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Abstract: Animals use dietary lipids to sustain their growth and survival. Insects can synthesize
fatty acids (FAs) and are autotroph for a number of lipids, but auxotroph for specific lipids classes
(e.g. sterols, polyunsaturated FAs). Once ingested, lipids are hydrolyzed in the intestinal lumen and
taken up into intestinal cells within specific regions of the insect digestive tract. These lipids can be
either stored in the intestinal cells or exported through the haemolymph circulation to specific
organs. In this chapter, we describe the various lipids provided by insect diets, their extracellular
hydrolysis in the gut lumen and their intake and metabolic fate in the intestinal cells. This review
emphasizes the critical role of the digestive tract and its regionalization in processing dietary lipids
prior to their transfer to the requiring tissues.
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Insects colonize a great variety of ecological niches on Earth and, thus, their survival relies on
diverse feeding diets. Dietary macromolecules provided by the environment are used to produce
energy and building blocks required to sustain developmental growth and reproduction, and to
maintain homeostasis. The digestive tract is the first organ exposed to these external macromolecules.
It must take in charge several essential functions, including protection against pathogens,
neutralization of toxic compounds, extra-cellular digestion of macromolecules into assimilable
nutrients, and absorption and efflux of these nutrients into the haemolymph (the insect open
circulatory system). In addition, intestinal cells can fulfil storage and further enzymatic modifications
prior to the distribution of nutrients throughout the overall body to the needing organs. Therefore,
the digestive tract plays a major role in coordinating local and systemic homeostasis (Zhao and
Karpac 2020). Mechanistically, the food bolus progresses through specialized compartments that
process specific nutrients. The diversity of insect species and their broad diet spectrum is associated
with a large variety of digestive tract anatomical structures favoring nutrient breakdown and
assimilation (Terra and Ferreira 2020). Nonetheless, despite this huge diversity, the nutrient
requirements and the digestive tracts of insects exhibit conserved functional and structural
properties.

Enzymatic digestions of carbohydrates, proteins and lipids have been investigated in several
insect species for more than a century (Plateau 1876) to understand how the basic nutrients are
produced and assimilated. Food provides essential and dispensable lipids, which are enzymatically
processed in the gut lumen and taken up by the enterocytes. In this chapter, we will first provide an
overview of the insect digestive tract and discuss essential dietary lipids. Next, we will describe the
lipid digestive processes in the gut lumen and the uptake of the resulting products by enterocytes.
Finally, we will describe the lipid metabolic processes that take place in midgut cells. Digestive
processes are tightly regulated by systemic controls, including endocrine signals from the brain and
the fat body, which will not be addressed here. In this chapter, we will focus on lipid digestion, the
dynamics of this process along the whole midgut and its essential role prior to the transfer of basic
dietary lipids into the body internal milieu.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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1. The Insect Digestive Tract

1.1. Structure of the Digestive Tract

The diversity in the morphology of the alimentary canal strongly depends on the taxon rather
than on the insect feeding regimen (Santos et al. 2017; Terra and Ferreira 2020). Nonetheless,
irrespective of the phylogeny, the insect midgut always comprises three major regions: the foregut,
the midgut and the hindgut (Chapman et al. 2013) (Figure 1A). The foregut and the hindgut are of
ectodermal origin and are covered by a cuticle facing the intestinal lumen. The midgut is of
endodermal origin and is protected by a thin mucus layer and, for most species, by another structure
called the peritrophic matrix (PM, also called peritrophic membrane) (Terra 2001). From the anterior
to the posterior ends, the foregut comprises the mouth, the pharynx connected to the salivary glands,
the esophagus, the crop in which the food bolus is transiently stored and the proventriculus that
controls the entry of food into the midgut. The midgut is subdivided in an anterior, a median and a
posterior region. Genomic and morphological analyses revealed that the midgut of Drosophila
melanogaster contains five regions, which can be further divided into up to 14 sub-regions (Buchon et
al. 2013; Dutta et al. 2015; Marianes and Spradling 2013). In most species, the anterior midgut is
connected to gastric caeca (Terra and Ferreira 2020). The hindgut contributes to water reabsorption
and feces formation. It comprises the ileum connected to the Malpighian tubules, which fulfil
excretory functions, the colon, the rectum and the anus.

The midgut is the main organ of food digestion and nutrient absorption, which are facilitated by
the presence of a PM and the absence of an external cuticle. The PM is a chitin-based lattice of
proteoglycans and proteins. Depending on the insect species, the PM is produced either by the
proventriculus or by delamination from the intestinal cells along the whole midgut (Hegedus et al.
2009; Lehane 1997). Hemipterans and thysanopterans do not have a PM but a lipoproteic
perimicrovillar membrane that fulfils a similar function (Ribeiro et al. 2014). The PM
compartmentalizes the midgut lumen into an endoperitrophic space, the PM itself and an
ectoperitrophic space (Figure 1A). Depending on their physicochemical properties, the digestive
enzymes are either attached to the epithelium membrane, free in the ectoperitrophic or
endoperitrophic spaces, or framed within the PM (Hegedus et al. 2009; Hu et al. 2012). Analysis of
the digestive enzymes that cross the larval PM of Spodoptera frugiperda suggested that the PM pore
diameter is about 7.5-8 nm (Ferreira et al. 1994). As a result, macromolecules and undigested
materials remain in the endoperitrophic space, whereas small molecules and nutrients can pass
through, for eventual digestion and absorption by the intestinal cells (Bolognesi et al. 2008). The PM
allows the establishment of bidirectional fluxes along the midgut: contractions of the proventriculus
pushes the food bolus into the midgut generating an anterior/posterior flux inside the
endoperitrophic space (Peller et al. 2009; Woodring and Lorenz 2007), while fluid secretions by the
Malpighian tubules exerts a counter pressure within the ectoperitrophic space (Biagio et al. 2009)
(Figure 1A). These opposing fluxes favor the mixing of foods to be digested and the recycling of the
digestive enzymes.
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Figure 1. The insect digestive insect. (A) Scheme of an insect digestive tract. The PM (black dashed
line) allows bidirectional fluxes (white arrows). (B) The epithelium of the midgut comprises three
main cell types: intestinal stem cells, enteroendocrine cells and columnar cells.

1.2. Cell Types and Their Functions

The midgut is a monolayer epithelium supported by a basal lamina with the apical cell side
facing the intestinal lumen (Caccia et al. 2019). This epithelium is surrounded by striated muscles and
connected to fine-branched tracheoles and nerves (Miguel-Aliaga et al. 2018) (Figure 1B). Pluripotent
intestinal stem cells (ISCs), located at the basis of the epithelium, ensure a constant homeostatic
renewal of intestinal cells (Hakim et al. 2010; Zwick et al. 2019). ISCs give rise to either enteroblasts
or enteroendocrine progenitors that differentiate into enterocytes or enteroendocrine cells,
respectively (Zeng and Hou 2015).

The functions of enteroendocrine cells have been studied in several insect species (Reiher et al.
2011; Wegener and Veenstra 2015), but elucidation of their activity mostly relies on D. melanogaster
studies (Issaq et al. 2009). These cells secrete various peptidic hormones that systemically control
appetite and homeostasis (Veenstra 2009; Veenstra et al. 2008). They also act locally to control midgut
peristalsis (LaJeunesse et al. 2010) and lipid metabolism (Song et al. 2014).

The enterocytes, which should formally be called columnar cells (Caccia et al. 2019), are the most
abundant cell type in the midgut and display a characteristic organization that accounts for their
secretive and/or absorptive functions (Azevedo et al. 2009; Fialho et al. 2013; Lehane 1977; Rost-
Roszkowska et al. 2007; Santos et al. 2017; Teixeira et al. 2013). Columnar cells mainly specialized in
enzyme secretion contain in their apical cytosol rough endoplasmic reticulum (ER) and granules, and
display apical microvilli (de Sousa et al. 2009). Release of vesicles containing digestive enzymes may
occur through various types of secretion systems, namely holocrine, apocrine and merocrine (Fialho
et al. 2013; Fuzita et al. 2019; Silva et al. 2013). During holocrine secretion, secretory vesicles and the
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cytoplasm are released into the gut lumen by rupture of the plasma membrane, whereas in apocrine
secretion, a variable part of the apical cytoplasm containing vesicles is released by membrane
budding. During merocrine secretion, vesicles fuse with the apical membrane and release their
content into the gut lumen without membrane and cytoplasm loss. Conversely, columnar cells mainly
specialized in absorption exhibit a dense apical microvillar structure, basal membrane infolds and
accumulate lipid droplets (LDs) depending on diet, gut region and insect species. These subcellular
structures as well as the membrane composition greatly vary along the anterior-posterior axis of the
midgut, suggesting different nutrient absorption and enzyme secretion abilities, although the
existence of populations of columnar cells strictly specialized in either function has not been formally
demonstrated (Caccia et al. 2019; Terra et al. 2006).

