of dFOXO, DR 
might foster longevity via the TOR pathway downstream to 
IIS (Grönke et al., 2010; Tatar et al., 2014).

Age-dependent changes of IIS signaling
Drosophila melanogaster aging can be detected by 

numerous physiological signs, including decreased locomo-
tor activity, increased sleep fragmentation, and altered neuron 
functions (Piper and Partridge, 2018). Genetic manipulation of 
IIS can postpone such age-related deterioration of functions 
(Partridge et al., 2011). Systemic IIS reduction retards senes-
cence of negative geotaxis, a reflex motor behavior related to 
escape, but not exploratory walking, a more complex locomo-
tion involving the central nervous system, motor neurons, and 
muscles (Ismail et al., 2015). Lowered IIS/TOR ameliorates 
sleep fragmentation, improves night sleep quality, and 
enhances daytime activity (Metaxakis et al., 2014). Reducing 
IIS/TOR also suppresses the toxicity of beta-amyloid pep-
tides, and microtubule-associated protein Tau, both contribut-
ing to the progression of Alzheimer’s disease; however, it 
remains unclear how aging modulates IIS to increase the risk 
of this neuropathology (Huang et al., 2019).

Relatively limited work has been done on the contribu-
tion of age-related IIS alteration to age-related physiological 
changes; yet several lines of evidence suggest that IIS 
declines with age. Neuronal expression of dilp3 is neces-
sary for intermediate-term memory in young flies, and it 
decreases with age and its overexpression is sufficient to 
rescue memory defects in aged flies. This indicates that 
reduced IIS correlates to impaired memory in aged condi-
tions (Tanabe et al., 2017). In the ovary, IIS is required for the 
maintenance of female germline stem cells (GSCs). While 
decreased levels of PI3K in aged ovaries imply IIS reduction 
with age, increasing local dilp2 levels recovers age-
dependent GSC loss (Hsu and Drummond-Barbosa, 2009). 
In the gut, dFOXO represses lipase expression in a dietary-
responsive manner, which ensures balanced lipid uptake. In 
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aged guts, elevation of JNK signaling chronically causes 
dFOXO activation, yet Akt levels increase and become 
hypersensitive to insulin stimulation. IIS deregulation thus 
disrupts lipid homeostasis, which is reminiscent of insulin 
resistance in aged mammals (Karpac et al., 2013). Although 
lowered IIS is closely tied to a prolonged lifespan, its 
decrease in expression levels and responsiveness during 
normal aging might lead to an age-related decline in physi-
ological functions, which awaits further comprehension.

Ecdysteroids
Ecdysteroids, including ecdysone and its active deriva-

tive 20-hydroxyecdysone (20E), are the only class of steroid 
hormones in insects. They are well known for their role in 
stimulating metamorphosis and maturation during develop-
ment and regulating reproductive diapause, yolk protein 
synthesis, egg production, courtship behavior, and female 
GSC maintenance in adults (Gáliková et al., 2011; Ishimoto 
and Kitamoto, 2011; Schwedes and Carney, 2012; Uryu et 
al., 2015; Hoshino and Niwa, 2021; Okamoto and Watanabe, 
2022). In larvae, ecdysone is synthesized from sterols in the 
endocrine organ called the prothoracic gland, released to 
the hemolymph, and distributed to the peripheral tissues, 
along with its conversion into 20E. Their binding to the het-
erodimeric nuclear receptor complex, the ecdysone recep-
tor (EcR) and ultraspiracle (USP), initiates transcription 
(Niwa and Niwa, 2016). In adults, the prothoracic gland no 
longer exists, and ecdysone synthesis occurs in the female 
ovary and the male accessory gland (Yoshinari et al., 2019; 
Hutfilz, 2022). Notably, there is also evidence supporting the 
involvement of ecdysteroids in the regulation of aging (Simon 
et al., 2003; Tricoire et al., 2009; Gáliková et al., 2011).

Ecdysteroids in lifespan modulation
The first study characterizing the steroid regulation of 

longevity in D. melanogaster showed that several EcR het-
erozygote mutants were long-lived and resistant to various 
stresses (Simon et al., 2003). A similar longevity phenotype 
is also observed in the mutant deficient for the ecdysone 
biosynthesis, and 20E supplementation to these mutants 
brings their lifespan back to wild-type levels (Simon et al., 
2003). Contradictorily, although a mild EcR inactivation from 
adulthood, either ubiquitously or restricted to the fat body 
and the gut, increases male lifespan, it is deleterious to 
female lifespan, arguing a striking sex-specific control of 
lifespan by ecdysteroids. In addition, the decreased lifespan 
of female EcR knockdown flies is rescued in germline-
deficient ovoD1 mutants; thus it is tempting to speculate that 
the sex gland bridges between ecdysteroids and longevity 
(Tricoire et al., 2009).

Regulatory wiring between ecdysteroids and IIS
The lifespan-extending effect of both IIS and ecdyster-

oid signaling suggests that the two pathways might converge 
or mediate one another to regulate aging. Both long-lived 
and normal-lived InR mutants exhibit decreased ecdysteroid 
levels in the ovary (Tu et al., 2002). On the other hand, long-
lived chico mutants have normal levels of ecdysteroid 
release from the ovary and circulation in the hemolymph 
(Richard et al., 2005). These studies indicate that there is no 
explicit link between reduced ecdysteroids and reduced IIS 

in promoting lifespan.
Nevertheless, it has been suggested that IIS and ecdys-

teroids have antagonistic actions that integrate larval growth 
with developmental transitions (Colombani et al., 2005). 
Ecdysone inhibits the mitogenic transcription factor Myc in 
the larval fat body, thereby activating dFOXO and attenuat-
ing IIS in the peripheral tissue (Delanoue et al., 2010). In 
turn, IIS relays nutrient signals to the PG to promote its 
growth, which together with other factors positively regu-
lates ecdysteroidogenesis (Yamanaka et al., 2013). The 
work done in development would be informative for extrapo-
lating how the two pathways interact in longevity.

