
BBA - Molecular and Cell Biology of Lipids 1866 (2021) 158924

Available online 11 March 2021
1388-1981/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Review 

The Drosophila model to interrogate triacylglycerol biology 

Christoph Heier a,b,*, Svitlana Klishch c, Olha Stilbytska c, Uliana Semaniuk c, Oleh Lushchak c,** 

a Institute of Molecular Biosciences, University of Graz, NAWI Graz, Humboldtstrasse 50, A-8010 Graz, Austria 
b BioTechMed-Graz, Graz, Austria 
c Department of Biochemistry and Biotechnology, Department Biochemistry 1, Faculty of Natural Sciences, Vasyl Stefanyk Precarpathian National University, 57 
Shevchenka str, Ivano-Frankivsk 76018, Ukraine   

A R T I C L E  I N F O   

Keywords: 
Lipid metabolism 
Drosophila 
Obesity 
Triacylglycerol 

A B S T R A C T   

The deposition of storage fat in the form of triacylglycerol (TAG) is an evolutionarily conserved strategy to cope 
with fluctuations in energy availability and metabolic stress. Organismal TAG storage in specialized adipose 
tissues provides animals a metabolic reserve that sustains survival during development and starvation. On the 
other hand, excessive accumulation of adipose TAG, defined as obesity, is associated with an increasing prev
alence of human metabolic diseases. During the past decade, the fruit fly Drosophila melanogaster, traditionally 
used in genetics and developmental biology, has been established as a versatile model system to study TAG 
metabolism and the etiology of lipid-associated metabolic diseases. Similar to humans, Drosophila TAG ho
meostasis relies on the interplay of organ systems specialized in lipid uptake, synthesis, and processing, which 
are integrated by an endocrine network of hormones and messenger molecules. Enzymatic formation of TAG 
from sugar or dietary lipid, its storage in lipid droplets, and its mobilization by lipolysis occur via mechanisms 
largely conserved between Drosophila and humans. Notably, dysfunctional Drosophila TAG homeostasis occurs in 
the context of aging, overnutrition, or defective gene function, and entails tissue-specific and organismal pa
thologies that resemble human disease. In this review, we summarize the physiology and biochemistry of TAG in 
Drosophila and outline the potential of this organism as a model system to understand the genetic and dietary 
basis of TAG storage and TAG-related metabolic disorders.   

1. Introduction 

Lipids fulfill essential functions as energy substrates, structural 
components, and signaling molecules. In eukaryotic cells, the successive 
esterification of glycerol with fatty acids (FAs) produces triacylglycerol 
(TAG), a major and universal storage lipid. TAGs are highly concen
trated stores of metabolic energy because they are reduced and anhy
drous and can be efficiently stored in discrete organelles termed lipid 
droplets (LDs) [1,2]. TAG formation sequesters excess FAs and limits 
their conversion to potentially toxic intermediates to prevent cell and 
tissue damage [1,3]. On the other hand, TAG hydrolysis provides an on- 
demand lipid source for energy production, transport, or synthesis of 
membrane constituents [4]. TAG homeostasis is crucial for healthy 
development and aging and both, impaired and excessive TAG forma
tion are hallmarks of metabolic human diseases such as lipodystrophy, 
non-alcoholic fatty liver disease, and obesity [1–3]. 

During the past two decades, Drosophila melanogaster (hereafter 
referred to as “Drosophila”) has been becoming increasingly popular as a 
model system to study mechanisms of TAG homeostasis and the devel
opment of lipid-associated diseases [5–7]. The fly shares central lipid 
metabolic pathways with vertebrates and requires a similar interplay 
between specialized organ systems to maintain organismal lipid ho
meostasis [5,7,8]. The genetic accessibility of the Drosophila model has 
inspired large-scale genetic approaches to characterize the molecular 
basis of TAG metabolism and storage [9–12]. These studies have un
covered a striking conservation in the basic molecular and physiological 
mechanisms controlling TAG metabolism in Drosophila and mammals 
[6]. More recently, Drosophila research has been extended to model the 
etiology of diet-induced metabolic diseases and to characterize hor
monal communication pathways that integrate tissue-specific functions 
in TAG metabolism [5,7,8,13]. Collectively, these studies exemplify the 
potential of the Drosophila model to unravel basic mechanisms of TAG 
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homeostasis as well as pathophysiological consequences of defective 
TAG metabolism at cellular and organismal scales. 

The aim of this review is to provide an overview of the biochemistry 
and physiology of TAG metabolism in Drosophila. As other eukaryotic 
organisms Drosophila uses TAG storage as an essential energy reservoir 
to drive developmental processes and to survive food deprivation but 
also as a metabolic buffer to cope with overnutrition [14,15]. Ontoge
netic transitions and changing nutrient availability, which characterize 
the Drosophila life cycle, are often associated with particular changes in 
TAG metabolism [16]. Similar to humans, TAG homeostasis in 
Drosophila results from the interaction of different tissues specialized in 
uptake, transport, storage, and processing of lipids. An elaborate 
neuroendocrine and hormonal system integrates lipid-metabolizing or
gans with each other [5–7,13]. This system ensures TAG homeostasis in 
the healthy animal but becomes dysfunctional when animals are chal
lenged by overnutrition. In the first part of the review we outline the role 
of TAG in the life cycle of Drosophila and provide an overview of the 
organ systems implicated in organismal TAG homeostasis. In the second 
part we focus on the biochemistry of Drosophila TAG metabolism and 
describe the enzymatic and molecular mechanisms regulating TAG 
synthesis, storage and degradation, as well as lipid transport between 
tissues. Finally, we describe how major anabolic and catabolic hormonal 
pathways converge at the enzymatic control of TAG metabolism and 
close our review by highlighting advances in modeling diet-induced 
obesity and related pathologies in Drosophila. 