The pH greatly varies along the intestinal tract depending on gut regions and insect species
(Harrison 2001; Terra and Ferreira 2020). In various species, restricted regions display extreme pH
values; for instance, in the median region of the midgut of some Scarabaeidae, alkaline pH can reach
12, which favors lipid saponification (Lehane 1977) and lipase activity (Canavoso et al. 2001). The
precise regulation of the luminal pH depends on active acid-base secretion processes across epithelia,
including an H+-V-ATPase potassium/proton exchanger (Harrison 2001). Extreme pH values appear
to rely on specialized cells that are specific to certain insect species (Caccia et al. 2019). Goblet cells
mostly studied in lepidopteran larvae, but also reported in ephemeropterans, plecopterans and
trichopterans, display an invagination of their apical membrane that forms a cavity (Cioffi 1984).
Active ion exchanges in this cavity generate an alkaline pH in the gut lumen, which favors the
neutralization of toxic compounds present in the plant material eaten by phytophagous lepidopteran
larvae. Copper cells found in brachycerous dipterans generate an acidic pH in a restricted region of
the median midgut, thereby favoring the killing of luminal bacteria (Dubreuil 2004; Storelli et al.
2018). In sum, the whole Iumen environment depends on exogenous and endogenous parameters,
which determines the final digestive abilities of each insect species.

2. Essential and Non-Essential Dietary Lipids

2.1. Dietary Lipids

Insects find in their food a great variety of lipids, including those essential for survival and
development that they are unable to synthesize. The main dietary lipids are triacylglycerols (TAGs),
phospholipids, galactolipids, sulpholipids and sterols. TAGs and phospholipids are present in
several types of foods. Galactolipids (mono- and di-galactosyl diacylglycerols, MGDG and DGDG
respectively) (Figure 2A) and sulpholipids (sulfated glycolipids), the most abundant membrane
lipids of chloroplasts, represent up to 80% of total lipids of leaf cells consumed by folivorous insects
(Sahaka et al. 2020). Depending on their diet, insects ingest sterols as phytosterol from plants,
cholesterol from animals or ergosterol from fungi (Jing and Behmer 2020).

Only a few studies investigated the need for fat-soluble vitamins; they are not metabolized in
the midgut but directly transferred to the requiring organs. Experimental strategies to determine the
essential need of a given lipid are based on either controlling the food composition or feeding
radiolabeled precursors to monitor their incorporation in final products (Canavoso et al. 2001). In this
way, it has been shown that insects are unable to synthesize sterols, most of them being also disabled
for polyunsaturated fatty acids (PUFAs) synthesis.
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Figure 2. Essential and non-essential lipids. (A) Galactolipids are the main components of membrane
thylakoids; R1 and R2 represent the esterified FA moieties; Gal the galactose residues. (B) Essential
and non-essential PUFAs. (C) The synthesis of cholesterol from farnesylpyrophsophate does not
operate in insects.

Only a few studies investigated the need for fat-soluble vitamins; they are not metabolized in
the midgut but directly transferred to the requiring organs. Experimental strategies to determine the
essential need of a given lipid are based on either controlling the food composition or feeding
radiolabeled precursors to monitor their incorporation in final products (Canavoso et al. 2001). In this
way, it has been shown that insects are unable to synthesize sterols, most of them being also disabled
for polyunsaturated fatty acids (PUFAs) synthesis.

2.2. Essential Fatty Acids

Although most insect diets contain TAGs, insects are able to synthesize long chain fatty acids
(LCFAs), the monounsaturated palmitoleic (C16:1) and oleic (C18:1) acids, and TAGs (Garrido et al.
2015). In contrast, they are classically considered to be auxotrophs for the polyunsaturated linoleic
(C18:2) and a-linolenic (C18:3) acids (Figure 2B). Nevertheless, Blomquist and colleagues have shown
that a few insect species, including the cockroach Periplaneta americana and the house cricket Acheta
domesticus, are autotrophs for linoleic but not a-linolenic acid (Blomquist et al. 1991). Linoleic acid is
the precursor of arachidonic acid (AA, C20:4), whereas o-linolenic acid is the precursor of
docosahexanoic (DHA, C22:6) and eicosapentanoic (EPA, C20:5) acids (Figure 2B), both pathways
requiring the same metabolic enzymes (Stark et al. 2008). Surprisingly, D. melanogaster is disabled for
AA, EPA and DHA synthesis (Shen et al. 2010), a default likely shared by mosquitoes that require
dietary AA or EPA to sustain their larval development (Dadd and Kleinjan 1979; Merritt et al. 1992).
Oxidation of AA directs the synthesis of eicosanoids (e.g., prostaglandins), appearing to be important
for juvenile development, immune response and reproductive functions in insects (Kim and Stanley
2021). The specific requirements of EPA and DHA have been investigated in D. melanogaster, and
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revealed that feeding an EPA/DHA mixture is neuroprotective against intoxication with the Paraquat
insecticide (de Oliveira Souza et al. 2019).

The phenotypes induced by PUFA deficiency differ between insect species. In the locusts
Schistocerca gregaria and Locusta migratoria, this deficiency results in impaired adult emergence (Dadd
1961), whereas in other species it may result in milder phenotypes, including wing expansion defect
and reduced reproductive capacity (Beenakkers et al. 1985). In some coleopteran, dipteran and
lepidopteran species, phenotypes may appear only after two generations of deprivation, suggesting
that the very low amounts provided by the oocyte stores are sufficient to sustain their critical
functions (Canavoso et al. 2001; Stanley-Samuelson 1994).

2.3. Sterol Requirement

Insects are unable to synthesize sterols (Clark and Block 1959; Svoboda 1999), although for a few
species, sterols are provided by intestinal symbionts (Clayton 1964; Jurzitza 1974). Cholesterol is
essential i) as a membrane component present at high levels in lipid rafts (Carvalho et al. 2010;
Rietveld et al. 1999), ii) as a precursor of the molting ecdysteroid hormones (Rewitz et al. 2006;
Yamanaka et al. 2013), and iii) as a Hedgehog conjugate required for signaling efficiency (Cooper et
al. 2003). The need for dietary sterols for insect development was first discovered in the blow-fly
Lucilia sericata (Hobson 1935); this requirement was next extended to all investigated insect species
(Canavoso et al. 2001; Jing and Behmer 2020). Deficiency in dietary sterols results in defects in
developmental growth, molting transitions and reproduction, although maternally provided sterol
stores may be sufficient to support early developmental processes, as reported for the first and second
larval stages of D. melanogaster (Fluegel et al. 2006).

Sterol synthesis requires the condensation of two farnesylpyrophsophate units and its reduction
to squalene (Figure 2C); next, cyclization and oxidation of squalene leads to the formation of
lanosterol, which after further oxidation steps results in cholesterol. Insects can synthesize the
sesquiterpene intermediate farnesylpyrophsophate in the biosynthetic pathway of the juvenile
hormone (Noriega 2014). In contrast, insects lack the enzymes required for squalene, lanosterol and
cholesterol synthesis (Zhang et al. 2019). These final metabolic steps demand a high number of
oxygen molecules. Given their blind tracheal system limiting oxygen delivery to the needing tissues,
it has been proposed that the loss of such a high oxygen-consuming pathway may provide an
evolutionary advantage to insects (Harrison et al. 2010; Zhang et al. 2019).

2.4. Carotenoids and Fat-Soluble Vitamins

Carotenoids are lipophilic isoprenoids divided into carotenes and xanthophylls, the latter result
from the oxidation of the former. They constitute pigments that color the tegument and the eye
photoreceptors of several insect species (Canavoso et al. 2001). Carotenoids were thought to be
synthesized only by plants, fungi and microorganisms, but recent studies revealed that aphid and
cecidomyiid genomes encode the enzymes needed for their synthesis (Cobbs et al. 2013; Moran and
Jarvik 2010).

