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Abstract: Nutrient-sensing mechanisms in animals’ sense available nutrients to generate a physio-
logical regulatory response involving absorption, digestion, and regulation of food intake and to
maintain glucose and energy homeostasis. During nutrient sensing via the gastrointestinal tract,
nutrients interact with receptors on the enteroendocrine cells in the gut, which in return respond
by secreting various hormones. Sensing of nutrients by the gut plays a critical role in transmitting
food-related signals to the brain and other tissues informing the composition of ingested food to
digestive processes. These signals modulate feeding behaviors, food intake, metabolism, insulin
secretion, and energy balance. The increasing significance of fly genetics with the availability of a vast
toolbox for studying physiological function, expression of chemosensory receptors, and monitoring
the gene expression in specific cells of the intestine makes the fly gut the most useful tissue for
studying the nutrient-sensing mechanisms. In this review, we emphasize on the role of Drosophila
gut in nutrient-sensing to maintain metabolic homeostasis and gut-brain cross talk using endocrine
and neuronal signaling pathways stimulated by internal state or the consumption of various dietary
nutrients. Overall, this review will be useful in understanding the post-ingestive nutrient-sensing
mechanisms having a physiological and pathological impact on health and diseases.
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1. Introduction

Nutrients are simple organic molecules that, after digestion, are engaged in biochemi-
cal reactions that produce energy in animals. The part of the nervous system located in an
animal’s gut involved in digestion and absorption of nutrients is known as the enteric ner-
vous system (ENS). It is a lesser-explored system compared to the central nervous system
(CNS) in human health and diseases. The animal’s gut or the “second brain” communicates
with the brain through secreted chemicals and neural circuits. The growing importance
of gastrointestinal (GI) signals in the regulation of food intake, insulin production, and
peripheral nutrient storage has sparked an interest in studying how the gut senses and
responds to nutritional information. Invertebrate model system Drosophila melanogaster
shares a homologous gut system with that of mammals and provides an ideal situation to
study nutrient sensing via gut (Figure 1). The foregut in the fly (esophagus in humans)
passes the consumed food to the crop (a food reservoir organ; called stomach in humans),
where storage and digestion of food occurs. Absorption of nutrients takes place in the
anterior midgut (small intestine in humans). Further absorption of water and electrolytes
takes place in the hindgut (large intestine in humans). Lastly, excretion takes place via
anus [1].

Drosophila gut is lined by an epithelial monolayer consisting of four cell types: intestinal
stem cells (ISCs), absorptive enterocytes (ECs), secretory enteroendocrine (EE) cells, and
enteroblasts (EBs), which, along with gut chemosensors, allow the nutrient uptake in the
organism. Apart from nutrient absorption, the GI tract detect nutrients and activate events
involving the whole endocrine system and neural components that talk to the brain and
other tissues to maintain metabolic homeostasis. In the post-ingestion sensing system, the
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GI tract plays an important role in the interaction between the host and a meal, informing
the brain about the nutrient composition, food texture, and meal size. Altogether, nutrient-
sensing mechanisms through the gut as well as the effects of the postprandial rise in
glucose, lipids, and amino acids, are vital for energy and glucose homeostasis via direct and
indirect neural and endocrine mechanisms in various organs. Though the glucose-sensing
pathways in other tissues also impact metabolic regulation, but we will not be reviewing
them here [2-4].

Larva Adult

Brain

Foregut

Proventriculus

Hindgut

Figure 1. The fly gut during the larval and adult stages is divided into the foregut, the midgut, and
the hindgut. The foregut comprises of pharynx, esophagus, and proventriculus. The crop (in adults
only) stores the food ingested by the flies. The food is then pushed into the midgut, which is the main
site of digestion. The midgut opens into the hindgut, where the residue of the midgut is mixed with
the extract of malpighian tubules are blind-ended ducts that mainly play a role in osmoregulation
and excretion.
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Recently, the GI tract has been recognized as a major source of signals modulating
feeding behaviors, food intake, metabolism, insulin secretion, and energy balance. Growing
evidence suggests that the gut-brain axis (GBA) plays a vital role in maintaining mental
health and affects feeding behavior when nutrient detection or absorption by the gut is
altered. The enteric microbiota also impacts the GBA and causes abnormal nutrient sensing
by interacting locally with the intestinal cells, ENS, and CNS through neuroendocrine and
metabolic pathways. The bidirectional communication between the brain and digestive
tract are thus interesting avenues to explore post-ingestive mechanisms, especially nutrient
sensing via gut in health and disease. In this review, we are discussing the importance of
the gut in nutrient sensing (digestive/absorptive functions), its neural connectivity with
the brain, as well as its role in regulating food preferences by using inter-organ signaling,
and its role in various diseases. The compiled understanding of nutrient sensing by the gut
could lead to the discovery of physiologically significant intestinal nutrition sensors and
the development of new therapeutic targets for diabetes, obesity, aging, neurodegenerative
diseases, and GI illnesses.

1.1. Structure of the Fly Gut

The Drosophila gut contains a simple epithelium that is surrounded by muscles, nerves,
and trachea. Further, the GI tract of the flies is divided into foregut, midgut, and hindgut
(Figure 1) [5-7]. The epithelium of the foregut and the hindgut is lined by a permeable
cuticle on the apical side, while the epithelium of the midgut is protected by a peritrophic
matrix. The cuticle is shed and renewed after each molt. In adult flies, the midgut is further
divided into six anatomical regions (Ry to Rs). Each of these regions can be identified as
they are separated by a narrow epithelial boundary [8,9] and have well-defined metabolic
and digestive functions.

The food ingested by the fly enters the pharynx, a part of the foregut (Figure 1). The
foregut comprises of pharynx, esophagus, and proventriculus. It is then transported via the
esophagus by peristaltic movement and stored in an extensible part of the gut called the
crop. The food is then pushed into the midgut or the ventriculus by the pumping action
of the proventriculus. The cells of the midgut are involved in the secretion of digestive
enzymes in addition to neural peptides. The midgut opens into the hindgut, where
the residue of the midgut is mixed with the extract of malpighian tubules. Malpighian
tubules are blind-ended ducts that mainly play a role in osmoregulation and excretion
(Figure 1) [10].

Flies have different GI tracts in each stage of life that supersede each other. The
embryonic gut gives rise to the larval gut, which is superseded by a transient pupal gut
followed by an adult gut [11-13]. The larval and pupal gut form meconium and expel
from the body after eclosion. The structural organization of the adult and larval GI tract is
predicted to be distinct due to different dietary habits [14], especially the existence of the
crop in adults alone (Figure 1). In contrast to the larvae, which feed constantly on solids in
order to grow, the adults prefer liquid and feed less frequently.

