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ABSTRACT 

Maintaining internal homeostasis and regulating innate behaviors are essential for animal 

survival. In various animal species, a highly conserved neuroendocrine system integrates 

sensory inputs and regulates physiological responses to environmental and internal changes. 

Diuretic hormones 44 and 31, which are homologs of mammalian corticotropin-releasing factor 

(CRF) and calcitonin gene-related peptide (CGRP), respectively, control body fluid secretion 

in Drosophila. These neuropeptides and their receptors have multiple physiological roles, 

including the regulation of body-fluid secretion, sleep:wake cycle, internal nutrient-sensing, 

and CO2-dependent response. This review discusses the physiological and behavioral roles of 

DH44 and DH31 signaling pathways, consisting of neuroendocrine cells that secrete DH44 or 

DH31 peptides and their receptor-expressing organs. Further research is needed to understand 

the regulatory mechanisms of the behavioral processes mediated by these neuroendocrine 

systems. 

 

INTRODUCTION 

The neuroendocrine system maintains metabolic and physiological homeostasis and regulates 

internal ion balance and stress response. Multiple synaptic inputs from the sensory organs 

produced by the environmental and internal changes are integrated into various neuroendocrine 

systems and stimulate the secretion of hormones to regulate the activity of peripheral organs 

and behaviors, including feeding, mating, fighting, and sleep (1). The output of those 

neuroendocrine systems leads to motor activity regulation of effector organs to regulate the 

metabolic processes and control specific behaviors. These overall processes are tightly tuned 

and highly conserved among various animal species from nematodes to mammals (1-3).  

 

Drosophila melanogaster, the fruit fly, is a powerful genetic model system that has FO
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enabled the identification of numerous novel functions of neuropeptide signaling. 

Neuropeptides and their signaling cascades play critical roles in controlling various behaviors, 

such as olfaction, feeding, sleep/wake cycle, mating, and aggression, as well as regulating 

development, growth, and lifespan (4). Notably, many neuropeptides and their signaling 

pathways have highly conserved mammalian homologs. For instance, the feeding-regulating 

neuropeptide F in Drosophila has a mammalian homolog, neuropeptide Y, which is a well-

known feeding-controlling neuropeptide in mammals. There are numerous examples of highly 

functionally conserved neuropeptides between Drosophila and mammals (4, 5). 

Among various neuroendocrine systems, we focus on the biological roles of diuretic 

hormones (DHs), DH44 and DH31, in Drosophila. Two distinct diuretic hormone (DH) genes, 

DH44 and DH31, encode Drosophila DH44 and DH31 peptides (6). DH44 and DH31 peptides 

also called Drome-DH44 and -DH31, indicate that the Drosophila diuretic hormones consist 

of 44 or 31 amino acid residues, respectively. DH44-expressing neurons have six cell bodies 

in the pars intercerebralis (PI) region of the brain, a neuroendocrine center in flies (Fig. 1) (7). 

The DH44+PI neurons project axons and dendrites to the crop and project dendrites to the 

subesophagus zone (SEZ) in the adult fly brain (7, 8). The DH44 receptor 1 (DH44-R1) is 

expressed in the brain and the DH44 receptor 2 (DH44-R2) is mainly expressed in the midgut 

and the Malpighian tubules (Fig. 1) (9). The DH31 is primarily expressed and secreted in a 

subset of enteroendocrine cells, which mainly secrete intestinal hormones in Drosophila, 

located in the posterior midgut (10). The DH31 receptor (DH31-R) is expressed in the brain, 

midgut, and the Malpighian tubules (Fig. 1) (9, 11, 12). The brain expression of DH44-R1 is 

overlapped with those of DH31-R in the CRZ-expressing neurons in the lateral area of the brain 

(12). The Drosophila DH44 peptide has significant sequence similarities to mammalian CRF 

expressed in the hypothalamus, a well-known regulator of the hypothalamic-pituitary-adrenal 

(HPA) axis in mammals, and other diuretic hormones expressed in various insect species (13-FO
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15). The Drosophila DH31 peptide is related to mammalian calcitonin and CGRP which are 

essential in regulating calcium metabolism and maintaining calcium homeostasis in mammals 

(14).  