A few studies investigated the role of the fat-soluble vitamins A, D, E and K in insects. Vitamin
A derives from [(-carotene; its deprivation in D. melanogaster does not affect essential functions but
results in blindness (Dewett et al. 2021). Three forms of vitamin K exist VK1, VK2 and VK3. It has
been shown that a VK1 diet supplementation improves the developmental growth of the house
cricket A. domesticus (McFarlane 1976). Studies in D. melanogaster revealed that VK2 acts as a
mitochondrial electron carrier (Vos et al. 2012) and that feeding VK2 protects against mitochondrial
dysfunctions in lymphoma and Alzheimer models (Dragh et al. 2017; Lin et al. 2021). The need for
vitamin E (a-tocopherol) has been studied in a few insect species and shown to be essential for
spermatogenesis in the house cricket A. domesticus and for female reproduction in Agria affinis
(Fraenkel and Blewett 1946, House 1966; Meikle and McFarlane 1965). Vitamin D3 is a steroid whose
deficiency increases DNA damage. In D. melanogaster, vitamin D3 supplementation reduces the
formation of experimentally induced tumors (Vasconcelos et al. 2020). These requirements open the
door to the search for strategies aimed at controlling insect pest propagation (Moadeli et al. 2020).
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2.5. Microbiota and Dietary Lipids

The gut microbiota comprises all the microorganisms that colonize transiently or permanently
the digestive tract. The gut microbiota has been shown to contribute to insect digestion, homeostasis,
growth, detoxification and resistance to pathogens (Engel and Moran 2013; Grenier and Leulier 2020;
Lee and Hase 2014; Schmidt and Engel 2021). The microbiota is essential for xylophagous insects, as
described in termites, which —when deprived of their anaerobic protists— continue to feed on wood
but die of starvation (Cleveland 1923). Lower termites are exclusive wood-feeders and their hindgut
paunch hosts flagellates, bacteria and archaea, whereas higher termites have a more diverse diet but
are devoid of flagellates (Brune and Dietrich 2015). Digestion of wood polysaccharides by these
symbionts yields short-chain FAs (SCFAs), namely acetate, propionate and butyrate, which are taken
up by the hindgut epithelium. Therefore, the hindgut paunch is referred to as a micro-bioreactor
mostly providing acetate, which constitutes the major source of energy and anabolic metabolism of
xylophagous termites (Brune 2014).

The digestive physiology of xylophagous but also of polyphagous cockroaches shares
characteristic features with that of termites: i) their hindgut contains the highest bacterial density and
is critical for metabolizing indigestible dietary compounds, and ii) these biochemical activities result
in the production SCFAs, which are taken up by intestinal epithelial cells (Cruden and Markovetz
1987). Studies investigating the effect of diet in shaping the microbiota composition found variable
results. One of those showed no significant change in the core microbial populations after shifting P.
americana on a butter-based diet, suggesting that a selection pressure acts to maintain the specificity
of the symbiosis between the insect and its microbiota (Tinker and Ottesen 2016). Volatile acids,
namely acetate, propionate, butyrate, isobutyrate, valerate and isovalerate, are produced by
microbiota-mediated digestion of cellulose; these compounds have been proposed to mediate social
aggregation in several insect species (McFarlane and Alli 1985). In Blattella germanica, volatile FAs
produced by the hindgut microbiota are excreted in the frass and are the main olfactory molecules
mediating social aggregation (Wada-Katsumata et al. 2015).

In the honeybee Apis mellifera, social interactions elicit the colonization of the digestive tract by
a conserved gut microbial community that comprises five core bacterial strains (Kwong et al. 2017).
Pollen wall components resistant to midgut enzymes are metabolized to organic acids in the hindgut,
where the bacterial density is the highest (Kesnerova et al. 2017). Honeybees devoid of microbiota
exhibit reduced body and midgut weight through an insulin-dependent process (Zheng et al. 2017).
These defects result from the lack of SCFAs produced from sugar fermentation by specialized bacteria
in the hindgut.

The burying beetle Nicrophorus vespilloides (Coleoptera), which feeds its offspring on vertebrate
carrions, excretes with their frasses bacteria and yeasts that preserve carcasses from putrefaction, but
also secrete lipases to operate extracellular lipid digestion (Shukla et al. 2018; Vogel et al. 2017a).
Lipase activities have also been reported in the bacteria of the anal droplets from another coleopteran,
the weevil Cryptorhynchus lapathi (Jing et al. 2020).

In the velvetbean caterpillar (Lepidoptera) Anticarsia gemmatalis, antibiotic (tetracycline)
treatment to dampen the gut microbiota slightly affected survival and development, indicating that
gut bacteria are not essential for this species survival in laboratory setting. On the other hand, this
antibiotic treatment strongly suppressed intestinal lipase activity, suggesting that the microbiota
contributes to lipid digestion in velvetbean caterpillars (Visotto et al. 2009). Analysis of the gut
bacteria of three other lepidopteran species, Antheraea assamensis, Helicoverpa armigera and Plutella
xylostella, revealed that among 71 isolates, 46 exhibited lipolytic activity, suggesting that their
microbiota likely play a role in lipid digestion (Gandotra et al. 2016).

The microbiota has been reported to modulate midgut lipid metabolism in several dipteran
species. The Tsetse fly (Glossina pallidipes) and the sand fly (Lutzomyia longipalpis) are the vectors of
Trypanosoma brucei and Leishmania infantum, respectively. In the Tsetse fly, midgut infection provokes
a severe immune response to eliminate Trypanosoma brucei, while Leishmania infantum establishes a
commensal association in the midgut sand fly. However, in both species, midgut infection induces
lipid remodeling (Bateta et al. 2017; Coutinho-Abreu et al. 2020). Axenic mosquito Aedes aegypti
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larvae, lacking bacteria, cannot reach the critical size required for molting; this phenotype is
associated with several metabolic perturbations, including changes in lipid metabolism (Valzania et
al. 2018; Vogel et al. 2017D).

During the past two decades, the D. melanogaster model has been extensively used to investigate
the physiological impact of gut microbiota, which, in the fruitfly, comprises only a few bacterial
species. The two major strains, Acetobacter pomorum and Lactobacillus plantarum cooperate in a
metabolic dialogue that sustains larval growth under nutritional stress (Consuegra et al. 2020a;
Consuegra et al. 2020b). Axenic D. melanogaster larvae are viable and develop to adulthood, but are
sensitive to food scarcity (Shin et al. 2011; Storelli et al. 2011). This phenotype may in part rely on
digestion efficiency, as colonization of the midgut by commensal bacteria enhances, through the
IMD/Relish pathway, the expression of digestive enzymes, including lipases (Erkosar and Leulier
2014). The mechanism of this regulation has been in part decrypted and initially involves the
production of acetate by the commensal bacteria in the anterior midgut, which is the intestinal
segment exhibiting the highest bacterial density (Jugder et al. 2021; Shin et al. 2011; Storelli et al. 2018).
Acetate activates the IMD/Relish pathway in enteroendocrine cells, which in turn enhances the
expression of tachykinin (Jugder et al. 2021; Kamareddine et al. 2018). Tachykinin is a secreted
peptide that binds its cognate receptor at the enterocyte membrane to regulate the intracellular lipid
storage/catabolism rate (Kamareddine et al. 2018; Song et al. 2014).

In summary, the insect microbiota strongly affects host homeostasis by providing additional
nutrients and optimizing the digestion process. As to lipid metabolism, the microbiota stimulates the
expression of host lipases and produces energy metabolites, in particular SCFAs. Acetate appears to
play a central role, both as a carbon source for energy metabolism and as a signaling molecule that
triggers a lipid homeostasis response. In human, acetate produced by the colon microbiota provides
the most abundant energy source for enterocytes and protects against infections (Fukuda et al. 2011;
Lee and Hase 2014), a topic that deserves further investigations in insects.

3. Lipid Hydrolysis in the Gut Lumen

3.1. Lipase Characterization

Early studies on lipid digestion were based on the usage of radiolabeled molecules and the
analyses of the end-products after feeding or incubation with midgut extracts. Further
experimentations were based on the separation of midgut sections and/or lumen gut fractions, and
on the purification of enzymes. More recently, genomic and transcriptomic strategies allowed the
identification of all the potential digestive enzymes and the analysis of their tissue-specific
expression. Digestive enzymes have to hydrolyze dietary lipids, ie. TAGs, phospholipids,
galactolipids and sterols, the latter being possibly ingested as sterol conjugates. TAG
hydrolases/lipases, commonly called lipases, cleave carboxylester bonds in TAGs, diacylglycerols
(DAGSs) and monoacylglycerols (MAGs), but may also be active on steryl-esters and phospholipids
(Horne et al. 2009).