Most of the nutrient absorption takes place in the midgut of the flies, while ionic
and water homeostasis is maintained in the hindgut. The fly’s intestine is made up of
an epithelial monolayer that contains ECs and EEs. The ECs are polyploid cells that
are involved in nutrient absorption and secretion of digestive enzymes. The secretion
of digestive enzymes differ throughout the GI tract. This suggests that the food that
enters the midgut is acted upon by different enzymes in different anatomical regions
of the midgut and is processed sequentially. The EE cells that interspersed among the
ECs act as chemical sensors that produce regulatory peptides upon detection of luminal
nutrients [15,16]. Another type of cells present along the basement membrane are ISCs
that divide symmetrically and asymmetrically to replace old cells with new ones [17,18].
The activity of the stem cells is influenced by the metabolic state of the organism and also
by various environmental factors [12,19,20]. In the fed state, the activity of ISCs increase,
which drives tissue growth [21]. The activity of ISCs may also increase in the presence of
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a toxic agent or a pathogenic microorganism to ensure regeneration of the compromised
gut [20,22,23]. This thus indicates that the activity of the intestinal progenitor cells is largely
dependent on the nutrient uptake by the organism.

1.2. The Gut-Organ Communication

The gut is also responsible for maintaining homeostasis within the fly by communicat-
ing with other organs via neuronal and endocrine signals.

1.2.1. Neuronal Communication

The GI tract receives innervations from three different sources and relay signal to
three distinct regions of the gut. The stomatogastric nervous system, corpus cardiacum,
and neurons of the CNS extend their axon toward the digestive tract, sending signals
to the gut for coordinating various gut functions [24-31]. The stomatogastric nervous
system relays information to the esophagus, crop, and anterior midgut in adults and to the
esophagus in larvae. The innervations in the gut are restricted to three regions: the anterior
portion of the gut that comprises the pharynx, esophagus, crop, and the anterior midgut;
the midgut-hindgut junction, and the posterior hindgut [27,30-33]. Most of the enteric
neurons during the larval stage of the fly are considered to be motor neurons responsible
for coordinating the activity of visceral muscles. The posterior region of the hindgut is
innervated by sensory neurons. In adult flies, a similar pattern is observed, and the majority
of the innervations are believed to be efferent that control the peristaltic movement while
the sensory innervations also exist [30]. The neurons that innervate the gut are chemically
diverse and produce different neuropeptides, which have distinct functions modulating
neuronal activity. The hindgut in the larvae contains neurites positive for pigment dis-
persing factor (PDF), ion transport peptide (ITP), and proctolin [29,34-37]. The midgut in
the adults contain neurites positive for serotonin, adipokinetic hormone (Akh), myosu-
pressin, allatostatin (AST), diuretic hormone-44 (Dh44), FMRFamide, short neuropeptide F
(sNPF) [28,31,38—40]. Six peripheral neurons are found on the proventriculus that express
gustatory receptor Gr43a, which functions as a fructose receptor in the CNS [41-43]. These
neurons extend their dendrites into the lumen of the foregut while their axons innervate
the midgut and esophagus towards subesophageal ganglion suggesting possible roles in
gut-brain nutrient signaling.

The enteric neurons play a major role in regulating peristalsis and facilitating intestinal
transit. This can be inferred by the presence of muscle valves in all the three gut regions
innervated by the neurons. The neural activity is responsible for the generation of peristaltic
waves and their frequency. However, myogenic activity causes the propagation of the
peristaltic waves. This can be inferred as many regions of the GI tract lack neuronal
innervations [30]. Recently, it has been suggested that the peristalsis and the availability of
nutrients have a direct link. This has been proved by the presence of six neurosecretory
cells in the pars intercerebralis of the adult brain that are responsible for secreting Dh44 in
response to nutritive sugars [40]. Tachykinin (Tk), another EE cell-derived peptide, regulate
peristalsis in the midgut region of the GI tract [44]. These studies indicate that in both adult
and larval midgut, enteric innervations are chemically diverse in nature [31,38-40,45,46],
having important roles in nutrient sensing.

The intestinal monolayer allows only selective compounds, nutrients, electrolytes,
and water to pass through it. This selective intestinal permeability is controlled by enteric
neurons. Inactivation of these neurons result in abnormal structure of the proventriculus, in-
creased permeability of the gut, which increases the risk for various bacterial infections [47].
The enteric neurons also affect the intestinal trachea and its branching [48]. The branching
of the trachea is observed to be dependent on nutritional availability. Such response to
nutrients during the larval stages of the life cycle plays a vital role in how the flies respond
to malnutrition during the later stages of life.

Recently epithelial role of gut-innervating neurons in the control of fluid balance, has
been revealed [30,49]. Silencing of CNS HGN1 (hindgut neuronl) neurons that innervate
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hindgut and rectum results in an increased defecation rate. They are also shown to be
required for the post-mating changes in intestinal fluid retention due to their epithelial
innervations. Apart from the role of interneurons (IN1) [50], whose activity is exquisitely
dependent on the amount and duration of feeding post pharynx in the GI tract, the contri-
bution of sensory innervation to nutritional homeostasis remains to be investigated.

The enteric neurons also control the amount of food that can be ingested by the fly. In
adults, nutrient scarcity causes a hyperphagic response in transgenic flies upon inactivation
of insulin-producing neurons. Silencing of insulin-like peptide (Ilp7) neurons innervating
midgut increase feeding responses [30,51]. Knockdown of Ilp2 neurosecretory cells that
innervate the foregut and synapse with Ilp7 neurons cause reduced food intake. The
pharyngeal sensory neurons send information to interneurons whose activity depends on
feeding duration and amount [50]. Another function of the enteric neurons is regulation of
defecation behavior [52], osmoregulation by malpighian tubule [33], and differentiation
of intestinal cells. Down-regulation of secreted signaling proteins such as hedgehog (Hh)
reduces the ISC and EC differentiation [53]. Recently, the role of Drosophila Piezo in volume-
based control of meal size has been discovered. Fly neurons expressing Piezo innervate
the anterior gut and crop and respond to tissue distension in a Piezo-dependent manner.
Activating Piezo neurons reduce appetite, while Piezo mutants and Piezo neuronal silencing
causes gut bloating and increases both food consumption and body weight [54].