Ecdysteroids in relation to aging phenotypes
Ecdysteroid signaling can be triggered when facing vari-

ous stressors, which are more prevalent and more harmful at 
older ages, as response mechanisms to safeguard against 
damage (Hutfilz, 2022). Desiccation stress elevates the 
expression of peptidoglycan recognition protein-LC and anti-
microbial peptides in the Malpighian tubules, to protect flies 
from infection. This is attributed to an upregulation of ecdy-
sone synthesis. Aged flies exhibit dehydrated symptoms, and 
increased immune signaling and systemic 20E levels, high-
lighting the role of ecdysteroid in age-related immune defense 
against dehydration (Zheng et al., 2018). On the other hand, 
the elevated ecdysone level in aged flies promotes fibrosis, 
an excess extracellular matrix formation, in adult nephro-
cytes, leading to symptoms resembling mammalian kidney 
failure. This process is dependent on DopEcR, a G-protein 
coupled receptor for both dopamine and ecdysone, and the 
epidermal growth factor receptor (Zheng et al., 2020). Intesti-
nal dysplasia and increased mitotic cells characterize the 
aging female gut. Suppressing EcR in midgut progenitor cells 
or ecdysone biosynthetic enzymes in the ovary in aged 
females curtails age-induced intestinal dysplasia and extends 
lifespan (Ahmed et al., 2020). In conclusion, age-related 
changes in ecdysteroid levels might bring either beneficial or 
detrimental effects to aged individuals, which might be depen-
dent on the temporal and spatial patterns of its production.

Juvenile hormones
Juvenile hormone (JH) is a sesquiterpenoid originated 

from the endocrine gland called the corpus allata (CA). JH 
travels to peripheral tissues and directly binds to the intra-
cellular receptor, Methoprene-tolerant (Met) and germ cell-
expressed (Gce), to activate JH-inducible genes. The 
primary role of JH is to oppose the metamorphic action of 
ecdysone during development, with JH level maximizing at 
the larval stage and sharply dropping after pupariation 
(Riddiford, 2020; Zhang et al., 2021b). In adults, it is sug-
gested that JH affects major aspects of reproductive fitness. 
JH promotes female ovarian maturation and post-mating gut 
remodeling, regulates male courtship behavior, and inhibits 
reproductive diapause, which is a physiological adaptation 
for enduring unfavorable conditions (Flatt et al., 2005; 
Wijesekera et al., 2016; Zhang et al., 2021a; Hutfilz, 2022; 
Okamoto and Watanabe, 2022). Therefore, the long-held 
idea states that JH mediates the trade-off between repro-
duction and lifespan (Tatar and Yin, 2001; Tatar et al., 2003; 
Flatt et al., 2005; Giannakou and Partridge, 2007; Partridge 
et al., 2011), while recent studies propose additional mecha-
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nisms by which JH affects lifespan (Yamamoto et al., 2013; 
Giebultowicz and Long, 2015).

The role of JH in reproduction and aging
In D. melanogaster, a decreased JH level induces and 

maintains reproductive diapause. Diapausing flies exhibit 
reduced metabolism, arrested oogenesis, increased stress 
resistance, and negligible senescence, which, in other 
words, represents a state of cessation of aging (Flatt et al., 
2005). Supplementation of JH analog (JHa) to dormant flies 
reverses diapause phenotypes and increases demographic 
senescence (Tatar et al., 2001a). Inhibiting JH production 
mimics diapause states in non-diapausing flies, and 
enhances the longevity of GSCs, indicated by their longer 
persistence (Easwaran et al., 2022). These discoveries 
underpin the argument that longevity can be linked to altera-
tions in pathways that mirror natural changes during 
diapause, and to be more specific, decreased JH levels.

Indeed, the elimination of JH-producing CA from adult-
hood impairs female yolk protein production and increases 
survival in both sexes, with supplementation of JHa facilitat-
ing fecundity and reversing longevity (Yamamoto et al., 
2013). Exposure of wild-type larvae to JHa during develop-
ment promotes early-life fecundity, but negatively impacts 
adult survival and life expectancy (Flatt and Kawecki, 2007). 
Long-lived sterile InR mutants have ovaries resembling wild-
type diapause flies and produce a low level of JH, with JHa 
treatment rescuing infertility but increasing mortality (Tatar 
et al., 2001b). These studies highlight the role of JH in medi-
ating the trade-off between fecundity and longevity.

However, continuous JHa-feeding over generations 
selects JHa-resistant flies with normal fecundity and lifes-
pan, which can in turn live slightly longer yet have unchanged 
fecundity in the absence of JHa (Flatt and Kawecki, 2007). 
Moreover, homozygous chico mutants, which are infertile, 
and heterozygous chico mutants, which are fertile, are both 
long-lived (Clancy et al., 2001). While one study concluded 
that both of them exhibit reduced JH synthesis (Tu et al., 
2005), another study concluded that homozygous mutants 
exhibit a normal JH synthesis rate, and JHa fails to restore 
their fertility (Richard et al., 2005). Longevity and fecundity 
thus do not necessarily correlate with each other, making 
the JH-mediated trade-off coincidental. Complementing this 
notion, decreased JH levels even extend the lifespan of ster-
ile ovoD1 mutants, suggesting that lifespan extension by JH 
reduction operates through mechanisms other than avoiding 
the reproductive cost (Yamamoto et al., 2013).

Potential mechanisms by which JH regulates aging
To further investigate the role of JH in aging, we still need 

to expand the relevance of conclusions regarding the role JH 
plays from diapause (Gruntenko and Rauschenbach, 2018; 
Kurogi et al., 2021). Since enhanced longevity in diapause is 
often tied to resistance to exogenous stress, the role of JH in 
stress tolerance has been well examined. Consistent with 
lifespan-extending effects of JH reduction, CA-ablated files 
are more resistant to heat and oxidative stress, via modula-
tion of dopamine, a stress-responsive hormone (Gruntenko 
et al., 2010, 2012; Yamamoto et al., 2013; Gruntenko and 
Rauschenbach, 2018). The comparison of gene expression 
profiles between CA-ablated flies and controls showed that 

JH represses genes associated with oxidative reduction and 
induces processes of proteolysis, therefore suggesting sev-
eral possible mechanisms by which reduced JH confers lon-
gevity assurance (Yamamoto et al., 2013).

