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Abstract

The evolution of complex organ systems in metazoans has dictated that the maintenance of energy
homeostasis requires coordinating local and systemic energy demands between organs with
specialized functions. The gastrointestinal tract is one of many organs that is indispensable for the
systemic coordination of energy substrate uptake, storage, and usage, and the spatial organization
of this organ (i.e. proximity to other metabolic organs) within a complex body plan underlies its
role in organ crosstalk. Studies of various arthropod intestines, and in particular insects, have shed
light on the evolution and function of the gastrointestinal tract in the maintenance of energy
homeostasis. This brief review focuses on studies and theories derived from the insect intestine
(particularly the midgut) of adult Drosophila melanogasterto inform on the how, what, and why of
the gastrointestinal tract in the systemic regulation of lipids, the most common form of stored
energy in insects.
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A brief introduction:

Insect gastrointestinal tracts are complex and adaptable. The gastrointestinal tract of adult
Drosophila melanogaster is composed of a foregut, midgut, and hindgut. The foregut can be
subdivided into the oesophagus, crop (potentially important for food digestion and/or
storage), and proventriculus (potentially important for pathogen defense), while the hindgut
connects the midgut to the rectal ampulla (Fig. 1A). Finally, the midgut, which will be the
primary focus of this review, is the major site of food digestion, nutrient absorption, and
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energy substrate storage [1]. The Drosophila midgut consists of a tube lined by an epithelial
monolayer. Toward the lumen, the midgut epithelium is additionally protected by a chitin
layer called the periotrophic matrix, and toward the basement membrane (opposite the
lumen), the epithelium is surrounded by visceral muscle exposed to circulating hemolymph
(arthropod blood). This midgut epithelial layer mainly contains four types of cells: intestinal
stem cells (ISCs), enterocytes (ECs), secretory enteroendocrine cells (EEs), and enteroblasts
(EBs, a postmitotic cell that can differentiate as an EC). The presence of ISCs promotes
midgut regeneration of functional enterocytes after damage [2,3], such as that induced by
external pathogens [4]. Midgut enterocytes, which are large, polyploid cells that project
microvilli into the lumen, drive both nutrient absorptive functions and pathogen defense
mechanisms (more on this later). In part through these ancient functions, shaped by
evolution, the insect gastrointestinal tract can direct systemic metabolic responses and
influence energy homeostasis.

It is generally accepted that midgut enterocytes are the key cell type for food digestion and
nutrient absorption in Drosophila, especially the major caloric energy substrates; protein,
carbohydrate, and lipid (thoroughly reviewed in [1]). Neutral lipids in particular, such as
sterol esters, triacylglycerides (TAG), and diacylglycerides (DAG), play an ancestral role in
shaping energy homeostasis and organismal lipid metabolism, and TAG specifically is the
most abundant stored energy (calorie) source in insects ([5]and thoroughly reviewed in
[6,7]). The products of lipid digestion in the midgut lumen (mainly free fatty acids, glycerol,
and DAG; along with dietary sterols) can be absorbed into enterocytes via diffusion or
specific mechanisms that couple sterol and lipid uptake (note: Drosophila are cholesterol
auxotrophs, and thus require refined mechanisms to promote efficient uptake of dietary
sterols [8,9]). Ingested lipids can be reassembled into TAG, and stored in lipid droplets
within enterocytes. Midgut TAGs can further be mobilized to other energy usage or storage
organs (such as the insect fat body, the major site of TAG storage) through insect
lipoproteins via hemolymph [10,11]. While lipid (and sterol) absorption is critical, natural
Drosophila diets generally consist of decaying plant, fruit, or fungal material. These diets are
general low in TAG, but enriched in complex carbohydrates. To this end, most adult insects
rapidly convert simple sugars into stored lipids (TAG) via de novo lipogenesis, and the
midgut and fat body are the two major insect organs where this process occurs [5,6].

The Drosophila melanogaster gastrointestinal tract, and midgut in particular, thus plays a
critical role in the balance of lipid energy substrate uptake, usage, storage, and mobilization.