2. Triacylglycerol function and metabolism during the 
Drosophila life cycle 

TAG is a major energy reserve but serves also numerous other 
functions unrelated to energy metabolism. Although this review focuses 
on Drosophila melanogaster we include observations from other 
Drosophila species in this section to illustrate more specific biological 
functions of TAG. During its life cycle Drosophila undergoes several 
developmental transitions with characteristic stage-specific changes in 
TAG storage and breakdown [16]. This includes two “non-feeding” 
stages, metamorphosis and embryogenesis, which rely entirely on 
endogenous reserves. To meet the metabolic demands of embryogenesis, 
mature oocytes accumulate numerous TAG-rich LDs, which are depos
ited in the early embryos and are consumed during embryogenesis 
[17,18]. Maternal TAG deposition and embryonic TAG breakdown are 
both essential processes and strictly required for oocyte and embryo 
survival, respectively [19–21]. Embryo TAG breakdown correlates with 
an increase in heat dissipation rates indicating a vital contribution of 
TAG-derived FAs to combustion and energy production [18]. Whether 
embryo TAG breakdown serves lipid metabolic functions beyond energy 
metabolism including the provision of precursors for structural or 
signaling lipids is yet unclear. However, an important non-canonical 
function of embryo LDs is to sequester and store histones, which sup
port early chromatin assembly and act as antimicrobial agents [22–24]. 
Larval stages are characterized by continuous feeding and growth and a 
drastic increase in organismal TAG mass. Larval TAG storage manifests 
as accumulation of LDs in the fat body, which acts as major fat storing 
organ in Drosophila functionally equivalent to mammalian adipose tissue 
and liver. By sequestering excess carbon units, fat body TAG formation 
acts as a metabolic buffer to prevent harmful accumulations of sugar or 
lipid intermediates [15,25]. Environmental factors including diet, tem
perature, commensal microbiota, and pathogenic microorganisms affect 
larval TAG storage [26–29]. Once formed, fat body TAG reserves pro
vide an energy reservoir for periods of starvation [30,31]. TAG mobili
zation requires cross-talk between the larval fat body and oenocytes, 
which sequester fat-body derived FA and accumulate LDs upon starva
tion [32]. Metamorphosis is the second strictly non-feeding stage in the 
Drosophila life cycle characterized by histolysis of larval and growth of 
imaginal tissues. The commitment to pupation is associated with a 
metabolic shift that restricts starvation-induced TAG mobilization to 

spare energy reserves for metamorphosis and early adulthood [33]. 
Similar to embryogenesis, lipid consumption has been estimated to ac
count for the majority of the energy budget of metamorphosis [34]. 
Nevertheless, substantial TAG reserves are maintained and transmitted 
to the imaginal state in the form of free-floating fat cells, which repre
sent the remainder of the dissociated larval fat body [35–38]. The 
nutrient depots contained in larval fat cells contribute to starvation 
resistance of immature adults and early allocation of the developing 
ovary [39,40]. Moreover, larval fat cell TAG is an important precursor 
reservoir for the synthesis of cuticular hydrocarbons, which occurs in 
adult oenocytes and contributes to desiccation resistance of the animals 
[41]. After removal of larval fat body cells by programmed cell death 
within a few days organismal TAG storage depends on adult fat body 
tissue [40,42]. The imaginal stage is characterized by dynamic changes 
in TAG storage, which depend on sex, age, reproductive status, tem
perature, diet, and other environmental factors [43–48]. Sexually 
dimorphic TAG stores develop soon after eclosion when TAG levels drop 
dramatically in male flies but are maintained or even expanded in fe
male flies [43,44]. Reproductive diapause in response to shortened 
photoperiod and low temperature leads to further accumulation of TAG 
in females of several Drosophila species [49]. This includes also 
Drosophila melanogaster, in which low temperature induces a shallow 
diapause phenotype [47]. Conversely, high temperature stress decreases 
adult TAG storage and eventually causes long-lasting impairments in fat 
body TAG storage due to adipocyte apoptosis [46]. Temperature also 
affects Drosophila food choice and thus impacts on dietary macronutrient 
intake, which is another major determinant of TAG storage [50]. Fat 
body TAG stores increase in flies challenged by overnutrition with fat or 
sugar but are comparatively low on high protein diets [45,51–54]. Lack 
of nutrients causes TAG mobilization, which is essential to sustain en
ergy homeostasis and starvation resistance [30]. Depletion of organ
ismal TAG occurs also upon infection with specific pathogenic 
microorganisms as a result of impaired anabolic signaling or seques
tration of host lipids [55,56]. Despite the central TAG-storage role of the 
fat body TAG-rich LDs can be observed in several other tissues including 
intestine, salivary glands, nervous tissue, skeletal muscle, and heart. 
Excessive TAG storage in these tissues often accompanies organ 
dysfunction in Drosophila models of chronic overnutrition, aging, and 
neurodegeneration resembling aspects of lipid-associated human disor
ders [43,51,57–61]. TAG formation in non-adipose tissues often reflects 
biological functions unrelated to energy homeostasis. E.g. TAG forma
tion in larval glia cells preserves neuroblast proliferation upon oxidative 
stress or hypoxia by diverting FAs into LDs, where they are less 
vulnerable to peroxidation [61]. In several species of the Drosophila 
subgenus (but not the Sophophora subgenus, which includes Drosophila 
melanogaster) TAG functions as a male-specific pheromone. Pheromone 
TAGs are rich in short-chain FAs, are transferred to females during 
mating, and function synergistically with other lipids as anti-aphrodisiac 
[62,63]. 

3. Regulation of triacylglycerol metabolism by Drosophila organ 
systems 

Organismal TAG homeostasis requires interaction of multiple tissues 
such as gastrointestinal tract, adipose tissue, muscle, and nervous sys
tem, which compartmentalize core metabolic responses. The specific 
roles of Drosophila tissues in organismal TAG homeostasis are outlined in 
Fig. 1 and are discussed in further detail below. 

3.1. Central nervous and neuroendocrine systems 

Behaviors like food intake, activity, and sleep determine organismal 
energy balance and the accumulation and utilization of energy reserves. 
The nervous system processes chemosensory inputs and information 
about the internal milieu of the organism to coordinate complex 
behavioral responses and to maintain homeostasis. Several distinct 
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neuronal subpopulations have been linked to the control of feeding 
behavior and the accumulation of organismal TAG reserves [64–66]. 
Central to the neuronal control of energy metabolism are neuropeptides 
that are released by peptidergic neurons to convey information about 
the physiological state to other neurons or peripheral tissues (for review 
see [67]). Neuropeptides can act as potent orexigenic or anorexigenic 
factors. Anorexigenic Allatostatin A and Myoinhibitory peptide suppress 
feeding and reduce TAG storage [68–70]. Conversely, orexigenic Neu
ropeptide F (NPF) and the closely related short Neuropeptide F (sNPF) 
promote feeding and the expression of sNPF positively correlates with 
TAG storage in adult flies [10,71–73]. 