It is suggested that JH depletion increases lifespan by 
employing the pro-longevity IIS pathway. Some IIS mutants 
have decreased JH (Tu et al., 2005), and reciprocally, elimi-
nation of JH via CA ablation reduces dilp6 in the fat body but 
has no effect on neuronal dilp2 or dilp3 mRNA levels 
(Yamamoto et al., 2013). While dilp6 overexpression extends 
lifespan (Bai et al., 2012), dilp6 mutants exhibit a decrease in 
JH degradation and an increase in fecundity (Rauschenbach 
et al., 2017). These studies suggest that fat body dilp6 is par-
ticularly relevant to JH, whereby JH positively regulates dilp6 
expression and in turn dilp6 impacts JH production, and this 
feedback loop mediates lifespan extension. On the other 
hand, upregulated dilp2, dilp3, dilp5, and dilp6 are reported 
in files subjected to diapause conditions (Kubrak et al., 2014), 
which complicates the comprehension of the relationship 
between JH and IIS in the regulation of aging. During devel-
opment, larvae with CA ablated have increased InR levels 
and reduced growth rate, which occurs in a dFOXO-
dependent manner (Mirth et al., 2014). At present, the precise 
mechanisms linking JH to IIS are still poorly defined, and the 
research into the molecular basis of the JH-IIS axis in the 
regulation of aging remains very limited.

JH, as its name “juvenile” suggests, increases from 
pupa to adults, but peaks right after adult emergence and 
decays drastically thereafter (Bownes and Rembold, 1987). 
Yet its function remains crucial in aged flies. Inhibition of JH 
synthesis over 4 weeks reduces the number of progenitor 
cells in the adult midgut, implying that JH plays a role in 
maintaining gut homeostasis during aging (Rahman et al., 
2017). However, the research examining how age-related JH 
changes are related to aging phenotypes is still in its infancy.

Biogenic amines
Biogenic amines are a group of amino acid-derived 

compounds that act as neurotransmitters in the central ner-
vous system and regulate various neurological and physio-
logical processes. The two well-characterized biogenic 
amines, dopamine and serotonin, are implicated in the aging 
process of D. melanogaster (Toivonen and Partridge, 2009).

The role of dopamine in the aging brain
Dopamine (DA) has several roles in neural functions, 

from habituative learning, to regulation of female sexual 
receptivity, to coordination of motor behaviors. The pertur-
bation in female sexual receptivity during aging coincides 
with a decrease in whole-body DA levels (Neckameyer et al., 
2000). In contrast, despite the behavioral analysis proving 
an age-related decline in locomotion, age-related DA neu-
ron cell loss is not detected. However, it is important to note 
that the functionality of DA neurons has not been thoroughly 
examined in this context (White et al., 2010).

Surprisingly, the mutants that lack tyrosine hydroxylase 
(TH), and thus DA synthesis, have a lifespan similar to wild-
type flies while exhibiting age-dependent locomotor deficits, 
suggesting that there is some unaccounted factor besides 
DA at play (Riemensperger et al., 2011). Contrasting to the 
previous study, the mutants that are deficient in TH activities 
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or DA transport have a shortened lifespan, although they 
exhibit a similar age-related decline in circadian locomotor 
activities (Hanna et al., 2015; Bednářová et al., 2017). While 
elevating DA production in neurons produces no significant 
results, DA neuron-specific overexpression of the scaffold 
protein Mask extends lifespan and sustains locomotor abili-
ties in aged flies, via enhancement of microtubule stability 
(Tian, 2021). These pieces of evidence support the notion 
that DA neuronal transmission contributes to improved DA-
modulated behaviors, especially in the brain of aged flies.

Sensory cues linked to lifespan via dopamine and serotonin
Sensory inputs relay sensory cues to initiate physiologi-

cal changes, thereby influencing aging (Miller et al., 2020). 
Gustatory perception of sweetness is required for a normal 
lifespan and stress resistance under nutrient-deprived con-
ditions, and blockage of DA neurotransmission phenocopies 
loss of the sweet taste receptor Gr64, and thus the glucose-
sensing ability. These data establish a model in which glu-
cose-sensing signals are transmitted via DA neurons 
(Linford et al., 2015).

DR-mediated longevity intervention is mainly attributed to 
protein restriction (Piper et al., 2011). Serotonin signaling in 
the central nervous system confers flies’ preference for protein 
over sugar following starvation. Flies with 5-HT2A serotonin 
receptor mutated are shielded from the lifespan-shortening 
effect brought about by voluntarily consuming more sugar 
than protein under a choice diet (Ro et al., 2016). Not only the 
neuronal response to the dietary choice but also the down-
stream reprogramming of metabolic pathways, require 
5-HT2A (Lyu et al., 2021). Similarly, under nutrient-replete 
conditions, 5-HT2A mutants exhibit decreased protein intake 
and prolonged lifespan (Munneke et al., 2022). Taken together, 
these findings indicate that blocking serotonin signaling abol-
ishes protein sensibility and mimics the benefit of DR.

Besides sensing food, flies can perceive dead individuals 
of their species in their surroundings. Exposure to dead flies 
diminishes their starvation resistance, depletes their lipid 
stores, and reduces their lifespan. Interestingly, serotonin sig-
naling through 5-HT2A is necessary for the influence of death 
perception on lifespan (Chakraborty et al., 2019).

Gut-derived hormones
The residence of nutrient-sensing and hormone-

secreting enteroendocrine cells (EEs) in the intestinal epi-
thelium highlights the gut as a key endocrine organ, both in 
flies and mammals. At least 14 different peptide hormones 
are released from distinct subtypes of EEs, which broadcast 
environmental stimuli, mediate energy balance, and coordi-
nate physiological responses, both locally and systemically 
(Zhou et al., 2020; Guo et al., 2022).

