
REVIEW

Interorgan communication through peripherally derived peptide hormones in 
Drosophila
Naoki Okamoto a and Akira Watanabeb

aLife Science Center for Survival Dynamics, Tsukuba Advanced Research Alliance (TARA), University of Tsukuba, Tsukuba, Ibaraki, Japan; 
bDegree Programs in Life and Earth Sciences, Graduate School of Science and Technology, University of Tsukuba, Tsukuba, Ibaraki, Japan

ABSTRACT
In multicellular organisms, endocrine factors such as hormones and cytokines regulate development 
and homoeostasis through communication between different organs. For understanding such 
interorgan communications through endocrine factors, the fruit fly Drosophila melanogaster serves 
as an excellent model system due to conservation of essential endocrine systems between flies and 
mammals and availability of powerful genetic tools. In Drosophila and other insects, functions of 
neuropeptides or peptide hormones from the central nervous system have been extensively 
studied. However, a series of recent studies conducted in Drosophila revealed that peptide hor-
mones derived from peripheral tissues also play critical roles in regulating multiple biological 
processes, including growth, metabolism, reproduction, and behaviour. Here, we summarise recent 
advances in understanding target organs/tissues and functions of peripherally derived peptide 
hormones in Drosophila and describe how these hormones contribute to various biological events 
through interorgan communications.
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Introduction

More than a century has passed since the dis-
covery of insulin [1], and it is now evident that 
organs coordinate their physiological states 
through various endocrine factors, including 
hormones and cytokines. Among them, peptide 
hormones play central roles in regulating multi-
ple developmental and physiological processes, 
such as growth, metabolism, reproduction, and 
behaviour in animals, including mammals and 
insects [2,3]. Although neuropeptides act as 
modulators of neural activity in the central ner-
vous system (CNS), they also function as peptide 
hormones secreted into circulation and act on 
various organs and tissues. Similarly, peptide 
hormones produced in peripheral tissues func-
tion as endocrine factors that mediate commu-
nications between multiple organs to coordinate 
their physiological states through the circulatory 
system.

Although insects have open vascular systems, 
peptide hormone-mediated endocrine pathways 
have multiple levels of similarities between 

insects and mammals [4], as exemplified by con-
servation of the insulin/insulin-like growth fac-
tor (IGF) system [5–7]. Moreover, applications 
of the tissue- or cell-specific molecular genetic 
tools in the fruit fly Drosophila melanogaster 
have primarily contributed to accumulating 
knowledge on endocrine factor-mediated inter-
organ communications [4]. In insects including 
Drosophila, as most peptide hormones, such as 
insulin-like peptides (ILPs), are mainly produced 
in the CNS, functions of neuropeptides and pep-
tide hormones produced in the CNS have been 
extensively studied for many years [8–10]. 
Recently, however, it has become evident that 
different types of peptide hormones produced 
in peripheral tissues also play fundamental 
roles in critical biological events [4,11]. Here, 
we review a variety of peptide hormones pro-
duced in the peripheral tissues in Drosophila to 
understand their functions in regulating multiple 
developmental and physiological processes, such 
as growth, metabolism, reproduction, and 
behaviour.
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In order to sort out issues to be addressed in 
this review, we first need to define the difference 
between neuropeptides and peptide hormones. 
Neuropeptides are peptides produced and released 
by neurons and act on neural substrates. In other 
words, the only difference between neuropeptides 
and peptide hormones produced in the CNS is 
whether they act within the CNS or act on periph-
eral tissues. Therefore, most neuropeptides also 
function as peptide hormones and vice versa. In 
this review, the term ‘neuropeptides’ refers to pep-
tides produced in the CNS that act within the 
CNS, whereas the term ‘peptide hormones’ refer 
to peptides produced in the CNS and acting on 
peripheral tissues, or those produced in peripheral 
tissues that act on other organs or tissues. This 
review also defines peptide hormones as secreted 
proteins of approximately 100 amino acid residues 
or less. Please refer to other recent reviews for 
larger secreted proteins, cytokines, or molecules 
not encoded by genes that act as hormones in 
Drosophila [4,12,13]. This review also excludes 
topics related to antimicrobial peptides [14]. 
Finally, sex peptide (SP) cannot be strictly defined 
as a peptide hormone, but since it acts as a peptide 
hormone after being transferred from males to 
females, we cover SP in this review.

1. Peripherally derived peptide hormones: 
ecdysone biosynthesis

Moulting and metamorphosis in insects are pri-
marily regulated by the steroid hormone called 
ecdysone (more specifically, its biologically active 
form 20-hydroxyecdysone or 20E) [15–17]. 
Ecdysone is synthesised in the specialised steroi-
dogenic organ called the prothoracic gland(s) (PG) 
[18–21], and it regulates expression of various 
genes involved in moulting and metamorphosis 
[22–24]. Previous insect physiology studies have 
characterised many peptide hormones and other 
factors that regulate ecdysone production in the 
PG. As insect developmental events such as moult-
ing, pupation, and eclosion are highly dependent 
on environmental signals processed in the brain, 
most peptide hormones and other factors regulat-
ing ecdysone biosynthesis are produced in the 
CNS [13,21,25–27].

The prothoracicotropic hormone (PTTH), ori-
ginally called the ‘brain hormone’ [28–30], is 
a primary trophic factor responsible for ecdysone 
production in the PG [31,32]. PTTH is secreted 
from two pairs of neurosecretory cells in the CNS 
and acts on PG either through circulation in lepi-
dopteran insects [33–36] or through direct neuro-
nal innervation in Drosophila [32]. PTTH binds to 
a receptor tyrosine kinase (RTK) called Torso in 
the PG and activates ERK signalling pathway to 
stimulate ecdysone production [37]. In recent 
years, more evidence has accumulated that multi-
ple peptide hormones or other factors act on the 
PG or PTTH-producing neurons to control ecdy-
sone production [13,21,26,27]. In addition to 
PTTH, ILPs are essential factors from the CNS 
that promote ecdysone production in the PG 
[38–43]. The Drosophila genome contains eight 
ILP (Dilp) genes called dilp1-dilp8 encoding pep-
tide hormones of the insulin/IGF/relaxin family 
[7,44,45]. The major Dilps (Dilp2, −3, and −5) 
are produced mainly in a cluster of neurosecretory 
cells called insulin-producing cells (IPCs) in the 
pars intercerebralis (PI) region of the brain [44– 
47]. Secretion of Dilps from IPCs is tightly regu-
lated by nutritional status, and Dilps bind to an 
RTK named insulin-like receptor (InR) to activate 
insulin/IGF signalling in many target tissues 
including the PG (please refer to the nutritional 
regulation of Dilp release from the brain IPCs in 
Section 3). Developmental and nutritional inputs 
from the CNS to the PG are thus mainly mediated 
by PTTH and Dilps, respectively, which regulate 
ecdysone production in Drosophila.

Interestingly, a series of recent studies have shown 
that a peripherally derived peptide hormone of the 
insulin/IGF/relaxin family called Dilp8 acts 
upstream of ecdysone production to control devel-
opmental timing. Although the major Dilps are pro-
duced mainly in the brain IPCs, IGF-like Dilp6 and 
relaxin-like Dilp8 are produced mainly in peripheral 
tissues [48–52] (function of Dilp6 is described in 
Section 3). Dilp8 is released from damaged or 
wounded imaginal disks to delay the timing of 
puparium formation during larval development 
[50,51]. Secreted Dilp8 acts on leucine-rich repeat- 
containing G protein-coupled receptor (GPCR) 3 
(Lgr3), which is a member of the highly conserved 
family of relaxin family peptide receptors, expressed 
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in the CNS [53–55] (Figure 1a). Two pairs of Lgr3- 
expressing neurons in the PI region of the brain 
make direct contact with PTTH-producing neurons 
and IPCs to inhibit PTTH and Dilp production, 
respectively [53–55], thereby preventing the ecdy-
sone surge that initiates pupariation (Figure 1a). 
Lgr3 is also required in the PG itself for regulating 
ecdysone production during regeneration [56]. 
Notably, the lower concentrations of ecdysone, sup-
pressed by Dilp8, effectively promote regenerative 

activity in damaged imaginal disks, whereas higher 
concentrations suppress regeneration [57] 
(Figure 1a). This peripheral tissue-CNS interaction 
is a typical mechanism to ensure developmental 
robustness in multicellular organisms, as it secures 
enough time for regenerating damaged imaginal 
disks before pupariation.

In addition to Dilp8, factors, such as the TGF-β 
decapentaplegic (Dpp), Hedgehog (Hh), and cyto-
kine Unpaired-3 (Upd3) from peripheral tissues 

Figure 1. Interorgan communication by peripherally derived peptide hormones regulating ecdysone-related developmental pro-
cesses. (a) Systemic functions of Drosophila insulin-like peptide 8 (Dilp8) from the damaged imaginal disks (ID) or epidermis during 
development. Dilp8 from the damaged ID delays the onset of pupariation by antagonising ecdysone production. The lower 
concentrations of 20-hydroxyecdysone (20E, a biologically active ecdysone), suppressed by Dilp8, effectively promote regenerative 
activity in damaged ID, whereas higher concentrations suppress regeneration. At the onset of pupariation, the higher concentrations 
of 20E triggers transient expression and secretion of Dilp8 from epidermis, which in turn promotes pupariation behaviour. (b) 
Systemic function of ecdysis-triggering hormone (ETH) from Inka cells that triggers ecdysis behaviour in response to 20E. ETH 
remotely acts on ETH receptor (ETHR) in multiple peptidergic neurons in the CNS, including eclosion hormone (EH)-producing 
neurons, which sequentially induces ecdysis behaviour. Abbreviations; E, ecdysone (an immediate precursor of a biologically active 
ecdysone); PG, prothoracic gland; CNS, central nervous system; PTTH, prothoracicotropic hormone; Lgr3, leucine-rich repeat- 
containing G protein-coupled receptor 3.
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remotely regulate ecdysone production and regu-
late initiation of metamorphosis [58–61]. Dpp and 
HH are recognised as morphogens that play 
a central role in tissue morphogenesis in 
Drosophila, but these morphogens also act as 
endocrine hormones, playing integral physiologi-
cal roles in interorgan communication.

Several factors that suppress the steroidogenic 
function of the PG have been reported in many 
insects [62–75]. Among them, the prothoracico-
static peptide (PTSP) discovered in the silkworm 
Bombyx mori is a peripherally derived peptide 
involved in suppressing ecdysone production in 
the PG [68,72,76,77]. PTSP, which belongs to the 
W(X)6Wamide peptide family, is also known as 
the myoinhibiting peptide (MIP)/allatostatin-B 
(AstB) in other insects, including Drosophila [68]. 
In Bombyx, PTSP is produced in the CNS and 
epiproctodeal gland (EPG), the latter of which is 
a group of peripheral endocrine cells located in the 
anterior part of the rectum [72,78]. Notably, the 
PTSP receptor (PTSPR), an orthologue of the 
Drosophila sex peptide receptor (SPR), is highly 
expressed in the PG just before each larval or 
pupal ecdysis in Bombyx [72]. Furthermore, tem-
poral expression levels and immunoreactivity of 
PTSP in the EPG strongly correlate with the 
rapid drop in ecdysone titre just before ecdysis 
[72,78], suggesting that PTSP secreted from the 
EPG acts directly on PG to inhibit ecdysone pro-
duction [72]. In Drosophila, MIP/AstB is produced 
by neurosecretory cells in the CNS and peptidergic 
enteroendocrine cells (EECs) in the gut [79–81], 
but to date, no studies have evaluated its role in 
ecdysone production.

2. Peripherally derived peptide hormones: 
innate behaviours during development

In addition to upstream factors of ecdysone pro-
duction, several peripherally derived peptide hor-
mones act downstream of ecdysone to coordinate 
ecdysone-dependent innate behaviours, such as 
ecdysis and pupariation.

Insect moulting is a series of highly complex 
physiological and behavioural processes regulated 
by ecdysone [82–84]. In the early phase of moult-
ing, an increase in the level of ecdysone leads to 
apolysis (detachment of the cuticle from the 

epidermis), with the formation of a new cuticle 
layer deposited by the epidermis [85,86]. After 
a subsequent decrease in ecdysone levels, 
a peripherally derived peptide called ecdysis- 
triggering hormone (ETH) plays a central role in 
regulating ecdysis, a behavioural sequence that 
leads to the shedding of the old cuticle [83]. ETH 
is an amidated peptide produced by large periph-
eral endocrine cells called Inka cells, which form 
part of the epitracheal gland (EG) [83]. The EG is 
a group of endocrine glands attached to the main 
tracheal tube in each body segment in insects 
[87,88], and its physiological function has become 
evident with the identification and characteriza-
tion of ETH in the tobacco hornworm Manduca 
sexta [89,90]. In Drosophila, ETH gene encodes 
two mature peptides, ETH-1 and ETH-2 [91]. 
ETH expression in Inka cells is induced by an 
increase in ecdysone levels during the early phase 
of moulting [90,92] (Figure 1b). Ecdysone simul-
taneously upregulates expression of the GPCR for 
ETH called the ETH receptor (ETHR) in various 
peptidergic neurons in the CNS [93], thus enabling 
the peptidergic neurons to respond to ETH 
(Figure 1b). Elevated ecdysone levels in the hae-
molymph prevent the release of ETH from the 
Inka cells [90,92]; however, a subsequent decrease 
in ecdysone levels then induces expression of the 
orphan nuclear receptor βFTZ-F1 in Inka cells, 
which in turn triggers the release of ETH into 
the haemolymph [94]. Secreted ETH remotely 
acts on ETHR in multiple peptidergic neurons in 
the CNS, which sequentially respond to ETH and 
generate the behavioural sequence observed dur-
ing ecdysis [95–98] (Figure 1b). Peptidergic cells in 
peripheral tissues and the CNS thus coordinate 
their response to ecdysone, resulting in a highly 
integrated and complex behavioural sequence 
mediated by Inka cell-derived ETH (Figure 1b).