Two groups of neurosecretory cells produce circulating peptide 
hormones that directly regulate TAG metabolism in peripheral tissues 
(in particular fat body) by controlling expression and/or activity of 
metabolic enzymes: These hormones are Drosophila insulin-like peptides 
(Dilps), which are secreted by the insulin-producing cells (IPCs, also 
termed “median neurosecretory cells”), and the glucagon-like 

adipokinetic hormone (Akh), which is produced by corpora cardiaca 
cells [74,75]. IPCs are located bilaterally in the central brain and express 
Dilps 1, 2, 3 and 5. Binding of Dilps to the Insulin receptor (InR) on 
target tissues induces a conserved signaling cascade that controls 
growth, development, longevity, behavior, and metabolism (for review 
see [76,77]). Activation of insulin signaling in fat body cells inhibits 
breakdown of TAG reserves and promotes TAG storage by molecular 
mechanisms that are described in further detail below [78,79]. Insulin 
signaling is controlled at multiple levels by dietary nutrients, neuro
transmitters, neuropeptides, and humoral factors. In particular, endo
crine signals released by the fat body play a central role in coupling 
nutrient availability to alterations in systemic insulin signaling (for re
view see [77,80]). Akh acts antagonistically to insulin and promotes 
mobilization of fat body TAG reserves [14,36]. Akh is released by the 
neuroendocrine cells of the corpora cardiaca, which are part of the larval 
ring gland and associated with the proventriculus (also termed cardia) in 
adult animals [81]. Binding of Akh to the G-protein coupled Akh 

Fig. 1. Tissue-specific regulation of Drosophila TAG metabolism. Schematic overview of major organ systems involved in organismal TAG homeostasis and associated 
biochemical and physiological processes. 
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receptor (AkhR) at fat body cells induces breakdown of TAG and limits 
lipogenesis [14]. Similar to insulin, Akh output is subjected to nutri
tional and hormonal regulation, which involves cross-talk with periph
eral organs such as skeletal muscle and the midgut [82,83]. 

More recently, the Drosophila brain was identified as a site of active 
TAG metabolism with important implications for neuronal development 
and disease [61,84]. During the larval period cortical and subperineural 
glia accumulate substantial amounts of TAG-rich LDs [85]. Glial LD 
formation limits membrane lipid peroxidation by sequestering poly
unsaturated FAs. This process is essential to sustain neuroblast prolif
eration under hypoxia [61]. Glial LD formation occurs also in adult 
Drosophila photoreceptors, in which LDs initially protect from reactive 
oxygen species-mediated cellular damage, but contribute to neuro
degeneration later in life via the release of toxic peroxidated lipids 
[58,84,86,87]. In contrast to glia, information about the presence and 
relevance of LDs in neurons is scarce. LDs have not been detected in 
brain neurons but in peripheral motor neurons of Drosophila larvae 
[85,88]. Recently, LDs have also been identified in neurons of the adult 
brain and neuronal TAG metabolism has been implicated in sexually 
dimorphic regulation of organismal TAG breakdown [43]. Nevertheless, 
the emergence and (patho)physiological implications of neuronal LDs 
remain poorly understood and deserve future studies. 

3.2. Fat body and oenocytes 

The fat body is the major TAG storing tissue in Drosophila and a 
central site of lipid processing and transport (for review see [89]). The 
Drosophila fat body of larvae and adults differs in terms of morphology 
and ontogenetic origin. The larval fat body, which is derived from the 
embryonic mesoderm, dissociates during metamorphosis into free 
floating fat body cells, which persist up to three days post eclosion 
before being replaced by adult fat body tissue [35,38,90]. Larval and 
adult fat body tissue have common functions in TAG storage and 
metabolism. Upon nutrient intake the fat body converts excess dietary 
carbohydrates and lipids into TAG and generates abundant cytosolic 
TAG-rich LDs, which are a characteristic feature of this tissue [60,91]. As 
mentioned earlier, fat body TAG formation constitutes an important 
metabolic sink, which prevents harmful accumulations of sugar and 
lipid intermediates [15,25,26]. Once formed, fat body TAG serves as a 
central metabolic reserve to ensure energy homeostasis under diverse 
(patho)physiological conditions including starvation, reproduction, and 
infection [89]. The fat body is also an essential hub in lipid transport 
between tissues as it supplies apolipoprotein precursors, which circulate 
as reusable lipid shuttles in the hemolymph. Upon feeding, these lipo
proteins mediate transfer of dietary lipids from the gut to the fat body 
and other tissues. During starvation, the same lipoproteins are used to 
mobilize lipids from the fat body for transport to other tissues [60,92]. 
Mobilization of fat body TAG requires enzymatic hydrolysis of TAG ester 
bonds, a process commonly referred to as lipolysis [4]. Fat body lipolysis 
generates diacylglycerol (DAG), which is the major circulating transport 
lipid in the hemolymph. Further hydrolysis of DAG provides FAs for 
oxidation and energy production [89]. Functional TAG storage and 
lipolysis strongly correlate with starvation resistance of Drosophila 
illustrating the central role of fat body TAG as metabolic fuel [14,20,30]. 

Fat body TAG homeostasis is tightly controlled by endocrine systems, 
which adjust the lipolytic output to changing organismal demands. As 
described above, two major endocrine regulators of fat storage are in
sulin and Akh, which suppress and stimulate TAG lipolysis, respectively 
[14,79]. In addition to receiving and processing hormonal information 
the fat body itself is an important endocrine organ. Dietary information 
is sensed by fat body Target of rapamycin (TOR) signaling and coupled 
to the secretion of peptides, which remotely control insulin release at 
IPCs [93–97]. One example is the leptin-like cytokine Unpaired 2 
(Upd2), which is released in response to dietary sugar and fat and re
lieves tonal inhibition of insulin secretion by activating Janus kinase 
(JAK)/signal transducer and activator of transcription protein (STAT) 

signaling at specific γ-aminobutyric acidergic neurons. A dysfunction in 
Upd2-mediated amplification of insulin signaling results in impaired 
growth and decreased TAG storage [98,99]. Notably, the fat body pro
duces its own insulin-like ligand, Dilp6, which is secreted from the larval 
fat body at the onset of metamorphosis to sustain tissue growth 
[100,101]. Fat body Dilp6 expression increases also in adult flies sub
jected to starvation and metabolically couples the fat body to another 
lipid processing cell-type termed oenocyte [102]. 

Oenocytes are specialized in the biosynthesis of cuticular lipids and 
pheromones (for review see [103]). Larval and adult oenocytes are 
organized as subepidermal cellular clusters and ribbons, respectively, 
and differ in size, number, and developmental origin [103]. Oenocytes 
acquire long chain FAs through de novo synthesis or lipoprotein- 
mediated transport and elongate them to very long chain FAs 
[91,104]. In larvae, oenocyte-derived very long chain FAs or related 
metabolites are required for tracheal waterproofing [91]. Adult oeno
cytes reduce very long chain FAs to hydrocarbons such as alkanes and 
alkenes, which are then deposited as barrier molecules and pheromones 
at the cuticle [104]. The fat body is an important nutrient-dependent 
regulator of oenocyte lipid metabolism. During starvation larval oeno
cytes acquire lipids via fat body TAG lipolysis and accumulate LDs [32]. 
It has been suggested that fat body-derived FA serve as precursors for 
very long chain FA synthesis in oenocytes [41,104]. Vice versa, oenocyte 
function is an important determinant of whole-body TAG metabolism: 
Proper synthesis of surface hydrocarbons in young adults depends on 
Hepatocyte nuclear factor 4 (Hnf4), which is required for transcriptional 
induction of very long chain FA and hydrocarbon synthesis genes. 
Oenocyte Hnf4 function is required to suppress oenocyte steatosis and 
organismal TAG over-storage [41]. A recent study implicated TOR 
signaling downstream of PDGF- and VEGF-related factor 1 (Pvf1) in 
developmental suppression of oenocyte steatosis and organismal lipo
genesis during fly maturation [105]. Finally, cell ablation studies 
showed that both larval and adult oenocytes are also required for 
effective mobilization of fat body TAG [32,102]. In adult oenocytes, this 
response requires local increase in insulin-like signaling induced by fat 
body-derived Dilp6 [102]. 