The first evidence proving the requirement of EEs in lon-
gevity was the finding that mutants completely devoid of EEs 
have a shorter lifespan, together with reduced mitotic cells 
and midgut dilp3 expression. As an increase in dilp3 expres-
sion is linked to nutrient-stimulated midgut growth, it was 
proposed that EEs and EE-derived hormones serve as an 
important link between diets and gut adaptive growth via 
regulation of intestinal stem cell (ISC) proliferation 
(Amcheslavsky et al., 2014). Removal of two gut-derived 
hormones, Allatostatin A (AstA) or Diuretic hormone 31 

(Dh31), decreases or increases lifespan, respectively. ISC 
hyper-proliferation is one of the gut senescence phenotypes 
that limit lifespan (Biteau et al., 2010), and consistently, AstA 
knockdown increases ISCs, whereas Dh31 knockdown 
decreases ISCs in the aged intestine. The two gut-derived 
hormones thus have contrasting functions in midgut senes-
cence and adult longevity (Takeda et al., 2018).

Aging is associated with the increase in EE cell lineages 
in the posterior midgut. Inhibiting EE lineage specification 
reduces EE cells in the aged intestine and ameliorates gut 
dysplasia, implicating a role of posterior EEs in disrupting 
intestinal homeostasis during aging (Tauc et al., 2021). Nota-
bly, Allatostatin C-producing EEs increase with age, whereas 
Tachykinin-producing EEs decrease with age (Tauc et al., 
2021), even though both hormones are expressed in the pos-
terior midgut (Guo et al., 2019). These studies provide circum-
stantial evidence supporting the possibility that age-related 
changes in gut-derived hormones are responsible for age-
induced midgut deterioration. However, the contribution of 
specific hormones has not yet been thoroughly explored.

CONCLUSION AND OUTLOOK

Significant progress has been made with the model 
organism D. melanogaster since the discovery that aging 
can be subject to endocrine regulation. The endocrine path-
ways described above have far-reaching effects on various 
aspects, such as metabolism, reproduction, stress resis-
tance, and survival, making them highly pleiotropic. While 
numerous studies have undoubtedly established IIS, ecdys-
teroid, and JH signaling pathways as contributors to direct 
lifespan modulation, emerging studies are setting out to test 
the role of other endocrine factors in aging, which allows us 
to paint a more accurate picture of endocrine regulation of 
aging. Notably, recent advances in single-cell RNA sequenc-
ing technologies have supported the characterization of 
aging phenotypes at the single-cell level in D. melanogaster 
(Lu et al., 2023). Insights into alterations of common age-
associated pathways are believed to greatly facilitate our 
understanding of the endocrine regulation of aging.

Lifespan modulation is the outcome of multi-faceted 
physiological traits whose changes result from the coordina-
tion of various hormones. Although valuable studies have 
begun to connect different pieces of findings, more research 
will be needed to create a united circuitry of endocrine regu-
lation of aging. Gaining a comprehensive understanding of 
these issues is crucial for identifying specific components in 
the signaling network that can be targeted for intervention 
and for developing potential drug targets for enhancing 
health during aging.

ACKNOWLEDGMENTS

QQ received a fellowship from the Support for Pioneering 
Research Initiated by the Next Generation, Japan Science and 
Technology Agency (JST SPRING; Grant number JPMJSP2124).

COMPETING INTERESTS

The authors have no relevant conflicts of interest to declare.

AUTHOR CONTRIBUTIONS

QQ and RN prepared, read, and approved the manuscript.

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 07 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use



11Hormonal control of aging in Drosophila

REFERENCES
Ahmed SMH, Maldera JA, Krunic D, Paiva-Silva GO, Pénalva C, 

Teleman AA, et al. (2020) Fitness trade-offs incurred by ovary-
to-gut steroid signalling in Drosophila. Nature 584: 415–419

Alic N, Andrews TD, Giannakou ME, Papatheodorou I, Slack C, 
Hoddinott MP, et al. (2011a) Genome-wide dFOXO targets and 
topology of the transcriptomic response to stress and insulin 
signalling. Mol Syst Biol 7: 502

Alic N, Hoddinott MP, Vinti G, Partridge L (2011b) Lifespan exten-
sion by increased expression of the Drosophila homologue of 
the IGFBP7 tumour suppressor. Aging Cell 10: 137–147

Alic N, Giannakou ME, Papatheodorou I, Hoddinott MP, Andrews 
TD, Bolukbasi E, et al. (2014a) Interplay of dFOXO and two 
ETS-family transcription factors determines lifespan in 
Drosophila melanogaster. PLoS Genet 10: e1004619

Alic N, Tullet JM, Niccoli T, Broughton S, Hoddinott MP, Slack C, et 
al. (2014b) Cell-nonautonomous effects of dFOXO/DAF-16 in 
aging. Cell Rep 6: 608–616

Amcheslavsky A, Song W, Li Q, Nie Y, Bragatto I, Ferrandon D, et 
al. (2014) Enteroendocrine cells support intestinal stem-
cell-mediated homeostasis in Drosophila. Cell Rep 9: 32–39

Bai H, Kang P, Tatar M (2012) Drosophila insulin-like peptide-6 
(dilp6) expression from fat body extends lifespan and represses 
secretion of Drosophila insulin-like peptide-2 from the brain. 
Aging Cell 11: 978–985

Bai H, Kang P, Hernandez AM, Tatar M (2013) Activin signaling tar-
geted by insulin/dFOXO regulates aging and muscle proteosta-
sis in Drosophila. PLoS Genet 9: e1003941

Bai H, Post S, Kang P, Tatar M (2015) Drosophila longevity assur-
ance conferred by reduced insulin receptor substrate CHICO 
partially requires d4eBP. PLOS ONE 10: e0134415