Lipases typically contain a Gly-X-Ser-X-Gly consensus sequence, where the Ser together with a
His and an Asp/Glu residue form the tridimensional catalytic site (Derewenda 1994). When covered
by a peptidic domain —called the lid— the catalytic site is not accessible to the substrate. Lipases are
water-soluble but poorly active in aqueous solution, whereas at the interface of lipid micelles, a
conformational rearrangement opens the lid so that the catalytic site becomes accessible to the
substrate (Holmquist 2000). Depending on their primary structures, lipases are classified as neutral,
acid, lipase2 (not reported in insects), lipase3, GDSL, hormone sensitive lipase (HSL) and adipocyte
triglyceride lipase (ATGL) (Horne et al. 2009). In mammals, digestive lipases correspond to the
families of gastric/acid lipases active at low pH, and of neutral/pancreatic lipases active at neutral
pH, the activity of the latter depending on colipase specific binding at the C-terminal domain of the
lipase (Miled et al. 2000). Congruent with the absence of colipase in insects, their neutral-lipases lack
such a C-terminal domain (Sahaka et al. 2020).
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TAG Lipases (EC 3.1.1.3) cleave ester bounds between FA carboxylic and glycerol-alcohol
residues, although several of these lipases preferentially remove FA in position sn-1 and sn-3 of the
glycerol, leading to sn-2 MAGs (Figure 3A). Phospholipases are defined in respect of their specific
cleavage site. Phospholipases Al (PLA1, EC3.1.1.32) and A2 (PLA2, EC 3.1.1.4) catalyze the formation
of lysophospholipids by removing FA at the sn-1 and sn-2 positions of glycerol, respectively (Figure
3B). Phospholipases B (PLB) cleave both sn-1 and sn-2 sites. Finally, phospholipases that hydrolyze
the phosphate bonds located proximally or distally relative to the glycerol backbone are referred to
as PLC (EC 3.1.4.3) and PLD (EC 3.1.4.4), respectively (Figure 3B). The lid domain and a {-loop
located near the catalytic site are involved in substrate recognition; both long domains are
characteristic of TAG lipases, whereas shorter domains are characteristic of phospholipases (Horne
et al. 2009).

3.2. Insect Digestive Lipases

Insect genomes encode a high number of lipases, most of them belonging to the acid and neutral
lipase families (Table 1). Interestingly, these lipases are more abundant in insects than in mammals
(Horne et al. 2009), which may be the consequence of a high level of redundancy and/or of a broader
diversity of dietary lipids. The high number of lipases together with their substrate flexibility renders
difficult the precise physiological assignment of a specific substrate to a given lipase. Consequently,
investigations aimed at deciphering the lipid digestion processes hardly rely on genetic approaches
but rather on monitoring enzymatic activities of midgut extracts or of purified enzymes, and on
analyzing gene expression in enterocytes.

In the insect midgut, a few studies suggest that TAG hydrolysis preferentially removes FA from
the sn-1 and sn-3 positions of the glycerol, leading to sn-2 MAGs (Bollade et al. 1970; Hoffman and
Downer 1979; Treherne 1958), while others rather suggest complete digestion to glycerol and free
FAs (FFAs) (Table 2) (Canavoso et al. 2004; Tsuchida and Wells 1988; Weintraub and Tietz 1973).
Given that alkaline pH favors the complete hydrolysis to glycerol and FFAs (Canavoso et al. 2001),
these discrepancies may be the consequence of species variability in intestinal luminal pH (Terra and
Ferreira 2020). It may also depend on experimental conditions and/or lipase affinity for specific lipid
classes. For instance, midgut lipases of L. migratoria hydrolyze triolein more efficiently than
tripalmitin (Weintraub and Tietz 1973), suggesting a higher affinity for unsaturated FAs, as reported
for mammalian pancreatic lipases.

Phospholipase activity was first described in the midgut of several species of coleopterans,
lepidopterans and dipterans (Somerville and Pockett 1976; Turunen 1988a; Turunen and
Chippendale 1989; Turunen and Kastari 1979). To date, PLA2 are the most studied phospholipases
(Nor Aliza et al. 2018; Nor Aliza and Stanley 1998; Rana et al. 1997; Sajjadian et al. 2019; Stanley et al.
1998; Uscian et al. 1995; Weiher and Komnick 1997), while only a few studies focused on digestive
phospholipases A1, C and D (references in Table 2). Further, some of the enzymes referred to as PLA1
are actually galactolipases that hydrolyze preferentially the acyl residue at the sn-1 position of the
glycerol backbone of galactolipids (Christeller et al. 2011; Sahaka et al. 2020).

A R2

R1 \;>= O R3
~
O LY
)\i V \\
o) o)

/o sn-1 sn-3 _O AN

4 sn-2 »

Triacylglycerol lipase


https://doi.org/10.20944/preprints202406.1758.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 June 2024 d0i:10.20944/preprints202406.1758.v1

10

B

o Phospholipase D
|

P | O X

|

O

Phospholipase C

Figure 3. Lipase activities. (A) TAG lipases hydrolyze the ester bounds (arrowheads) between glycerol
and FA moieties (R1, R2, R3). (B) PLA1, PLA2, PLC and PLD cleave phospholipids at specific sites
(arrowheads).

Table 1. Number of lipases per class in various insect species. These numbers have been established
using Flybase (Flybase 2003) and insectBase (Mei et al. 2022). Lipases2 that are absent in insects, yolk
proteins that contain inactive catalytic lipase sites and most phospholipases are not represented.

Neutral Acid Lipase3 ~ GDSL HSL ATGL  Total

Aedes aegypti 42 23 2 4 1 0 72
Anopheles gambiae 23 13 2 5 1 1 45
Apis mellifera 14 5 1 5 1 1 27
Bombyx mori 25 17 1 1 1 1 46
Cimex lectularius 14 12 2 1 1 2 32
Drosophila melanogaster 37 25 1 2 1 2 68
Locusta migratoria 22 14 2 3 1 1 43
Manduca sexta 45 28 1 1 1 1 77
Musca domestica 54 39 1 6 1 1 102
Rhodnius prolixus 18 6 3 2 1 0 30
Spodoptera frugiperda 57 22 1 2 1 0 83
Tenebrio molitor 28 25 2 1 1 1 58

Removal of phosphate groups is catalyzed by non-specific alkaline (EC 3.1.3.1) or acid (EC
3.1.3.2) phosphatases, defined by the optimal pH range of their activity. These phosphatases are
active on a great variety of phosphomonoester compounds. Both acid and alkaline phosphatases have
been described as soluble or membrane-bound forms in the midgut of several insect species (da Silva
et al. 2019; Eguchi 1995; Matic et al. 2021; Terra et al. 1988).

Waxes are LCFA/long-chain-alcohol esters, which are structural components of most insect
cuticles and, thus, are present in the insect-based diet of carnivorous insects (Table 2). It has been
suggested that wax hydrolysis might be accomplished by intestinal symbionts, but a recent study
revealed that the honeycomb moth Galleria mellonella exhibits a microbiota-independent digestive
enzyme activity that hydrolyzes the wax ester bonds (Kong et al. 2019).

Dietary sterols are present in a free form or as steryl-ester or steryl-glycoside (Li and Jing 2020).
Cholesterol ester hydrolase (EC 3.1.1.13) was first characterized in the beetle Trogoderma granarium
(Agarwal and Nair 1976). In D. melanogaster, the lipase Magro acts as a sterol esterase in the midgut
(Sieber and Thummel 2012). Phytosterols that contain an alkyl branching are not readily usable by
phytophagous insects (Svoboda 1999). The efficiency of dealkylation varies, depending on the species
(Jing and Behmer 2020). A few enzymes potentially required for phytosterol dealkylation have been
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identified in Helicoverpa zea (Jing et al. 2012), while a desmosterol reductase that catalyzes the final
step of this process has been characterized in Bombyx mori (Ciufo et al. 2011).

Table 2. Lipase activities in the midgut lumen. A number of studies (column reference) have

investigated enzymatic activities (column activity) in the midgut of various insect species (column

species).
Activity Species Reference
TAG to sn-2-MAG Periplaneta americana; Blabera craniifer (Bollade et al. 1970)
Pieris brassicae (Turunen 1975)
Periplaneta americana (Hoffman and Downer
1979)
TAG to | Locusta migratoria (Weintraub and Tietz 1973)
FFAs+glycerol Periplaneta americana; Locusta migratoria (Male and Storey 1981)
Manduca sexta (Tsuchida and Wells 1988)
Panstrongylus megistus (Canavoso et al. 2004)
Phospholipase Al Drosophila melanogaster Table 3
Lepidoptera species (Canavoso et al. 2001)
Musca domestica (Barroso et al. 2021)
Phospholipase A2 Cicindella circumpicta (Uscian et al. 1995)
Manduca sexta (Stanley et al. 1998)
Aedes aegypti (Nor Aliza and Stanley
Spodoptera exigua 1998)
Musca domestica (Sajjadian et al. 2019)
(Barroso et al. 2021)
Phospholipase B Drosophila melanogaster Table 3
Phospholipase C Stomoxys calcitrans (Spates et al. 1990)
Aeshna cyanea (Weiher and Komnick
Musca domestica 1997)
(Barroso et al. 2021)
Phospholipase D Pieris brassicae (Turunen 1988a)
Galactolipase Epiphyas postvittana; Helicoverpa armigera (Christeller et al. 2011)
Sterol dealkilation Bombyx mori (Ciufo et al. 2011)
Sterol esterase Drosophila melanogaster (Sieber and Thummel
2012)
Wax hydrolysis Aeshna cyanea (Komnick and Bauerfeind
Galleria mellonella 1991)
(Kong et al. 2019)
Lipid synthesis Locusta migratoria (Weintraub and Tietz 1978)
Pieris brassicae (Turunen 1988b)

Database mining revealed that the genome of D. melanogaster encodes at least 90 putative lipases
(Flybase 2003), 44 of which are significantly expressed in the midgut (Chintapalli et al. 2007). Among
those, a few are expected to be inactive, such as the yolk proteins of higher dipterans, and therefore
unlikely to participate in lipid digestion (Bownes 1992). Furthermore, given that lipid digestion

mostly takes place in the gut lumen, the presence of a signal peptide as prerequisite for protein
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secretion identified 29 of them as putative functional lipases. These enzymes are predicted (Flybase
2003) to fulfil most lipid-related enzymatic functions (Table 3), although specific activity has been
formally demonstrated for only a few. Due to a high level of redundancy, the critical requirement of
a given enzyme for a specific dietary lipid substrate cannot be easily addressed by a systematic gene
mutant approach.