3.3. Digestive system 

As in other animals the Drosophila gut plays an essential role in the 
digestion and uptake of dietary macronutrients. The epithelium of the 
Drosophila gut actively participates in several aspects of TAG metabolism 
including lipid absorption, de novo lipogenesis, lipoprotein-mediated 
lipid transport and TAG storage [60,106,107]. In addition, the gut in
tegrates inputs from diet, microbiota and humoral factors and, by 
secreting hormones and metabolites, transmits information to other 
tissues (for review see [108]). Inter-tissue communication between the 
gut and other organs is therefore a key determinant of organismal en
ergy and TAG homeostasis and gut dysfunction as a result of aging or 
infection contributes to metabolic decay [82,109–111]. 

The intestinal tract of Drosophila consists of an epithelium, which is 
surrounded by muscles, nerves and tracheae. It is composed of foregut, 
midgut, and hindgut, and each segment can be further subdivided into 
functionally different sub-compartments [108]. The midgut epithelium 
consists of different cell types including intestinal stem cells, enter
oendocrine cells and enterocytes [108]. Dietary macronutrients that 
enter the digestive tract are processed by digestive enzymes in the gut 
lumen before being absorbed by the enterocytes of the epithelium. The 
biochemistry of lipid digestion in Drosophila is poorly characterized. 
Studies in other insects suggest that complex dietary lipids including 
TAG and phospholipids are hydrolyzed into free FAs, monoacylglycerols 
and lysolipids by intestinal lipases [112]. A single intestinal TAG lipase, 
termed Magro, has been assigned a major function in intestinal TAG 
digestion in Drosophila. Magro expression is subject to extensive nutri
tional regulation and requires sterol-responsive hormone receptor 96 
[106,113]. In addition to Magro, the Drosophila genome encodes several 
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other putative midgut lipases of unknown function that may contribute 
to lipid digestion [114]. Enterocytes acquire lipids not only from the diet 
but also from the conversion of dietary sugars via de novo lipogenesis. 
Lipids from both sources are converted to DAG and phospholipids, 
which are exported into the hemolymph and transported to other tissues 
[60,107]. This transport process depends on the supply of apolipopro
tein precursors from the fat body and cardiomyocytes [60,115]. Enter
ocytes convert excess dietary lipid also to TAG for transient storage 
within cytosolic LDs [60]. Collectively, these aspects of intestinal lipid 
metabolism substantially contribute to the acquisition and maintenance 
of organismal TAG reserves. Genetic disruptions of dietary lipid diges
tion, enterocyte lipogenesis, or lipid transport limit organismal TAG 
storage. Conversely, a block in hemolymph lipid transport provokes 
midgut steatosis [106,107,116]. The midgut epithelium responds to 
hormones and itself serves as important source of humoral and paracrine 
factors, which can modulate local and systemic lipid metabolism. In
testinal hormones and neuropeptides are mainly secreted from enter
oendocrine cells. Upon starvation, enteroendocrine cells secrete 
tachykinin, which signals locally to suppress enterocyte lipogenesis 
[107]. In response to nutrients enteroendocrine cells release Bursicon α 
into the hemolymph, which restricts production of the lipocatabolic Akh 
via a neuronal relay, thereby limiting breakdown of fat body TAG [109]. 
Notably, the number of enteroendocrine cells is sensitive to the lipid 
content of the diet, which alters progeny commitment of differentiating 
intestinal stem cells and thus exerts a long-lasting effect on midgut 
physiology [117,118]. 

The midgut epithelium is constantly exposed to microorganisms and 
serves as important site of interaction with commensal microbiota and 
pathogenic microorganisms. Commensal microbiota of laboratory 
Drosophila consist predominantly of Lactobacillus and Acetobacter spe
cies, which promote growth and development and modulate TAG 
metabolism [29]. Axenic flies exhibit excessive TAG storage under a 
wide range of nutritional conditions and a selective colonization with 
Acetobacter and/or Lactobacillus species lowers organismal TAG 
[119–121]. The absence of microbial acetate production has been 
identified as important factor contributing to developmental and 
metabolic defects associated with axenic conditions [29,122]. Enteric 
infection with pathogenic microorganisms elicits an immune response 
characterized by the synthesis and secretion of antimicrobial peptides 
and the enzymatic production of reactive oxygen species (for review see 
[123]). Depending on the pathogen, enteric infections cause diverse 
alterations in local or systemic TAG and energy metabolism including 
suppression of digestive enzyme expression, consumption of organismal 
TAG stores, and induction of intestinal TAG catabolism [114,124,125]. 

3.4. Muscle and heart 

Although muscle contraction is highly energy-demanding the meta
bolic basis of this process in Drosophila has been poorly studied. Tradi
tionally, lepidopteran and orthopteran species have been employed to 
characterize insect muscle energy metabolism. In Locusta migratoria 
sustained flight results in Akh-induced lipolysis of fat body TAG, 
increased circulation of hemolymph DAG, and utilization of this lipid as 
major metabolic fuel for muscle performance (for review see [126]). 
Early investigations of Drosophila energy reserve metabolism suggest 
preferential use of glycogen during flight [127]. This is further sup
ported by the observation that glycogenolysis is required to maintain 
Drosophila flight performance [128]. Nevertheless, more recent studies 
indicate an important contribution of muscle metabolism and especially 
muscle-derived secreted factors to organismal TAG homeostasis. 
Genetically induced muscle mitochondrial dysfunction in Drosophila 
larvae increases deposition of fat body TAG, which relies on elevated 
transforming growth factor-β (TGF-β) signaling via muscle-derived 
Activin-β [82]. Conversely, specific muscle depots of adult Drosophila 
produce Pvf, which non-autonomously suppresses lipogenesis in oeno
cytes and the fat body [105]. Adult skeletal muscle limits TAG storage 

also by releasing Upd2, which promotes depletion of organismal TAG in 
adult Drosophila by increasing release of the lipocatabolic Akh from 
neurosecretory cells [83]. Skeletal muscle tissue itself is a target of 
hemocyte-derived Upd ligands, which maintain systemic TAG storage by 
suppressing excessive insulin signaling in muscle tissue [129]. Notably, 
muscle tissue displays age- and diet-dependent accumulations of intra
muscular LDs often in association with mitochondrial deteriorations and 
organ dysfunction resembling ectopic fat depositions frequently 
observed in obese and diabetic patients [57,130–132]. 