Eclosion hormone (EH), a peptide hormone 
produced by a pair of neurosecretory cells called 
Vm neurons in the CNS [99–103], is known to be 
a primary target of ETH in the induction of ecdy-
sis behaviour [95–98]. The EH-ETH feedback loop 
between the CNS and Inka cells plays a critical role 
in regulating moulting [104,105]. A recent study 
by Scott et al. have used a newly generated EH- 
Gal4 driver and EH antibody to show that, in 
addition to the Vm neurons, EH is also expressed 
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in peripheral cells, including those located on seg-
mental tracheal branches proximal to the ETH- 
expressing Inka cells [106]. Moreover, peripherally 
derived EH seems to be essential in regulating 
larval moulting, suggesting that the EH-ETH feed-
back loop may also function between peripheral 
tissues during larval moulting behaviour [106].

In higher dipterans, pupariation (puparium for-
mation) is a stereotypic behavioural sequence that 
includes body contraction and glue-spreading 
behaviours [107–109]. Although the pupariation 
process is known to be triggered by ecdysone at 
the end of the final larval stage [108,110], the 
underlying molecular mechanisms are not well 
understood. A recent study in Drosophila showed 
that Dilp8 produced in the epidermis plays 
a central role in regulating pupariation behaviour 
[52]. Ecdysone triggers transient expression and 
secretion of Dilp8 from the epidermal cells 
(Figure 1a). Secreted Dilp8 acts on Lgr3- 
expressing neurons in the CNS to regulate body 
contraction and glue-spreading behaviours during 
pupariation (Figure 1a). As mentioned above, 
when imaginal disks grow abnormally in third 
instar larvae, imaginal disk-derived Dilp8 delays 
the onset of pupariation by antagonising ecdysone 
production [50,51]. However, at the onset of 
pupariation, epidermis-derived Dilp8 acts in 
a spatially and temporally independent manner 
to promote pupariation behaviour [52]. The Lgr3- 
expressing neurons responsible for the pupariation 
behaviour are different from those that inhibiting 
ecdysone production (Figure 1a). Although the 
underlying mechanisms whereby Lgr3-expressing 
neurons in the CNS regulate pupariation beha-
viour remain unclear, the newly discovered ecdy-
sone-inducible peptide derived from peripheral 
tissues that regulates insect innate behaviour, in 
addition to ETH, emphasises the importance of 
peripheral tissue-derived peptide hormones in 
controlling innate behaviours during insect 
development.

3. Fat body-derived peptide hormones: 
nutrition-dependent responses

Insects store nutrients in a specialised organ called 
the fat body, which is equivalent to the liver and 
adipose tissue in vertebrates [111–113]. In 

addition to its function as a nutrient storage 
organ, fat body acts as a central organ that regu-
lates growth and metabolism by communicating 
the organism’s nutritional status to other organs or 
tissues [4,13,25,114,115]. Fat body-derived secre-
tory factors, including hormones and cytokines, 
act as endocrine signals that mediate communica-
tion between multiple organs through circulation. 
Recent studies in Drosophila have revealed the 
existence of multiple fat body-derived signals 
(FDSs), which are humoral factors, including 
many peptide hormones that transmit nutritional 
status to other organs (Figure 2a, b).

The idea of FDS in Drosophila originated from 
ex vivo fat body culture experiments that suggested 
the existence of unknown mitogenic factors 
secreted from the fat body during larval develop-
ment [116,117]. In particular, Britton and Edgar’s 
co-culture experiments using the fat body and 
other organs suggested that the fat body secretes 
humoral factors that promote division of brain 
neuroblasts and imaginal disk cells in a nutrient- 
dependent manner [117]. An important milestone 
in this field was the characterization of Dilps pro-
duced in the brain IPCs as nutrient-dependent 
growth regulators in Drosophila [44,46,47]. IPCs 
predominantly produce Dilp2, −3, and −5, and 
genetic ablation of these cells results in a reduced 
larval growth rate with elevated haemolymph 
sugar levels [47]. Subsequent studies have further 
established that nutritional status is sensed primar-
ily by the fat body and conveyed to the brain IPCs 
via FDSs, which in turn controls Dilp secretion in 
a nutrient-dependent manner [118,119]. Several 
cytokines, peptide hormones, and lipoproteins as 
FDSs are produced in response to different nutri-
ents [115]. Here, we mainly focus on peptide hor-
mones that function as FDSs.

During larval development in Drosophila, 
amino acids are principal nutrients required for 
systemic growth. Amino acid sensing in the fat 
body through the target of rapamycin (TOR) sig-
nalling controls the release of several FDSs that 
regulate the brain IPC activity. The cytokines iden-
tified as TOR-dependent FDSs are growth block-
ing peptides (GBP1 and −2) [120] that are 
structurally related to epidermal growth factor 
(EGF) [121,122], and Eiger (Egr) [123], 
a Drosophila tumour necrosis factor (TNF)-α 
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Figure 2. Fat body-derived signals regulating body and tissue growth. (a) Drosophila insulin-like peptides (Dilps) from the brain 
insulin-producing cells (IPCs) and Dilp6 from the fat body act as a main regulator for body and tissue growth during development. 
surface glia-derived Dilp6 regulates neuroblast reactivation in a nutrient-dependent manner. (b) Action of fat body-derived signals 
(FDSs) on IPCs for releasing Dilps into circulation during Drosophila larval development. different types of peptide hormones (white) 
and cytokines (green) coordinate IPC activities in response to multiple nutritional cues. circulating Dilp activity is further regulated by 
several binding proteins in the haemolymph (purple). Abbreviations; E, ecdysone (an immediate precursor of a biologically active 
ecdysone); 20E, 20-hydroxyecdysone (a biologically active ecdysone); PG, prothoracic gland; CNS, central nervous system; AAs, amino 
acids; Sun, Stunted; GBP1/2; growth blocking peptide 1 and -2; Egr, Eiger; CCHa2, CCHamide-2; Upd2, Unpaired-2; Mth, Methuselah; 
EGF, epidermal growth factor receptor; Mthl10, Methuselah-like 10; Grnd, Grindelwald; CCHa2R, CCHa2 receptor; Dome, Domeless; 
GABA, Gamma-aminobutyric acid; SDR, secreted decoy of InR; ImpL2, imaginal morphogenesis protein-Late 2; dALS, Drosophila acid 
labile subunit.
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homologue [124,125]. GBPs are produced in the 
fat body in an amino acid-dependent manner 
[120], and they activate EGFR expressed in a pair 
of intermediate inhibitory neurons called IPC- 
connecting neurons (ICNs), which have direct 
synaptic connections with the IPCs [126] 
(Figure 2b). Under normal food conditions, GBP- 
dependent activation of EGFR signalling inhibits 
ICN’s neuronal activity, relieving ICN-mediated 
inhibition of Dilp secretion from IPCs. However, 
under low amino acid conditions, activated ICNs 
inhibit Dilp secretion from the IPCs [126]. In 
contrast, other groups reported that GBP functions 
as a ligand for GPCR called Methuselah-like 10 
(Mthl10) [127,128], which is expressed in adult 
brain IPCs [127], suggesting that GBP may also 
act directly on IPCs (Figure 2b). Another cytokine 
FDS, Egr, directly inhibits Dilp production in 
response to downregulation of the TOR pathway 
in the fat body [123] (Figure 2b). Notably, release 
of Egr from the fat body into the haemolymph is 
induced by cleavage of the transmembrane domain 
of Egr through induction of a TNF-α converting 
enzyme (TACE) under protein restriction [123]. 
Secreted Egr acts on IPCs via an Egr receptor 
called Grindelwald [129], which in turn activates 
the c-Jun N-terminal kinase (JNK) pathway and 
suppresses dilp2 and −5 expression in the brain 
IPCs [123]. The suppression of dilps expression by 
the JNK pathway in the brain IPC is consistent 
with previous reports [130,131].

Stunted (Sun) is a previously uncharacterised 
peptide hormone that controls Dilp secretion 
from IPCs [132]. Sun is an epsilon subunit of the 
mitochondrial F1F0-ATP synthase complex V, 
which is necessary for ATP synthesis [133]. In 
addition to its role in mitochondria, Sun also 
independently functions as a ligand for the 
GPCR Methuselah (Mth) [134]. Secretion of the 
Sun from the fat body is tightly regulated by the 
amino acid-sensitive machinery involved in TOR 
signalling. Once secreted into the haemolymph, 
Sun acts on Mth expressed in IPCs to induce 
Dilp secretion [132] (Figure 2b). Therefore, Sun 
functions as an insulinotropic, fat body-derived 
peptide hormone that is released in response to 
amino acids (Figure 2b). Furthermore, a recent 
study showed that the fat body-derived Sun con-
tributes to sex-dependent phenotypic plasticity in 

Drosophila. Female-specific upregulation of insu-
lin/IGF signalling activity during growth in 
females with larger body sizes depends on the up- 
regulation of Sun in the fat body [135]. This 
observation indicates that, in addition to its 
amino acid-dependent role in growth regulation, 
Sun also contributes to sexual dimorphism in 
growth regulation during larval development.

Sugars and lipids also modulate the brain IPC 
activity by stimulating release of the leptin-like 
cytokine Unpaired-2 (Upd2) from the fat body 
[136]. Upd2 activates its receptor Domeless 
(Dome) expressed in GABAergic neurons, which 
have direct synaptic connections with IPCs 
(Figure 2b). Under a normal food condition, 
Upd2-dependent activation of the JAK/STAT sig-
nalling inhibits GABAergic neuronal activity, 
relieving their inhibitory effect on the IPCs and 
triggering the secretion of Dilps into the haemo-
lymph [136] (Figure 2b). Furthermore, the fat 
body-derived peptide hormone CCHamide-2 
(CCHa2) regulates Dilp secretion in a sugar- 
dependent manner [137]. CCHa2 expression in 
the fat body is reduced by starvation and pro-
moted by glucose refeeding. The CCHa2 receptor 
(CCHa2-R) is primarily expressed in the CNS, 
including in IPCs. The CCHa2 peptide activates 
a calcium-activated reporter in IPCs in ex vivo 
cultured brains. Thus, CCHa2 is a fat body- 
derived peptide hormone that primarily responds 
to sugars and coordinates systemic growth in 
a nutrient-dependent manner [137] (Figure 2b).

In addition to nutritional availability, various 
environmental factors, such as oxygen availability, 
influence larval systemic growth via the fat body. 
Indeed, hypoxia leads to smaller body size by 
reducing their systemic growth rate in Drosophila 
[138,139]. This response to oxygen in the fat body 
requires the transcription factor called hypoxia- 
inducible factor 1 alpha (HIF-1a) that functions 
in a conserved major oxygen-sensing pathway 
[140]. Although HIF-1a-dependent FDS(s) seem 
to inhibit expression and secretion of Dilps from 
IPCs [140], the molecular nature of such FDS(s) 
remains unknown.

Regulation of the brain IPC activity by FDSs has 
also been observed in adults. Female-specific inde-
pendent of transformer (FIT) functions as a fat 
body-derived peptide involved in regulating 
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protein feeding through the brain IPCs [141]. FIT 
is produced and secreted from the fat body upon 
protein feeding and induces Dilp secretion from 
the IPCs. Consequently, the protein intake is sup-
pressed, suggesting that FIT is a negative regulator 
of food intake that conveys satiety signals. 
However, it is still unclear which receptors FIT 
acts on, and through which mechanism it exerts 
its insulinotropic effect [141]. Altogether, the fat 
body functions as a vital sensing organ for envir-
onmental conditions such as nutrients and oxygen 
and signals environmental states to multiple 
organs through FDSs, which include a variety of 
peptide hormones.

The fat body produces two Dilp-binding pro-
teins, Imaginal morphogenesis protein-Late 2 
(ImpL2) and Drosophila acid labile subunit 
(dALS, also known as Convoluted) that regulate 
the activity of circulating Dilps [142,143] 
(Figure 2b). These two proteins form a trimeric 
complex with Dilps in the haemolymph and inhi-
bit their binding to the InR [142–144]. Therefore, 
knockdown or mutation of either ImpL2 or dALS 
results in an overgrowth phenotype, whereas over-
expression of either ImpL2 or dALS inhibits body 
growth during development [142,143]. Since 
ImpL2 protein expression is upregulated during 
starvation [142], the nutrient-dependent function 
of Dilp is tightly regulated by the FDS not only at 
the secretory level but also in the circulating hae-
molymph. In addition to ImpL2 and dALS, 
a secreted decoy of InR (SDR) that is structurally 
similar to the extracellular domain of InR can 
directly interact with several circulating Dilps to 
antagonise their activity during larval development 
[144] (Figure 2b).

ILPs produced in the brain IPCs play an essen-
tial role in nutrition-dependent growth during the 
feeding period of larvae and adults, whereas IGF- 
like peptides derived from the fat body is impor-
tant in regulating growth during the non-feeding 
period. An IGF-like peptide was first discovered in 
Bombyx as a fat body-derived growth factor with 
characteristics similar to those of mammalian IGFs 
[145,146]. Dilp6 was subsequently characterised as 
an IGF-like peptide in Drosophila [48,49]. 
Expression of dilp6 is induced via an inhibitory 
component of the insulin/IGF signalling, forxhead 
box, sub-group O (FoxO), upon amino acid 

starvation in the fat body [49], which indicates 
a negative feedback regulation of dilp6 expression 
by circulating Dilps (Figure 2a). Expression of 
dilp6 in the fat body is also induced by ecdysone 
during the wandering and pupal stages after cessa-
tion of feeding [48,49] (Figure 2a). Adult body size 
of dilp6 mutants is about 15% smaller than that of 
wild-type flies, despite no apparent growth defects 
during the larval feeding stage [48,49]. This obser-
vation indicates that Dilp6 from the fat body plays 
an essential role as an ecdysone-dependent sys-
temic growth regulator during metamorphosis 
(Figure 2a). Fat body-derived Dilp6 also functions 
in adults, wherein it regulates insulin/IGF signal-
ling in the hepatocyte-like oenocytes to control 
lipid accumulation [147]. Dilp6 from the fat body 
is also involved in lifespan, thermoregulation, and 
immune response [148–150], reflecting its wide 
range of essential functions similar to mammalian 
IGFs.