In this mini-review, we discuss the biological functions of DH44 and DH31-mediated 

neuroendocrine systems that integrate sensory inputs and regulate various physiological 

processes and behaviors in Drosophila. We also discuss further research direction to understand 

how those systems tightly balance internal metabolic needs and produce output circuits to 

control peripheral organs.   

 

BODY FLUID SECRETION 

Fluid secretion from Malpighian tubules 

In Drosophila, body fluid secretion is mainly controlled by the Malpighian (renal) tubules and 

the hindgut. Malpighian tubules are branched from the midgut, connected with the hindgut, 

and bathed in the hemolymph of the main body cavity (16). They have a similar role to that of 

the glomerulus of the nephron of mammals. They filtrate the hemolymph using osmotic 

filtration and produce the primary urine using diffusion and active transportation (2, 16). There 

are two distinct neuropeptide families, including the mammalian corticotropin-releasing factor 

(CRF) related diuretic peptides and the kinin family of neuropeptides, which have been shown 

to stimulate the fluid secretion of isolated Malpighian tubules (17). DH44 and DH31 both 

activate the Malpighian tubules to stimulate body fluid secretion through a cAMP-dependent 

signaling pathway (6, 18). The principal cells of Malpighian tubules express DH31-R and 

DH44-R2, which are crucial for regulating the body fluid secretion by accepting DH44 and 

DH31 signals (9, 12). Both pathways stimulate cAMP increases in the principal cells of 

Malpighian tubules, yet their mechanisms to increase cAMP levels and activate a vacuolar-type 

ATPase (V-ATPase) in the principal cells are not overlapped because DH44 and DH31 are FO
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working synergically when they are treated to the Malpighian tubules at the same time (12, 18).  

 

Stress tolerance and immune response 

Suppressing body fluid secretion is essential to overcome metabolic and physiological stress 

induced by desiccation and starvation. In Drosophila, the suppression of DH44-R2 signaling 

in principal cells in Malpighian tubules increases desiccation and starvation tolerance (19, 20). 

This occurs because the DH44-R2 pathway in Malpighian tubules mediates the suppression of 

body fluid secretion, which minimizes the loss of body fluid. This suppression is beneficial in 

overcoming desiccation, starvation, and ionic stress (9, 19, 20). A subset of DH44-expressed 

neurons in the ventral nerve cord (DH44+VNC) expresses both DH44 and leucokinin (LK). 

Both of these molecules induce body fluid secretion through the Malpighian tubules and 

regulate stress physiology by controlling the fluid secretory function of the tubules (20).  

 Because DH44 and DH31 are working on the digestive tract and Malpighian tubules 

which are mainly affected by pathogens and bacteria, those two peptides have an essential role 

in the elimination of bacteria and toxic reactive oxygen species (ROS) made by the immune 

responses (21, 22). DH31 is secreted from enteroendocrine cells and promotes strong visceral 

contractions through its DH31-R to secrete ROS and toxic molecules produced by pathogens 

(21). The expression of DH44 is induced upon immune challenge and is essential for activating 

the excretion during the infection or injury (22, 23). The lipid-binding protein Materazzi 

induces the removal of hemolymphatic lipids under ROS-enriched conditions and prevents 

lipid peroxidation and tubule dysfunction derived from the infection or severe injury (22). 

Further investigation needs to be conducted to understand the role of DH44 and DH31 in 

regulating the pathogen secretion and the other innate immune responses in Drosophila.  

 

CIRCADIAN AND SLEEP REGULATION FO
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The essential regulator in the circadian clock output circuit 