Bednářová A, Hanna ME, Rakshit K, O’Donnell JM, Krishnan N 
(2017) Disruption of dopamine homeostasis has sexually 
dimorphic effects on senescence characteristics of Drosophila 
melanogaster. Eur J Neurosci 45: 816–825

Biglou SG, Bendena WG, Chin-Sang I (2021) An overview of the 
insulin signaling pathway in model organisms Drosophila 
melanogaster and Caenorhabditis elegans. Peptides 145: 
170640

Biteau B, Karpac J, Supoyo S, DeGennaro M, Lehmann R, Jasper 
H (2010) Lifespan extension by preserving proliferative homeo-
stasis in Drosophila. PLoS Genet 6: e1001159

Bjedov I, Toivonen JM, Kerr F, Slack C, Jacobson J, Foley A, et al. 
(2010) Mechanisms of life span extension by rapamycin in the 
fruit fly Drosophila melanogaster. Cell Metab 11: 35–46

Bjedov I, Cochemé HM, Foley A, Wieser D, Woodling NS, 
Castillo-Quan JI, et al. (2020) Fine-tuning autophagy maxi-
mises lifespan and is associated with changes in mitochondrial 
gene expression in Drosophila. PLoS Genet 16: e1009083

Bolukbasi E, Khericha M, Regan JC, Ivanov DK, Adcott J, Dyson 
MC, et al. (2017) Intestinal Fork Head regulates nutrient 
absorption and promotes longevity. Cell Rep 21: 641–653

Bolukbasi E, Woodling NS, Ivanov DK, Adcott J, Foley A, 
Rajasingam A, et al. (2021) Cell type-specific modulation of 
healthspan by Forkhead family transcription factors in the ner-
vous system. Proc Natl Acad Sci U S A 118: e2011491118

Bownes M, Rembold H (1987) The titre of juvenile hormone during 
the pupal and adult stages of the life cycle of Drosophila 
melanogaster. Eur J Biochem 164: 709–712

Broughton SJ, Piper MD, Ikeya T, Bass TM, Jacobson J, Driege Y, 
et al. (2005) Longer lifespan, altered metabolism, and stress 
resistance in Drosophila from ablation of cells making insulin-
like ligands. Proc Natl Acad Sci U S A 102: 3105–3110

Broughton S, Alic N, Slack C, Bass T, Ikeya T, Vinti G, et al. (2008) 
Reduction of DILP2 in Drosophila triages a metabolic pheno-
type from lifespan revealing redundancy and compensation 

among DILPs. PLOS ONE 3: e3721
Broughton SJ, Slack C, Alic N, Metaxakis A, Bass TM, Driege Y, et 

al. (2010) DILP-producing median neurosecretory cells in the 
Drosophila brain mediate the response of lifespan to nutrition. 
Aging Cell 9: 336–346

Chakraborty TS, Gendron CM, Lyu Y, Munneke AS, DeMarco MN, 
Hoisington ZW, et al. (2019) Sensory perception of dead con-
specifics induces aversive cues and modulates lifespan 
through serotonin in Drosophila. Nat Commun 10: 2365

Clancy DJ, Gems D, Harshman LG, Oldham S, Stocker H, Hafen E, 
et al. (2001) Extension of life-span by loss of CHICO, a 
Drosophila insulin receptor substrate protein. Science 292: 
104–106

Clancy DJ, Gems D, Hafen E, Leevers SJ, Partridge L (2002) 
Dietary restriction in long-lived dwarf flies. Science 296: 319

Colombani J, Bianchini L, Layalle S, Pondeville E, Dauphin-Villemant 
C, Antoniewski C, et al. (2005) Antagonistic actions of ecdy-
sone and insulins determine final size in Drosophila. Science 
310: 667–670

Delanoue R, Slaidina M, Léopold P (2010) The steroid hormone 
ecdysone controls systemic growth by repressing dMyc func-
tion in Drosophila fat cells. Dev Cell 18: 1012–1021

Demontis F, Perrimon N (2010) FOXO/4E-BP signaling in Drosophila 
muscles regulates organism-wide proteostasis during aging. 
Cell 143: 813–825

Dravecz N, Shaw T, Davies I, Brown C, Ormerod L, Vu G, et al. 
(2022) Reduced Insulin signaling targeted to serotonergic neu-
rons but not other neuronal subtypes extends lifespan in 
Drosophila melanogaster. Front Aging Neurosci 14: 893444

Easwaran S, Van Ligten M, Kui M, Montell DJ (2022) Enhanced 
germline stem cell longevity in Drosophila diapause. Nat Com-
mun 13: 711

Flatt T, Kawecki TJ (2007) Juvenile hormone as a regulator of the 
trade-off between reproduction and life span in Drosophila 
melanogaster. Evolution 61: 1980–1991

Flatt T, Tu MP, Tatar M (2005) Hormonal pleiotropy and the juvenile 
hormone regulation of Drosophila development and life history. 
Bioessays 27: 999–1010

Gáliková M, Klepsatel P, Senti G, Flatt T (2011) Steroid hormone 
regulation of C. elegans and Drosophila aging and life history. 
Exp Gerontol 46: 141–147

Gan T, Fan L, Zhao L, Misra M, Liu M, Zhang M, et al. (2021) JNK 
signaling in Drosophila aging and longevity. Int J Mol Sci 22: 
9649

Giannakou ME, Partridge L (2007) Role of insulin-like signalling in 
Drosophila lifespan. Trends Biochem Sci 32: 180–188

Giannakou ME, Goss M, Jünger MA, Hafen E, Leevers SJ, Partridge 
L (2004) Long-lived Drosophila with overexpressed dFOXO in 
adult fat body. Science 305: 361

Giannakou ME, Goss M, Partridge L (2008) Role of dFOXO in lifes-
pan extension by dietary restriction in Drosophila melanogaster: 
not required, but its activity modulates the response. Aging 
Cell 7: 187–198

Giebultowicz JM, Long DM (2015) Ageing and circadian rhythms. 
Curr Opin Insect Sci 7: 82–86