Notably, an IGF-like Dilp6 is also produced by 
the surface glial cells that form the blood–brain 
barrier (BBB) of the CNS [151–154]. Although 
dilp6 expression in the fat body is negatively 
regulated by insulin/IGF signalling, glial dilp6 
expression is positively regulated by nutritional 
signals, including insulin/IGF signalling and Tor 
signalling, via FDS [151,152,154]. Nutrition- 
dependent release of Dilp6 from surface glia 
acts on InR expressed in the neuroblasts, the 
neural stem cells in Drosophila, which in turn 
induces neuroblast reactivation [151–153] 
(Figure 2a). As noted above, Britton and 
Edgar’s co-culture experiments with the fat 
body and CNS suggested that FDS promotes 
neuroblast reactivation in a nutrient-dependent 
manner [117]. Surface glia-derived Dilp6 thus 
serves as a key relay molecule in the nutritional 
control of neuroblast proliferation in the CNS, 
which is isolated from systemic signals by 
the BBB.

4. Gut-derived peptide hormones: feeding 
and energy metabolism

The gut, or intestine, is an essential organ for food 
digestion, nutrient absorption, and energy homo-
eostasis [155–158]. Similar to mammals, the 
Drosophila gut has morphologically and 
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Figure 3. Interorgan communication by gut-derived peptide hormones in response to internal nutritional cues in adults. (a) 
Schematic diagram of Drosophila adult gut consisting of the foregut (FG), midgut (MG), and hindgut (HG). The gut epithelium 
consists of different types of cells: enterocytes (EC), enteroendocrine cells (EEC), intestinal stem cells (ISC), enteroblasts (EB), 
basement membrane (BM), and visceral muscles (VM). (b) Paracrine action of gut-derived peptides regulating VM contraction by 
diuretic hormone 31 (DH31) in response to bacteria-inducible reactive oxygen species (ROS) from enterocyte (EC), gut enlargement 
by tachykinin (TK) via Drosophila insulin-like peptide 3 (Dilp3) from VM, and lipid metabolism in EC by TK. (c) Systemic function of 
enteroendocrine cell (EEC)- and EC-derived peptide hormones (white) and cytokines (green). Abbreviations; TrpA1, transient receptor 
potential cation channel A1; DH31R, DH31 receptor; TkR86C, tachykinin-like receptor at 86C; AAs, amino acids; EAAs, essential amino 
acids; Sut1, sugar transporter 1; Glut1, glucose transporter 1; CNMa, CNMamide; NPF, neropeptide F; Burs-α, bursicon-α; AstC, 
allatostatin C; Actβ, activinβ; Akh, adipokinetic hormone; Dilps, Drosophila insulin-like peptides; AkhR, Akh receptor; InR, insulin-like 
receptor; Lgr2, leucine-rich repeat-containing G protein-coupled receptor 2.
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functionally distinct regions: the foregut, midgut, 
and hindgut [157,158] (Figure 3a). The adult mid-
gut can be further subdivided into these six 
regions: R0 (also known as proventriculus), R1 
and R2 (anterior midgut), R3 (middle midgut 
and copper cell region), and R4 and R5 (posterior 
midgut) [159]. Furthermore, the epithelial mono-
layers of R1-R5 consist of different types of cells: 
multipotent intestinal stem cells (ISCs), progenitor 
enteroblasts (EBs), secretory EECs, and absorptive 
enterocytes (ECs) [157] (Figure 3a). The gut 
epithelium is surrounded by visceral muscles 
(VMs) and the basement membrane (BM) [157] 
(Figure 3a). Among these cells, the EECs function 
as sensors of internal gut environment, such as 
dietary nutrients and microbiota-derived metabo-
lites, that secrete peptides and cytokines and reg-
ulate various physiological processes 
[158,160–163].

In Drosophila, at least 15 peptides are reported 
to be expressed in the gut EECs: allatostatin-A 
(AstA), AstC, Bursicon-α (Burs-α), crustacean car-
dioactive peptide (CCAP), CCHamide-1 (CCHa1), 
CCHa2, diuretic hormone 31 (DH31), glycopro-
tein hormone beta 5 (Gpb5), ion transport peptide 
(ITP), MIP/AstB, neuropeptide-like precursor 2 
(Nplp2), neuropeptide F (NPF), orcokinin, short 
NPF (sNPF), and tachykinin (TK) [81,164–171]. 
All these EEC-derived peptides are produced in 
a region-specific manner in the gut, and some of 
them are co-expressed in the same cells 
[81,165,169–171]. As most of the EEC-derived 
peptides are also produced in the CNS, they were 
originally considered to function mainly within 
the gut as autocrine or paracrine factors. Indeed, 
several EEC-derived peptides act locally to regulate 
gut motility in VMs [172–175], proliferation of 
ISCs [167,176,177], and lipid metabolism in ECs 
[178,179] (Figure 3b). However, recently, it has 
become evident that EEC-derived peptides act as 
endocrine factors for interorgan communications 
and have independent functions from those pro-
duced in the CNS.

While it is not yet clear whether all EEC-derived 
peptides are secreted into the haemolymph, it 
appears that at least some peptides are indeed 
secreted into the haemolymph. A previous study 
using the locust and cockroach showed that the 
gut EECs release TK by depolarization, and the TK 

level in the haemolymph increases after starvation 
[180], suggesting that EECs can release peptides 
into circulation. In Drosophila, direct evidence has 
shown that EEC-derived Burs-α and DH31 can be 
detected in the circulating haemolymph [181,182]. 
Moreover, combinations of genetic experiments 
strongly suggest endocrine effects of several EEC- 
derived peptides on remote target organs or tissues 
such as the CNS, corpus cardiacum (pl. corpora 
cardiaca; CC), and ovary [183–187].

Several EEC-derived peptide hormones regulate 
energy homoeostasis by acting remotely on other 
organs. One such peptide is Burs-α, which is sys-
temically secreted from the gut EECs in a dietary 
sugar-dependent manner [181]. EEC-derived 
Burs-α acts on its receptor, Lgr2 (also known as 
Rickets), expressed in specific neurons in the CNS 
and enteric neurons. Notably, Lgr2-expressing 
neurons form direct synaptic connections with 
the specialised neurohemal organs called the CC, 
which produce adipokinetic hormone (Akh), and 
negatively regulate Akh secretion (Figure 3c). Akh 
is a primary insect peptide hormone that is func-
tionally equivalent to mammalian glucagon [188– 
191]. Akh acts on the Akh receptor (AkhR) pre-
dominantly expressed in the fat body to mobilise 
stored lipids and carbohydrates under energy- 
demanding conditions in the adult flies [192– 
195]. Therefore, EEC-derived Burs-α remotely reg-
ulates energy metabolism in response to feeding by 
inhibiting Akh production via the CC-innervating 
neurons [181] (Figure 3c).

EEC-derived NPF and AstC also directly act on 
the CC to regulate secretion of Akh [186,187] 
(Figure 3c). Dietary sugars positively regulate pro-
duction and secretion of NPF from the gut EECs, 
whereas AstC secretion is induced by nutrient 
restriction (Figure 3c). Although both the NPF 
receptor (NPFR) and AstC receptor 2 (AstC-R2) 
are expressed in the CC, NPF and AstC have an 
inhibitory and facilitatory effect on secretion of 
Akh, respectively [186,187] (Figure 3c). NPFR is 
also expressed in the brain IPCs, where it facil-
itates secretion of Dilps [186] (Figure 3c). 
Therefore, EEC-derived NPF, in response to diet-
ary sugars, regulates the balance between Dilps 
and Akh, promoting assimilation in peripheral 
tissues, such as the fat body [186]. The action of 
EEC-derived NPF resembles that of the 

FLY 161



mammalian enteroendocrine hormone glucagon- 
like peptide 1 (GLP-1). GLP-1 is known to induce 
insulin secretion by stimulating β-cells in pancrea-
tic islets, whereas it suppresses glucagon secretion 
in α-cells in a dietary sugar-dependent manner 
[196,197].

Mechanisms of dietary nutrient sensing by 
EECs differ among the gut region and types of 
EECs. For example, Burs-α and NPF are produced 
in EECs in the posterior and anterior midgut, 
respectively. Dietary sugars induce production 
and secretion of Burs-α and NPF through different 
solute carrier family 2 (SLC2) sugar transporters, 
Glut1, and Sut1, respectively [181,186] (Figure 3c). 
In addition, TK-, and DH31-producing EECs, 
which express many gustatory receptors (Gr), 
appear to be activated by dietary proteins and 
amino acids [198,199]. Indeed, a recent report 
showed that dietary amino acids activate DH31- 
producing EECs, thereby increasing DH31 levels 
in the haemolymph in adult males [182]. The 
secreted DH31 remotely acts on the DH31 recep-
tor (DH31R) expressed in the two populations of 
neuropeptide-producing cells in the CNS to regu-
late courtship and protein feeding (Figure 3c). 
DH31R expressed in the AstC-producing cells 
suppresses protein feeding, whereas DH31R in 
the Corazonin-producing cells promotes courtship 
behaviour. Therefore, the gut EEC-derived DH31 
orchestrates the acute transition from feeding to 
courtship in adult males in response to dietary 
amino acids [182]. Together with the sugar- 
dependent production of EEC-derived peptides 
described above, these findings indicate that, as 
in mammals, peptide hormone release from the 
gut EECs is modulated in response to multiple 
nutrients in a gut region- and EEC type-specific 
manner.

The EECs also release cytokines that regulate 
energy homoeostasis. In Drosophila larvae, cyto-
kine activin-β (Actβ) is crucial in adapting to 
excessive amounts of glucose in the diet [200]. 
EEC-derived Actβ remotely acts on the TGF-β 
receptor Baboon in the fat body and promotes 
carbohydrate metabolism by stimulating transcrip-
tion of the AkhR, allowing adaptation to high- 
carbohydrate diets [200] (Figure 3c). Therefore, 
as a more acute response to the dietary nutrition 
in the gut, multiple EEC-derived peptide 

hormones and cytokines convey dietary informa-
tion to other organs, resulting in regulation of 
energy metabolism.

Peptide hormones and cytokines are also produced 
by other types of cells in the gut. In adult Drosophila, 
gut size changes considerably in response to dietary 
nutrients and starvation, triggered by the activation of 
ISC division by the paracrine effect of Dilp3 derived 
from the VMs [201] (Figure 3b). The Dilp3 produc-
tion in VMs is regulated by the paracrine action of TK 
from EECs in a nutrient-dependent manner [176] 
(Figure 3b).

Furthermore, peptide hormones and cytokines 
from ECs play an essential role in regulating feeding 
and metabolism. The EC-derived amidated peptide 
hormone, CNMamide (CNMa), regulates the feeding 
preference of essential amino acids (EAAs) [202] 
(Figure 3c). When proteins or EAAs are depleted, 
ECs in the anterior midgut express CNMa via the 
amino acid sensing pathway. Notably, ECs can also 
sense the microbiota-derived metabolites, which 
increase or decrease depending on the concentration 
of EAAs in the diet [202]. The secreted CNMa acts on 
the CNMa receptor (CNMaR) in the CNS to promote 
protein feeding (Figure 3c). Therefore, gut ECs can 
sense dietary amino acid information and use it to 
remotely control feeding behaviour through CNMa. 
The function of EC-derived CNMa resembles that of 
the peripherally derived fibroblast growth factor 21 
(FGF21) in mammals, which can signal to the brain to 
control feeding behaviour [203–205]. Another recent 
study identified zinc-sensing ECs that support vigor-
ous feeding in Drosophila larvae [206]. The zinc-gated 
chloride channel called Hodor activates TOR signal-
ling in ECs, leading to increased food intake and 
secretion of Dilps from the brain IPCs through sys-
temic humoral signals that are yet to be identified. 
These findings suggest that in addition to EECs, ECs 
serve as major sensor cells that respond to dietary 
nutrients and microbiota-derived metabolites in 
the gut.

5. Peripherally derived peptide hormones: 
post-mating responses and reproductive 
physiology

In many insect species including Drosophila, mat-
ing triggers a switch in processes involved in 
reproduction and fertility, inducing substantial 

162 N. OKAMOTO AND A. WATANABE



Figure 4. Interorgan communication by peripherally derived peptide hormones regulating post-mating response and reproduction. 
(a) Schematic diagram of Drosophila post-mating responses triggered by sex peptide (SP)/SP receptor (SPR) signalling relay from the 
male accessary gland (MAG) to female central nervous systems. (b) Systemic function of 20-hydroxyecdysone (20E, active form of 
ecdysone) and EEC-derived peptide hormones, bursicon-α (Bur-α) and neropeptide F (NPF) upon post-mating responses. (c) Systemic 
function of ecdysis-triggering hormone (ETH) from Inka cells in regulating egg maturation and ovulation via juvenile hormone (JH) 
and octopamine release upon post-mating responses. Abbreviations; BR, brain; VNC, ventral nerve cord; MG, midgut; GSC, germline 
stem cells.
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behavioural and physiological changes in females. 
This change is primarily mediated by accessory 
gland proteins (Acps), which are transferred from 
males to females through the seminal fluid upon 
mating [207–209]. In Drosophila, sex peptide (SP 
or Acp70A) is the best-characterised Acp pro-
duced only in the adult male accessory gland 
(MAG) [210–212] (Figure 4a). After mating, SP 
binds to spermatozoa and is retained in the repro-
ductive tract of mated females for several days. SP 
is gradually released by proteolysis [213], and the 
released SP then binds to SPR in a small number 
of SPR-positive sensory neurons (SPSNs) located 
on the female reproductive tract [214–217] 
(Figure 4a). SPSNs innervate the uterine lumen 
and send afferent axons into the abdominal gang-
lion (AG) in the ventral nerve cord (VNC) 
(Figure 4a). SPSNs further relayed the SP/SPR 
signal to the brain dorsal protocerebrum region 
via SP abdominal ganglion (SAG) neurons [218] 
(Figure 4a). This SP/SPR signalling relay from the 
SPSNs to the SAG neurons is mediated by MIP/ 
AstB-expressing female-specific interneurons 
located in the AG [80] (Figure 4a). SPR is also 
expressed in the CNS [214], and SP is considered 
to circulate in the haemolymph in mated females 
[219]. Therefore, SP may act as a peptide hormone 
to activate SPR in the CNS. Transmission of SP/ 
SPR signalling from the reproductive tract to the 
brain leads to multiple post-mating responses, 
including increased food intake, reproductive 
maturation, and decreased sexual receptivity 
through downstream neuronal circuits [220,221] 
(Figure 4a). SPR can also be activated by MIP/ 
AstB, another ligand for SPR [222,223]. As MIP/ 
AstB is a well-conserved peptide in insects and the 
orthologue of the SP found only in a subgroup of 
closely related Drosophilidae, it is considered as an 
ancestral ligand for SPR [72,222,223]. The phero-
monostatic peptide (PSP) produced in the MAG in 
the corn earworm moth Helicoverpa zea is also 
a peptide similar to MIP [224]. PSP inhibits female 
pheromone biosynthesis after mating, suggesting 
an evolutionary relationship between Helicoverpa 
PSP and Drosophila SP for inducing post-mating 
responses.