Post-ingestive sensory feedback from the gut has been assumed to inhibit feeding
based on studies performed in blowflies. Severing the recurrent nerve or the medial
abdominal nerve, which transmits information from the gut to the brain, results in overcon-
sumption in blowflies [55]. In flies severing the recurrent nerve elevates consumption of
sucrose but not water or bitter-tasting solutions [56]. Although the existence of neuronal
stretch receptors on the gut that monitor the volume of ingested food is studied in other in-
sects [55,57-59], the existence and molecular nature of these receptors in Drosophila remains
to be established.

1.2.2. Hormonal Communication

Intestinal physiology in Drosophila is modulated by extrinsic hormones that are re-
leased by endocrine glands such as the ring gland in the brain ((Drosophila insulin-like
peptide (DILP), Akh, Ast-A, sNPF, neuropeptide F (NPF), corazonin (Crz), leucokinin
(Lk)) [60-65] or the fat body ((DILP, unpaired 2 (Upd2), CCHa2)) [66-68]. The intestine also
produces peptide hormones that are also capable of modulating the physiology of the gut.
The EE cells-derived hormones are produced by 95% of the total EE cells [69-71]. Most of
these peptides are also produced by the brain except CCHamide [72].

Neuropeptides are small proteins that act as neuromodulators and regulatory hor-
mones in the CNS and peripheral nervous system (PNS). They are involved in various bio-
logical processes such as learning, circadian activity, ecdysis behavior, and feeding [73-75].
Out of 30 genes that encode neuropeptides, 7 genes encode insulin-like peptide [76,77].
These peptides bind to G-protein-coupled receptors that are specific to neuropeptides. Each
of these neuropeptides is localized in a specific set of neurons and is responsible for the
regulation of homeostasis, modulation of neuronal and muscular activity, and coordination
of developmental processes.

The nutritional information sensed by the gut is relayed to produce different responses
in the organism depending on the nutrient load. The gut produces signals under nutrient
scarcity /starvation and fed conditions that maintain homeostasis in the organism. Gut en-
docrine neurons secrete neuropeptide, limostatin (Lst) under nutrient-scarce conditions and
control the insulin signaling and DILPs secretion (Figure 2) [78]. The EE cells also induce
secretion of Tk under starvation conditions that control lipid homeostasis (Figure 2) [79].
Knockdown of Tk is shown to increase intestinal lipogenesis. The nutrients assimilated
in the gut are stored and released by the liver as per the requirement to provide energy to
other organs. Hh is a nutrient-responsive signal derived from the gut. Hh mobilizes lipid
stores and regulate the growth and development of the organism. Hh mutants show in-
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creased sensitivity to starvation and fail to mobilize the lipid stores (Figure 2). On the other
hand, under fed conditions, the Hh mutants show fast development and pupate early [80].
Therefore, it is considered that Hh is capable of coordinating responses to the availability of
nutrients by acting as a lipoprotein-associated endocrine hormone. EE-derived bursicon-o
is also known to promote energy storage by restricting the production of glucagon-like
hormone AKH [81]. Mobilization of the energy store can also stabilize the level of sugar
upon secretion of gut-derived activin-p [82] (Figure 2).

Mobilization of
Limostatin energy stores

Altered food

Head Thorax Abdomen Intake

Figure 2. The fly gut is a major organ involved in nutrient-sensing to maintain metabolic homeostasis.
The gut secretes multiple hormones and receives information from brain-derived hormones. These
signals regulate functions, including gut motility, mobilization, and food intake. Thus, these hormones
regulate the nutrients availability. Brain-derived peptides including Crz, DMS, Lk, NPF, sNPF regulate
food intake, thereby regulating the quantity of nutrients reaching the GI tract. The gut hormones such
as Hh, Tk, Ast-A, Lst, and NPF regulate the amount of food intake, mobilization of energy stores, and
gut motility. Bursicon-« derived from EE cells promotes energy storage by inhibiting the production
of glucagon-like hormone AKH. Limostatin, secreted by the gut endocrine cell and corpus cardiacum
under nutrient-scarce conditions, controls the feeding behavior by suppressing DILP and causes
mobilization of the energy via secretion of gut-derived activin-. VNC is the ventral nerve cord.

Neuropeptides controlling the feeding behavior of the fruit fly are released from the
brain as well as from the gut. The gut-derived peptides are NPF, AST, DH, Tk, and Lst.
The peptides derived from CNS are Hugin, NPF, DH, AST, Lk, limostatin, DILP, and AKH
(Figure 2). A few of these neuropeptides are discussed briefly in the next section.

Tachykinin

Neurons producing neuropeptide Tk are widely distributed throughout the brain and
the gut of the fly. They are found in the anterior lobe, pars intercerebralis, central complex,
optic lobe, and the dorsolateral protocerebrum of the fly brain [83]. They are also found in
the EE cells of the midgut and anterior hindgut in the GI tract of larva and adult [69,70]
and also co-localize with other neural peptides [84,85]. The precursor of Tk is also found in
the gut of other animals, including cockroaches, stable fly, guinea pig, and rat [86-89].

In addition to regulating the peristaltic movement in the gut [44], the neuropeptides
respond to nutrient availability in the gut by affecting the nutrients stored in the fat
body [79]. The signaling also affects the ability of flies to search for food by affecting
their olfactory system [90]. In nutrient-scarce conditions in hungry flies, an up-regulation
of DTKR (Drosophila Tk receptor) is observed. The sensory neurons that contain these
DTKR also contain receptors Or42b and Or85a, which may explain the link between
Tk and olfaction. Under fed conditions, the expression of DTKR decreases, and insulin
receptors activate causing food aversion. Tk also causes lipid mobilization (Figure 2)
and affects insulin signaling, which thereafter affects the growth and development of the
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organism [91-94]. The production of Tk is activated by the presence of dietary protein and
carbohydrates circulating in the lumen of the GI tract [95]. A high-protein diet causes the
Tk-producing neurons to secrete growth-blocking peptides from the fat body [96]. Growth-
blocking peptides secreted by the fat body act as ligands for EGF receptor (EGFR) in flies.
On activation of EGFR by adipose growth-blocking peptides, IPC-connecting neurons (ICN)
alleviate the inhibition on the insulin-producing neurons [96]. ICNs with and without
modified EGFR signaling produce Tk, which makes it evident that ICN behave as Tk
neurons. This phenomenon occurs when the flies are allowed to feed on a high-protein diet.
The phenomenon of growth-blocking peptides processing, secretion by adipose tissue, and
transportation in the hemolymph is still not clear [96].