3.3. Lipase Activity and Expression

In the mammalian pancreas, signal peptide cleavage converts several proenzymes into active
secreted enzymes. This maturation process might be conserved among insect digestive lipases, as
reported for a secreted PLA2 of Spodoptera exigua (Sajjadian et al. 2019; Vatanparast et al. 2018). Lipase
activity mainly relies on the penetration of the enzyme at the interface of lipid micelles. In contrast to
mammals, insects do not produce bile acids to emulsify dietary lipids. This process likely involves
lysophospholipids, which derive from phospholipid cleavage by either PLA1 or PLA2 (Figure 3B)
(Ian De Veau and Schultz 1992; Sajjadian et al. 2019; Stanley 2006). In addition, the penetration of
lipases into micelles is influenced by the acyl chain length, the pH and the concentration of several
ions, in particular Ca?* (Verger et al. 1973). For instance, the midgut lipase activity of the bloodsucking
bug, Rhodnius prolixus, is optimal at neutral pH (Grillo et al. 2007), whereas that of PLA2 in Cicindella
circumpicta (Uscian et al. 1995) and in Nicrophorus marginatus (Rana et al. 1997) is optimal at alkaline
pH; all of them depending on Ca?" concentration. However, a digestive PLA2 of A. aegypti has been
shown to be Ca>-independent (Nor Aliza and Stanley 1998). In most insect species, the midgut lumen
exhibits an alkaline pH (Harrison 2001), which favors the activity of neutral lipases. Conversely, a
few species exhibit an acidic midgut region (Barroso et al. 2021; Bonelli et al. 2019; Dubreuil 2004),
which is optimal to sustain the activity of acid lipases. Nonetheless, genes encoding acid lipases can
be found in most insect species (Table 1). In Manduca sexta, acid lipases are expressed in the midgut,
although devoid of acidic region. Given that three of these acid lipases are not detected in the lumen
juice, it has been proposed that they act in acidic lysosomes to hydrolyze dietary lipids taken up by
the enterocytes (Miao et al. 2020).

Early studies focusing on monitoring lipase activity of the midgut juice revealed an effect of the
nutritional status. In the hematophagous species A. aegypti, Panstrongylus megistus and R. prolixus,
lipase activity is induced by the blood meal and reaches a maximum a few days later (Canavoso et
al. 2004; Grillo et al. 2007; Rudin and Hecker 1979). In M. sexta (Stanley et al. 1998) and Gryllus
bimaculatus (Weidlich et al. 2015) the activity of midgut lipases is higher in fed than in starved
animals. Furthermore, a positive correlation between midgut lipase activity and dietary lipid content
has been observed in Oedaleus asiaticus (Huang et al. 2017).

Table 3. Enzymatic activities of Drosophila melanogaster lipases potentially involved in lipid
digestion in the midgut lumen. The list of genes and their activities (CG number) have been
established mining Flybase (Flybase 2003) for lipases and phospholipases. The final selection retained
the genes that were significantly expressed in the midgut based on FlyAtlas (Chintapalli et al. 2007)
and contain a signal peptide based on signalP-4.1 (Petersen et al. 2011).

Genes
O’(\([‘CCUCNOrPOU\‘ODCCOOEg:gEggE
X N ¢ ¢ = N C ¢ N ¢ D D O C € v <~ DD € € € v € = C v L C C
Activity N /A P RSB R CR R R  HE JRN SE ST S B N B
c ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢«
c ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ «C
TAG
Lipase X X XX XXX XXX XXX XX XXX, Xxx
3.1.1.3
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Conversely, FA supplementation in the diet of Epiphyas pastvittana represses lipase gene
expression (Christeller et al. 2010), suggesting the existence of a FA sensing mechanism that adjusts
lipase levels to FFA amounts. These studies revealed that the expression and/or the secretion of
lipases is controlled by the diet, a vision generally recognized for discontinuous insect feeders but
not for continuous ones. However, transcriptomic analyses in D. melanogaster larvae —a continuous
feeder— counteract this vision, in that starvation but also high dietary glucose levels repress the
expression of digestive lipases (Chng et al. 2014; Mattila et al. 2015; Zinke et al. 2002). At the molecular
scale, the nuclear receptor DHR96 controls midgut TAG and cholesterol metabolism through the
expression of lipases (Sieber and Thummel 2009; 2012). Finally, the insect gut microbiota, which
contributes to homeostasis by providing essential nutrients (Grenier and Leulier 2020), has also been
shown to modulate enzyme expression. In D. melanogaster, midgut colonization by Lactobacillus
plantarum enhances the expression of digestive lipases (Erkosar and Leulier 2014). In summary, these
studies support the notion that the activity and the production of lipases are tightly regulated by the
midgut lumen content to optimize the digestion process.

4. Lipid Uptake into Enterocytes

4.1. Lipid Emulsifiers

The molecular mechanism of lipid crossing cell membranes remains puzzling, albeit extensively
studied. The idea that lipids —due to their biochemical nature— could easily cross cell membranes
suggests that the lipid bilayer would fail to strictly maintain compartment integrity. Single lipid
molecules are poorly soluble, if not insoluble, in aqueous solution. Lipids integrating a membrane
bilayer tend to remain within the lipid leaflets, rather than to exit at the other membrane side in the
cytosolic aqueous phase. Within a membrane leaflet, lipids are free in their lateral movements, while,
unless catalyzed by flippases (Montigny et al. 2016), spontaneous lipid flip-flops are rather rare
events (Perez-Salas et al. 2021). Nonetheless, spontaneous flip-flops are favored by an extreme
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membrane curvature, which may happen in the enterocyte microvilli (Niot et al. 2009). Thus, a critical
issue is lipid desorption, which likely requires specific cytosolic proteins. These proteins may also act
as lipid sequesters, thereby preventing lipid transfer back into the gut lumen upon fasting.
Emulsification of lipids facilitates the access to water-soluble lipases (§ 6.3.1.) and the tight
interaction of lipid molecules with the hydrophilic side of the microvillar membrane prior to their
absorption. Insects do not produce bile acid and the intestinal absorption of lipids is proposed to
proceed through the formation of glycolipids and amino-lipid complexes (Chapman et al. 2013;
Miguel-Aliaga et al. 2018). In lepidopterans, the alkaline midgut favors the formation of FA micelles
(Canavoso et al. 2001), questioning whether the molecular nature of the lipids emulsifiers varies
among insect species. Analysis of surface-active substances in G. bimaculatus, revealed that FA-amino
acid complexes (FACs) were potential emulsifiers (Collatz and Mommsen 1974). In phytophagous
lepidopterans, FACs synthesis depends on the gut bacteria (Spiteller et al. 2000). FACs are
regurgitated in oral secretions and act as potential emulsifiers to favor external lipolysis, yielding
volatile compounds (Alborn et al. 1997; Halitschke et al. 2001; Spiteller and Boland 2003). These
volatiles act at long distance to elicit a protective plant response (Dicke et al. 1990). Despite this
adversative effect, the conservation of FAC synthesis and secretion suggests a benefit for the insect.
Indeed, in Spodoptera litura and Heliothis virescens, these compounds are proposed to constitute
nitrogen stores in the gut lumen, in the form of FA-glutamine complexes (Kuhns et al. 2012;
Yoshinaga et al. 2008). As mentioned above (§ 6.3.3.), lysophospholipids resulting from phospholipid
hydrolysis are likely playing a critical digestive role as lipid emulsifiers (Ian De Veau and Schultz
1992; Sajjadian et al. 2019; Turunen and Kastari 1979). Finally, the MGDG galactolipid, highly
abundant in chloroplast thylakoids (§ 6.2.1.), has been shown to possess emulsifier properties (Chu
et al. 2009). As for lysophospholipids, lysogalactolipid resulting from partial hydrolysis might act as
intestinal emulsifiers in the midgut of phytophagous species. However, in spite of the
characterization of all these putative lipid emulsifiers, their effective contribution to lipid uptake is
not formally demonstrated and remains to be experimentally addressed in various insect species.