After mating, SP/SPR signalling orchestrates multi-
ple physiological changes in several organs, including 
the reproductive organs and gut. These physiological 

changes are regulated primarily by endocrine hor-
mones. It is known that mated females retain more 
germline stem cells (GSCs) than virgin females in 
Drosophila [225–228]. Mating-induced increase in 
GSCs requires two endocrine hormones, ecdysone 
and NPF [185,225] (Figure 4b). After mating, ecdy-
sone biosynthesis in the ovary and NPF secretion from 
gut EECs are promoted in response to SP/SPR signal-
ling [185,225,229]. These hormones activate EcR and 
NPFR in ovarian somatic cells, where they enhance 
bone morphogenetic protein (BMP) signalling levels 
in the GSCs, promoting their proliferation [185,225]. 
EEC-derived NPF thus has diverse functions, regulat-
ing energy metabolism in response to dietary nutrients 
[186] (Figure 3b) and inducing GSC proliferation in 
post-mating responses [185] (Figure 4b).

The post-mating increase of ecdysone can also 
induce behavioural changes through the CNS 
[230,231]. After mating, ecdysone from the ovary 
modulates mating-stimulated increases in food 
intake [230]. A recent study showed that ecdysone 
acts on myosuppressin (MS)-producing neurons 
in the PI region of the brain, along with the gut 
EEC-derived peptide hormone Burs-α [231] 
(Figure 4b). MS-producing neurons innervate 
directly onto the crop, a gastric-like organ, and 
regulate muscle contraction of the crop in 
response to ecdysone and Burs-α, resulting in an 
increase in food intake [231]. Therefore, ecdysone 
and gut EEC-derived peptide hormones coordi-
nate multiple physiological changes in response 
to mating stimuli (Figure 4b).

In addition to ecdysone, mating triggers juve-
nile hormone (JH) biosynthesis and its release into 
the haemolymph [232–235]. JH is 
a sesquiterpenoid synthesised in the endocrine 
gland called the corpus allatum (pl. corpora allata; 
CA) [236]. Although JH has primary roles in reg-
ulating metamorphosis during development, it 
further regulates various aspects of reproductive 
maturation in adult stages of many insect species 
[237,238]. In Drosophila females, reduction in JH 
levels by CA ablation or mutation of JH acid 
methyltransferase (jhamt), the gene encoding 
a regulatory JH biosynthetic enzyme, leads to 
impaired egg maturation, resulting in reduced fer-
tility [239–241] (Figure 4c). Moreover, mating- 
induced JH reduces sensitivity of olfactory neu-
rons in females to male pheromones, resulting in 
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increased preference for pheromone-rich males 
[242]. Although JH is known for regulating the 
onset of mating after eclosion [243,244], desensi-
tization of olfactory neurons to male pheromones 
by JH suggests that JH is also involved in the 
decreased sexual receptivity after mating 
(Figure 4c).

Importantly, JH production and release from 
the CA is regulated by the peripherally derived 
peptide ETH [245] (Figure 4c). As mentioned ear-
lier, ETH from epitracheal Inka cells acts on sev-
eral peptidergic neurons in the CNS to trigger 
ecdysis behaviour during development [83] 
(Figure 1b). In adults, however, Inka cell-derived 
ETH remotely acts on the CA as an allatotropin to 
promote JH release into the haemolymph [245]. 
Disruption of ETH signalling in adults signifi-
cantly reduces JH levels, resulting in reduced egg 
maturation and fertility (Figure 4c). ETH also 
activates octopaminergic neurons of the oviduct 
to induce ovarian contraction and ovulation in 
adults [246] (Figure 4c). Thus ETH, previously 
known for its function in regulating ecdysis beha-
viour during development, appears to also play 
critical roles in regulating egg maturation and 
ovulation via JH and octopamine release in adults 
(Figure 4c).

The gut of females also exhibits significant mor-
phological changes after mating, mainly through ecdy-
sone and JH (Figure 4c). Drosophila females enlarge 
their gut to facilitate digestion and absorption as their 
food intake increases after mating [247,248]. To this 
end, mating stimuli activate female gut ISC prolifera-
tion through following mechanisms: first, cell- 
autonomous sex determinants expressed in the ISCs 
cause the female ISCs to be more mitotically active 
than those of males [249]. Second, post-mating eleva-
tion of ecdysone and JH further increases ISC prolif-
eration in females, amplifying gut sexual dimorphism 
[247,250,251]. Mating-induced changes are also 
observed in the gut EC. In mated females, elevated 
JH remodels the gut EC, resulting in enhanced repro-
ductive maturation [247].

Although signalling pathways that connect SP/SPR 
signalling and ecdysone/JH biosynthesis still remain 
largely unclear, ecdysone and JH have essential roles in 
post-mating interorgan communications that regulate 
behavioural and reproductive changes. It will be 
imperative to elucidate detailed the temporal changes 

of these post-mating hormones and how SP/SPR sig-
nalling orchestrates such hormonal fluctuations.

6. Significance and future issues of research on 
peptide hormones produced in peripheral 
tissues

As described in this review, many peptide hor-
mones derived from peripheral tissues transmit 
their environmental and internal status to other 
organs and tissues, including the CNS. Some of the 
peptide hormones produced in peripheral tissues 
are also produced in neurosecretory cells or neu-
rons in the CNS, which is particularly evident for 
the gut EEC-derived peptides [160]. The gut is an 
organ physically isolated from the circulatory sys-
tem by the VMs and BM (Figure 3a), just as the 
CNS is isolated from the haemolymph by the BBB. 
It is therefore likely that the gut and CNS secrete 
the same peptide hormones into circulation in 
response to distinct stimuli that they receive 
using their own sensory machineries. On the 
other hand, once released into the haemolymph, 
these peptide hormones are supposed to act on the 
same target tissues and induce identical responses. 
Future comparative studies on sensory machi-
neries that induce release of the same peptide 
hormones from the gut and CNS would therefore 
be expected to deepen our understanding of how 
distinct environmental and internal cues are inte-
grated through the endocrine system.

Many peripherally derived peptide hormones 
signal directly to other peripheral tissues as well 
as to the CNS in mammals. In insects, however, 
most of the environmental and internal signals 
mediated by peripherally derived peptide hor-
mones seems to be mainly conveyed to the CNS. 
This raises an important question of how peptide 
hormones and cytokines from peripheral tissues 
pass through the BBB. Recently, it has become 
evident that even small molecules, such as the 
steroid hormone ecdysone, cannot enter the CNS 
without a specific ecdysone transporter expressed 
in the BBB in Drosophila [252]. Therefore, it is 
unlikely that peptide hormones can pass easily 
through the BBB. One possible mechanism is 
transcytosis through the BBB, whereby peptide 
hormones are received by specific receptors or 
binding proteins at the surface of the BBB and 
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transported to the other side of the cells through 
vesicle trafficking. This hypothesis has been pro-
posed for transport of many peptide hormones 
through the BBB in mammals and other species 
[253,254], although available pieces of evidence are 
still controversial. Another possibility is that pep-
tide hormones act through the neurohemal- 
releasing sites of target neurosecretory cells. 
Many neurosecretory cells, including Dilp- 
producing IPCs, extend their axonal terminals to 
neurohemal-releasing sites outside of the CNS to 
secrete peptides into the haemolymph [11]. 
Therefore, these sites are the most directly acces-
sible sites for circulating peptide hormones in the 
haemolymph. A similar argument also applies to 
how peptide hormones and cytokines derived 
from the gut EECs and ECs can be secreted into 
the haemolymph through the VMs and BM that 
surround the gut. In insects, the internal dynamics 
and transport pathways of peptide hormones 
between different organs are still largely unknown, 
and this is a significant issue that needs to be 
addressed in the future.

In recent years, molecular genetic tools in 
Drosophila have led to a rapid progress in our 
understanding of endocrine hormone functions 
and their modes-of-action. However, there are 
few biochemical studies in Drosophila, especially 
related to investigating the properties and struc-
tures of secreted bioactive mature peptides in the 
haemolymph. During peptide production, trans-
lated prepropeptides (precursor peptides) are 
modified by various processing enzymes to 
become mature peptides [255]. However, as 
expression and function of these enzymes seem 
to vary among different types of peptide- 
producing cells, the structures of mature pep-
tides may differ among different cell types even 
if they express the same peptide-encoding genes. 
For example, the Drosophila Capability (Capa) 
gene that encodes three mature functional pep-
tides, Capa-1, Capa-2, and pyrokinin (PK)-1, is 
expressed mainly in a pair of large SEG neurons 
(Capa-SEG neurons) and three pairs of neurons 
in the VNC (Capa-Va neurons) [256–258]. 
Analyses of axon terminals from each neuronal 
group by direct mass spectrometry showed that 
only PK-1 is present in the terminal of the 
Capa-SEG neurons, while all three peptides, 

Capa-1, Capa-2, and PK-1, were detected in the 
terminal of the Capa-Va neurons [259,260]. This 
variation in mature peptides produced in differ-
ent cells can be explained by the differences in 
the expression and function of processing 
enzymes in each neurosecretory cell. The same 
scenario can be applied to differences in the 
expression of processing enzymes in peripheral 
tissues. For example, mature bombyxin, an ILP 
in Bombyx expressed primarily in the brain 
IPCs, is secreted as a heterodimer consisting of 
an A- and a B-chain similar to mammalian 
insulin [146,261]. In contrast, the Bombyx IGF- 
like peptide, highly expressed in the fat body, is 
secreted into the haemolymph as a single-chain 
polypeptide, similar to mammalian IGFs, even 
though it has dibasic amino acid residues that 
are typically recognised by processing enzymes 
for cleavage [145,146]. Fat body cells probably 
lack the processing enzyme(s) that cleave pep-
tides at dibasic sites, at least in the silkmoth 
Bombyx, suggesting that the mature form of 
ILPs may be different depending on the type of 
cells in which the ILP gene is expressed. 
Likewise, alternative splicing can produce dis-
tinct forms of peptide hormones encoded by 
some genes, such as ITP and orcokinin 
[168,262,263]. These peptide hormones that 
derive from the same gene may have different 
binding affinities to the same receptor, or they 
may even activate distinct receptors. Therefore, 
even if the same peptide hormone is considered, 
it is always necessary to examine the possibility 
that the structure and function of the mature 
peptides may differ depending on where they 
are produced.

Related to the properties and structures of 
secreted bioactive mature peptides, analysis of 
the half-life of peptide hormones and changes in 
their concentration in the haemolymph is also 
a significant issue for the future. Since peripher-
ally derived peptide hormones are transported 
through the circulating haemolymph, their half- 
life depends partly on the structural properties 
and specific-binding proteins that protect them 
from the various peptidases present in haemo-
lymph and on cell surfaces. Currently, valuable 
methods to quantitatively measure the amount of 
endogenous peptide hormone levels in the 
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haemolymph remain conventional enzyme-linked 
immuno sorbent assay (ELISA) and Western 
blotting analysis. However, these methods highly 
depend on the quality of antibodies and require 
synthetic peptide standards. Furthermore, it is 
difficult to prepare large amount of fresh haemo-
lymph samples from the tiny fruit fly. An inno-
vative method has been developed to 
quantitatively measure the concentrations of 
endogenous Dilps in the haemolymph by com-
bining genetic manipulation techniques in 
Drosophila [264]. In this method, transgenes 
encoding two different immuno-detectable epi-
tope tags are inserted at both ends of the genomic 
region encoding the mature peptide, allowing for 
detecting double-tagged mature peptides by 
ELISA [264]. However, this method may not be 
useful for many peptide hormones whose 
C-terminus are post-translationally modified to 
function as bioactive mature peptides (e.g. ami-
dated peptide hormones). Considering all these 
issues, developing methodologies that can com-
prehensively and directly analyse the structure 
and concentration of mature peptides from 
a small amount of haemolymph will be critically 
important in future studies.

7. Concluding remarks

Recent developments in cell- and tissue-specific 
genetic manipulation tools and advances in 
omics analyses have revealed that many peptide 
hormones produced in peripheral tissues play 
essential functions as signalling molecules in 
interorgan communication. Currently, more 
than 50 different neuropeptides and peptide hor-
mones have been identified in Drosophila. 
According to the expression profiles of these 
peptide-encoding genes on the FlyAtlas database 
(http://flyatlas.org/atlas.cgi) [265], many peptides 
appear to be expressed in peripheral tissues, 
including those not described in this review. 
A recently published comprehensive single-cell 
atlas of the entire adult Drosophila called Fly 
Cell Atlas (https://flycellatlas.org/) could further 
elucidate peptide hormone-expressing cells at 
a single-cell resolution [266]. Furthermore, 
development and improvement of proximity 
ligation techniques have enabled in vivo 

secretome approaches for profiling of tissue- 
specific secreted proteins using various animal 
models [267–270], including Drosophila [269]. 
These methods may lead to the comprehensive 
identification of new types of peptide hormones 
that have not been characterised so far. The fat 
body-derived peptide Sun, as described in this 
review, is a typical example that has not been 
previously characterised as a peptide hormone 
[132]. Although physiological functions of 
many peptide hormones are still unknown, 
further development of genetic manipulation 
tools and biochemical analysis techniques is 
expected to rapidly advance our understanding 
of the target organs/tissues and functions of 
peripherally derived peptide hormones in 
Drosophila.