Grandison RC, Piper MDW, Partridge L (2009) Amino-acid imbal-
ance explains extension of lifespan by dietary restriction in 
Drosophila. Nature 462: 1061–1064

Grönke S, Clarke DF, Broughton S, Andrews TD, Partridge L (2010) 
Molecular evolution and functional characterization of 
Drosophila insulin-like peptides. PLOS Genet 6: e1000857

Gruntenko NE, Rauschenbach IY (2018) The role of insulin signalling 
in the endocrine stress response in Drosophila melanogaster: A 
mini-review. Gen Comp Endocrinol 258: 134–139

Gruntenko NE, Wen D, Karpova EK, Adonyeva NV, Liu Y, He Q, et 
al. (2010) Altered juvenile hormone metabolism, reproduction 
and stress response in Drosophila adults with genetic ablation 

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 07 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use



12 Q. Qian and R. Niwa

of the corpus allatum cells. Insect Biochem Mol Biol 40: 891–
897

Gruntenko NE, Bogomolova EV, Adonyeva NV, Karpova EK, 
Menshanov PN, Alekseev AA, et al. (2012) Decrease in juve-
nile hormone level as a result of genetic ablation of the corpus 
allatum cells affects the synthesis and metabolism of stress 
related hormones in Drosophila. J Insect Physiol 58: 49–55

Guo X, Yin C, Yang F, Zhang Y, Huang H, Wang J, et al. (2019) The 
cellular diversity and transcription factor code of Drosophila 
enteroendocrine cells. Cell Rep 29: 4172–4185.e5

Guo X, Lv J, Xi R (2022) The specification and function of enteroen-
docrine cells in Drosophila and mammals: a comparative 
review. FEBS J 289: 4773–4796

Hanna ME, Bednářová A, Rakshit K, Chaudhuri A, O’Donnell JM, 
Krishnan N (2015) Perturbations in dopamine synthesis lead to 
discrete physiological effects and impact oxidative stress 
response in Drosophila. J Insect Physiol 73: 11–19

Hoshino R, Niwa R (2021) Regulation of mating-induced increase in 
female germline stem cells in the fruit fly Drosophila 
melanogaster. Front Physiol 12: 785435

Hsu HJ, Drummond-Barbosa D (2009) Insulin levels control female 
germline stem cell maintenance via the niche in Drosophila. 
Proc Natl Acad Sci U S A 106: 1117–1121

Huang Y, Wan Z, Wang Z, Zhou B (2019) Insulin signaling in 
Drosophila melanogaster mediates Aβ toxicity. Commun Biol 
2: 13

Hutfilz C (2022) Endocrine regulation of lifespan in insect diapause. 
Front Physiol 13: 825057

Hwangbo DS, Gersham B, Tu MP, Palmer M, Tatar M (2004) 
Drosophila dFOXO controls lifespan and regulates insulin sig-
nalling in brain and fat body. Nature 429: 562–566

Ishimoto H, Kitamoto T (2011) Beyond molting—roles of the steroid 
molting hormone ecdysone in regulation of memory and sleep 
in adult Drosophila. Fly 5: 215–220

Ismail MZBH, Hodges MD, Boylan M, Achall R, Shirras A, Broughton 
SJ (2015) The Drosophila insulin receptor independently mod-
ulates lifespan and locomotor senescence. PLOS ONE 10: 
e0125312

Kannan K, Fridell YWC (2013) Functional implications of Drosophila 
insulin-like peptides in metabolism, aging, and dietary restric-
tion. Front Physiol 4: 288

Kapahi P, Zid BM, Harper T, Koslover D, Sapin V, Benzer S (2004) 
Regulation of lifespan in Drosophila by modulation of genes in 
the TOR signaling pathway. Curr Biol 14: 885–890

Karpac J, Hull-Thompson J, Falleur M, Jasper H (2009) JNK signal-
ing in insulin-producing cells is required for adaptive responses 
to stress in Drosophila. Aging Cell 8: 288–295

Karpac J, Biteau B, Jasper H (2013) Misregulation of an adaptive 
metabolic response contributes to the age-related disruption of 
lipid homeostasis in Drosophila. Cell Rep 4: 1250–1261

Kenyon C (2011) The first long-lived mutants: discovery of the insu-
lin/IGF-1 pathway for ageing. Philos Trans R Soc B 366: 9–16

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

Kimura KD, Tissenbaum HA, Liu Y, Ruvkun G (1997) daf-2, an insu-
lin receptor-like gene that regulates longevity and diapause in 
Caenorhabditis elegans. Science 277: 942–946

Kubrak OI, Kučerová L, Theopold U, Nässel DR (2014) The sleep-
ing beauty: how reproductive diapause affects hormone signal-
ing, metabolism, immune response and somatic maintenance 
in Drosophila melanogaster. PLOS ONE 9: e113051

Kurogi Y, Mizuno Y, Imura E, Niwa R (2021) Neuroendocrine regula-
tion of reproductive dormancy in the fruit fly Drosophila 
melanogaster: A review of juvenile hormone-dependent regu-
lation. Front Ecol Evol 9: 715029

Linford NJ, Ro J, Chung BY, Pletcher SD (2015) Gustatory and met-

abolic perception of nutrient stress in Drosophila. Proc Natl 
Acad Sci U S A 112: 2587–2592

Lu TC, Brbić M, Park YJ, Jackson T, Chen J, Kolluru SS, et al. 
(2023) Aging Fly Cell Atlas identifies exhaustive aging features 
at cellular resolution. Science 380: eadg0934

Luong N, Davies CR, Wessells RJ, Graham SM, King MT, Veech R, 
et al. (2006) Activated FOXO-mediated insulin resistance is 
blocked by reduction of TOR activity. Cell Metab 4: 133–142

Lyu Y, Weaver KJ, Shaukat HA, Plumoff ML, Tjilos M, Promislow 
DE, et al. (2021) Drosophila serotonin 2A receptor signaling 
coordinates central metabolic processes to modulate aging in 
response to nutrient choice. eLife 10: e59399