Drosophila has an open circulatory system, in which hemolymph 
circulates in the hemocoel to supply organs with nutrients and hor
mones. The Drosophila heart (also called dorsal vessel) maintains he
molymph circulation by pumping it towards the anterior and posterior 
parts. Similar to skeletal muscle the heart has been identified as an 
important regulator of organismal TAG homeostasis. Cardiac-specific 
manipulations that decrease the function of MED13 (encoded by 
Drosophila skuld), a subunit of the Mediator complex, or Snail tran
scription factors (encoded by snail, escargot and worniu) non- 
autonomously increase fat body TAG storage [133,134]. While the 
secreted peptide Wingless has been identified as a downstream effector 
of MED13 the effectors of cardiac Snail transcription factors remain 
elusive [133,134]. In addition, the heart contributes to systemic lipid 
metabolism by supplying apolipoprotein precursors for hemolymph 
lipid transport. Upon a high fat diet, cardiac apolipoproteins promote 
lipid transfer of dietary lipid to the fat body and contribute to increased 
organismal TAG storage [115]. Interestingly, cardiac muscle tissue itself 
responds to a high-fat diet by an ectopic accumulation of TAG and the 
tissue-autonomous formation of LDs [51]. This is accompanied by 
altered lipid metabolic signatures and functional deteriorations remi
niscent of cardiomyopathies observed in obese and diabetic human 
patients [51,135,136]. 

4. Biochemistry of Drosophila triacylglycerol metabolism 

4.1. De novo lipogenesis and formation of triacylglycerol 

The formation of TAG depends on the availability of FAs, which are 
either acquired from the diet or synthesized de novo from acetyl-CoA. 
Both sources contribute to TAG formation in Drosophila but available 
evidence suggests a predominant contribution of de novo synthesized 
FAs, which may simply reflect higher contents of carbohydrates relative 
to lipids in many laboratory foods [104,106]. The term “de novo lipo
genesis” refers to the formation of TAG from de novo synthesized FAs. 
De novo FA synthesis requires the concerted enzymatic action of acetyl- 
CoA carboxylase (ACC) and FA synthase (FAS). First, ACC catalyzes the 
carboxylation of acetyl-CoA to malonyl-CoA. Then, FAS sequentially 
condensates acetyl-CoA units to malonyl-CoA to produce long-chain FAs 
[25,91]. The Drosophila genome encodes a single ACC gene and three 
FAS genes (encoded by FASN1-3). ACC is ubiquitously expressed with 
highest levels in fat body, midgut and oenocytes. FASN1-3 show dif
ferential tissue expression patterns and FASN1 represents the major 
isoform in the fat body [25,91]. Loss of fat body ACC or FASN1 function 
greatly reduces TAG storage even in the presence of supplemented di
etary lipids [25,91,104]. Null mutants of ACC, FASN1 and FASN3 die or 
arrest at embryonic and early larval stages of development. These 
developmental deficits are likely not related to reduced TAG storage but 
due to defective formation of structural or signaling lipids [25,91]. 
Nevertheless, under specific dietary conditions de novo lipogenesis 
contributes to developmental success [15,25]. When Drosophila larvae 
are challenged with a high sugar diet de novo lipogenesis prevents 
formation of harmful advanced glycation end products by channeling 
excess sugar into TAG [25]. De novo lipogenesis is regulated by the basic 
helix-loop-helix-leucine zipper transcription factors carbohydrate 
element response binding protein (ChREBP, encoded by Mondo in 
Drosophila) and sterol-regulatory element binding protein (SREBP), 
which control expression of ACC, FASN and other lipogenic effector 
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genes [137,138]. ChREBP/Mondo is activated in response to sugar 
intake and coordinates a wide range of transcriptional programs related 
to nutrient metabolism including increased de novo lipogenesis [137]. 
SREBP resides in the endoplasmic reticulum (ER) membrane as an 
inactive precursor. A two-step proteolytic processing at the Golgi acti
vates SREBP allowing entry of its N-terminal transcription factor domain 
into the nucleus [139]. This proteolytic processing is sensitive to 
membrane lipids: Whereas low cholesterol levels activate mammalian 
SREBP processing and transcriptional activity Drosophila SREBP is acti
vated by reductions in phosphatidylethanolamine, the most abundant 
glycerophospholipid in Drosophila biomembranes [139,140]. Genetic 
interference with phosphatidylethanolamine synthesis results in ectopic 
SREBP activation and increased TAG levels [10,141]. Conversely, 
Drosophila mutants lacking SREBP or SREBP processing factors have low 
organismal TAG stores and require dietary FA supplementation for 
successful development [138,142]. 

The formation of TAG requires FA esterification to a glycerol back
bone via several enzymatic steps. The enzymes mediating TAG synthesis 
in the Drosophila fat body are depicted in Fig. 2. First, FAs are converted 
to acyl-CoA thioesters by acyl-CoA synthetase (ACS). Then, acyl-CoAs 