Acknowledgements

We would like to thank Yuto Yoshinari, Naoki Yamanaka, 
and Ryusuke Niwa for their constructive comments and idea 
on this manuscript.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the 10th Tomizawa Jun-ichi & 
Keiko Fund of Molecular Biology Society of Japan for Young 
Scientists (2020) to N.O. and a Grant-in-Aid for Research 
Activity Start-up (JSPS KAKENHI Grant Number 
#20K22645) from the Ministry of Education, Culture, 
Sports, Science and Technology of Japan to N.O.

Data Availability

No datasets were generated or analysed during the current 
study.

ORCID

Naoki Okamoto http://orcid.org/0000-0003-2371-5060

References

[1] Banting FG, Best CH. The internal secretion of the 
pancreas. J Lab Clin Med. 1922;7:251–266.

FLY 167

http://flyatlas.org/atlas.cgi
https://flycellatlas.org/


[2] Litwack, G. Hormonal signaling in biology and medi-
cine: comprehensive modern endocrinology. 1st. 
London: Academic Press. 2020.

[3] Ando H, Ukena K, Nagata S. Handbook of hormones: 
Comparative endocrinology for basic and clinical 
research. 2nd. London: Academic Press; 2021.

[4] Droujinine IA, Perrimon N. Interorgan communica-
tion pathways in physiology: focus on Drosophila. 
Annu Rev Genet. 2016;50:539–570.

[5] Garofalo RS. Genetic analysis of insulin signaling in 
Drosophila. Trends Endocrinol Metab. 2002;13 
(4):156–162.

[6] Tatar M, Bartke A, Antebi A. The endocrine regulation 
of aging by insulin-like signals. Science. 2003;299 
(5611):1346–1351.

[7] Nässel DR, Vanden Broeck J. Insulin/IGF signaling in 
Drosophila and other insects: factors that regulate pro-
duction, release and post-release action of the 
insulin-like peptides. Cell Mol Life Sci. 2016;73 
(2):271–290.

[8] Nässel DR. Neuropeptides in the nervous system of 
Drosophila and other insects: multiple roles as neuro-
modulators and neurohormones. Prog Neurobiol. 
2002;68(1):1–84.

[9] Nässel DR, Winther ÅME. Drosophila neuropeptides in 
regulation of physiology and behavior. Prog Neurobiol. 
2010;92(1):42–104.

[10] Nässel DR, Zandawala M. Recent advances in neu-
ropeptide signaling in Drosophila, from genes to 
physiology and behavior. Prog Neurobiol. 
2019;179:101607.

[11] Nässel DR, Zandawala M. Hormonal axes in 
Drosophila: regulation of hormone release and multi-
plicity of actions. Cell Tissue Res. 2020;382 
(2):233–266.

[12] Dolezal T, Krejcova G, Bajgar A, et al. Molecular reg-
ulations of metabolism during immune response in 
insects. Insect Biochem Mol Biol. 2019;109:31–42.

[13] Texada MJ, Koyama T, Rewitz K. Regulation of body 
size and growth control. Genetics. 2020;216 
(2):269–313.

[14] Lemaitre B, Hoffmann J. The host defense of 
Drosophila melanogaster. Annu Rev Immunol. 
2007;25:697–743.

[15] Truman JW. The evolution of insect metamorphosis. 
Curr Biol. 2019;29(23):R1252–R1268.

[16] Yamanaka N, Rewitz KF, O’Connor MB. Ecdysone 
control of developmental transitions: lessons from 
Drosophila research. Annu Rev Entomol. 
2013;58:497–516.

[17] Yamanaka N. Ecdysteroid signalling in insects—From 
biosynthesis to gene expression regulation. Adv Insect 
Physiol. 2021;60:1–36.

[18] Gilbert LI. Halloween genes encode P450 enzymes 
that mediate steroid hormone biosynthesis in 
Drosophila melanogaster. Mol Cell Endocrinol. 
2004;215(1–2):1–10.

[19] Rewitz KF, Rybczynski R, Warren JT, et al. The hal-
loween genes code for cytochrome P450 enzymes med-
iating synthesis of the insect moulting hormone. 
Biochem Soc Trans. 2006;34(6):1256–1260.

[20] Niwa R, Niwa YS. Enzymes for ecdysteroid biosynth-
esis: their biological functions in insects and beyond. 
Biosci Biotechnol Biochem. 2014;78(8):1283–1292.

[21] Pan X, Connacher RP, O’Connor MB. Control of the 
insect metamorphic transition by ecdysteroid produc-
tion and secretion. Curr Opin Insect Sci. 
2021;43:11–20.

[22] Thummel CS. Flies on steroids—Drosophila metamor-
phosis and the mechanisms of steroid hormone action. 
Trends Genet. 1996;12(8):306–310.

[23] Riddiford LM, Cherbas P, Truman JW. Ecdysone receptors 
and their biological actions. Vitam Horm. 2000;60:1–73.

[24] King-Jones K, Thummel CS. Nuclear receptors— 
a perspective from Drosophila. Nat Rev Genet. 2005;6 
(4):311–323.

[25] Koyama T, Texada MJ, Halberg KA, et al. 
Metabolism and growth adaptation to environmental 
conditions in Drosophila. Cell Mol Life Sci. 2020;77 
(22):4523–4551.

[26] Kannangara JR, Mirth CK, Warr CG. Regulation of 
ecdysone production in Drosophila by neuropeptides 
and peptide hormones. Open Biol. 2021;11(2):200373.

[27] Pan X, O’Connor MB. Coordination among multiple 
receptor tyrosine kinase signals controls Drosophila 
developmental timing and body size. Cell Rep. 
2021;36(9):109644.

[28] Kopeć S. Studies on the necessity of the brain for the 
inception of insect metamorphosis. Biol Bull. 1922;42 
(6):323–342.

[29] Wigglesworth VB. Local and general factors in the 
development of ”pattern” in Rhodnius prolixus 
(Hemiptera). J Exp Biol. 1940;17(2):180–201.

[30] Williams CM. Physiology of insect diapause. II. Interaction 
between the pupal brain and prothoracic glands in the 
metamorphosis of the giant silkworm, Platysamia 
cecropia. Biol Bull. 1947;93(2):89–98.

[31] Ishizaki H, Suzuki A. The brain secretory peptides that 
control moulting and metamorphosis of the silkmoth, 
Bombyx mori. Int J Dev Biol. 1994;38(2):301–310.

[32] McBrayer Z, Ono H, Shimell MJ, et al. 
Prothoracicotropic hormone regulates developmental 
timing and body size in Drosophila. Dev Cell. 2007;13 
(6):857–871.

[33] Agui N, Granger NA, Gilbert LI, et al. Cellular locali-
zation of the insect prothoracicotropic hormone: 
in vitro assay of a single neurosecretory cell. Proc 
Natl Acad Sci U S A. 1979;76(11):5694–5698.

[34] Agui N, Bollenbacher WE, Granger NA, et al. Corpus 
allatum is release site for insect prothoracicotropic 
hormone. Nature. 1980;285(5767):669–670.

[35] O’Brien M, Katahira E, Flanagan T, et al. 
A monoclonal antibody to the insect prothoracicotro-
pic hormone. J Neurosci. 1988;8(9):3247–3257.

168 N. OKAMOTO AND A. WATANABE



[36] Mizoguchi A, Oka T, Kataoka H, et al. 
Immunohistochemical localization of prothoracicotro-
pic hormone-producing neurosecretory cells in the 
brain of Bombyx mori. Dev Growth Differ. 1990;32 
(6):591–598.

[37] Rewitz KF, Yamanaka N, Gilbert LI, et al. The insect 
neuropeptide PTTH activates receptor tyrosine 
kinase torso to initiate metamorphosis. Science. 
2009;326(5958):1403–1405.

[38] Caldwell PE, Walkiewicz M, Stern M. Ras activity in 
the Drosophila prothoracic gland regulates body size 
and developmental rate via ecdysone release. Curr Biol. 
2005;15(20):1785–1795.

[39] Colombani J, Bianchini L, Layalle S, et al. Antagonistic 
actions of ecdysone and insulins determine final size in 
Drosophila. Science. 2005;310(5748):667–670.

[40] Mirth C, Truman JW, Riddiford LM. The role of the 
prothoracic gland in determining critical weight for 
metamorphosis in Drosophila melanogaster. Curr Biol. 
2005;15(20):1796–1807.

[41] Walkiewicz MA, Stern M. Increased insulin/insulin 
growth factor signaling advances the onset of meta-
morphosis in Drosophila. PLoS One. 2009;4(4):e5072.

[42] Boulan L, Martín D, Milán M. Bantam miRNA pro-
motes systemic growth by connecting insulin signaling 
and ecdysone production. Curr Biol. 2013;23 
(6):473–478.

[43] Smith WA, Lamattina A, Collins M. Insulin signaling 
pathways in lepidopteran ecdysone secretion. Front 
Physiol. 2014;5:19.

[44] Brogiolo W, Stocker H, Ikeya T, et al. An evolutionarily 
conserved function of the Drosophila insulin receptor 
and insulin-like peptides in growth control. Curr Biol. 
2001;11(4):213–221.

[45] Okamoto N, Yamanaka N. Nutrition-dependent con-
trol of insect development by insulin-like peptides. 
Curr Opin Insect Sci. 2015;11:21–30.

[46] Ikeya T, Galic M, Belawat P, et al. Nutrient-dependent 
expression of insulin-like peptides from neuroendo-
crine cells in the CNS contributes to growth regulation 
in Drosophila. Curr Biol. 2002;12(15):1293–1300.

[47] Rulifson EJ, Kim SK, Nusse R. Ablation of 
insulin-producing neurons in files: growth and diabetic 
phenotypes. Science. 2002;296(5570):1118–1120.

[48] Okamoto N, Yamanaka N, Yagi Y, et al. A fat 
body-derived IGF-like peptide regulates postfeeding 
growth in Drosophila. Dev Cell. 2009;17(6):885–891.

[49] Slaidina M, Delanoue R, Gronke S, et al. A Drosophila 
insulin-like peptide promotes growth during nonfeed-
ing states. Dev Cell. 2009;17(6):874–884.

[50] Colombani J, Andersen DS, Léopold P. Secreted peptide 
Dilp8 coordinates Drosophila tissue growth with devel-
opmental timing. Science. 2012;336(6081):582–585.

[51] Garelli A, Gontijo AM, Miguela V, et al. Imaginal discs 
secrete insulin-like peptide 8 to mediate plasticity of growth 
and maturation. Science. 2012;336(6081):579–582.

[52] Heredia F, Volonté Y, Pereirinha J, et al. The 
steroid-hormone ecdysone coordinates parallel pupar-
iation neuromotor and morphogenetic subprograms 
via epidermis-to-neuron Dilp8-Lgr3 signal induction. 
Nat Commun. 2021;12(1):3328.

[53] Colombani J, Andersen DS, Boulan L, et al. Drosophila 
Lgr3 couples organ growth with maturation and 
ensures developmental stability. Curr Biol. 2015;25 
(20):2723–2729.

[54] Garelli A, Heredia F, Casimiro AP, et al. Dilp8 
requires the neuronal relaxin receptor Lgr3 to couple 
growth to developmental timing. Nat Commun. 
2015;6(1):8732.

[55] Vallejo DM, Juarez-Carreño S, Bolivar J, et al. A brain 
circuit that synchronizes growth and maturation 
revealed through Dilp8 binding to Lgr3. Science. 
2015;350(6262):aac6767.

[56] Jaszczak JS, Wolpe JB, Bhandari R, et al. Growth coor-
dination during Drosophila melanogaster imaginal disc 
regeneration is mediated by signaling through the 
relaxin receptor lgr3 in the prothoracic gland. 
Genetics. 2016;204(2):703–709.

[57] Karanja F, Sahu S, Weintraub S, et al. Ecdysone exerts 
biphasic control of regenerative signaling, coordinating 
the completion of regeneration with developmental 
progression. Proc Natl Acad Sci. 2022;119(5): 
e2115017119.

[58] Rodenfels J, Lavrynenko O, Ayciriex S, et al. 
Production of systemically circulating hedgehog by 
the intestine couples nutrition to growth and 
development. Genes Dev. 2014;28(23):2636–2651.

[59] Setiawan L, Pan X, Woods AL, et al. The BMP2/4 
ortholog dpp can function as an inter-organ signal 
that regulates developmental timing. Life Sci Alliance. 
2018;1(6):e201800216.

[60] Denton D, Xu T, Dayan S, et al. Dpp regulates 
autophagy-dependent midgut removal and signals to 
block ecdysone production. Cell Death Differ. 2019;26 
(4):763–778.

[61] Romão D, Muzzopappa M, Barrio L, et al. The upd3 
cytokine couples inflammation to maturation defects in 
Drosophila. Curr Biol. 2021;31(8):1780–1787.e6.

[62] Carlisle DB, Ellis PE. Hormonal inhibition of the 
prothoracic gland by the brain in locusts. Nature. 
1968;220(5168):706–707.

[63] Malá J, Granger NA, Sehnal F. Control of prothoracic 
gland activity in larvae of Galleria mellonella. J Insect 
Physiol. 1977;23(3):309–316.

[64] Sakurai S, Warren JT, Gilbert LI. Mediation of ecdy-
sone synthesis in Manduca sexta by a hemolymph 
enzyme. Arch Insect Biochem Physiol. 1989;10 
(3):179–197.

[65] Richard DS, Gilbert LI. Reversible juvenile hormone 
inhibition of ecdysteroid and juvenile hormone synth-
esis by the ring gland of Drosophila melanogaster. 
Experientia. 1991;47(10):1063–1066.

FLY 169



[66] Budd E, Käuser G, Koolman J. On the control of 
ecdysone biosynthesis by the central nervous system 
of blowfly larvae. Arch Insect Biochem Physiol. 1993;23 
(4):181–197.

[67] Hua YJ, Jiang RJ, Koolman J. Multiple control of ecdy-
sone biosynthesis in blowfly larvae: interaction of ecdy-
siotropins and ecdysiostatins. Arch Insect Biochem 
Physiol. 1997;35(1–2):125–134.

[68] Hua YJ, Tanaka Y, Nakamura K, et al. Identification of 
a prothoracicostatic peptide in the larval brain of the 
silkworm, Bombyx mori. J Biol Chem. 1999;274 
(44):31169–31173.