Mair W, Piper MDW, Partridge L (2005) Calories do not explain 
extension of life span by dietary restriction in Drosophila. PLOS 
Biol 3: e223

Metaxakis A, Tain LS, Grönke S, Hendrich O, Hinze Y, Birras U, et 
al. (2014) Lowered insulin signalling ameliorates age-related 
sleep fragmentation in Drosophila. PLOS Biol 12: e1001824

Miller HA, Dean ES, Pletcher SD, Leiser SF (2020) Cell non-
autonomous regulation of health and longevity. eLife 9: e62659

Min KJ, Yamamoto R, Buch S, Pankratz M, Tatar M (2008) 
Drosophila lifespan control by dietary restriction independent 
of insulin-like signaling. Aging Cell 7: 199–206

Mirth CK, Tang HY, Makohon-Moore SC, Salhadar S, Gokhale RH, 
Warner RD, et al. (2014) Juvenile hormone regulates body size 
and perturbs insulin signaling in Drosophila. Proc Natl Acad 
Sci U S A 111: 7018–7023

Munneke AS, Chakraborty TS, Porter SS, Gendron CM, Pletcher 
SD (2022) The serotonin receptor 5-HT2A modulates lifespan 
and protein feeding in Drosophila melanogaster. Front Aging 3: 
1068455

Neckameyer WS, Woodrome S, Holt B, Mayer A (2000) Dopamine 
and senescence in Drosophila melanogaster. Neurobiol Aging 
21: 145–152

Niwa YS, Niwa R (2016) Transcriptional regulation of insect steroid 
hormone biosynthesis and its role in controlling timing of molt-
ing and metamorphosis. Dev Growth Differ 58: 94–105

Okamoto N, Watanabe A (2022) Interorgan communication through 
peripherally derived peptide hormones in Drosophila. Fly 16: 
152–176

Partridge L, Alic N, Bjedov I, Piper MDW (2011) Ageing in Drosophila: 
The role of the insulin/Igf and TOR signalling network. Exp 
Gerontol 46: 376–381

Piper MDW, Partridge L (2018) Drosophila as a model for ageing. 
Biochim Biophys Acta Mol Basis Dis 1864: 2707–2717

Piper MDW, Selman C, McElwee JJ, Partridge L (2008) Separating 
cause from effect: how does insulin/IGF signalling control lifes-
pan in worms, flies and mice? J Intern Med 263: 179–191

Piper MDW, Partridge L, Raubenheimer D, Simpson SJ (2011) 
Dietary restriction and aging: a unifying perspective. Cell 
Metab 14: 154–160

Post S, Tatar M (2016) Nutritional geometric profiles of insulin/IGF 
expression in Drosophila melanogaster. PLOS ONE 11: 
e0155628

Post S, Karashchuk G, Wade JD, Sajid W, De Meyts P, Tatar M 
(2018) Drosophila insulin-like peptides DILP2 and DILP5 dif-
ferentially stimulate cell signaling and glycogen phosphorylase 
to regulate longevity. Front Endocrinol 9: 245

Post S, Liao S, Yamamoto R, Veenstra JA, Nässel DR, Tatar T 
(2019) Drosophila insulin-like peptide DILP1 increases lifespan 
and glucagon-like Akh expression epistatic to dilp2. Aging Cell 
18: e12863

Rahman MM, Franch-Marro X, Maestro JL, Martin D, Casali A 
(2017) Local Juvenile Hormone activity regulates gut homeo-
stasis and tumor growth in adult Drosophila. Sci Rep 7: 11677

Rauschenbach IY, Karpova EK, Burdina EV, Adonyeva NV, Bykov 
RA, Ilinsky YY, et al. (2017) Insulin-like peptide DILP6 regu-

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 07 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use



13Hormonal control of aging in Drosophila

lates juvenile hormone and dopamine metabolism in Drosophila 
females. Gen Comp Endocrinol 243: 1–9

Richard DS, Rybczynski R, Wilson TG, Wang Y, Wayne ML, Zhou 
Y, et al. (2005) Insulin signaling is necessary for vitellogenesis 
in Drosophila melanogaster independent of the roles of juve-
nile hormone and ecdysteroids: female sterility of the chico1 
insulin signaling mutation is autonomous to the ovary. J Insect 
Physiol 51: 455–464

Riddiford LM (2020) Rhodnius, golden oil, and Met: A history of 
juvenile hormone research. Front Cell Dev Biol 8: 679

Riemensperger T, Isabel G, Coulom H, Neuser K, Seugnet L, Kume 
K, et al. (2011) Behavioral consequences of dopamine defi-
ciency in the Drosophila central nervous system. Proc Natl 
Acad Sci U S A 108: 834–839

Ro J, Pak G, Malec PA, Lyu Y, Allison DB, Kennedy RT, et al. (2016) 
Serotonin signaling mediates protein valuation and aging. eLife 
5: e16843

Schwedes CC, Carney GE (2012) Ecdysone signaling in adult 
Drosophila melanogaster. J Insect Physiol 58: 293–302

Semaniuk U, Piskovatska V, Strilbytska O, Strutynska T, Burdyliuk 
N, Vaiserman A, et al. (2021) Drosophila insulin-like peptides: 
from expression to functions – a review. Entomol Exp Appl 169: 
195–208

Simon AF, Shih C, Mack A, Benzer S (2003) Steroid control of lon-
gevity in Drosophila melanogaster. Science 299: 1407–1410

Slack C, Alic N, Foley A, Cabecinha M, Hoddinott MP, Partridge L 
(2015) The Ras-Erk-ETS-signaling pathway is a drug target for 
longevity. Cell 162: 72–83

Slack C, Giannakou ME, Foley A, Goss M, Partridge L (2011) 
dFOXO-independent effects of reduced insulin-like signaling in 
Drosophila. Aging Cell 10: 735–748

Tain LS, Sehlke R, Jain C, Chokkalingam M, Nagaraj N, Essers P, 
et al. (2017) A proteomic atlas of insulin signalling reveals 
tissue-specific mechanisms of longevity assurance. Mol Syst 
Biol 13: 939