Drosophila Insulin-like Peptide and Adipokinetic Hormone

In fruit flies, DILP’s and AKH share functional similarities to insulin and glucagon
found in mammals, respectively [60,97-100]. The cells secreting these hormones are also
functionally analogous to their mammalian counterparts. The insulin-producing cells
(IPCs) and AKH-producing cells in the fly brain are analogous to pancreatic beta-cells and
alpha-cells found in mammals (Figure 2). There are eight Drosophila DILPs. Although many
of them are found in the fly brain, DILP 4,5,6 are expressed in the larval midgut [60,69,99],
DILP3 in the adult gut, and DILP6 is produced in the fat body (Figure 2) [67,101]. DILP is
also present in the gut of other invertebrates [102]. Expression of AKH is observed in the
gut of aphids, Apis mellifera, and armyworm but not in Drosophila [69,103-105]. Insulin and
glucagon, the counterparts of DILP’s and AKH in humans, are secreted by the pancreas, an
accessory digestive organ [106].

The location of IPC- and AKH-producing cells play a major role in the sensation
of nutrients, particularly sugars, in the lumen of the gut. The IPCs are located in the
median neurosecretory cells in larvae and adults; however, the position of AKH-producing
cells differs in different stages of the fly life, conferring to different modes of secretion
of hormones [107]. This causes a difference in nutrient-mediated response in larvae and
adults. DILPs sense the dietary sugars in the lumen of the gut in adult flies, but in the
larvae, the secretion of DILP3 is dependent on AKH [108]. DILPs and AKH both regulate
lipid and carbohydrate metabolism. While AKh promotes lipolysis, DILP’s promote
lipogenesis [109-111].

There are various factors that regulate the IPCs and AKH-producing cells in different
stages of the life cycle. The IPCs are regulated by nutrients [112-115], other neuropep-
tides [66,78,92,108,116-118] and neurotransmitters [119-122]. The AKH-producing cells
are regulated by nutrients [108] and neuropeptides [81,100,118,123]. Nutrients, particularly
sugars and fats, stimulate the IPCs via the fat body. The larval fat body produces leptin-like
protein, Upd2, which binds to GABAergic neurons and release neurotransmitter GABA,
which inhibits the release of DILP from IPCs [112,124]. This indicates indirect regulation
by IPCs in larvae. In addition, dietary amino acids also regulate the secretion from IPCs
indirectly. It acts via the fat body and release DILP [125]. In adults, the IPC is stimulated
by dietary sugars [126,127]. Protein-specific regulation of insulin signaling causes protein-
induced feeding inhibition [128]. A high-protein diet causes secretion of DILP that results
in reduced feeding in adults [129].

Neuropeptide F and Short Neuropeptide F

The two families of NPF and sNPF are present throughout the Arthropoda phylum and
are known to coordinate the feeding mechanisms and the metabolism of the insects [45,130].
Both the families are responsible for the intake of food (Figure 2), lipid metabolism, locomo-
tory activity, olfactory behavior, immunity, and circadian rhythm [45,84,131-133]. NPF is a
functional homolog of the mammalian neuropeptide Y [134]. The larval and adult fly brains
express NPF [63,135]. It is also present in the endocrine cells of the midgut (Figure 2) [63].
The subesophageal neurons found in the larval stages of the fly express NPF and respond
to sugars [133]. Exposure of larvae to fructose or glucose results in a dose-dependent
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increase in NPF. These neurons receive gustatory inputs and mediate responses that impact
the feeding behaviors of the fly. Silencing NPF ceases the feeding behavior in insects,
while overexpression causes extended feeding and delays pupation [136]. NPF binds to its
receptor NPFR present in cells of the midgut, ventral nerve cord, and brain (Figure 2) [137].
Activation of NPFR stimulates feeding even on noxious compounds similar to feeding after
prolonged starvation [138]. Overexpression of NPFR1 drives fed larvae to feed more under
cold conditions [139].

The sNPF neuropeptide is found in the neurons in the hypocerebral ganglion inner-
vating the midgut and innervate fan-shaped body of the central complex in Drosophila [84].
It binds to the sNPF receptor, which belongs to G-protein-coupled receptors. There are four
sNPF isoforms in flies [140,141]. Due to its role in the regulation of feeding, it is also known
as the hunger hormone [28,142,143]. Altered expression of sNPF and sNPFR controls the
feeding intake. Down-regulating sNPF suppresses feeding while its overexpression affects
the growth of the organism and promotes food intake both in feeding larvae and adults [28].
Similar results are obtained on starvation. Starved flies show an up-regulation of sNPFE.
The sNPF neuropeptide also regulates osmotic and metabolic stress, locomotion and plays
a role in learning, olfaction, and hormone release [84,85,144]. In other insects, such as the
cockroach, the midgut shows expression of sNPF [145]; however, no endocrine cells in
Drosophila have been found to express sNPF [69]. The receptors of SNPF are present on the
midgut, hindgut, malpighian tubules, and crop [146].

Hugin

Hugin is a neuropeptide co-expressed in the subesophageal ganglion of the adult and
larval brain [147,148]. It is homologous to mammalian neuromedin U and is thought to
control the initiation of feeding by suppressing the immediate feeding response. Hugin
gene is observed to be down-regulated by starvation [149] and also by yeast deprivation
in larvae. Over-expressing hugin in flies suppresses the feeding of the larvae. Inhibiting
hugin-expressing neurons reduce latency to feeding behavior in adults. It is up-regulated
in pumpless and klumpfus mutant flies that do not show larval feeding behavior [149].
Neuromedin U is expressed commonly in the gut of goldfish and humans [150], but no
expression in the fly gut has been documented.

Allatostatin

Three families of allatostatin (allatostatin-A (Ast-A), allatostatin-B (Ast-B), and allatostatin-
C (Ast-C) [151,152]) are known to inhibit the biosynthesis of juvenile hormone (JH) in
corpora allatum in insects [153-155]. The Ast-A peptide family does not regulate JH in all
insects and instead is involved in suppressing food intake and promoting an aversion to
unpalatable food [16,62,118]. Ast-A does not directly regulate the feeding behavior; it is
believed that Ast-A acts as an intrinsic factor and then inhibits gut motility [16] (Figure 2).
Ast-A is also known to regulate AKH and DILP, thereby affecting the feeding behavior
of the flies [118]. Ast-A immunoreactive endocrine cells have been found in the posterior
midgut of the fruit fly [69]. Its receptor express in the crop, midgut, hindgut, and the
malpighian tubules [69].