[69] Yamanaka N, Hua YJ, Mizoguchi A, et al. 
Identification of a novel prothoracicostatic hormone 
and its receptor in the silkworm Bombyx mori. J Biol 
Chem. 2005;280(15):14684–14690.

[70] Yamanaka N, Žitňan D, Kim Y-J, et al. Regulation of 
insect steroid hormone biosynthesis by innervating 
peptidergic neurons. Proc Natl Acad Sci U S A. 
2006;103(23):8622–8627.

[71] Yamanaka N, Honda N, Osato N, et al. Differential 
regulation of ecdysteroidogenic p450 gene expression 
in the silkworm, Bombyx mori. Biosci Biotechnol 
Biochem. 2007;71(11):2808–2814.

[72] Yamanaka N, Hua Y-J, Roller L, et al. Bombyx prothor-
acicostatic peptides activate the sex peptide receptor to 
regulate ecdysteroid biosynthesis. Proc Natl Acad Sci 
U S A. 2010;107(5):2060–2065.

[73] Mirth CK, Tang HY, Makohon-Moore SC, et al. 
Juvenile hormone regulates body size and perturbs 
insulin signaling in Drosophila. Proc Natl Acad Sci 
U S A. 2014;111(19):7018–7023.

[74] Liu S, Li K, Gao Y, et al. Antagonistic actions of 
juvenile hormone and 20-hydroxyecdysone within the 
ring gland determine developmental transitions in 
Drosophila. Proc Natl Acad Sci U S A. 2018;115 
(1):139–144.

[75] Zhang T, Song W, Li Z, et al. Krüppel homolog 1 
represses insect ecdysone biosynthesis by directly 
inhibiting the transcription of steroidogenic 
enzymes. Proc Natl Acad Sci U S A. 2018;115 
(15):3960–3965.

[76] Dedos SG, Nagata S, Ito J, et al. Action kinetics of 
a prothoracicostatic peptide from Bombyx mori and 
its possible signaling pathway. Gen Comp Endocrinol. 
2001;122(1):98–108.

[77] Liu X, Tanaka Y, Song Q, et al. Bombyx mori prothor-
acicostatic peptide inhibits ecdysteroidogenesis in vivo. 
Arch Insect Biochem Physiol. 2004;56(4):155–161.

[78] Davis NT, Blackburn MB, Golubeva EG, et al. 
Localization of myoinhibitory peptide immunoreactiv-
ity in Manduca sexta and Bombyx mori, with indica-
tions that the peptide has a role in molting and ecdysis. 
J Exp Biol. 2003;206(9):1449–1460.

[79] Min S, Chae HS, Jang YH, et al. Identification of 
a peptidergic pathway critical to satiety responses in 
Drosophila. Curr Biol. 2016;26(6):814–820.

[80] Jang YH, Chae HS, Kim Y-J. Female-specific myoinhibi-
tory peptide neurons regulate mating receptivity in 
Drosophila melanogaster. Nat Commun. 2017;8(1):1630.

[81] Guo X, Yin C, Yang F, et al. The cellular diversity and 
transcription factor code of Drosophila enteroendo-
crine cells. Cell Rep. 2019;29(12):4172–4185.e5.

[82] Truman JW. Hormonal control of insect ecdysis: endo-
crine cascades for coordinating behavior with 
physiology. Vitam Horm. 2005;73:1–30.

[83] Žitňan D, Adams ME. Neuroendocrine regulation of ecdy-
sis. Gilbert, LI .(editor). In: Insect endocrinology. London: 
Academic Press; 2012. p. 253–309.

[84] White BH, Ewer J. Neural and hormonal control of 
postecdysial behaviors in insects. Annu Rev Entomol. 
2014;59:363–381.

[85] Agui N. Time studies of ecdysone-action on in vitro 
apolysis of Chilo suppressalis integument. J Insect 
Physiol. 1977;23(7):837–842.

[86] Charles JP. The regulation of expression of insect cuti-
cle protein genes. Insect Biochem Mol Biol. 2010;40 
(3):205–213.

[87] Ikeda E. Kimon Rimensen. Ikeda, E(editor) In: 
Experimental anatomy and physiology of Bombyx 
mori. Tokyo: Meibundo; 1913. p. 242–243.

[88] Akai H. Ultrastructure of epitracheal gland during 
larval-pupal molt of Bombyx mori. Cytologia. 1992;57 
(2):195–201.

[89] Žitňan D, Kingan TG, Hermesman JL, et al. 
Identification of ecdysis-triggering hormone from an 
epitracheal endocrine system. Science. 1996;271 
(5245):88–91.

[90] Žitňan D, Ross LS, Žitňanova I, et al. Steroid induction 
of a peptide hormone gene leads to orchestration of 
a defined behavioral sequence. Neuron. 1999;23 
(3):523–535.

[91] Park Y, Žitňan D, Gill SS, et al. Molecular cloning and 
biological activity of ecdysis-triggering hormones in 
Drosophila melanogaster. FEBS Lett. 1999;463(1– 
2):133–138.

[92] Žitňanová I, Adams ME, Žitňan D. Dual ecdysteroid 
action on the epitracheal glands and central nervous 
system preceding ecdysis of Manduca sexta. J Exp Biol. 
2001;204(20):3483–3495.

[93] Žitňan D, Kim Y-J, Žitňanová I, et al. Complex ster-
oid–peptide–receptor cascade controls insect ecdysis. 
Gen Comp Endocrinol. 2007;153(1–3):88–96.

[94] Cho KH, Daubnerová I, Park Y, et al. Secretory com-
petence in a gateway endocrine cell conferred by the 
nuclear receptor βFTZ-F1 enables stage-specific ecdy-
sone responses throughout development in Drosophila. 
Dev Biol. 2014;385(2):253–262.

[95] Kim Y-J, Žitňan D, Galizia CG, et al. A command 
chemical triggers an innate behavior by sequential acti-
vation of multiple peptidergic ensembles. Curr Biol. 
2006;16(14):1395–1407.

[96] Kim Y-J, Žitňan D, Cho K-H, et al. Central peptidergic 
ensembles associated with organization of an innate 

170 N. OKAMOTO AND A. WATANABE



behavior. Proc Natl Acad Sci U S A. 2006;103 
(38):14211–14216.

[97] Diao F, Mena W, Shi J, et al. The splice isoforms of the 
Drosophila ecdysis triggering hormone receptor have 
developmentally distinct roles. Genetics. 2016;202 
(1):175–189.

[98] Mena W, Diegelmann S, Wegener C, et al. Stereotyped 
responses of Drosophila peptidergic neuronal ensemble 
depend on downstream neuromodulators. eLife. 2016;5: 
e19686.

[99] Truman JW, Riddiford LM. Neuroendocrine control of 
ecdysis in silkmoths. Science. 1970;167(3925):1624–1626.

[100] Truman JW, Taghert PH, Copenhaver PF, et al. 
Eclosion hormone may control all ecdyses in insects. 
Nature. 1981;291(5810):70–71.

[101] Kataoka H, Troetschler RG, Kramer SJ, et al. Isolation 
and primary structure of the eclosion hormone of the 
tobacco hornworm, Manduca sexta. Biochem Biophys 
Res Commun. 1987;146(2):746–750.

[102] Truman JW, Copenhaver PF. The larval eclosion hor-
mone neurones in Manduca sexta: identification of the 
brain-proctodeal neurosecretory system. J Exp Biol. 
1989;147(1):457–470.

[103] Horodyski FM, Riddiford LM, Truman JW. Isolation 
and expression of the eclosion hormone gene from the 
tobacco hornworm, Manduca sexta. Proc Natl Acad Sci 
U S A. 1989;86(20):8123–8127.

[104] Ewer J, Gammie SC, Truman JW. Control of insect 
ecdysis by a positive-feedback endocrine system: roles 
of eclosion hormone and ecdysis triggering hormone. 
J Exp Biol. 1997;200(5):869–881.

[105] Kingan TG, Gray W, Žitňan D, et al. Regulation of 
ecdysis-triggering hormone release by eclosion 
hormone. J Exp Biol. 1997;200(24):3245–3256.

[106] Scott RL, Diao F, Silva V, et al. Non-canonical eclosion 
hormone-expressing cells regulate Drosophila ecdysis. 
iScience. 2020;23(5):101108.

[107] Fraenkel G, Brookes VJ. The process by which the 
puparia of many species of flies become fixed to a 
substrate. Biol Bull. 1953;105(3):442–449.

[108] Denlinger DL, Zaarek J. Metamorphosis behavior of 
flies. Annu Rev Entomol. 1994;39:243–266.

[109] Biyasheva A, Do TV, Lu Y, et al. Glue secretion in the 
Drosophila salivary gland: a model for steroid-regulated 
exocytosis. Dev Biol. 2001;231(1):234–251.

[110] Berreur P, Fraenkel G. Puparium formation in flies: 
contraction to puparium induced by ecdysone. Science. 
1969;164(3884):1182–1183.

[111] Arrese EL, Soulages JL. Insect fat body: energy, metabo-
lism, and regulation. Annu Rev Entomol. 
2010;55:207–225.

[112] Li S, Yu X, Feng Q. Fat body biology in the last decade. 
Annu Rev Entomol. 2019;64:315–333.

[113] Parra-Peralbo E, Talamillo A, Barrio R. Origin and 
development of the adipose tissue, a key organ in 
physiology and disease. Front Cell Dev Biol. 
2021;9:786129.

[114] Boulan L, Milán M, Léopold P. The systemic control of 
growth. Cold Spring Harb Perspect Biol. 2015;7(12): 
a019117.

[115] Meschi E, Delanoue R. Adipokine and fat body in flies: 
connecting organs. Mol Cell Endocrinol. 2021;533:111339.

[116] Davis KT, Shearn A. In vitro growth of imaginal disks from 
Drosophila melanogaster. Science. 1977;196 
(4288):438–440.

[117] Britton JS, Edgar BA. Environmental control of the cell 
cycle in Drosophila: nutrition activates mitotic and 
endoreplicative cells by distinct mechanisms. 
Development. 1998;125(11):2149–2158.

[118] Colombani J, Raisin S, Pantalacci S, et al. A nutrient 
sensor mechanism controls Drosophila growth. Cell. 
2003;114(6):739–749.

[119] Géminard C, Rulifson EJ, Léopold P. Remote control 
of insulin secretion by fat cells in Drosophila. Cell 
Metab. 2009;10(3):199–207.

[120] Koyama T, Mirth CK. Growth-blocking peptides as 
nutrition-sensitive signals for insulin secretion and 
body size regulation. PLoS Biol. 2016;14(2):e1002392.

[121] Hayakawa Y. Growth-blocking peptide: an insect bio-
genic peptide that prevents the onset of 
metamorphosis. J Insect Physiol. 1995;41(1):1–6.

[122] Aizawa T, Hayakawa Y, Nitta K, et al. Structure and 
activity of insect cytokine GBP which stimulates the 
EGF receptor. Mol Cells. 2002;14(1):1–8.

[123] Agrawal N, Delanoue R, Mauri A, et al. The Drosophila 
TNF Eiger is an adipokine that acts on 
insulin-producing cells to mediate nutrient response. 
Cell Metab. 2016;23(4):675–684.

[124] Igaki T, Kanda, H, Yamamoto-Goto, Y et al. Eiger, 
a TNF superfamily ligand that triggers the Drosophila 
JNK pathway. EMBO J. 2002;21(12):3009–3018.

[125] Moreno E, Yan M, Basler K. Evolution of TNF signal-
ing mechanisms: JNK-dependent apoptosis triggered 
by Eiger, the Drosophila homolog of the TNF super-
family. Curr Biol. 2002;12(14):1263–1268.

[126] Meschi E, Léopold P, Delanoue R. An EGF-responsive 
neural circuit couples insulin secretion with nutrition 
in Drosophila. Dev Cell. 2019;48(1):76–86.e5.

[127] Sung EJ, Ryuda M, Matsumoto H, et al. Cytokine 
signaling through Drosophila Mthl10 ties lifespan to 
environmental stress. Proc Natl Acad Sci U S A. 
2017;114(52):13786–13791.

[128] O’Connor JT, Stevens AC, Shannon EK, et al. Proteolytic 
activation of growth-blocking peptides triggers calcium 
responses through the GPCR Mthl10 during epithelial 
wound detection. Dev Cell. 2021;56(15):2160–2175.e5.

[129] Andersen DS, Colombani J, Palmerini V, et al. The 
Drosophila TNF receptor Grindelwald couples loss of 
cell polarity and neoplastic growth. Nature. 2015;522 
(7557):482–486.

[130] Wang MC, Bohmann D, Jasper H. JNK extends life 
span and limits growth by antagonizing cellular and 
organism-wide responses to insulin signaling. Cell. 
2005;121(1):115–125.

FLY 171



[131] Karpac J, Hull-Thompson J, Falleur M, et al. JNK 
signaling in insulin-producing cells is required for 
adaptive responses to stress in Drosophila. Aging Cell. 
2009;8(3):288–295.

[132] Delanoue R, Meschi E, Agrawal N, et al. Drosophila 
insulin release is triggered by adipose Stunted ligand to 
brain Methuselah receptor. Science. 2016;353 
(6307):1553–1556.

[133] Kidd T, Abu-Shumays R, Katzen A, et al. The ε-subunit 
of mitochondrial ATP synthase is required for normal 
spindle orientation during the Drosophila embryonic 
divisions. Genetics. 2005;170(2):697–708.

[134] Cvejic S, Zhu Z, Felice SJ, et al. The endogenous ligand 
Stunted of the GPCR Methuselah extends lifespan in 
Drosophila. Nat Cell Biol. 2004;6(6):540–546.

[135] Millington JW, Brownrigg GP, Chao C, et al. Female- 
biased upregulation of insulin pathway activity med-
iates the sex difference in Drosophila body size 
plasticity. eLife. 2021;10:e58341.

[136] Rajan A, Perrimon N. Drosophila cytokine Unpaired 2 
regulates physiological homeostasis by remotely con-
trolling insulin secretion. Cell. 2012;151(1):123–137.

[137] Sano H, Nakamura A, Texada MJ, et al. The 
nutrient-responsive hormone CCHamide-2 controls 
growth by regulating insulin-like peptides in the brain of 
Drosophila melanogaster. PLoS Genet. 2015;11(5): 
e1005209.