4.2. Lipid Transporters

The molecular mechanism of lipid uptake into the enterocytes has been poorly studied in insects,
with most data relying on mammalian investigations. In mammals, dietary lipids are emulsified by
bile acids, which facilitate lipolysis and lipid absorption, mostly MAGs, FFAs, lysophospholipids and
cholesterol (Ko et al. 2020). An early study in the rat intestine proposed that linoleic acid uptake
proceeds through two distinct mechanisms. At low concentrations, the uptake is saturable, thus,
potentially energy- and/or transporter-dependent. In contrast, at higher concentrations, linoleic acid
intake follows a linear plot, suggesting a concentration-dependent passive diffusion (Chow and
Hollander 1979). This passive diffusion mechanism may result from a vectorial fusion/fission
between micelles and membranes from the gut lumen towards the enterocyte cytoplasm, although
thermodynamic considerations postulate that micelle-membrane fusion proceeds through unstable
states of high-energy intermediates (Markvoort and Marrink 2011). Alternatively, it is tempting to
speculate that high amounts of FAs might react with monovalent cations to form soaps, which could
act as detergents, destabilizing cell membranes. Congruently, it has been shown that perfusion of the
ratjejunum with emulsified lipids provokes membrane injuries in the brush border of the enterocytes,
allowing lipid micelles intake (Kvietys et al. 1991). In sum, the molecular mechanism of this so-called
passive diffusion remains largely unclear. The uptake of oleic acid has been shown to be more active
than the one of palmitic or stearic acid in the midgut of the dragonfly Aeshna cyanea (Kirfel and
Komnick 1999), suggesting either the existence of selective transporters or that passive diffusion is
favored for unsaturated FAs. In addition, the observation that the uptake of lipids in not uniform
along the entire midgut but takes place within specific sub-regions (see below § 6.6.) further supports
the notion that the principle of passive lipid diffusion must be considered with caution. Of note, while
intestinal absorption of cholesterol and FAs was initially believed to proceed merely in this way,
transporter-dependent intake is now characterized for either.
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In mammals, several proteins have been proposed to contribute to FA absorption into the
enterocytes, including FATP4 (Fatty Acid transporter protein 4), FABPs (Fatty Acid binding proteins),
FAT/CD36 and caveolin. FATP4 knockdown by antisense oligonucleotides reduces FA uptake by
50% in murine primary enterocytes (Stahl et al. 1999). However, a recent study indicated that FATP4
localizes at the ER to contribute to FA esterification, subsequently driving FA intake (Milger et al.
2006). Two other FA binding proteins, FABP1 and FABP2, despite their high intestinal expression,
are also improbable FA transporter, rather acting to sequester FAs, thereby preventing lipotoxicity
(Cifarelli and Abumrad 2018). The scavenger receptor CD36 is another candidate for mediating FA
uptake, although such involvement in mammalian enterocytes remains controversial. In the mouse,
one study reports a role of CD36 in FA absorption in the proximal, but not in the distal region of the
small intestine (Nassir et al. 2007). However, two other studies rather suggest that CD36 plays a role
in intracellular lipid trafficking and chylomicron formation (Goudriaan et al. 2002; Nauli et al. 2006).
SR-B1, another scavenger receptor of the CD36 family highly expressed in the mouse intestine, is
required for intestinal absorption of vitamin E (Reboul et al. 2006), but neither for FA nor for
cholesterol intake (Cifarelli and Abumrad 2018). Caveolinl-3 are proteins associated with lipid rafts,
which cover 50% of the membrane microvilli of the enterocytes (Kunding et al. 2010). Caveolins are
proteins that channel lipid raft-derived endocytic vesicles to the ER. Caveolin-1 has been identified
as a FA-binding protein (Trigatti et al. 1999) and its knockout in mice virtually abolishes the uptake
of albumin-bound oleic acid (Siddiqi et al. 2013).

Most of these potential lipid transporters are conserved in insects (Table 4), although their roles
in midgut lipid metabolism remain elusive. Two FABP homologues, MFB1 and MFB2 have been
isolated from the midgut cytosol of M. sexta larvae (Smith et al. 1992). The D. melanogaster FATP4
homologue, Fatpl, has been the focus of interest in several tissues, although not in the midgut (Parvy
etal. 2012). As reported for its mammalian counterpart, a study on D. melanogaster oenocytes suggests
that it controls FA-CoA synthesis rather than FA uptake (Wicker-Thomas et al. 2015). A great number
of scavenger receptors are encoded by insect genomes (Table 4), one of them, NinaD, has been shown
to mediate carotenoid uptake in the midgut of D. melanogaster (Kiefer et al. 2002). To date, no caveolin
genes have been found in insects. Nevertheless, two flotillin genes, encoding caveolae-associated
proteins, have been described in D. melanogaster (Galbiati et al. 1998). Interestingly, ectopic expression
of the murine flotillin-1 in Sf21 insect cells drives the formation of caveolae-like vesicles (Volonte et
al. 1999).

Table 4. Number of receptors or transporters involved in lipid uptake or transfer in various insect
species. These numbers were established using Flybase (Flybase 2003) and insectBase (Mei et al. 2022)
and could potentially increase based on future studies.

Scavenger
receptor ~ FABP FATP Npcla  Npclb Npc2 Flo
Aedes aegypti 3 1 2 0 1 4 2
Anopheles gambiae 4 2 2 1 1 4 3
Apis mellifera 1 2 3 1 1 2 2
Bombyx mori 1 5 5 1 1 1 3
Cimex lectularius 3 2 4 1 1 3 2
Drosophila melanogaster 3 1 3 1 1 8 2
Locusta migratoria 3 7 4 1 1 1 2
Manduca sexta 1 18 5 1 1 2 2
Musca domestica 4 2 2 1 1 9 3
Rhodnius prolixus 2 1 7 1 1 1 2
Spodoptera frugiperda 2 6 4 2 1 1 2
Tenebrio molitor 3 3 2 2 1 4 3
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The mechanism of cholesterol uptake into the enterocytes has been elucidated thanks to
mammalian and insect studies. The Niemann-Pick type C genes (NPCI1 or NPC2), which cause
abnormal cholesterol accumulation, are conserved in insects (Table 4) (Zheng et al. 2018). The D.
melanogaster Npcla and Npclb genes are the homologues of the mammalian NPC1 and NPC1-like 1
(NPC1L1) genes, whose products fulfil intracellular sterol trafficking and intestinal sterol absorption,
respectively (Huang et al. 2005; Voght et al. 2007). The expression of either NPC1L1 in mammals or
Npclb in D. melanogaster is restricted to the apical membrane of enterocytes (Jing and Behmer 2020).
In a rat hepatic cell line, flotillins have been shown to associate with NPC1L1, thereby mediating
micelle sterol uptake (Ge et al. 2011). Further, in D. melanogaster, Npclb mutation results in a defect
of intestinal sterol absorption (Voght et al. 2007). In vertebrates, the sterol carrier protein-2 (SCP-2) is
a cytoplasmic protein involved in the ER to plasma transfer of cholesterol (Jing and Behmer 2020).
SCP-2 homologues have been identified and shown to be highly expressed in the midgut of
lepidopteran and dipteran species (Gong et al. 2006; Kim and Lan 2010; Lan and Wessely 2004). SCP-
2 knockdown in A. aegypti and in S. litura decreases overall cholesterol levels, whereas its over-
expression in cell lines improves cholesterol uptake (Blitzer et al. 2005; Guo et al. 2009; Lan and
Massey 2004). These studies identified bona fide cholesterol transporters, acting on cholesterol uptake
and transfer between subcellular compartments.

In summary, the mechanism of intestinal sterol uptake has been elucidated and depends on
evolutionary conserved transporters. In contrast, the intestinal uptake of FA and phospholipids is
lesser elucidated but likely involves specific transporters, which remain to be clearly identified in
insects.