are used as FA donors by two distinct acyltransferase enzymes, which 
transfer FAs in a consecutive manner to glycerol-3-phosphate (G3P) to 
generate phosphatidic acid (PA). Dephosphorylation of PA by PA 
phosphatases yields DAG, which is finally converted to TAG via a third 
acyl-CoA-dependent acyltransferase. This series of reactions is called 
G3P or Kennedy pathway of glycerolipid synthesis (for review see 
[143]). It is currently unclear if Drosophila TAG synthesis can alterna
tively commence with the esterification of monoacylglycerol or dihy
droxyacetonephosphate as described for other organisms [2]. DAG 
esterification is the only committed step in TAG synthesis because PA 
and DAG can also undergo conversion to glycerophospholipids. Two 
phylogenetically unrelated DAG-O-acyltransferase (DGAT) isoenzymes 
termed DGAT1 and DGAT2 are responsible for TAG formation [143]. 
The Drosophila DGAT1 is encoded by the midway (mdy) gene. Mdy 
function is a major determinant of organismal TAG storage and con
tributes to the formation of TAG-rich LDs in fat body cells, glia, oeno
cytes, and nurse cells [19,61,144–146]. The inadequate buildup of 
oocyte TAG in mdy mutants is associated with premature egg chamber 
apoptosis and female sterility [19]. DGAT2 represents a second TAG 
synthesis enzyme, which differs from Mdy in terms of subcellular 
localization and tissue expression pattern. Mdy is ubiquitously expressed 
whereas Dgat2 and its paralogs CG1941 and CG1946 are expressed in fat 
body and midgut [147]. DGAT2 exhibits dual localization at the ER and 
LDs whereas Mdy localizes exclusively to the ER [148]. Residual TAG 
storage in mdy mutants suggests a contribution of DGAT2 to Drosophila 
TAG formation in vivo although this assumption has not yet been 
confirmed by genetic approaches. The conversion of PA to DAG is the 
penultimate step in the G3P pathway of TAG synthesis. This reaction is 
catalyzed by PA phosphatases. The Lipin proteins are evolutionarily 
conserved magnesium-dependent PA phosphatases, which regulate TAG 
storage in diverse phyla [143]. The Drosophila genome encodes a single 
Lipin (Lpin) gene, which gives rise to at least three different isoforms 
[149]. Lpin mutant flies exhibit pupal semi-lethality, reduced fecundity 
and a lipodystrophy phenotype characterized by reductions in larval fat 
body mass, TAG content, and LD size [150]. The AAA+ ATPase Torsin 
acts as a suppressor of Lipin activity in the larval fat body. Defective fat 
body development in Torsin mutant flies can be partially rescued by 
genetic suppression of Lpin gene function arguing for a close correlation 
between fat body (dys)function and Lipin activity [151]. Mammalian 
Lipin proteins act as transcriptional coactivators independent of enzyme 
activity and regulate expression of FA oxidation genes [152]. Like its 
mammalian orthologs, Drosophila Lpin localizes to both, the cytosol and 
nucleus and harbors a conserved leucin-rich motif implicated in in
teractions with transcription factors [150,153]. Drosophila mutants 
specifically lacking the nuclear localization sequence of Lipin have un
altered TAG stores but display altered metabolic gene expression and are 
sensitive to starvation stress [154]. In addition to DGAT and PA phos
phatase TAG formation relies on G3P O-acyltransferase (GPAT) and 
acylglycerol-3-phosphate O-acyltransferase (AGPAT) enzymes, which 
catalyze the first and second acyltransferase reactions of the G3P 
pathway, respectively. The Drosophila genome encodes three putative 
GPAT isoenzymes, which have been classified according to their ho
mology to mammalian GPATs. Among them, Gpat4 and minotaur (mino) 
are ubiquitously expressed whereas expression of CG15450 is largely 
restricted to the testis [147]. GPAT4 localizes to the surface of a LD 
subset and contributes to LD growth in S2 cells. Depletion of GPAT4 
reduces LD and TAG content in S2 cells and limits hypoxia-induced LD 
formation in larval glia cells [61,148]. Gpat4 mutant flies are semi-lethal 
and developmentally delayed but have normal organismal TAG stores 
suggesting compensation by other GPAT isoforms [155]. Indeed, ectopic 
expression of mino is sufficient to induce LD formation in salivary glands 
suggesting a contribution of this GPAT isoenzyme to TAG formation 
[144]. Four different Drosophila proteins have been annotated as 
AGPATs based on their homology to mammalian AGPATs (encoded by 
Agpat1-4). Similar to GPAT4 the AGPAT3 isoenzyme contributes to LD 
formation in glia and S2 cells and localizes to the LD surface [61,148]. If 

Fig. 2. Triacylglycerol synthesis in adipocytes of the fat body. Fatty acids (FAs) 
are derived from hemolymph lipids or are synthesized de novo by Acetyl-CoA- 
carboxylase (ACC) and the FA synthase complex (including FASN1). Acyl-CoA 
synthetase (ACS) enzymes convert FAs to Acyl-CoAs (FA-CoAs), which serve as 
acyl donors for the consecutive esterification of FAs with glycerol in the 
glycerol-3-phosphate (G3P) or Kennedy pathway of triacylglycerol (TAG) syn
thesis. G3P O-acyltransferases (GPATs, including possibly Mino and GPAT4) 
initiate the G3P pathway by acyl transfer from FA-CoA to G3P to form lyso
phosphatidic acid (LPA, also 1-acylglycerol-3-phosphate). Acylglycerol-3- 
phosphate O-acyltransferases (AGPATs, including possibly AGPAT1-4) convert 
LPA to phosphatidic acid (PA) by a second acyl transfer. Lipin dephosphorylates 
PA to diacylglycerol (DAG), which is further esterified to TAG by DAG O- 
acyltransferases (including Mdy and possibly DGAT2). Circulating hemolymph 
DAG may also be a substrate for TAG synthesis after transport into adipocytes. 
TAG is deposited in lipid droplets for storage. The AAA+ ATPase Torsin regu
lates G3P pathway activity by restricting Lipin activity. Adipocytes express 
several acyltransferase isoenzymes whose precise role in the G3P pathway re
mains to be elucidated (indicated by question marks). 
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AGPAT isoenzymes have distinct, non-redundant roles in Drosophila 
TAG synthesis in vivo is currently unknown. 