[138] Callier V, Shingleton AW, Brent CS, et al. The role of 
reduced oxygen in the developmental physiology of 
growth and metamorphosis initiation in Drosophila 
melanogaster. J Exp Biol. 2013;216(23):4334–4340.

[139] Lee B, Barretto EC, Grewal SS. TORC1 modulation in 
adipose tissue is required for organismal adaptation to 
hypoxia in Drosophila. Nat Commun. 2019;10(1):1878.

[140] Texada MJ, Jørgensen AF, Christensen CF, et al. A 
fat-tissue sensor couples growth to oxygen availability 
by remotely controlling insulin secretion. Nat 
Commun. 2019;10(1):1955.

[141] Sun J, Liu C, Bai X, et al. Drosophila FIT is a 
protein-specific satiety hormone essential for feeding 
control. Nat Commun. 2017;8:14161.

[142] Honegger B, Galic M, Köhler K, et al. Imp-L2, 
a putative homolog of vertebrate IGF-binding protein 
7, counteracts insulin signaling in Drosophila and is 
essential for starvation resistance. J Biol. 2008;7(3):10.

[143] Arquier N, Géminard C, Bourouis M, et al. Drosophila 
ALS regulates growth and metabolism through func-
tional interaction with insulin-like peptides. Cell 
Metab. 2008;7(4):333–338.

[144] Okamoto N, Nakamori R, Murai T, et al. A secreted 
decoy of InR antagonizes insulin/IGF signaling to 
restrict body growth in Drosophila. Genes Dev. 
2013;27(1):87–97.

[145] Okamoto N, Yamanaka N, Satake H, et al. An 
ecdysteroid-inducible insulin-like growth factor-like 
peptide regulates adult development of the silkmoth 
Bombyx mori. FEBS J. 2009;276(5):1221–1232.

[146] Mizoguchi A, Okamoto N. Insulin-like and IGF-like pep-
tides in the silkmoth Bombyx mori: discovery, structure, 
secretion, and function. Front Physiol. 2013;4:217.

[147] Chatterjee D, Katewa SD, Qi Y, et al. Control of meta-
bolic adaptation to fasting by dILP6-induced insulin 
signaling in Drosophila oenocytes. Proc Natl Acad Sci 
U S A. 2014;111(50):17959–17964.

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

[149] Umezaki Y, Hayley SE, Chu ML, et al. Feeding-state- 
dependent modulation of temperature preference 
requires insulin signaling in Drosophila warm-sensing 
neurons. Curr Biol. 2018;28(5):779–787.e3.

[150] Suzawa M, Muhammad NM, Joseph BS, et al. The toll 
signaling pathway targets the insulin-like peptide Dilp6 
to inhibit growth in Drosophila. Cell Rep. 2019;28 
(6):1439–1446.e5.

[151] Chell JM, Brand AH. Nutrition-responsive glia control 
exit of neural stem cells from quiescence. Cell. 
2010;143(7):1161–1173.

[152] Sousa-Nunes R, Yee LL, Gould AP. Fat cells reactivate 
quiescent neuroblasts via TOR and glial insulin relays 
in Drosophila. Nature. 2011;471(7339):508–512.

[153] Spéder P, Brand AH. Gap junction proteins in the 
blood-brain barrier control nutrient-dependent reacti-
vation of Drosophila neural stem cells. Dev Cell. 
2014;30(3):309–321.

[154] Okamoto N, Nishimura T. Signaling from glia and 
cholinergic neurons controls nutrient-dependent pro-
duction of an insulin-like peptide for Drosophila body 
growth. Dev Cell. 2015;35(3):295–310.

[155] Clemmensen C, Müller TD, Woods SC, et al. Gut- 
brain cross-talk in metabolic control. Cell. 2017;168 
(5):758–774.

[156] Soty M, Gautier-Stein A, Rajas F, et al. Gut-brain 
glucose signaling in energy homeostasis. Cell Metab. 
2017;25(6):1231–1242.

[157] Miguel-Aliaga I, Jasper H, Lemaitre B. Anatomy and 
physiology of the digestive tract of Drosophila 
melanogaster. Genetics. 2018;210(2):357–396.

[158] Kim SK, Tsao DD, Suh GSB, et al. Discovering signaling 
mechanisms governing metabolism and metabolic diseases 
with Drosophila. Cell Metab. 2021;33(7):1279–1292.

[159] Buchon N, Osman D, David FPA, et al. Morphological 
and molecular characterization of adult midgut com-
partmentalization in Drosophila. Cell Rep. 2013;3 
(5):1725–1738.

[160] Wegener C, Veenstra JA. Chemical identity, function 
and regulation of enteroendocrine peptides in insects. 
Curr Opin Insect Sci. 2015;11:8–13.

[161] Zhou X, Ding G, Li J, et al. Physiological and patholo-
gical regulation of peripheral metabolism by 
gut-peptide hormones in Drosophila. Front Physiol. 
2020;11:577717.

172 N. OKAMOTO AND A. WATANABE



[162] Colombani J, Andersen DS. The Drosophila gut: 
a gatekeeper and coordinator of organism fitness and 
physiology. Wiley Interdiscip Rev Dev Biol. 2020;9(6):e378.

[163] Guo X, Lv J, Xi R. The specification and function of 
enteroendocrine cells in Drosophila and mammals: 
a comparative review. FEBS J. 2021;febs.16067.

[164] Veenstra JA, Agricola H-J, Sellami A. Regulatory pep-
tides in fruit fly midgut. Cell Tissue Res. 2008;334 
(3):499–516.

[165] Veenstra JA. Peptidergic paracrine and endocrine cells 
in the midgut of the fruit fly maggot. Cell Tissue Res. 
2009;336(2):309–323.

[166] Reiher W, Shirras C, Kahnt J, et al. Peptidomics and 
peptide hormone processing in the Drosophila midgut. 
J Proteome Res. 2011;10(4):1881–1892.

[167] Scopelliti A, Cordero JB, Diao F, et al. Local control of 
intestinal stem cell homeostasis by enteroendocrine 
cells in the adult Drosophila midgut. Curr Biol. 
2014;24(11):1199–1211.

[168] Veenstra JA, Ida T. More Drosophila enteroendocrine 
peptides: orcokinin B and the CCHamides 1 and 2. Cell 
Tissue Res. 2014;357(3):607–621.

[169] Chen J, Kim SM, Kwon JY. A systematic analysis of 
Drosophila regulatory peptide expression in enteroen-
docrine cells. Mol Cells. 2016;39(4):358–366.

[170] Hung RJ, Hu Y, Kirchner R, et al. A cell atlas of the 
adult Drosophila midgut. Proc Natl Acad Sci U S A. 
2020;117(3):1514–1523.

[171] Jang S, Chen J, Choi J, et al. Spatiotemporal organiza-
tion of enteroendocrine peptide expression in 
Drosophila. J Neurogenet. 2021;35(4):387–398.

[172] Siviter RJ, Coast GM, Winther ÅME, et al. Expression and 
functional characterization of a Drosophila neuropeptide 
precursor with homology to mammalian preprotachykinin 
A. J Biol Chem. 2000;275(30):23273–23280.

[173] Lajeunesse DR, Johnson B, Presnell JS, et al. Peristalsis 
in the junction region of the Drosophila larval midgut 
is modulated by DH31 expressing enteroendocrine 
cells. BMC Physiol. 2010;10:14.

[174] Vanderveken M, O’Donnell MJ. Effects of diuretic 
hormone 31, drosokinin, and allatostatin A on transe-
pithelial K+ transport and contraction frequency in the 
midgut and hindgut of larval Drosophila melanogaster. 
Arch Insect Biochem Physiol. 2014;85(2):76–93.

[175] Benguettat O, Jneid R, Soltys J, et al. The DH31/CGRP 
enteroendocrine peptide triggers intestinal contractions 
favoring the elimination of opportunistic bacteria. 
PLoS Pathog. 2018;14(9):e1007279.

[176] Amcheslavsky A, Song W, Li Q, et al. Enteroendocrine 
cells support intestinal stem-cell-mediated homeostasis 
in Drosophila. Cell Rep. 2014;9(1):32–39.

[177] Takeda K, Okumura T, Terahata M, et al. Drosophila 
peptide hormones allatostatin A and diuretic hormone 
31 exhibiting complementary gradient distribution in 
posterior midgut antagonistically regulate midgut senes-
cence and adult lifespan. Zool Sci. 2018;35(1):75–85.

[178] Song W, Veenstra JA, Perrimon N. Control of lipid 
metabolism by tachykinin in Drosophila. Cell Rep. 
2014;9(1):40–47.

[179] Kamareddine L, Robins WP, Berkey CD, et al. The 
Drosophila immune deficiency pathway modulates 
enteroendocrine function and host metabolism. Cell 
Metab. 2018;28(3):449–462.e5.

[180] Winther ÅME, Nässel DR. Intestinal peptides as circu-
lating hormones: release of tachykinin-related peptide 
from the locust and cockroach midgut. J Exp Biol. 
2001;204(7):1269–1280.

[181] Scopelliti A, Bauer C, Yu Y, et al. A neuronal relay 
mediates a nutrient responsive gut/fat body axis regu-
lating energy homeostasis in adult Drosophila. Cell 
Metab. 2019;29(2):269–284.e10.

[182] Lin H-H, Kuang MC, Hossain I, et al. A nutrient-specific 
gut hormone arbitrates between courtship and feeding. 
Nature. 2022;602(7898):632–638.

[183] Li S, Torre-Muruzabal T, Søgaard KC, et al. Expression 
patterns of the Drosophila neuropeptide CCHamide-2 
and its receptor may suggest hormonal signaling from 
the gut to the brain. PLoS One. 2013;8(10):e76131.

[184] Ren GR, Hauser F, Rewitz KF, et al. CCHamide-2 is an 
orexigenic brain-gut peptide in Drosophila. PLoS One. 
2015;10(7):e0133017.

[185] Ameku T, Yoshinari Y, Texada MJ, et al. Midgut- 
derived neuropeptide F controls germline stem cell 
proliferation in a mating-dependent manner. PLoS 
Biol. 2018;16(9):e2005004.

[186] Yoshinari Y, Kosakamoto H, Kamiyama T, et al. The 
sugar-responsive enteroendocrine neuropeptide 
F regulates lipid metabolism through glucagon-like 
and insulin-like hormones in Drosophila 
melanogaster. Nat Commun. 2021;12(1):4818.

[187] Kubrak O, Koyama T, Ahrentløv N, et al. The gut 
hormone Allatostatin C/Somatostatin regulates food 
intake and metabolic homeostasis under nutrient 
stress. Nat Commun. 2022;13(1):692.

[188] Kim SK, Rulifson EJ. Conserved mechanisms of glu-
cose sensing and regulation by Drosophila corpora 
cardiaca cells. Nature. 2004;431(7006):316–320.

[189] Lee G, Park JH. Hemolymph sugar homeostasis and 
starvation-induced hyperactivity affected by genetic 
manipulations of the adipokinetic hormone-encoding 
gene in Drosophila melanogaster. Genetics. 2004;167 
(1):311–323.

[190] Isabel G, Martin J-R, Chidami S, et al. AKH-producing 
neuroendocrine cell ablation decreases trehalose and 
induces behavioral changes in Drosophila. Am J Physiol 
Integr Comp Physiol. 2005;288(2):R531–R538.

[191] Ahmad M, He L, Perrimon N. Regulation of insulin 
and adipokinetic hormone/glucagon production in 
flies. WIREs Dev Biol. 2020;9(2):e360.

[192] Gäde G, Auerswald L. Mode of action of neuropeptides 
from the adipokinetic hormone family. Gen Comp 
Endocrinol. 2003;132(1):10–20.

FLY 173



[193] Grönke S, Müller G, Hirsch J, et al. Dual lipolytic 
control of body fat storage and mobilization in 
Drosophila. PLoS Biol. 2007;5(6):e137.

[194] Bharucha KN, Tarr P, Zipursky SL. A glucagon-like endo-
crine pathway in Drosophila modulates both lipid and 
carbohydrate homeostasis. J Exp Biol. 2008;211 
(19):3103–3110.

[195] Gáliková M, Diesner M, Klepsatel P, et al. Energy 
homeostasis control in Drosophila adipokinetic hor-
mone mutants. Genetics. 2015;201(2):665–683.

[196] Campbell JE, Drucker DJ. Pharmacology, physiology, 
and mechanisms of incretin hormone action. Cell 
Metab. 2013;17(6):819–837.

[197] Müller TD, Finan B, Bloom SR, et al. Glucagon-like 
peptide 1 (GLP-1). Mol Metab. 2019;30:72–130.

[198] Park JH, Kwon JY. A systematic analysis of Drosophila 
gustatory receptor gene expression in abdominal neu-
rons which project to the central nervous system. Mol 
Cells. 2011;32(4):375–381.

[199] Park JH, Chen J, Jang S, et al. A subset of enteroendo-
crine cells is activated by amino acids in the Drosophila 
midgut. FEBS Lett. 2016;590(4):493–500.

[200] Song W, Cheng D, Hong S, et al. Midgut-derived 
activin regulates glucagon-like action in the fat body 
and glycemic control. Cell Metab. 2017;25(2):386–399.

[201] O’Brien LE, Soliman SS, Li X, et al. Altered modes of 
stem cell division drive adaptive intestinal growth. Cell. 
2011;147(3):603–614.

[202] Kim B, Kanai MI, Oh Y, et al. Response of the micro-
biome–gut–brain axis in Drosophila to amino acid 
deficit. Nature. 2021;593(7860):570–574.

[203] Hill CM, Laeger T, Albarado DC, et al. Low 
protein-induced increases in FGF21 drive 
UCP1-dependent metabolic but not thermoregulatory 
endpoints. Sci Rep. 2017;7(1):8209.

[204] Hill CM, Laeger T, Dehner M, et al. FGF21 signals 
protein status to the brain and adaptively regulates 
food choice and metabolism. Cell Rep. 2019;27 
(10):2934–2947.e3.

[205] Solon-Biet SM, Cogger VC, Pulpitel T, et al. Defining 
the nutritional and metabolic context of FGF21 using 
the geometric framework. Cell Metab. 2016;24 
(4):555–565.