The regulation of circadian locomotion rhythm is essential for the survival of animals who live 

in environments with day and night changes. In Drosophila, a subset of 150 central clock 

neurons expressing core clock genes is required to maintain the locomotor rhythms with 

approximately 24 hours period for a day (24). After a historical finding of the first clock gene 

period, the detailed molecular mechanism to make daily rhythms on several pacemaker neurons 

in the brain has been identified (25-28). The next question after the investigations of the core 

clock mechanism is to identify the circadian clock output circuit that sends the daily rhythm 

produced by the pacemaker neurons in the brain to the peripheral organs regulating the body 

movement, metabolic rate, immune responses, and timing of food intake. Recent studies 

showed that DHs have an important role in regulating the circadian output circuit and 

temperature preference rhythm in flies (29-31). The DH44-expressing PI neurons (DH44+PI) 

receive a circadian output signal produced from the master pacemaker small lateral ventral 

neurons (s-LNvs) through dorsal neurons (DNs) and send the signal to Hugin-expressing 

neurons in the SEZ area of the brain and ventral nerve cord (VNC) to direct the peripheral 

movement according to the circadian control (30, 32). This discovery was a breakthrough in 

the field because finding the circadian output circuit that receives the signal from DNs and 

relays it to the peripheral body was one of the main issues of the field.  

DH31 peptide is also essential in maintaining normal circadian locomotor activity (33). 

Even though the loss of function mutants of DH31 showed normal circadian rhythm, DH31 

and pigment-dispersing factor (PDF) double mutant flies exhibited more severe disruption of 

rhythmicity than those of PDF single mutant flies (Fig. 2) (33). DH31 peptide regulates free-

running rhythmicity through PDF receptor (PDFR) in posterior dorsal neuron 1 (DN1ps), not 

DH31-R (33) (Fig. 2). DH31 also has a vital role in regulating night onset temperature 

preference rhythm through PDFR in dorsal neurons 2 (DN2s) (31). The daily body temperature FO
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rhythm is regulated by DH31 peptide through DH31-R expressing clock cells (34). Collectively, 

both DH44 and DH31 have a significant function in maintaining circadian rhythm, yet they 

have distinct mechanisms to regulate the daily rhythm in flies.        

 

Controlling sleep:wake cycle 

Sleep is an essential physiological process in diverse animals and is regulated by circadian 

output signals and sleep homeostasis mediated by the accumulation of sleep needs (35, 36). 

Diuretic hormones not only maintain circadian rhythms but also regulate the sleep:wake 

patterns in flies. DH31-expressing DN1s neurons are the circadian clock output circuit that 

mediates nighttime sleep regulation (29). PDF secreted from the lateral ventral neurons (LNvs) 

stimulates DH31-expressing DN1s neurons through PDFR and stimulates the secretion of 

DH31 peptide during the late night (29). The secreted DH31 activates DH31-R-dependent 

downstream pathways and suppresses sleep late at night (29). Additionally, male-specific P1 

neurons activate sleep-controlling DN1s neurons to secrete DH31 to suppress sleep when the 

male flies receive enough courtship-inducing sensory inputs (37). These findings illustrate that 

DH31-secreted DN1s neurons suppress sleep during the night and integrate courtship sensory 

inputs and internal sleep needs to balance mating and sleep based on their physiological 

condition in male flies (Fig. 2). 

Additionally, DH44+PI neurons promote wakefulness when the internal 

thermosensory anterior cells (ACs) detect ambient temperature shifting and secrete 

acetylcholine to evoke CNMa secretion from the subset of DN1p neurons (38). CNMa peptide 

secreted from DN1ps neurons after receiving acetylcholine signal from ACs affects DH44 

neurons to promote wakefulness in response to a drastic temperature shift (38). This AC-DN1p-

DH44+PI neural circuit integrates thermosensory inputs and promotes wakefulness to increase 

survival rate within a rapid temperature-shifting environment (38). We suppose that the DH44 FO
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circuit would have an essential role in controlling the sleep:wake cycle because it is one of the 

primary regulators of circadian output circuits in flies.  

 

INTERNAL CHEMICAL SENSING AND METABOLIC REGULATION 

Taste-independent sugar and amino acid sensor 

Animals mainly detect sugars and proteins using their taste receptors (39), yet they can also 

monitor the nutritive sugars and proteins using internal nutrient sensors in the brain (7, 40-42). 

The six-cell bodies of DH44+PI neurons evoke calcium oscillation when circulating sugar 

levels are increased (7). The increased inter-cellular calcium level promotes the secretion of 

DH44 peptide that activates proboscis extension response (PER) via the DH44-R1 downstream 

pathway and stimulates gut motility using the DH44-R2 downstream path to maximize the 

consumption of nutritive sugars only in a starved condition (Fig. 2) (7). Interestingly, DH44+PI 

neurons are not activated by nutritive sugar in the sated flies indicating that the upstream 

inhibitory signal specifically works on the sated conditions (7). The following research showed 

that the two independent upstream signals from the periphery, circulating glucose levels and 

gut stretch, suppress the glucose response of DH44+PI neurons only in a fed condition (8).  