Leucokinin

Lk is derived from the CNS neurons that terminate at the abdominal wall
(Figure 2) [30,65,156,157]. An altered level of Lk expression or its receptor affects the physi-
ology of the gut. Down-regulation of the receptor or the ligand ruptures the abdominal wall
and thus leads to fluid retention and abnormal excretion. Leucokinin is also a regulator of
the amount of food in the foregut and the termination of the meal (Figure 2). In mutant flies,
the flies tend to consume more food in each meal; however, the caloric intake is observed
to be constant. This is proposed to be due to the increase in the inter-meal interval, which
creates a balance [158]. Leucokinin, unlike other neuropeptides, can function independently.
Ablation of other neuropeptides such as hugin and NPF has no effect on the meal size



Int. . Mol. Sci. 2022, 23, 2694

9 of 27

of the fly [158]. The receptors for leucokinin are expressed in the foregut, hindgut, and
malpighian tubules [157-159].

Corazonin

Another neuropeptide affecting the feeding behavior is Crz. Crz is a homolog of mam-
malian gonadotropin hormone that is commonly expressed in adipocytes and promotes
food intake [160]. Crz is produced by brain lateral neurosecretory cells (Figure 2). It is
related to AKH, and its receptors are related to the AKH receptor family. Crz receptors
are present in the adult salivary glands and in the fat body [161-164]. While ablation of
Crz is known to reduce trehalose level [165], activating Crz-producing neurons results in
increased food intake in adults and impacts the triglyceride level [160,165]. Crz is also
known to affect lipid and carbohydrate metabolism [116,163,166]. Down-regulation of
the Crz receptor results in decreased food intake and also increases the glucose level in
hemolymph [163].

Other Neuropeptides

Limostatin is secreted by the gut endocrine cells and AKH-producing neurons in the
corpus cardiacum under nutrient-scarce conditions [78]. It controls the feeding behavior
by suppressing insulin signaling and by mobilizing energy stores (Figure 2). CCHamide
is another neuropeptide whose receptor is present on IPCs. CCHamide plays a major
role in the feeding, sensory perception, and growth of the organism [66,167,168]. The
CCHamide is an orexigenic peptide whose expression is promoted by the nutrients in the
gut [66,168]. CCHamide may act by promoting the expression of DILPs and increasing
insulin signaling [66,168]. Among CCHamides, CCHa2 is expressed in the brain, fat
body, and midgut [66,168]. Dh44 is a homolog of the mammalian corticotropin-releasing
hormone (CRH), which gets activated by nutritive sugars. Disturbed activity of Dh44
neurons results in failure to select nutritive sugars [40]. Dh44 relays information to Dh44
receptor R1 neurons in the brain and R2 cells in the gut (Figure 2). Activation of Dh44
neurons suggest its importance for gut motility and excretion in flies [40]. Dh31 is a peptide
similar to mammalian calcitonin, which is known to stimulate fluid secretion by malpighian
tubules [169]. It is expressed in the posterior midgut [69]. Dromyosuppressin (DMS) is
a fly gut peptide (Figure 2) [39] that is expressed in the adult CNS, extending into the
rectum, near the anus, and regulates crop motility and contractions [170]. RFAmides are
another class of neuropeptides that play a key role in food intake, sensing, and feeding [171].
Drosophila contains five genes encoding RFamides, four of these genes are expected to be
expressed in the midgut [69]. An important neuropeptide is PDF. PDF synchronizes clock
neurons and is expressed in the ventral nerve cord (VNC). PDF neurons innervate the
gut of larva and adult fruit flies. This suggests that the neuropeptide PDF and the clock
neurons have some unidentified role in feeding and nutrient sensing [33,35,172]. Table 1
summarizes the comparison of human and fly gut discussed so far.

Table 1. Comparison between fly and human intestine.

Category Drosophila Humans Reference
Intest%ne ' m?de up of epithelial monolayer, The intestine contains absorptive ECs and
which consists of enterocytes (ECs) and ] [18,173,174]
. secretory cells, enteroendocrine (EE) cells.
enteroendocrine cells.
Anatomical ISCs are present throughout the epithelium. The ISCs show proliferative activity and

i They divide symmetrically and
Comparison non-symmetrically to give rise to new cells.
Wog is required for maintenance of ISCs.

regenerate new cells. Wnt is responsible [17,18,175-177]
for maintaining ISCs.

Gut is endodermal in origin. Gut is endodermal in origin. [178,179]
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Table 1. Cont.
Category Drosophila Humans Reference
Peritrophic matrix is considered to protect Mucous layer of the mammalian
the epithelium from abrasive food digestive tract protects the epithelium [180,181]
and microbes. from abrasive food and microbes.
Food is stored in stomach in humans,
Food consumed is stored in crop. where partial digestion of food [182]
also occurs.
Fly fat bodies regulate metabolism, organism Humap adipose t}ssue regulates'
. metabolism, organism homeostasis, [183-185]
homeostasis, growth, and development.
growth, and development.
Malp hlglan tubules are involved in . Human kidney is functionally analogous
osmoregulation and excretion and open into to malohigian tubules [10,186]
the midgut-hindgut junction. phig '
Drosophila does not have a lamina propria. Has lamina propria. [174-187]
Digestion in flies occurs under neutral or Mammalian digestion takes place under
. ... Lo . [174,188,189]
basic pH conditions. acidic conditions.
Absorption of nutrients takes place in the Absorption of nutrients takes place in the [174]
. anterior midgut. small intestine of humans.
Functional
Comparison Absorption of water and electrolytes occurs Absorption of water and electrolytes [174]
in the hindgut. occurs in large intestine.
Adult fly has plenty of microbes in the Human intestine has plenty of microbes.
intestine. Disrupted indigenous microbiota Disrupted indigenous microbiota are [190-193]
are associated with disease conditions. associated with disease conditions.
The GI tract receives innervations from three
different sources (stomatogastric nervous
system, corpus cardiacum, and neurons of ~ Auerbach’s plexus and Meissner’s plexus
the CNS that extend their axon toward the provide motor and secretomotor
Neural digestive tract) and relay signals to three innervation to the muscular layer and the
. D . . . . . [24-31,194,195]
Comparison distinct regions of the gut (the anterior mucosal layer in the intestinal lumen,
portion of the gut that comprises of the respectively. The vagus nerve acts as the
pharynx, esophagus, crop and the anterior connection between the gut and brain.
midgut; the midgut-hindgut junction and the
posterior hindgut).
AKHs regulate lipid and carbohydrate Glucagon regulates l.1p1d and.
. carbohydrate metabolism and is
metabolism are produced by roduced by pancreatic alpha-cells found
Hormonal AKH-producing cells in the brain. DILPs ~ F y pancre pha-cells [60,97-100]
Comparison in mammals. Insulin regulates lipid and

regulate lipid and carbohydrate metabolism

carbohydrate metabolism and is

and are produced by IPCs. produced by pancreatic beta-cells.