4.2. Triacylglycerol storage in lipid droplets 

Intracellular TAG is stored in globular organelles termed LDs. LDs 
consist of a hydrophobic core of neutral lipids, which is covered by a 
phospholipid monolayer and proteins involved in lipid metabolism, 
signaling, and trafficking (for review see [156]). LDs are abundant in the 
fat body but present also in many non-adipose tissues including midgut, 
Malphigian tubules, imaginal discs, brain, salivary glands, and muscle 
[21,59,60,157,158]. Moreover, formation of LDs is a hallmark of vitel
logenesis and essential for development and survival of mature oocytes 
and embryos [19,21]. The primary function of LDs is to store neutral 
lipid as an on-demand source of energy and lipid precursors. In addition, 
lipid sequestration in LDs prevents lipotoxicity and contributes to 
membrane homeostasis. Ectopic LD formation can thus be a signature of 
cellular stress and accompanies aging and neurodegeneration 
[3,57,84,130,156]. LDs are formed de novo in the ER by an incom
prehensively understood mechanism. A common model suggests that 
TAG and other neutral lipids formed by ER-resident enzymes are 
initially deposited between the leaflets of the ER. These neutral lipid 
deposits eventually undergo phase separation into nascent LDs, which 
bud off the ER and expand in a protein-assisted maturation process 
[156]. An evolutionarily conserved protein implicated in the early steps 
of LD formation is the integral ER protein Seipin, which is dysfunctional 
in human patients with Berardinelli-Seip congenital lipodystrophy 
[156,159]. Seipin foci move along the ER and interact with early LDs in 
Drosophila S2 cells [160]. Absence of Seipin results in disordered LD 
formation and aberrant accumulation of numerous small and a few large 
LDs [144,160]. Cryo-electron microscopy indicates that Drosophila Sei
pin forms a barrel-shaped dodecamer with short N- and C-terminal 
segments oriented towards the cytoplasm and an assembly of folded 
domains oriented towards the ER lumen [161]. The molecular function 
of Seipin in LD biogenesis is not fully elucidated and may involve sta
bilization of TAG accumulations in the ER leaflet, recruitment and 
regulation of lipid synthesis enzymes, maintenance of ER-LD contact 
sites, and regulation of calcium homeostasis [162–165]. Drosophila 
Seipin null mutants have a lipodystrophy phenotype mimicking the 
pathophysiological manifestation of Seipin dysfunction in human pa
tients [144]. The lipodystrophy phenotype of Seipin mutants is at least 
partly caused by impaired calcium homeostasis and concurrent mito
chondrial dysfunction, which limit supply of citrate for de novo lipo
genesis [165,166]. In addition, Seipin mutants exhibit ectopic 
accumulation of LDs in the midgut and salivary gland, which has been 
linked to an aberrant accumulation of the G3P pathway intermediate PA 
[144]. After initial steps of de novo formation specific LDs acquire 
distinct isoforms of TAG synthesis enzymes (such as GPAT4, AGPAT3 
and DGAT2), which mediate LD expansion by localized TAG synthesis 
[148]. This process contributes to variations in LD size and function. 
Accordingly, the Drosophila fat body contains LD subpopulations with 
distinct size, subcellular localization and protein composition 
[167,168]. Large medial LDs are maintained largely by FASN1-mediated 
de novo lipogenesis and are distinct from small cortical LDs, which 
associate with ER-plasma membrane contact sites. Cortical LDs require a 
functional spectrin cytoskeleton and the syntaxin Snarzarus and are 
supplied mainly by hemolymph lipid transport rather than de novo 
lipogenesis [168,169]. LD coat proteins of the evolutionarily conserved 
perilipin (PLIN) family function as central regulators of LD structure and 
catabolism and contribute to the formation of LD subpopulations. The 
Drosophila genome encodes for two PLINs, termed PLIN1 and PLIN2 
(also known as Lipid storage droplet-1 and -2). PLIN1 is highly expressed 
in the Drosophila fat body where it preferentially associates with large 
medial LDs [168,170]. Loss of plin1 function compromises LD catabo
lism (see below) and promotes formation of aberrantly large LDs 
[145,170]. PLIN1-deficient LDs are prone to coalescence in vitro 

suggesting that PLIN1 stabilizes LD structure by decreasing surface 
tension and uncontrolled LD fusion [171]. Expression of plin1 is limited 
by the transcription regulator martik (encoded by mrt) and nucleosome 
remodeling factors. It has been suggested that transcriptional repression 
of plin1 may be a physiological mechanism to increased fat body LD size 
by facilitating LD coalescence [171]. PLIN2 preferentially associates 
with and maintains cortical LDs but is largely absent from large medial 
fat body LDs [168]. PLIN2 is broadly expressed and contributes to LD 
formation and/or maintenance in many non-adipose tissues including 
imaginal discs, ovaries, and skeletal muscle [130,172,173]. Loss of 
PLIN2 decreases LD size and fat storage due to unrestricted LD catabo
lism (see below) and impaired maintenance of cortical LDs [20,168]. 
Fig. 3 illustrates the association of PLIN2-EGFP with LDs in the fat body 
and posterior midgut of a mature female fly. In addition to LD-associated 
proteins like PLINs the phospholipid composition of the LD monolayer is 
a critical determinant of LD size and structure. In particular, impaired 
synthesis of phosphatidylcholine as a result of reduced phosphocholine 
cytidylyltransferase 1 (encoded by Pcyt1) or lysophosphatidylcholine 
acyltransferase (encoded by LPCAT) activities, favors formation of large 
LDs [174,175]. Elegant biophysical studies revealed that phosphati
dylcholine acts as surfactant that decreases LD surface tension and limits 
LD coalescence [176]. 

4.3. Lipolysis and mobilization of triacylglycerol 

The mobilization of TAG for lipid transport, energy production, or 
metabolic conversions requires enzymatic TAG hydrolysis, a process 
commonly referred to as lipolysis. In the Drosophila fat body, lipolysis is 
executed by Brummer (Bmm) lipase. TAG hydrolysis by Bmm generates 
DAG, which can be exported to the hemolymph or further hydrolyzed 
into FAs and glycerol by yet uncharacterized lipases [20]. After con
version to FA-CoA by ACS isoenzymes like Pudgy, FAs can be imported 
into mitochondria or peroxisomes and subjected to β-oxidation for en
ergy production [177,178]. Bmm activity is complemented by a second 
enzymatic system that is activated by Akh signaling [14]. Mutant flies 
deficient in both Bmm activity and Akh signaling are incapable of 
accessing fat body TAG upon starvation and accumulate massive 
amounts of TAG under ad libitum fed conditions [14]. Although many 
components of the Akh signaling cascade have been identified (see 
below) the molecular identity of Akh-dependent lipase(s) is controver
sial. Two putative Akh effector lipases are phosphatidic acid phospho
lipase A1 (PAPLA1) and Hormone-sensitive lipase (Hsl). Drosophila Hsl 
contributes to TAG catabolism in the 3rd instar larval fat body and is 
recruited to the LD surface by PLIN1 [30]. A similar mechanism controls 
activity of mammalian HSL, which acts as a major adipose tissue lipase 
downstream of catabolic hormones including catecholamines and 
glucagon [179]. PAPLA1 is an ortholog of Manduca sexta TAG lipase 
(TGL), which has been assigned a major function in Akh-stimulated 
Manduca sexta fat body lipolysis [180]. Surprisingly, single de
ficiencies in either PAPLA1 or Hsl are largely compatible with 
starvation-induced TAG mobilization in adult flies suggesting that Hsl 
and PAPLA1 act in redundancy with each other or other lipases to 
execute adult fat body lipolysis [181,182] . Fat body lipolysis is regu
lated via transcriptional and post-transcriptional mechanisms, which are 
modulated by hormonal and nutrient-responsive signaling pathways 
(see below). Bmm expression depends on the Forkhead box subgroup O 
transcription factor (Foxo), whose transcriptional activity is suppressed 
by insulin signaling [79]. Hedgehog signaling positively regulates bmm 
transcription via the zinc finger transcription factor Cubitus interruptus, 
while juvenile hormone-responsive Kruppel homolog 1 (Kr-h1) and 
innate immune transcription factor nuclear factor κB (NF-κB)/Relish 
suppress bmm transcription [183–185]. Post-transcriptional regulation 
of lipolysis is executed by PLINs, which modulate access of lipases to the 
LD surface. PLIN1 restricts lipase access and activity under basal con
ditions but promotes lipolysis upon starvation [145,170]. Consequently, 
plin1 mutant flies accumulate excessive TAG and exhibit impaired 
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starvation-induced lipolysis [145,170]. Experiments in Manduca sexta 
and Drosophila suggest that Akh signaling impinges on PLIN1 to control 
the switch from a restrictive to a permissive lipolytic environment at the 
LD surface. This switch likely involves protein kinase A (PKA)-mediated 
phosphorylation of PLIN1 and recruitment of lipases including Hsl to the 
LD surface [145,170,186]. However, the molecular details of PLIN1- 
mediated lipolysis control in Drosophila and other insects are still 
poorly understood. In contrast to the TAG overstorage phenotype of 
plin1 mutants, loss of plin2 results in reduced organismal TAG 
[145,187]. Early studies suggest that PLIN2 acts mainly by restricting 
Bmm activity [20]. The presence of PLIN2 at a distinct cortical LD 
subpopulation close to the plasma membrane of the fat body indicates an 
additional function in lipid uptake, which possibly contributes to effi
cient TAG storage [168,169]. Fig. 4 summarizes the enzymes and reg
ulatory proteins implicated in fat body TAG lipolysis. In contrast to the 
fat body much less is known about lipolysis in non-adipose tissues, 
which often maintain and process tissue-autonomous TAG pools. Non- 
adipose tissues may also hydrolyze hemolymph-derived DAG to FAs 
for energy production or integration into structural lipids. The broadly 
expressed Bmm lipase contributes to TAG homeostasis in several non- 
adipose tissues including midgut epithelium, skeletal muscle, nervous 
system, testis, and heart [43,57,60,135]. In addition, several putative 
midgut lipases with unknown substrate specificity have been implicated 
in TAG homeostasis including Lip3, CG8093 and CG6277 [188,189]. 
Lip3 shares homology with mammalian lysosomal acid lipase, which 
executes autophagy-dependent degradation of LDs. This process, 
commonly referred to as “lipophagy”, acts in parallel with the cytosolic 
route of lipolysis in the liver and other tissues of mammals [4]. Evidence 
for lipophagy has been documented in Drosophila oenocytes, photore
ceptors, and midgut indicating that both cytosolic lipolysis and lip
ophagy contribute to TAG degradation in Drosophila non-adipose tissues 
[124,158,190]. 