How...Does the Drosophila midgut influence systemic lipid-dependent

energy homeostasis?:

While the midgut’s role in nutritive lipid uptake and synthesis is a threshold for balancing
energy supply and demand for other organs, the diverse cellular composition of this
intestinal tract also relays signals to coordinate lipid metabolism through organ crosstalk.
This crosstalk is also likely to be defined by the spatial organization of the midgut within the
insect’s compact body plan (which also lacks a closed or direct circulatory system). Specific
parts of the tubular midgut make direct or proximal contact with other energy storage/usage
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tissues, such as the thoracic flight muscle, the fat body, and sex organs (some of which is
visualized in the cross-sectional image presented in Fig. 1B) that may facilitate spatio-
temporal regulation of energy homeostasis through unique functional compartmentalization
of the gastrointestinal tract. For example, a large section of the anterior midgut, as well as
the foregut, are embedded within the indirect flight muscle of the thorax (Fig. 1B-C).
Specialized neuroendocrine cells, called the corpora cardiaca (CC), are also attached to the
foregut, and these cells secrete circulating peptide hormones capable of shaping organismal
TAG metabolism (Fig. 1C and [12,13]). The flight muscle of insects requires abundant
energy sources, including the usage of both stored and mobilized TAG, highlighting a
potentially unique proximal relationship between the anterior midgut/foregut, physically
anchored endocrine cells, and muscle in the control energy homeostasis [5]. Another
example of midgut spatial organization dictating signal relays with other organs is the
relationship between the posterior midgut and testes (Fig. 1D). In part of a complex
mechanism, specific cell types in the male (but not female) posterior midgut can secrete
citrate, and proximal cells within the testes can uptake this metabolite to promote
spermatogenesis [14]. Thus, it is possible other metabolites or energy substrates (such as
lipids) are also proximally ‘transferred’ between these organs. Finally, parts of the middle
midgut and posterior midgut are embedded within the fat body (attached to the abdominal
cuticle, Fig. 1B and E), which is the major of site of TAG storage and de novo lipid synthesis
in most insects. To this end, the fat body is also a depot for lipid mobilization to energy
usage tissues [6,11]. The proximal relationship between sections of the midgut and fat
storage depots again highlights the potential for unique crosstalk mechanisms (i.e. a direct
link between nutrient uptake and storage) between specific regions of midgut enterocytes
and the fat body in order to coordinate energy homeostasis. Furthermore, the fat body acts as
an essential secretory organ in insects, and direct midgut-fat body crosstalk might promote a
unique feed-forward loop to enhance secretion of fat body-derived signals to drive systemic
communication within the entire organism (reviewed in [6]).

Neutral lipid storage, and likely TAG storage, within enterocytes is also heterogenic
throughout the midgut, with enrichment found in sections of the anterior and posterior
midgut regions (as well as small section of the middle midgut, Fig. 1F and [15]). The
diversity in lipid storage reflects the metabolic functional compartmentalization of the
midgut (based on cellular morphology/heterogeneity and metabolic gene expression, [15-
17]). While the biological relevance for some of these highly-specific regional differences in
metabolic functionality remain unclear, it is likely that the spatial organization of the
gastrointestinal tract within the insect body plan (i.e. proximity to other metabolic organs)
dictates some of this regionality (Fig. 1B). Thus, it is to be expected that the evolution of
unique organ systems in unique insects has shaped local and systemic communication
networks to coordinate energy homeostasis.

Furthermore, the Drosophila midgut is innervated by a complex enteric nervous system,
which through neuronal relays can also direct local and systemic metabolic responses. This
enteric nervous system underlies a crucial midgut-brain communication axis that governs
many aspects of systemic physiology and feeding behavior (not discussed here but
thoroughly reviewed in [1]).
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What...Does the Drosophila midgut utilize to coordinate systemic lipid-
dependent energy homeostasis?:

There are a variety of midgut-derived signals, secreted metabolites or peptides, which can
directly or indirectly (or putatively) regulate lipid-dependent energy homeostasis through
controlling various cellular/systemic signaling networks. These signals can be local
(paracrine, that in turn dictate organismal physiology) or systemic (endocrine), and are
derived from diverse cell types/regions (summarized in Table 1).