[206] Redhai S, Pilgrim C, Gaspar P, et al. An intestinal zinc 
sensor regulates food intake and developmental 
growth. Nature. 2020;580(7802):263–268.

[207] Gillott C. Male accessory gland secretions: modulators 
of female reproductive physiology and behavior. Annu 
Rev Entomol. 2003;48:163–184.

[208] Ram KR, Wolfner MF. Seminal influences: Drosophila 
Acps and the molecular interplay between males and 
females during reproduction. Integr Comp Biol. 
2007;47(3):427–445.

[209] Avila FW, Sirot LK, Laflamme BA, et al. Insect seminal 
fluid proteins: identification and function. Annu Rev 
Entomol. 2011;56:21–40.

[210] Chen PS, Stumm-Zollinger E, Aigaki T, et al. A male 
accessory gland peptide that regulates reproductive beha-
vior of female D. melanogaster. Cell. 1988;54(3):291–298.

[211] Chapman T, Bangham J, Vinti G, et al. The sex peptide 
of Drosophila melanogaster: female post-mating 
responses analyzed by using RNA interference. Proc 
Natl Acad Sci U S A. 2003;100(17):9923–9928.

[212] Liu H, Kubli E. Sex-peptide is the molecular basis of 
the sperm effect in Drosophila melanogaster. Proc Natl 
Acad Sci U S A. 2003;100(17):9929–9933.

[213] Peng J, Chen S, Büsser S, et al. Gradual release of 
sperm bound sex-peptide controls female postmating 
behavior in Drosophila. Curr Biol. 2005;15(3):207–213.

[214] Yapici N, Kim Y-J, Ribeiro C, et al. A receptor that 
mediates the post-mating switch in Drosophila repro-
ductive behaviour. Nature. 2008;451(7174):33–37.

[215] Hui YC, Rumpf S, Xiang Y, et al. Control of the postmat-
ing behavioral switch in Drosophila females by internal 
sensory neurons. Neuron. 2009;61(4):519–526.

[216] Häsemeyer M, Yapici N, Heberlein U, et al. Sensory 
neurons in the Drosophila genital tract regulate female 
reproductive behavior. Neuron. 2009;61(4):511–518.

[217] Rezával C, Pavlou HJ, Dornan AJ, et al. Neural circui-
try underlying Drosophila female postmating beha-
vioral responses. Curr Biol. 2012;22(13):1155–1165.

[218] Feng K, Palfreyman MT, Häsemeyer M, et al. 
Ascending SAG neurons control sexual receptivity of 
Drosophila females. Neuron. 2014;83(1):135–148.

[219] Lung O, Wolfner MF. Drosophila seminal fluid pro-
teins enter the circulatory system of the mated female 
fly by crossing the posterior vaginal wall. Insect 
Biochem Mol Biol. 1999;29(12):1043–1052.

[220] Goodwin SF, Hobert O. Molecular mechanisms of 
sexually dimorphic nervous system patterning in flies 
and worms. Annu Rev Cell Dev Biol. 2021;37:519–547.

[221] Ishimoto H, Kamikouchi A. Molecular and neural 
mechanisms regulating sexual motivation of virgin 
female Drosophila. Cell Mol Life Sci. 2021;78 
(10):4805–4819.

[222] Kim Y-J, Bartalska K, Audsley N, et al. MIPs are 
ancestral ligands for the sex peptide receptor. Proc 
Natl Acad Sci U S A. 2010;107(14):6520–6525.

[223] Poels J, Van Loy T, Vandersmissen HP, et al. 
Myoinhibiting peptides are the ancestral ligands of 
the promiscuous Drosophila sex peptide receptor. Cell 
Mol Life Sci. 2010;67(20):3511–3522.

[224] Kingan TG, Bodnar WM, Raina AK, et al. The loss of 
female sex pheromone after mating in the corn ear-
worm moth Helicoverpa zea: identification of a male 
pheromonostatic peptide. Proc Natl Acad Sci U S A. 
1995;92(11):5082–5086.

[225] Ameku T, Niwa R. Mating-induced increase in germ-
line stem cells via the neuroendocrine system in female 
Drosophila. PLoS Genet. 2016;12(6):e1006123.

[226] Yoshinari Y, Kurogi Y, Ameku T, et al. Endocrine 
regulation of female germline stem cells in the fruit 

174 N. OKAMOTO AND A. WATANABE



fly Drosophila melanogaster. Curr Opin Insect Sci. 
2019;31:14–19.

[227] Malpe MS, McSwain LF, Kudyba K, et al. G-protein 
signaling is required for increasing germline stem cell 
division frequency in response to mating in Drosophila 
males. Sci Rep. 2020;10(1):3888.

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

[229] Ameku T, Yoshinari Y, Fukuda R, et al. Ovarian ecdys-
teroid biosynthesis and female germline stem cells. Fly 
(Austin). 2017;11(3):185–193.

[230] Sieber MH, Spradling AC. Steroid signaling establishes 
a female metabolic state and regulates SREBP to con-
trol oocyte lipid accumulation. Curr Biol. 2015;25 
(8):993–1004.

[231] Hadjieconomou D, King G, Gaspar P, et al. Enteric 
neurons increase maternal food intake during 
reproduction. Nature. 2020;587(7834):455–459.

[232] Moshitzky P, Fleischmann I, Chaimov N, et al. Sex- 
peptide activates juvenile hormone biosynthesis in the 
Drosophila melanogaster corpus allatum. Arch Insect 
Biochem Physiol. 1996;32(3–4):363–374.

[233] Fan Y, Rafaeli A, Moshitzky P, et al. Common func-
tional elements of Drosophila melanogaster seminal 
peptides involved in reproduction of Drosophila mela-
nogaster and Helicoverpa armigera females. Insect 
Biochem Mol Biol. 2000;30(8–9):805–812.

[234] Schwenke RA, Lazzaro BP. Juvenile hormone suppresses 
resistance to infection in mated female Drosophila 
melanogaster. Curr Biol. 2017;27(4):596–601.

[235] Sugime Y, Watanabe D, Yasuno Y, et al. Upregulation of 
juvenile hormone titers in female Drosophila melanoga-
ster through mating experiences and host food occupied 
by eggs and larvae. Zool Sci. 2017;34(1):52–57.

[236] Jindra M, Palli SR, Riddiford LM. The juvenile hor-
mone signaling pathway in insect development. Annu 
Rev Entomol. 2013;58:181–204.

[237] Riddiford LM. How does juvenile hormone control 
insect metamorphosis and reproduction? Gen Comp 
Endocrinol. 2012;179(3):477–484.

[238] Santos CG, Humann FC, Hartfelder K. Juvenile hor-
mone signaling in insect oogenesis. Curr Opin Insect 
Sci. 2019;31:43–48.

[239] Gruntenko NE, Wen D, Karpova EK, et al. Altered 
juvenile hormone metabolism, reproduction and stress 
response in Drosophila adults with genetic ablation of 
the corpus allatum cells. Insect Biochem Mol Biol. 
2010;40(12):891–897.

[240] Wen D, Rivera-Perez C, Abdou M, et al. Methyl far-
nesoate plays a dual role in regulating Drosophila 
metamorphosis. PLoS Genet. 2015;11(3):e1005038.

[241] Luo W, Liu S, Zhang W, et al. Juvenile hormone 
signaling promotes ovulation and maintains egg 
shape by inducing expression of extracellular matrix 
genes. Proc Natl Acad Sci U S A. 2021;118(39): 
e2104461118.

[242] Kohlmeier P, Zhang Y, Gorter JA, et al. Mating 
increases Drosophila melanogaster females’ choosiness 
by reducing olfactory sensitivity to a male pheromone. 
Nat Ecol Evol. 2021;5(8):1165–1173.

[243] Manning A. Corpus allatum and sexual receptivity in 
female Drosophila melanogaster. Nature. 1966;211 
(5055):1321–1322.

[244] Bilen J, Atallah J, Azanchi R, et al. Regulation of onset 
of female mating and sex pheromone production by 
juvenile hormone in Drosophila melanogaster. Proc 
Natl Acad Sci U S A. 2013;110(45):18321–18326.

[245] Meiselman M, Lee SS, Tran RT, et al. Endocrine network 
essential for reproductive success in Drosophila 
melanogaster. Proc Natl Acad Sci U S A. 2017;114(19): 
E3849–E3858.

[246] Meiselman MR, Kingan TG, Adams ME. Stress- 
induced reproductive arrest in Drosophila occurs 
through ETH deficiency-mediated suppression of 
oogenesis and ovulation. BMC Biol. 2018;16(1):18.

[247] Reiff T, Jacobson J, Cognigni P, et al. Endocrine 
remodelling of the adult intestine sustains reproduc-
tion in Drosophila. eLife. 2015;4:e06930.

[248] White MA, Bonfini A, Wolfner MF, et al. Drosophila 
melanogaster sex peptide regulates mated female mid-
gut morphology and physiology. Proc Natl Acad Sci 
U S A. 2021;118(1):e2018112118.

[249] Hudry B, Khadayate S, Miguel-Aliaga I. The sexual 
identity of adult intestinal stem cells controls organ 
size and plasticity. Nature. 2016;530(7590):344–348.

[250] Ahmed SMH, Maldera JA, Krunic D, et al. Fitness 
trade-offs incurred by ovary-to-gut steroid signalling 
in Drosophila. Nature. 2020;584(7821):415–419.

[251] Zipper L, Jassmann D, Burgmer S, et al. Ecdysone 
steroid hormone remote controls intestinal stem cell 
fate decisions via the PPARγ-homolog Eip75B in 
Drosophila. eLife. 2020;9:e55795.

[252] Okamoto N, Yamanaka N. Steroid hormone entry into 
the brain requires a membrane transporter in 
Drosophila. Curr Biol. 2020;30(2):359–366.e3.

[253] Bickel U, Yoshikawa T, Pardridge WM. Delivery of 
peptides and proteins through the blood-brain 
barrier. Adv Drug Deliv Rev. 2001;46(1–3):247–279.

[254] Pulgar VM. Transcytosis to cross the blood brain bar-
rier, new advancements and challenges. Front 
Neurosci. 2019;12:1019.

[255] Pauls D, Chen J, Reiher W, et al. Peptidomics and 
processing of regulatory peptides in the fruit fly 
Drosophila. EuPA Open Proteom. 2014;3:114–127.

[256] Kean L, Cazenave W, Costes L, et al. Two nitridergic 
peptides are encoded by the gene capability in 
Drosophila melanogaster. Am J Physiol - Regul Integr 
Comp Physiol. 2002;282(5):R1297–R1307.

[257] Santos JG, Pollák E, Rexer KH, et al. Morphology 
and metamorphosis of the peptidergic Va neurons 
and the median nerve system of the fruit fly, 
Drosophila melanogaster. Cell Tissue Res. 2006;326 
(1):187–199.

FLY 175



[258] Predel R, Wegener C. Biology of the CAPA peptides in 
insects. Cell Mol Life Sci. 2006;63(21):2477–2490.

[259] Predel R, Wegener C, Russell WK, et al. Peptidomics of 
CNS-associated neurohemal systems of adult 
Drosophila melanogaster: a mass spectrometric survey 
of peptides from individual flies. J Comp Neurol. 
2004;474(3):379–392.

[260] Wegener C, Reinl T, Jänsch L, et al. Direct mass spectro-
metric peptide profiling and fragmentation of larval 
peptide hormone release sites in Drosophila melanoga-
ster reveals tagma-specific peptide expression and differ-
ential processing. J Neurochem. 2006;96(5):1362–1374.

[261] Nagasawa H, Kataoka H, Isogai A et al. Amino acid 
sequence of a prothoracicotropic hormone of the silk-
worm Bombyx mori. Proc Natl Acad Sci U S A. 1986;83 
(16):5840–5843.

[262] Dircksen H, Tesfai LK, Albus C, et al. Ion transport 
peptide splice forms in central and peripheral neurons 
throughout postembryogenesis of Drosophila 
melanogaster. J Comp Neurol. 2008;509(1):23–41.

[263] Chen J, Choi MS, Mizoguchi A, et al. Isoform-specific 
expression of the neuropeptide orcokinin in Drosophila 
melanogaster. Peptides. 2015;68:50–57.

[264] Park S, Alfa RW, Topper SM, et al. A genetic strategy 
to measure circulating Drosophila insulin reveals genes 
regulating insulin production and secretion. PLoS 
Genet. 2014;10(8):e1004555.

[265] Chintapalli VR, Wang J, Dow JAT. Using FlyAtlas to 
identify better Drosophila melanogaster models of 
human disease. Nat Genet. 2007;39(6):715–720.

[266] Li H, Janssens J, De Waegeneer M, et al. Fly Cell 
Atlas: a single-nucleus transcriptomic atlas of the 
adult fruit fly. Science. 2022;375(6584):eabk2432.

[267] Wei W, Riley NM, Yang AC, et al. Cell type-selective 
secretome profiling in vivo. Nat Chem Biol. 2021;17 
(3):326–334.

[268] Liu J, Jang JY, Pirooznia M, et al. The secretome mouse 
provides a genetic platform to delineate tissue-specific 
in vivo secretion. Proc Natl Acad Sci U S A. 2021;118(3): 
e2005134118.

[269] Droujinine IA, Meyer AS, Wang D, et al. Proteomics of 
protein trafficking by in vivo tissue-specific labeling. 
Nat Commun. 2021;12(1):2382.

[270] Kim K, Park I, Kim J, et al. Dynamic tracking and identi-
fication of tissue-specific secretory proteins in the circula-
tion of live mice. Nat Commun. 2021;12(1):5204.

176 N. OKAMOTO AND A. WATANABE


	Abstract
	Introduction
	1.  Peripherally derived peptide hormones: ecdysone biosynthesis
	2.  Peripherally derived peptide hormones: innate behaviours during development
	3.  Fat body-derived peptide hormones: nutrition-dependent responses
	4.  Gut-derived peptide hormones: feeding and energy metabolism
	5.  Peripherally derived peptide hormones: post-mating responses and reproductive physiology
	6.  Significance and future issues of research on peptide hormones produced in peripheral tissues
	7.  Concluding remarks
	Acknowledgements
	Disclosure statement
	Funding
	Data Availability
	References