Upd2 in flies inhibits release of DILP from Human leptin alters food intake and [112,124,196]

IPC, thereby affecting the metabolism. energy expenditure. e
NPF is known to coordinate the feeding Neuropeptide Y plays an important role [45,130,134]

mechanism and the metabolism in the fly. in dietary consumption. T

Mammalian neuromedin U plays an
Hugin controls initiation of feeding. important role in gastric acid secretion [147,148,197]
and feeding behavior.
Nutritive sugars activate Dh44 and have an
important role in fly gut motility CRH significantly affects food intake. [40,196]

and excretion.
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1.3. Taste Receptors in Fly Gut

Increasing evidence is proving that the taste receptors and taste signaling molecules
are also expressed in the intestinal enteroendocrine cells across vertebrates and inverte-
brates [198,199]. Drosophila taste receptors are spread all over its body, including proboscis,
legs, wings, and ovipositor. Gustatory receptors (Grs) help in detecting the appropriate
nutrient-rich food and avoiding toxic chemicals. Activation of taste receptor neurons
elicits different elements of the feeding program. The structure and functioning of the
mammalian intestine and fly gut are similar, and therefore, the expression of Grs in fly gut
have been investigated. There are 60 genes in the fly genome that encode for Grs proteins
and are believed to be ligand-gated ion channels [200]. Using Gal4/UAS system, 15 Grs
(Gr28b.e, Gr33a, Gr36¢, Gr39a.a, Gr39a.b, Grd3a, Gr6da, Gr93a, Gr28a, Gr59a, Gr28b.a,
Gr28b.b, Gr28b.c, Gr28b.d, Gr58c) are found to be expressed in gut. A total of 12 of these
Grs-labeled EE cells in the midgut of flies [199]. It has been shown that EE cells show
high activation in the middle midgut with minimal sucrose [95]. Other than sugar, protein
cues also lead to the activation of EE cells in the posterior midgut, suggesting a role in
the detection of nutrients in the diet, including amino acids specifically. This subset of EE
cells also co-express neuropeptides such as DH31 and Tk. These brain-gut peptides are
involved in feeding pathways and nutrient-sensing mechanisms [79,95,201]. Gg-coupled
calcium-sensing receptor such as CaSR in rats expressed in EE cells is involved in amino
acid sensing [202]. Taste cells or EE cells in mammals also produce several peptides that
have roles in feeding, satiety, hunger as well as metabolism [203]. They include glucagon,
neuropeptide Y, peptide YY, and some others [203]. Drosophila has homologous proteins for
these and other peptides, which point towards obvious conservation of these peptides and
their functions. Apart from certain Grs, the role of other chemosensory receptors, including
Pickpocket [204-206] genes involved in osmoregulation; Ionotrophic receptors [207,208]
known for their role in olfaction, taste [209-218], and transient receptor potential channels
are not known in gut however they are known to modulate feeding preferences via olfactory
and gustatory circuits [219-221]. Like hunger, thirst is an important internal state, but the
role of ppk in the gut, its neural connectivity, the brain, and the type of neurohormones
they release are still undetermined.

1.4. Nutrient Sensing via Gut in Health and Disease

The number of genes and pathways that play a vital role in metabolic diseases are
conserved between flies and humans [222]. Dysregulation of nutrient sensing by the gut
has been associated with metabolic syndromes [223,224]. In the past, the major focus on gut
studies was to understand the relationship between gut flora and brain disorders because
fly intestines have much simpler gut microbiota as opposed to vertebrate intestines [225].

It has been noticed that diet-induced obesity in flies is also associated with many of
the pathophysiological consequences found in humans, including hyperglycemia, insulin
resistance, cardiac arrhythmia and fibrosis, reduced longevity [226,227], and nephrosis [228].
The gut is important in the absorption of dietary lipid and macronutrients, including sugars,
proteins, and fats. It also plays a major role in peripheral body fat storage and metabolizes
both glucose and lipids into metabolic intermediates, loading them into hemolymph,
which later is used in other tissues and organs. In flies, lipoprotein complexes containing
apolipophorins carry sterols and diacylglycerols from the gut to other tissues [229]. Fly
lipoproteins also contain Hh, a cholesterol-linked, gut-derived ligand that binds to the
transmembrane receptor patched on fat body target cells and promote lipolysis during
larval starvation [80,230]. The human anti-obesity drug orlistat, a gastric lipase inhibitor,
has been shown to reduce body fat accumulation in adult flies [231]. Supporting a crucial
role for lipolysis, midgut lipid accumulation and global fat storage reduce by the insulin
signaling pathway inhibitor Foxo in enterocytes via reducing the expression of magro
as flies age [232]. Humanized flies show excessive lipid accumulation in the gut and fat
body upon expression of human peptide neurotensin in Drosophila midgut EE cells, causing
obesity, which is triggered by an evolutionarily conserved mechanism acting via the cellular
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energy sensor 5 adenosine monophosphate (AMP)-activated protein kinase [233]. Both
global vacuolar-type H+ adenosine triphosphatase (ATPase) mutants and flies treated with
pharmacological inhibitors of alimentary acidity store extra fat [234], suggesting the role
of acidic pH of the gastric lumen in fly obesity. This effect could be mediated via the gut
microbiota, which both shapes and depends upon the acidity of the gut [188]. Collectively,
these studies emphasize the importance of gut physiology for fat homeostasis in Drosophila
and highlight possible interactions between the gut epithelium and gut microbiota. Thus,
gut microbiota and its metabolism also play an important role in the modulation of fat
storage in the fly. Fly gut is enriched in Lactobacillus and Acetobacter species. Adult axenic
flies overstore fats under various dietary conditions [235]. Lactobacillus sp. abundance
supports co-colonization by Acetobacter sp. in the adult gut, which in turn negatively
correlates with the fat storage level of the fly [236]. Like other animals, the diet of a fly
impacts the composition of the gut microbiota as a high-sugar diet shifts the gut microbiota
to uracil-producing species, which promote fat storage and growth in Drosophila larvae [237].
The availability of dietary glucose in flies depends on the microbiota because flies with
commensal Acetobacter tropicalis eat more than axenic flies but store less TAG owing to the
consumption of dietary sugar by the bacteria [238]. Taste and olfactory receptors in organs

and tissues relevant to metabolic diseases are also summarized in Table 2.