5. Enterocyte Lipid Metabolism

5.1. Lipid Usage to Sustain Enterocyte Activity

Once uptaken, digested lipid products can be directly exported through the haemolymph, stored
within specialized organelles (LDs, lysosomes) or used to sustain the energy and structural needs of
the enterocytes. The diet likely influences lipid metabolism in the enterocytes. For instance, in D.
melanogaster, the FA composition of the diet significantly modifies the phospholipid composition of
the different tissues, including the midgut (Carvalho et al. 2012). In addition, this lipidome profiling
revealed that, compared to other tissues, the midgut contains a higher fraction of sphingolipids with
two double bonds in the long-chain base and in the esterified fatty acyl chain.

Enterocytes are highly active cells that require ATP as an energy source. The major ATP pool is
produced via the respiratory chains coupled to the tricarboxylic acid cycle that relies on glycolysis,
FA B-oxidation or amino acid catabolism. However, it has not been formally demonstrated which of
these metabolic pathways is preferential in the enterocytes; most likely it depends on the diet
composition and thus, on the insect species. For instance, in the stablefly Stomoxys calcitrans, a midgut
posterior region (called lipoid zone) incorporates TAGs and phospholipids in the form of LDs often
associated with mitochondria, suggesting that these lipid stores could be used for -oxidation
(Lehane 1977). In A. cyanea, peroxisome content increases in the apical region of the enterocytes of
larvae fed on either natural lipid-rich food or high amounts of monounsaturated LCFA (Faber and
Komnick 1989). Given that peroxisomes act to shorten and process FA not readily usable by
mitochondria (Renne and Hariri 2021), these observations suggest that excess dietary LCFAs are first
metabolized in peroxisomes to potentially sustain mitochondrial ATP production. In R. prolixus, high
expression levels of 3-oxidation enzymes have been detected in the midgut, suggesting the use of FA
as a major source of energy in the enterocytes of this species (Ribeiro et al. 2014). Further, the
microbiota may affect the midgut energy metabolism, through the production of short-chain FAs that
may be consumable by the enterocytes, as described for the digestion of wood by termites and of
plant polymers from pollen by honeybees (Brune 2014; Zheng et al. 2017).

The secretion of enzymes and the absorption of nutrients by enterocytes suggest a high rate of
microvillar membrane replacement. In L. migratoria, it has been shown that glycerol and FFAs
hydrolyzed from dietary triolein are found in the phospholipids of the intestinal wall (Weintraub and
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Tietz 1973). In Pieris brassicae larvae, the kinetics of phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) biosynthesis in the enterocyte, compared to that of DAG, suggests
that these phospholipids are used for enterocyte membrane regeneration (Turunen 1993). In R.
prolixus, the microvillar membrane contains high cholesterol levels (Albuquerque-Cunha et al. 2009)
and the dynamics of cholesterol accumulation in the enterocytes, further suggests utilization for
membrane regeneration (Entringer et al. 2021).

5.2. Lipid Metabolic Pathways in Enterocytes

In the enterocytes, dietary lipids can be converted to DAGs, TAGs or phospholipids. In S.
calcitrans, it has been estimated that 60% of dietary FAs are converted to TAGs and 20% to
phospholipids (Lehane 1977). In M. sexta fed radioactive triolein, labelling is eventually found in
phospholipids and TAGs of the enterocytes and in the circulating DAGs (Tsuchida and Wells 1988).
DAG:s are the prevalent form of lipid transport through the haemolymph and are also the precursors
for phospholipid biogenesis (Vance 2015).

FFAs, in particular the saturated ones, are highly toxic (Listenberger et al. 2003). To prevent this
deleterious effect, FAs can be either degraded through mitochondrial 3-oxidation or esterified to
TAGs and stored in LDs. The biosynthesis of TAGs may proceed through three distinct pathways,
which begin by either acylation of glycerol-phosphate in the mitochondria or the ER, acylation of
dihydroxyacetone in the peroxisomes, or acylation of MAGs in the ER; the subsequent steps taking
place in the ER (Coleman and Mashek 2011; Ko et al. 2020). MAG acylation gives rise to DAG,
whereas the glycerol-phosphate and dihydroxyacetone pathways result in phosphatidic acid (PA),
which after dephosphorylation by Lipin leads to DAG (Figure 4). The glycerol-phosphate pathway
also called the Kennedy pathway is the most universal. In mammals, it takes place in the liver and
adipose tissue, while the conversion of MAGs —resulting from luminal TAG hydrolysis— into DAGs
is prevalent in the small intestine. To date, besides the characterization of a putative MAG
acyltransferase activity in the midgut of P. americana (Hoffman and Downer 1979), no evidence
suggests that the MAG pathway operates in the insect midgut. In contrast, the PA pathway has been
reported in the midgut of several insect species, including P. brassicae (Turunen 1993), M. sexta
(Canavoso and Wells 2000), P. megistus (Canavoso et al. 2004) and D. melanogaster (Kuhnlein 2012).

DAGs are the precursors for biogenesis of the most abundant phospholipids, PC and PE (Figure
4) (Vance 2015). First, phosphocholine and phosphoethanolamine are converted to CDP-choline and
CDP-ethanolamine at the nuclear and ER membranes, respectively. The final step to PC and PE
synthesis takes place at the ER membrane. Synthesis of phosphatidylserine may proceed by the
exchange of the head group of PC or PE to a serine residue at the ER membrane. Synthesis of other
phospholipids utilizes CIP and PA to form CDP-DAG; replacement of the CDP group by other
functional groups results in the formation of phosphatidylinositol (PI), phosphatidylglycerol (PG) or
cardiolipin (Figure 4). The synthesis of sphingomyelin, the most abundant sphingolipid, occurs at the
Golgi apparatus from ceramide and PC. Phospholipid biosynthesis and expression of the potentially
required enzymes have been reported in the midgut of several insect species, including S. calcitrans,
M. sexta, R. prolixus and D. melanogaster (Buchon et al. 2013; Grillo et al. 2007; Lehane 1977; Ribeiro et
al. 2014; Tsuchida and Wells 1988). However, the functional characterization of the underlying
enzymes in the enterocytes remains poorly investigated.

Excesses of dietary sterols can be temporarily stored as free or steryl-ester forms in lysosomes or
LDs, or efflux back to the gut lumen likely via ABC transporters, as reported in mammal studies
(Entringer et al. 2021; Jing et al. 2012; Sieber and Thummel 2012). In insects, Npc2 are soluble proteins
encoded by multiple genes (Table 4), which are not equally expressed across different organs (Huang
et al. 2007; Jing and Behmer 2020; Jupatanakul et al. 2014). Two of the D. melanogaster homologues,
Npc2a and Npc2b, have a redundant function in controlling intracellular sterol distribution (Huang
et al. 2007). Based on mammalian and insect studies, Npc2 homologues are required for
intralysosomal sterol transfer to Npcla (Huang et al. 2007; Jing and Behmer 2020). Loss of Npcla in
D. melanogaster results in abnormal cholesterol retention in lysosome-like organelles in different
tissues, including the midgut (Huang et al. 2005). Importantly, Npcla and Npclb are two large
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transmembrane proteins, which fulfil cholesterol intracellular trafficking and its uptake into
enterocytes (§ 6.4.2.), respectively. Although they likely evolved from a single ancestor gene, Npcla
and Npclb are not interchangeable transporters.

DHAP Glycerol3-P
Pathway Pathway
DHAP Glycerol-3-P

Lyso-DHAP 1
L——— P Phospholipid

i Biosynthesis
alell PI, PG
Pathway PA =ty CDP-DAG = ' "
Cardiolipin
MAG {

N
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Figure 4. phospholipid and TAG biosynthesis. The DHAP, Glycerol-3-phosphate and MAG pathways
to TAG biosynthesis operate in an organ-specific manner. DAG is the precursor of the phospholipids
PC, PE and PS, whereas PA is the precursor of PI, PG and cardiolipin.

5.3. Lipid Efflux to Haemolymph

The distribution of lipids to the different tissues mostly proceeds via lipoprotein transfer
through the haemolymph. In most insect species, lipoproteins typically carry sterols, phospholipids
and DAGs (Canavoso et al. 2001), although DAGs are replaced by TAGs in some dipteran species
(Ford and Van Heusden 1994; Pennington and Wells 2002). The transfer of lipids from the enterocytes
to lipoproteins requires first a remobilization from the storage organelles. Given that intracellular
LDs store TAGs in higher proportions than DAGs, the former must be hydrolyzed to DAGs prior to
their haemolymph transfer. In D. melanogaster, the adipocyte triglyceride lipase Brummer, which
converts TAG to DAG, is expressed in the midgut and, thus, potentially works in the enterocytes
(Gronke et al. 2005). Free sterols rather than steryl-esters are loaded on lipoproteins (Carvalho et al.
2012; Entringer et al. 2021; Jouni et al. 2002; Yun et al. 2002), suggesting that a steryl-esterase must be
active in the enterocytes prior to haemolymph efflux (Sieber and Thummel 2012).