DH44+PI neurons are activated by circulating sugars and stimulated by several amino 

acids, including L-Glu, L-Ala, and L-Asp, which are supplied from food sources (40, 43). 

DH44+PI neurons are essential to increase the feeding amount which contains nutritive sugars 

and those three amino acids, L-Glu, L-Ala, and L-Asp (40, 43). However, it is unclear whether 

detecting those three amino acids by DH44+PI neurons would be necessary for shifting the 

food preference between carbohydrates and proteins in a protein-deprived condition. The other 

previous study showed that the essential amino acid sensing by the dopaminergic neurons 

through GCN2/ATF4-dependent mechanism is necessary for inducing the rejection of a 

protein-deficient diet during the larval stage (44). Further investigations need to answer why FO
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DH44+PI neurons are activated by the three non-essential amino acids rather than the other 

essential amino acids and regulate the feeding behavior. Additionally, a subpopulation of 

DH31- and tachykinin-expressing enteroendocrine cells are activated by the proteins and amino 

acid-containing food intake (45). These results indicate that not only DH44+PI neurons but 

also DH31-expressing cells in the posterior midgut detect the protein or amino acids and secrete 

neuropeptides to maintain metabolic homeostasis.  

 

Regulation of food intake, gut motility, and defecation 

Environmental cues and internal energy status influence feeding behavior. The regulation of 

food intake is crucial for maintaining metabolic homeostasis in animals. Feeding behaviors are 

mainly controlled by the mechanisms regulated by brain homeostasis and hedonic systems (46). 

Because DH44 and DH31 respond to internal nutrient level changes, those neuropeptides may 

be involved in regulating feeding-related behaviors. They also possibly mediate gut motility 

and defecation because they are important factors controlling body fluid secretion. When the 

nutritive sugar sensory function of DH44+PI neurons was investigated, it was also reported 

that manipulating DH44+PI neurons does not affect normal food intake which contains 

carbohydrates and proteins (7). However, the following study showed that the suppression or 

activation of DH44+PI neurons decreases or increases sucrose food intake in adult flies (8). To 

prevent carbohydrate food overconsumption driven by the activation of DH44+PI neurons, 

those neurons are suppressed by the mechanical and chemical information from the peripheral 

organs when the flies are sated (8).  

Additionally, the DH44 peptide stimulates gut motility and increases defecation via 

the DH44-R2 expressed in the midgut (Fig. 2) (7). The enhancement of PER through the DH44-

R1 circuit and activation of gut motility and defecation via DH44-R2 maximizes nutritive sugar 

consumption, especially in starved flies (7). This is why the DH44+PI neurons must be FO
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suppressed in a sated condition. Additionally, the axons of DH44+PI neurons project to the 

crop, homolog of the mammalian stomach, indicating that DH44 signaling may regulate the 

crop size control based on the internal energy status (8). Further study must investigate whether 

crop movement control is mediated by DH44 signaling. DH31 peptide also triggers intestinal 

contractions and fosters bowel emptying gut movement, especially in an infected status, to 

eliminate the harmful bacteria and ROS (21). The drastic stimulation of gut movement is a 

common function of the DH44 and DH31 circuits (Fig. 2). Additionally, DH31 expressed in 

enteroendocrine cells also controls intestinal stem cell (ISC) proliferation and midgut 

senescence which impacts the longevity of adult flies as a counter partner of allatostatin A 

(AstA) (47).  