Takeda K, Okumura T, Terahata M, Yamaguchi M, Taniguchi K, 
Adachi-Yamada T (2018) Drosophila peptide hormones Alla-
tostatin A and Diuretic Hormone 31 exhibiting complementary 
gradient distribution in posterior midgut antagonistically regu-
late midgut senescence and adult lifespan. Zool Sci 35: 75–85

Tanabe K, Itoh M, Tonoki A (2017) Age-related changes in insulin-
like signaling lead to intermediate-term memory impairment in 
Drosophila. Cell Rep 18: 1598–1605

Tatar M, Yin C (2001) Slow aging during insect reproductive dia-
pause: why butterflies, grasshoppers and flies are like worms. 
Exp Gerontol 36: 723–738

Tatar M, Chien SA, Priest NK (2001a) Negligible senescence during 
reproductive dormancy in Drosophila melanogaster. Am Nat 
158: 248–258

Tatar M, Kopelman A, Epstein D, Tu MP, Yin CM, Garofalo RS 
(2001b) A mutant Drosophila insulin receptor homolog that 
extends life-span and impairs neuroendocrine function. Sci-
ence 292: 107–110

Tatar M, Bartke A, Antebi A (2003) The endocrine regulation of 
aging by insulin-like signals. Science 299: 1346–1351

Tatar M, Post S, Yu K (2014) Nutrient control of Drosophila longev-
ity. Trends Endocrinol Metab 25: 509–517

Tauc HM, Rodriguez-Fernandez IA, Hackney JA, Pawlak M, 
Ronnen Oron T, Korzelius J, et al. (2021) Age-related changes 
in polycomb gene regulation disrupt lineage fidelity in intestinal 
stem cells. eLife 10: e62250

Tian X (2021) Enhancing mask activity in dopaminergic neurons 
extends lifespan in flies. Aging Cell 20: e13493

Toivonen JM, Partridge L (2009) Endocrine regulation of aging and 
reproduction in Drosophila. Mol Cell Endocrinol 299: 39–50

Tricoire H, Battisti V, Trannoy S, Lasbleiz C, Pret AM, Monnier V 
(2009) The steroid hormone receptor EcR finely modulates 
Drosophila lifespan during adulthood in a sex-specific manner. 
Mech Ageing Dev 130: 547–552

Tu MP, Yin CM, Tatar M (2002) Impaired ovarian ecdysone synthe-
sis of Drosophila melanogaster insulin receptor mutants. Aging 
Cell 1: 158–160

Tu MP, Yin CM, Tatar M (2005) Mutations in insulin signaling pathway 
alter juvenile hormone synthesis in Drosophila melanogaster. 
Gen Comp Endocrinol 142: 347–356

Uryu O, Ameku T, Niwa R (2015) Recent progress in understanding 
the role of ecdysteroids in adult insects: Germline development 
and circadian clock in the fruit fly Drosophila melanogaster. 
Zoolical Lett 1: 32

van den Beld AW, Kaufman JM, Zillikens MC, Lamberts SWJ, Egan 
JM, van der Lely AJ (2018) The physiology of endocrine sys-
tems with ageing. Lancet Diabetes Endocrinol 6: 647–658

Wang MC, Bohmann D, Jasper H (2005) JNK extends life span and 
limits growth by antagonizing cellular and organism-wide 
responses to insulin signaling. Cell 121: 115–125

White KE, Humphrey DM, Hirth F (2010) The dopaminergic system 
in the aging brain of Drosophila. Front Neurosci 4: 205

Wijesekera TP, Saurabh S, Dauwalder B (2016) Juvenile hormone 
is required in adult males for Drosophila courtship. PLOS ONE 
11: e0151912

Woodling NS, Rajasingam A, Minkley LJ, Rizzo A, Partridge L 
(2020) Independent glial subtypes delay development and 
extend healthy lifespan upon reduced insulin-PI3K signalling. 
BMC Biol 18: 124

Yamamoto R, Tatar M (2011) Insulin receptor substrate chico acts 
with the transcription factor FOXO to extend Drosophila lifes-
pan. Aging Cell 10: 729–732

Yamamoto R, Bai H, Dolezal AG, Amdam G, Tatar M (2013) Juve-
nile hormone regulation of Drosophila aging. BMC Biol 11: 85

Yamanaka N, Rewitz KF, O’Connor MB (2013) Ecdysone control of 
developmental transitions: Lessons from Drosophila research. 
Annu Rev Entomol 58: 497–516

Yoshinari Y, Kurogi Y, Ameku T, Niwa R (2019) Endocrine regulation 
of female germline stem cells in the fruit fly Drosophila 
melanogaster. Curr Opin Insect Sci 31: 14–19

Zhang SX, Glantz EH, Miner LE, Rogulja D, Crickmore MA (2021a) 
Hormonal control of motivational circuitry orchestrates the 
transition to sexuality in Drosophila. Sci Adv 7: eabg6926

Zhang X, Li S, Liu S (2021b) Juvenile hormone studies in Drosophila 
melanogaster. Front Physiol 12: 785320

Zheng W, Rus F, Hernandez A, Kang P, Goldman W, Silverman N, et 
al. (2018) Dehydration triggers ecdysone-mediated recognition-
protein priming and elevated anti-bacterial immune responses in 
Drosophila Malpighian tubule renal cells. BMC Biol 16: 60

Zheng W, Ocorr K, Tatar M (2020) Extracellular matrix induced by 
steroids and aging through a G-protein-coupled receptor in a 
Drosophila model of renal fibrosis. Dis Model Mech 13: 
dmm041301

Zhou X, Ding G, Li J, Xiang X, Rushworth E, Song W (2020) Physi-
ological and pathological regulation of peripheral metabolism 
by gut-peptide hormones in Drosophila. Front Physiol 11: 
577717

(Received June 28, 2023 / Accepted August 16, 2023 /  
Published online October 19, 2023)

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 07 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use