The lipid transfer from the enterocytes to the haemolymph requires a lipophorin receptor, a lipid
transfer particle (LTP) and a circulating lipophorin (Lpp). The lipophorin receptor(s) acting to recruit
both lipophorin and LTP at the basal membrane of the enterocytes have not been formally identified
(Arrese et al. 2001; Rodriguez-Vazquez et al. 2015). A number of studies in several insect species have
reported the purification of lipophorins, characterized their binding to the enterocyte membrane and
analyzed their lipid content (Atella et al. 1995; Canavoso and Wells 2001; Ford and Van Heusden
1994; Fruttero et al. 2009; Gondim and Wells 2000; Grillo et al. 2003). LTP that acts to transfer lipids
between intracellular and extracellular compartments in a bidirectional manner (Arrese et al. 2001),
has been shown to interact with the midgut of M. sexta (Canavoso and Wells 2001) and of D.
melanogaster (Palm et al. 2012; Rodriguez-Vazquez et al. 2015). An in-depth study of the D.
melanogaster scaffolding apolipoproteins demonstrated that both apoLTP and apoLpp are
synthesized in the fat body, matured by lipid loading and transferred through the haemolymph to
reach the midgut, where LTP mediates the transfer of lipids from the enterocytes to Lpp (Palm et al.
2012).

6. The Dynamics of Lipid Digestion in Insects
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6.1. An Attempt to Schematize the Lipid Digestive Process

Lipid digestion mostly proceeds in the midgut lumen (Chapman et al. 2013; Gazara et al. 2017;
Toprak et al. 2020), although it can occur externally in a few species that regurgitate salivary gland
enzymes to liquefy their food (Canton and Bonning 2020; Holtof et al. 2019; Rana et al. 1997). Lipid
digestion may also start within the crop in species for which the countercurrent flux of the
ectoperitrophic space dumps enzymes secreted from the anterior midgut into the foregut lumen
(Holtof et al. 2019; Weidlich et al. 2015). For instance, in P. americana, the crop is the largest digestive
organ, which contains high amounts of lipases (Tamaki et al. 2014) and can uptake FFAs (Hoffman
and Downer 1976). Conversely, in xylophagous and phytophagous insects, the digestion of plant-
derived macromolecules by symbionts and the uptake of the resulting SCFAs take place in the
hindgut (Breznak 1982; Brune and Dietrich 2015).

Figure 5 summarizes the various processes of lipid digestion that occur in insect midguts. Most
studies suggest that TAGs are completely digested to glycerol and FFAs, although MAGs may also
be produced in some species (Hoffman and Downer 1979; Turunen 1975), but likely excreted within
the frass. Phospholipids may be partially or completely hydrolyzed; the resulting FAs, glycerol and
choline, and the hydrolate intermediates, such as lysophosphatidylcholine, are absorbed by
enterocytes (Turunen and Kastari 1979; Weiher and Komnick 1997). Galactolipids are hydrolyzed to
lysogalactolipids (Christeller et al. 2011), and likely through complete hydrolysis to galactose,
glycerol and FAs, as described in mammals (Sahaka et al. 2020). Lipid uptake might proceed through
passive diffusion, although not in all midgut sub-regions, suggesting that it depends on the molecular
composition of the plasma membrane or on putative transporters (§ 6.4.2.). Indeed, transporters for
cholesterol have been identified in the midgut, whereas those for FAs and lysophospholipids have
not been formally identified to date. To renew their plasma membrane, enterocytes can incorporate
dietary sterol and phospholipids derived from lipid digestive products.

Phospholipids TAGs Galactolipids Cholesterol

l /1 Midgut lumen

FFAs o
b Lysogalactolipids
glycerol yseg ! P!

|
Scavenger receptors, flotillins ﬂﬂb
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DAG

Lipid droplet
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-

Basal lamina
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Figure 5. Lipid digestive processes of insects. Enzymatic digestion of dietary lipids mostly takes place
in the lumen. Although lipid uptake has been proposed to proceed passively, specific transporters
have been reported. In the enterocytes, lipids may be used to sustain homeostasis, stored in
specialized organelles or exported via Lpp via the haemolymph.

TAGs, steryl-esters and phospholipids can be stored in LDs, whereas lysosomes store free
sterols. In most species, lipids are exported to the organs via the haemolymph in the form of DAGs,
sterols and phospholipids loaded on lipophorins. This synthetic picture partly reflects the process of
lipid digestion, which depends on specific activities in specialized midgut sub-regions and on the
diet type of each insect species.
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6.2. Midgut Regionalization of Lipid Digestion

The anterior midgut and the associated caeca play a critical role in lipid digestion (Toprak et al.
2020). For instance, the caeca of G. bimaculatus (Orthoptera) fulfil most of the total lipase activity
(Weidlich et al. 2015). Studies in three lepidopteran species, Diatraea grandiosella (Turunen and
Chippendale 1977), P. brassicae (Turunen 1990) and M. sexta (Smith et al. 1992), suggest that lipid
absorption takes place in the anterior midgut, although secretion of PLA2 in the midgut of M. sexta
is low in the anterior region and highest in the middle region (Rana and Stanley 1999).

In three species of hemipterans, R. prolixus (Billingsley 1990), P. megistus (Canavoso et al. 2004)
and Cimex hemipterus (Azevedo et al. 2009), lipid inclusions have been observed in the anterior midgut
after the blood meal. However, in R. prolixus, it has not been demonstrated whether these inclusions
directly result from lipid uptake in the anterior midgut cells (Billingsley 1990), and recent studies
revealed that breakdown of complex lipids and the uptake of the resulting metabolites mostly take
place in the posterior midgut (Grillo et al. 2007; Ribeiro et al. 2014). Furthermore, lipase activity has
been observed in all midgut regions of Brontocoris tabidus, another hemipteran species (Guedes et al.
2007).

Studies on dipterans suggest that the posterior midgut is a critical region for lipid digestion. In
S. calcitrans, enzymatic digestion and lipid absorption have been reported in the posterior midgut
(Lehane 1977). In the midgut juice of Hermatia illucens, lipase activity is high in the anterior and
posterior, but not in the middle region (Bonelli et al. 2019). Gene expression analyses from midgut
sections provide considerable information about functional midgut regionalization. In D.
melanogaster, lipid-related digestive enzymes are expressed in specific midgut regions, suggesting
that each region fulfils distinct digestive functions (Buchon et al. 2013; Zinke et al. 2002). In Anopheles
gambiae, several genes encoding lipids transporters are enriched in the gastric caeca and the anterior
midgut, although a few appear to be also enriched in the posterior midgut, the Malpighian tubules
and the hindgut (Neira Oviedo et al. 2008). In Musca domestica, the anterior midgut expresses PLA1
at high levels, whereas the middle midgut expresses high levels of acid lipases and the posterior
midgut acid lipase as well as potential lipid transporters (Barroso et al. 2021). Based on these results,
the authors propose that lysophospholipids resulting from PLA1 activity in the anterior midgut favor
micelle formation in the middle midgut and the digestion of TAGs to FFAs, which are eventually
absorbed in the posterior midgut (Barroso et al. 2021).

In summary, lipid digestion is a multiple-step process recruiting specific enzymes active in
distinct specialized midgut sections, following a functional sequence of events during which the
digestion of certain classes of lipids potentiates the digestion of other lipids and their subsequent
absorption. The functional regionalization of the midgut is likely necessary for efficient lipid
digestion and has been observed in all insects studied to date but does not exhibit an identical
architecture among species.

7. Conclusions

This chapter aimed to provide an overview of the studies that reported on lipid digestion in the
insect midgut. Accordingly, we apologize to those that could not be cited. In spite of a great number
of publications, data related to lipid digestion processes remain sparse and many questions are still
opened. Not surprisingly, it is not possible to draw a uniform picture of insect digestion, because of
the tremendous number of insect species and of the large variety of diet types. Nonetheless, the
comprehension of the insect digestive processes is a crucial challenge for the future: i) to develop
appropriate strategies against agriculture pests and vectors of pathogens, while maintaining
biodiversity; ii) to improve the efficacy of insect-dependent industrial production (e.g. silkworm); iii)
to set alternative models aimed at investigating human health and diseases. To this end, future
investigations should evaluate the relative contribution of passive- versus transporter-dependent
lipid uptake, and precisely identify the lipases that are active in the midgut as well as their substrate
specificity. More importantly, to provide an integrated view of lipid digestion for a given species, it
will be essential to clarify the contribution of each midgut sub-region in the different digestive
processes and to further determine to which extent the microbiota influences these processes. While
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setting a uniform picture of insect lipid digestion is obviously a futile challenge, these studies will
certainly improve our understanding of the digestive physiology of key insect species.
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