 

CO2-dependent response in a larval stage 

Detecting CO2 mainly produces aversive behavior in adult flies via a single population of 

olfactory sensory neurons through Gr21a and Gr63a receptor (48, 49). The other study showed 

that the flies detect carbohydrate water, and CO2 dissolved water, through their gustatory 

system and evoke the feeding acceptance behavior (50). Based on these previous studies, the 

higher CO2 level in the air is detected by an odorant receptor and stimulates the aversive 

behavior of the flies to avoid an overcrowded environment. In contrast, the CO2 dissolved water 

is sensed by the gustatory receptor and induces acceptance behavior because carbonated water 

implies the rotten fruits nearby. An independent study recently showed that a subset of tracheal 

dendritic (TD) neurons respond to CO2 levels. Those signals are integrated via several 

interneurons and activate DH44+PI and CRZ neurons (51). Although they did not report 

whether the activation of DH44+PI and CRZ neurons evokes acceptance or aversive behavior, 

they showed that mediating CO2-dependent response is a novel function of DH44 signaling in 

a larval stage.   FO
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REGULATION OF SEXUAL BEHAVIOR 

Regulation of the female sperm ejaculation 

Female flies eject a large portion of injected sperm after mating, and less than 20% of the sperm 

can be stored in their uterus (52). To avoid post-copulatory sexual selection and increase sperm 

acceptance, male flies need to prepare their sperm to reduce the female's sperm ejection 

behavior (53). On the female side, they evaluate the quality of the sperm and decide whether 

to retain or eject it from the uterus. Female flies assess the nutritive value of the sperm using 

DH44+PI neurons as nutritive sensors and determine whether to eject the sperm based on its 

nutritional value (54). By using these neurons as a sensor for evaluating sperm quality, female 

flies can increase the fertility rate and health quality of their offspring. The inactivation of 

DH44+PI neurons in female flies resulted in an inability to store nutritive sperm. The DH44-

R1 expressing neurons that also express doublesex, a gene involved in sex determination and 

regulation of sexual behaviors in flies, modulate sperm ejection behavior (54). These findings 

demonstrate that flies utilize the nutritional sensory function of DH44+PI neurons to regulate 

female sperm ejection behavior. 

 

Balancing courtship and feeding behavior 

The animal must prioritize their behaviors, including sleep, feeding, and mating, based on the 

environmental situation and internal nutritive status (3). In this process, a specific neuronal 

circuit must detect internal nutritive status and send this information to the mating or sleep 

regulatory center. For example, starving flies sense their energy reduction and reduce sleep and 

increase locomotion activity to increase the chance of finding nutritive food (55). This 

starvation-induced hyperactivity results from resetting the priority among behaviors and 

reducing sleep to find nutritive food. In a recent publication, DH31 secreted from the midgut FO
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after consuming amino acids suppresses feeding and promotes male courtship behavior (56). 

This finding is another example in which male flies change the priority of their behaviors and 

promote courtship behavior after they fulfilled their nutritive needs (56). Before this study, 

another previous study showed that DH31-expressing enteroendocrine cells in the posterior 

midgut are activated explicitly by the protein and amino acid intake in the larval stage (45). 

The gut-secreted DH31 peptide induced by the intestinal proteins is transferred into the brain 

and activates the secretion of CRZ peptide, promoting male courtship behavior through DH31-

R (56). Further research needs to follow to determine the biological role of DH31 in balancing 

feeding and courtship behavior.        

 

SUMMARY 

Diuretic hormones were first identified as stimulators of fluid secretion in the Malpighian 

tubules and hindgut of various insect species (14, 15). Over the past two decades of research, 

we have learned that diuretic hormones control various physiological processes and behaviors, 

including stress responses, gut movement, feeding behaviors, circadian rhythm, sleep behavior, 

and internal nutrition sensing (as depicted in Fig. 3 and 4). Despite the important roles that 

DH44 and DH31 play in regulating these behaviors, further research is needed to investigate 

how these neuroendocrine systems interact to maintain complex physiological and behavioral 

balances in Drosophila. Overall, the neuroendocrine systems mediated by DH44 and DH31 

integrate internal status and environmental cues to control a variety of behaviors and maintain 

metabolic and physiologic homeostasis (as shown in Fig. 3 and 4). 