Numerous neuropeptides are secreted from distinct or regional midgut enteroendocrine cells
[18], and can impact various aspects of lipid metabolism and lipid-dependent energy
homeostasis. Tachykinin, for example, locally directs de novo lipid synthesis in enterocytes,
and further influences systemic lipid homeostasis in other organs [19], while Neurotensin
can promote lipid accumulation in various lipid storage tissues through modulating 5’-AMP-
activated protein kinase (AMPK) signaling [20]. Neuropeptides Allatostatin A and Bursicon
alpha can regulate insect adipokinetic hormone (AKH, a functional homolog of glucagon)
secretion from the corpora cardiaca in the foregut, and AKH can subsequently shape lipid
synthesis and mobilization from the fat body and midgut [12,21-23]. CCHamide2, and
potentially Allatostatin A as well, can putatively impact the production/secretion of insulin-
like peptides (ILPs, functional homologs of insulin) from insulin-producing cells (IPCs) in
the insect brain [24,25]. Circulating ILPs are critical systemic signals that drives lipid
storage in insects, and the antagonism between AKH and ILPs acts to balance lipid
catabolism/anabolism in organs with specialized metabolic functions to systemically
coordinate energy homeostasis [5,26]. Many of these neuropeptides are also expressed in the
central nervous system, such as Allatostatin A, highlighting a potential systemic ‘metabolic
balance’ shaped by ILPs (controlled locally by brain neuropeptides targeting IPCs) and
AKH (controlled locally by enteroendocrine-derived neuropeptides targeting the corpora
cardiaca). Midgut-derived IMPL2, a circulating insulin-like peptide binding protein that
inhibits ligand/receptor interactions, can also limit ILP function and promote systemic lipid
wasting [27,28].

The spatial organization of the corpora cardiaca within the foregut provides a route for local
midgut signals to control circulating signals, and thus the ability to systemically coordinate
lipid-dependent energy homeostasis. Beyond AKH, these neuroendocrine cells also secrete
Limostatin, which is a decretin hormone that suppresses insulin-like peptide production in
IPCs [13].

Finally, the Drosophila midgut lumen also hosts transient and colonizing resident
commensal bacteria. These microbiota promote nutritional symbiosis, utilizing dietary
nutrients in the lumen but also aiding in nutrient uptake for the insect host [29]. Some of
these bacteria also direct systemic physiology through bacteria-derived metabolites [30-32].
For example, Acetobacter pomorum can secrete acetic acid from the midgut lumen in the
developing insect larvae, which in turn can influence insulin signaling pathway activity
throughout the organism [30]. While some of these microbe-dependent control mechanisms
have only been described in the larval midgut, it is likely similar mechanisms exist in the
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adult insect. To this end, midgut bacteria act as additional source of systemic or local signals
that can likely direct lipid-dependent energy homeostasis.

Why...Does the Drosophila midgut play a central role in the systemic
coordination of lipid-dependent energy homeostasis?:

The evolution of these midgut-derived signals and systemic signaling networks, likely
further influenced by the spatial organization of the gastrointestinal tract within the insect
body plan, is driven by ancient lipid-metabolic adaptive responses. First, some of these
signals aid in the inter-organ rationing and regulation of lipid usage, storage, uptake, and
mobilization during nutrient deprivation or in response to dietary changes/macronutrient
imbalances [19]. This includes microbiota-dependent control of metabolic responses, as
adaptation to dietary changes constitutes a selective pressure influencing gastrointestinal
tract bacterial diversity across taxa [33-35]. Secondly, some of these signals aid in
coordinating insect feeding behavior with nutrient uptake (lipids, sugars, and amino acids),
along with further balancing inter-organ lipid usage, storage, and mobilization [21-23]. This
coordination may be linked to diurnal changes in food intake [5], or reproduction (and
sexually dimorphic local or systemic cues [14]).

Finally, ancestral metabolic signaling pathways have co-evolved with ancestral innate
immune signaling pathways, eliciting integrated responses. As the primary barrier to
external pathogens, the insect gastrointestinal tract has distinct cell types that promote both
nutrient-sensing and bacterial-sensing [36], allowing for bidirectional communication
between signaling pathways that respond to a variety of external cues (such as bacteria or
dietary macronutrients). To this end, innate immune signaling pathways can locally (and
subsequently throughout the organism) direct midgut lipid metabolism in response to diverse
microbes and/or pathogens, often utilizing midgut- or microbe-derived signals that
coordinate lipid-metabolic responses [31,37—40]. This discrete control of lipid metabolism
(and often TAG catabolism) helps shape energy homeostasis and limit pathogenesis in
response to enteropathogenic infections that require both a complex balance of energy usage
and maintenance, as well as a complex integration of a multitude of signaling networks.
While the insect midgut senses enteropathogens, this external cue is quickly communicated
to other immuno-metabolic organs (such as the fat body, [41]) in order to systemically
coordinate a broader response, controlling both systemic innate immune responses and,
likely, lipid-metabolic responses.