Table 2. Taste and olfactory receptors in organs and tissues relevant to metabolic diseases.

Olfactory and Taste
Receptors with Species

Organ/Tissue

Function

Ligand

OLFR544 (mouse) [239]

Adipocyte (white and brown
adipose tissue cells)

Induction of lipolysis and
thermogenesis

Azelaic acid

FFAR4 [240-244] (mouse and
human)

Adipose tissue (white and
brown adipose tissue cells)

Regulation of adipogenesis,
promoting browning of white
fat, increase in thermogenic
activity

Omega-3 PUFAs

TAS2R [245] (mouse)

Adipose tissue (white adipose
tissue cells)

Inhibition of adipocyte
differentiation

Bitter agonists

TAS2Rs r [246-249] (mouse
and human)

Gastrointestinal tract (EE
cells)

Ghrelin, CCK, and GLP1 release

Bitter agonists, berberine,
Hoodia gordonii and wild
bitter gourd

FFAR1 and FFAR4 [250-254]
(mouse and human)

Gastrointestinal tract (EE
cells)

Ghrelin, somatostatin, gastrin,
CCK, GLP1, and GIP release

FFAR1: medium-chain and
long-chain free fatty acids
FFAR4: omega-3 PUFAs

TASIR1-TAS1R3 [255-258]
(mouse and human)

Gastrointestinal tract (EE
cells)

Ghrelin, CCK, and GLP1 release

Amino acids and
oligopeptides

TAS1R2-TAS1R3
[255,259,260] (mouse and
human)

Gastrointestinal tract (EE
cells)

GLP1 release

Glucose (antagonist
lactisole)

TAS2R [261] (human)

Gastrointestinal tract (parietal
cells)

Stimulation of gastric acid
secretion

Bitter agonists

TAS1R2-TAS1R3 [262]

Pancreas (f3-cells)

Potentiation of glucose-induced
insulin release by fructose and
artificial sweeteners

Sweet agonists

FFARI1 [263,264] (rodent and
human)

Pancreas (f3-cells)

Contradictory findings:
potentiation of glucose-induced
insulin secretion but also
impaired glucose homeostasis

Medium-chain and
long-chain fatty acids

FFARA4 [265] (mouse and
human)

Pancreas (5-cells)

Inhibition of somatostatin to
regulate insulin secretion

Omega-3 PUFAs
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1.5. Nutrient Sensing in Cancer and Neurodegenerative Diseases

It has been noticed that intestinal health has a significant impact on neurodegeneration.
Microbial dysbiosis [266], dietary changes [267], probiotics [268], and a variety of other
disease conditions [269,270] result in the involvement of the gut-brain signaling pathways
in the pathophysiology of neurodegenerative diseases. Multiple studies have suggested
an association between gut microbiota dysbiosis and the aggregation of amyloid-f3 (A3)
peptides in intestinal epithelial cells [271,272] and involvement of CNS [273,274] after
high-fat diet feeding. Although many neurodegenerative diseases exhibit accumulation of
fibrillary, misfolded proteins similar to the propagation of prionopathies in the CNS [275]
but prionopathy also involves GBA and the local immune system, where prions accumulate
in dendritic cells in the Peyer’s patches and other lymphoid follicles once entering the
intestinal epithelium layer [276]. By interacting with dendritic cells, the misfolded proteins
may transport to ENS and ultimately spread to the CNS compartment [276]. The role of gut
bacteria in altering peripheral nerve function through the production of neuromodulatory
metabolites such as short-chain fatty acid (SCFAs) [277] has been suggested. It has been
suggested that oral administration of Lactobacillus probiotics shows improvement in the
rough-eye phenotype in AD flies [278] and reduces Wolbachia’s presence in the gut, which
is known to be associated with neurodegenerative disorders. These studies emphasize the
relation between gut microbiota, GBA, and the associated neurodegenerative disorders.
Parkin gene associated with Parkinson’s disease in Drosophila [279,280] in ECs is required
to maintain the microbial load. The microbial composition in parkin mutants is found
to be drastically different from wild-type flies. In autism spectrum disorder (ASD), low
levels of KDMS5 cause intestinal epithelium disruption. The presence of gases produced
by the overgrowth of bacteria causes bubble formation in the KDM5 mutant’s midgut and
change the composition of gut flora [281]. Though huge attention has been paid to the gut
microbiota in neurodegenerative diseases, areas involving gut-brain neural connectivity,
abnormal hormonal function, and nutrient sensing have not been explored in this context.
Future studies are needed to address the role of neuro hormones in the pathophysiology of
neurodegenerative diseases.

The role of the gut in various cancers has been explored, too, using Drosophila. The
loss of fly adenomatous polyposis coli gene (APC, tumor suppressor gene) causes an
increase in ISC proliferation in the gut [282], resembling conditions seen in intestinal
adenomas. JNK-Wg signaling regulates the number of gut ISCs. Damaged ECs lead to
a surge in JNK signaling and a rise in Wg ligands in (EB) activating JAK-STAT ligands
Upd2 and Upd3, which further increase ISCs” non-autonomous over-proliferation [283].
The absence of APC in ISCs increases the JAK-STAT pathway and affects ISCs proliferation.
This helps in establishing the conservation of pathways that regulate ISC proliferation
and gut homeostasis [284]. It has been shown that APC and RAS control cell growth in
the gut by interacting with one another. In Drosophila, orthologous forms of activation of
non-receptor tyrosine kinase c-Src lead to ISC proliferation, and inactivation inhibits further
ISC proliferation [285]. These results suggest how ISC proliferation is directly involved
with cancer formation in both flies to mammals. Oncogenes in the hindgut synergize with
the innate immune system to stimulate tumor cell invasion. After bacterial infection, ISCs
proliferate but less in the hindgut as opposed to the midgut. RAS oncogene RASv12 induces
cell invasion and dissemination of ECs into the abdominal cavity. Upon RASv12expression,
hindgut shows a cancerlike phenotype, activating the JNK signaling pathway, which in
turn increases ISC proliferation and hence, tumor growth [286]. Studies examining the
effect of the altered proliferation of ISCs on nutrient sensing in the gut are still lacking.