In mammals, the HPA axis regulates stress response and this axis depends on the CRF 

secretion from the hypothalamus of the brain (57). The sequence homology of the Drosophila 

DH44 peptide is more than 40 % with mammalian CRF (6), indicating that those conserved 

neuropeptides may have similar biological functions in each species. Based on the twenty years FO
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of investigation, we found that the sequences and biological functions of those two peptides 

are identical, but their functions do not perfectly match each other. Both DH44 and CRF 

regulate the stress response, yet the DH44 circuit only regulates body fluid secretion and gut 

motility in flies, not the CRF-dependent circuits in mammals. DH31 peptide is also conserved 

with the mammalian CGRP, whereas it is still elusive whether the function of the DH31 circuit 

is related to those of calcitonin or CGRP in mammals. Future investigation is essential to 

understand the detailed mechanisms of how DH44 and DH31 signals regulate various 

behaviors in flies. Additionally, future studies will determine whether the mammalian CRF and 

CGRP signaling have similar functions with the DH44 and DH31 signaling in flies.  
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FIGURE LEGENDS 

Figure 1. The expression and projection patterns and body fluid secretion function of DH44 

and DH31-expressing cells and their receptors in adult Drosophila. DH44+PI neurons project 

along the esophagus to innervate the crop. DH44-R1 and DH31 receptors are expressed in CRZ 

neurons located in the lateral part of the brain. DH31-expressing enteroendocrine (DH31+EE) 

cells are located around the posterior midgut. DH44-R2 and DH31-R are expressed in the 

midgut and the principal cells of the Malpighian tubules. DH44-R2 and DH31-R are expressed 

on the principal cells of the Malpighian tubules, where they work together to increase the FO
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concentration of cAMP, activating V-type ATPase and playing a role in body fluid secretion. 

DH44+PI, diuretic hormone 44 expressing neurons located in the pars intercerebralis of the 

brain. DH44+VNC, diuretic hormone 44 expressing neurons located in the ventral nerve cord. 

DH31, diuretic hormone 31 expressing cells. DH44-R1, diuretic hormone 44 receptor 1 

expressing neurons, DH44-R2, diuretic hormone 44 receptor 2 expressing cells, DH31, diuretic 

hormone 31 expressing cells, DH31-R, diuretic hormone 31 receptor-expressing cells, CRZ, 

corazonin. PV, proventriculus. CC, corpora cardiaca. HCG, hypocerebral ganglion, VNC, 

ventral nerve cord. cAMP, cyclic adenosine monophosphate.  

 

Figure 2. The distribution and physiological functions of DH44 and DH31 neurons and their 

receptors in adult Drosophila. A schematic summary is presented to depict the anatomical 

distribution and diverse biological functions of DH44 and DH31 signaling in adult Drosophila. 

DH44+PI neurons secrete the DH44 peptide to neurons expressing DH44-R1, which increases 

food intake. They also secrete DH44 peptide to the midgut to activate gut motility and to the 

Malpighian tubules to stimulate body fluid secretion. DH31-producing enteroendocrine cells 

located in the posterior midgut secrete the DH31 peptide to DN1 neurons in the brain, which 

play a role in regulating sleep/circadian behavior. These cells also regulate gut contraction via 

the DH31-R expressed on the midgut. In addition, a sleep and circadian rhythm-regulating 

peptide PDF activate DH31-expressing neurons, further regulating sleep and circadian 

behavior in the adult brain. DH44+PI, diuretic hormone 44 expressing neurons located in the 

pars intercerebralis of the brain. DH31, diuretic hormone 31 expressing cells. DH44-R1, 

diuretic hormone 44 receptor 1 expressing neurons, DH44-R2, diuretic hormone 44 receptor 2 

expressing cells, DH31, diuretic hormone 31 expressing cells, DH31-R, diuretic hormone 31 

receptor-expressing cells, CRZ, corazonin. PDF, pigment dispersing factor. DN1, dorsal neuron 

1. PV, proventriculus. CC, corpora cardiaca. HCG, hypocerebral ganglion, VNC, ventral nerve FO
R 

RE
VI

EW



 15 

cord.  

 

Figure 3. The biological function of DH44 and its receptors in Drosophila. The illustration 

shows the physiological and behavioral roles of the DH44 peptide and its receptors with 

representative references.  

 

Figure 4. The biological function of DH31 and its receptor in Drosophila. The illustration 

shows the physiological and behavioral roles of the DH31 peptide and its receptor with 

representative references.  
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