Thus, beyond feeding, diet, and reproduction, immune-metabolic interactions have likely
played a significant part in shaping the Drosophila midgut’s role in the systemic
coordination of lipid-dependent energy homeostasis.

Materials and Methods:

Whole Fly and Midgut Imaging:

Whole flies were first fixed in Eppendorf tubes with 4% PFA for 2—-3 days at 4°C. Fixed flies
were then washed with 1X PBS and then hemisected with a scalpel. The hemisected samples
were again fixed with 4% PFA for 20 min at room temperature.
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Midguts were dissected in PBS and fixed with 4% PFA for 5 min at room temperature. Fixed
samples were then washed 3X with PBST(0.1% TritonX-100) for 10 mins. each, and then
incubated with fresh Nile Red solution (2ul of 0.004% Nile Red Solution in 500 pl PBST)
overnight at 4°, followed by washing with PBST and then staining with DAPI (Hoechst
Stain) and Alexa Fluor 488 phalloidin (Thermo Fisher Scientific).

Images were collected using a Leica M165 FluoCombi Stereoscope system and processed
using Leica software and Adobe Photoshop.
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Highlights

. The spatial organization of the Drosophila midgut in the systemic
coordination of lipid homeostasis

. Midgut-derived signals that promote local and systemic lipid-metabolic
responses
. Immune-metabolic interactions shape midgut-dependent regulation of lipid-

metabolic responses
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Figure 1: Spatial Organization of Drosophila Midgut
(A) The adult gastrointestinal tract; midgut is highlighted in gray. (B) Immunostaining

(Phalloidin [actin, green] and NileRed [neutral lipids, orange]) of a hemisected female
Drosophila highlighting the spatial organization of the midgut within the compact body plan.
Select organs highlighted; midgut (dotted line), thoracic indirect flight muscle (open white
arrow), and fat body (solid white arrow). (C) Proximal relationship of foregut/anterior
midgut, thoracic muscle, and corpora cardiaca (CC); regions of neutral lipid storage (lipid
droplets) highlighted in red. Insert highlights intermyofibrillar neutral lipid storage (D)
Proximal relationship of the posterior midgut and testes. (E) Proximal relationship of the
middle/posterior midgut and fat body. (F) Immunostaining (NileRed [neutral lipids, orange])
of the dissected female Drosophila midgut; monolayer epithelium surrounding the lumen.
Solid white arrows highlight enrichment in neutral lipid accumulation.
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Table 1:
Drosophila Midgut-derived Signals
Type of
Name Location Cell type Target Target tissue Target pathway  signal Reference
Tachykinin EE TKkR99D Midgut (ECs) SREBP Paracrine [19]
inhibition
Neurotensin Midgut EE NTR Multiple AMPK Paracrine/ [20]
tissues endocrine
Allatostatin A Midgut EE AstA-R2 CC and brain AKH and insulin  Paracrine/ [21,22]
(IPCs) secretion endocrine
Bursicon alpha  Midgut EE Lgr2 CcC AKH secretion Paracrine/ [23]
endocrine
CCHamide2 Midgut EE CCHa2-R Brain (IPCs) Insulin Endocrine [24,25]
production
IMPL2 Midgut - Insulin-like Multiple Insulin signaling  Endocrine [27,28]
peptide tissues
Limostatin Foregut CcC LstR Brain (IPCs) Insulin secretion  Endocrine [13]
AKH Foregut cCc AKHR Multiple AKHR signaling  Endocrine [5,12]
tissues
Acetic acid Midgut Acetobacter p. - Multiple Insulin signaling - [30]
lumen tissues
Acetate Midgut U/l microbiota ~ IMD/ Multiple Insulin signaling - [31-]
lumen tachykinin tissues
Amino acids Midgut LactobacMus P — Multiple TOR signaling - [32]
lumen tissues

IMPL2 - Imaginal morphogenesis protein-late 2; AKH - Adipokenetic hormone; EE — Enteroendocrine; EC - Enterocyte; CC - Corpora cardiaca:
TKR990 - Tachykinin receptor 99D; NTR - Neurotensin receptor; AstA-R2 - Allatostatin A receptor R2; LstR - Limostatin receptor; AKHR -
Adipokenetic hormone receptor; IMD - Immune deficiency pathway; IPC - Insulin producing cells; SREBP - Sterol regulatory element binding
protein; Acetobacter p. — pomorum; U/l — Unidentified; Lactobacillus p. - plantarum: AMPK - 5" AMP activated kinase; TOR - Target of

rapamycin.
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