2. New Research Avenues and Conclusions

Drosophila shares a homologous gut system with that of humans, and conservation
between mammalian and fly intestinal signaling pathways, pathophysiology, and regenera-
tion that control them makes fly gut an interesting system to study gut nutrient sensing and
gut-brain neuronal signaling (Table 1). Fly techniques including vivo CRISPR transcrip-
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tional activation (CRISPRa) and interference (CRISPRi) approaches [274,287], single-cell
RNA sequencing, direct optogenetics activation of gustatory receptors, molecular neuro-
genetics, and behavioral assays provide the complex cellular composition of a real intestine
and opportunities to assess various cell types and their physiological roles compared to the
mammalian system at a single-cell level. Many parallels have been observed in intestinal
mechanisms found in flies to be active in mammals (Table 1) and may therefore become
relevant in the context of human pathologies, including diabetes, obesity, neurodegen-
erative diseases, GI cancers, or aging. Some examples of olfactory and taste receptors
found in extra oral and extra nasal tissues relevant to metabolic diseases are highlighted in
Table 2. Their diverse functions other than just chemosensory roles show their potential to
be therapeutically exploited [288] in health and disease. Parallel findings of communication
between gut and brain via different neuropeptides in both humans and flies emphasize
the importance of the gut in maintaining health. Neural circuits linking the gut and brain
have played a major role in probing the role of the gut in several metabolic disorders,
neurological syndromes, aging, and cardiovascular diseases. Study of specific gut regions,
various cell types during various developmental stages, stem cell biology, and aging in flies
have given clarity to mechanisms not known so far and handle to look at the diseases from a
new perspective. Many other functions, including the role of unidentified chemo receptors
in the gut, their connectivity with the brain mediating nutrient digestion/transport through
neuropeptides, or organs such as the crop and the proventiculus, remain inadequately
characterized. Greater understanding is required on the function of the gut microbiota on
gut-brain neural circuitry. It is yet to investigate the exact key neurons that mediate nutrient
sensing to regulate metabolism and play a key role in human or insect (patho)physiology
concerning feeding behavior and appetitive learning. Developing new techniques and
behavioral assays can help us explore physiological drives: what is the gut function to
maintain the overall health of the animal. They would help to tease apart complexities
of gut integrating various metabolites and the role of gut microbiota in nutrient sensing.
It would be interesting to find out the key intestinal sensors and nutrient-induced gut
signaling to the brain during energy expenditure. How the physical association between
gut and brain via neural micro circuits regulate decisions regarding nutrition, hunger and
satiety have been poorly characterized. Future work is needed to detail the connections
between nutrient sensing and the role of thermosensors and capsacin in accepting incoming
hot meals.

Deregulation of nutrient sensing and signaling pathways in the gut not only can
affect overall wellbeing and mental health but can therefore lead to faster aging as well.
Nutrigenomics studies changes induced by diet on the genome of the animal where health,
diet, and genomics are important subjects to consider. Drosophila is an ideal model for
in vivo modeling for nutrigenomic studies because they have functional orthologs of ~75%
of human disease-related genes and organs/tissues that perform the equivalent functions
of most mammalian organs, while discrete clusters of cells maintain insect carbohydrate
homeostasis in a way similar to pancreatic cells. The mechanistic connections between
nutrition sensing via gut and longevity in flies are still underexplored. Moreover, the role
of nutrient-sensing mechanisms by the gut in mediating sleep is still lacking.

Animals including Drosophila eat and prefer to feed on appetitive substances during
particular hours of the day. Since circadian clocks of fly gut cells are subject to signaling cues,
including the timing of food intake during the day [289], and play an overarching role in
regulating human physiology, it is of prime importance to study clock genes network in the
gut during physiological changes that regulate feeding behaviors, sleep, and metabolism.
Disruption of circadian rhythms is associated with sleep disorders [290,291] and metabolic
syndrome [292]. Understanding genomics of circadian rhythms in gut nutrient sensing
will provide opportunities for the discovery of improved treatment strategies and a new
understanding of biological underpinnings in human health and disease.

Extensive evidence indicates that regulated nutrient sensing via the gut is the key to
keeping metabolic disorders at bay. Dysregulation of nutrient sensing-dependent gut-brain
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pathways and abnormal gut microbiota in conditions such as obesity has been observed and
invites future studies examining the gene and environmental interactions for further devel-
opment of personalized medicine approaches to treat metabolic diseases. We anticipate that
findings from intestinal pathology, gut-brain neural circuitry/signaling, neuropeptides,
and conserved biology mechanisms in flies will emphasize the most conserved aspects of
human intestinal biology. The current and future fly work on nutrient sensing via gut will
contribute greatly to translational research investigating the effect of drugs, microbial and
host genetic component analyses, leading to novel findings that are broadly applicable to
human health and disease [293].
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Abbreviations

ENS Enteric nervous system
CNS Central nervous system
GI Gastrointestinal

ISCs Intestinal stem cells
ECs Enterocytes

EE Enteroendocrine

EBs Enteroblasts

GBA Gut-brain axis

VNC Ventral nerve cord

PDF Pigment dispersing factor
ITP Ion transport peptide
Akh Adipokinetic hormone
AST Allatostatin

Dh44 Diuretic hormone 44
sNPF Short neuropeptide F

Tk Tachykinin
HGN1 Hindgut neuronl
IN1 Interneurons neurons

Ilp7 Insulin-like peptide 7
Hh Hedgehog
DILP2  Drosophila insulin-like peptide

PNS Peripheral nervous system
Lst Limostatin

NPF Neuropeptide F

Lk Leucokinin

DTKR  Drosophila Tk receptor
IPCs Insulin-producing cell
Upd2 Unpaired 2

EGFR  EGF receptor

ICN IPC-connecting neurons
Ast-A Allatostatin-A

Ast-B Allatostatin-B

Ast-C  Allatostatin-C

Crz Corazonin
DTKR  Drosophila Tk receptor
JH Juvenile hormone

CRH Corticotropin-releasing hormone
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DMS Dromyosuppressin

AMP Adenosine monophosphate
ATPase Adenosine triphosphatase

ASD Autism spectrum disorder

Ap Amyloid 3

SCFAs Short-chain fatty acid

APC Adenomatous polyposis coli gene

CRISPRa  CRISPR transcriptional activation
CRISPRi  CRISPR interference

TASIR Taste receptor family 1

OLFR544  Olfactory receptor 544

FFAR Free fatty acid receptor

GLP1 Glucagon-like peptide 1
PUFA Polyunsaturated fatty acid
CCK Cholecystokinin

GIP Gastric inhibitory polypeptide
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