4.4. Lipid transport 

Lipid transport between tissues requires a system of circulating he
molymph lipoproteins. Apolipoprotein precursors are synthesized and 
secreted by fat body cells and/or cardiomyocytes and act as reusable 
lipid shuttles in lipid exchange processes between hemolymph and tis
sues [60,115]. The Drosophila hemolymph contains several lipoproteins 
with different lipid and protein composition. Approximately 95% of all 
hemolymph lipids in 3rd instar larvae are associated with the lipopro
tein Lipophorin (Lpp) [60]. Lpp particles contain mainly DAG, 

phospholipids, and free sterols with trace amounts of sphingolipids and 
hydrocarbons [60,191]. In feeding 3rd instar larvae Lpp is synthesized 
in fat body cells as a DAG-poor precursor particle, picks up dietary and 
de novo synthesized lipids at the midgut, and transfers it to target tis
sues. Upon starvation, Lpp delivers lipid from the fat body to other tis
sues [60,92]. Lpp has been implicated in lipid supply to imaginal discs, 
fat body, brain, oenocytes, and vitellogenic follicles although other tis
sues are also likely to access lipids via Lpp [21,60,91,168]. Lipid transfer 

Fig. 3. Triacylglycerol storage in lipid droplets. Lipid 
droplets (LDs) harbor a distinct proteome, which in
cludes members of the evolutionarily conserved per
ilipin (PLIN) family of proteins. A PLIN2-EGFP fusion 
protein localizes to the surface of LDs in fat body 
adipocytes and midgut enterocytes. Note that adipo
cytes maintain LD subsets of different size and pro
tein composition, illustrated by the differential 
targeting of PLIN2-EGFP to small peripheral LDs and 
absence of PLIN2-EGFP from large median LDs. The 
PLIN2-EGFP transgene (described in [187]) was 
ubiquitously expressed in a w1118 female using an 
Act5c-GAL4 driver and imaged by confocal fluores
cence microscopy. LDs were stained with HCS Lip
idTOX™ Deep Red and cell nuclei were stained with 
Hoechst 33342. Scale bars represent 20 μm.   

Fig. 4. Lipolysis and mobilization of triacylglycerol Mobilization of lipid 
droplet (LD) triacylglycerol (TAG) stores in adipocytes is initiated by hydrolysis 
of TAG to diacylglycerol (DAG) and fatty acid (FA) by Bmm, Hsl, and possibly 
additional lipase(s). DAG can be exported into the hemolymph for lipid trans
port to peripheral tissues. DAG may also be further hydrolyzed to fatty acids 
(FAs) and glycerol (G) via a monoacylglycerol (MAG) intermediate by yet 
uncharacterized lipases. FAs can be catabolized via β-oxidation after activation 
to acyl-CoA (FA-CoA) by Pudgy and possibly other acyl-CoA synthetase (ACS) 
enzymes. LD coat proteins PLIN1 and PLIN2 restrict Bmm activity. Upon star
vation PLIN1 promotes activity of Hsl and possibly other lipases. 
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between Lpp and target tissues requires additional protein factors. 
Neuropeptide-like precursor 2 (Nplp2) is a small apolipoprotein pro
duced in the fat body, which promotes lipid loading of Lpp at the 
midgut. Biochemical studies indicate that Nplp2 acts as exchangeable 
apolipoprotein to maximizes lipid transfer capacity of Lpp [116]. Effi
cient lipid loading of Lpp requires also Lipid transfer particle (LTP), 
which forms a distinct lipoprotein with higher density than Lpp and 
typically associates with only ~1% of total hemolymph lipids [60]. 
Nevertheless, LTP is essential for bulk lipid transport and required for 
Lpp loading at the midgut and efficient lipid delivery to imaginal discs 
and oocytes [60,192]. Biochemical and genetic studies in Manduca sexta 
and Drosophila indicate that LTP acts as lipid shuttle between Lpp and 
target tissues [193,194]. The interaction of LTP with target tissues is 
promoted by members of the low-density lipoprotein receptor family. 
Two members of this family, termed Lipoprotein receptors 1 and 2 
(LpR1 and LpR2), are required for efficient margination of LTP particles 
at imaginal discs and oocytes. Direct associations between LpRs and LTP 
stabilize Lpp particles in the extracellular space of these tissues and 
promote lipid transfer [21,192]. How hemolymph lipids cross cellular 
membranes and if this process involves lipid processing is poorly un
derstood. Although endocytosis of Lpp and LTP particles has been 
observed in imaginal discs and cultured cells ovaries acquire Lpp lipids 
also in the absence of functional endocytosis [21,192,195,196]. 

5. Hormonal regulation of lipid metabolism 

5.1. Insulin and target of rapamycin signaling 

Insulin/insulin-related growth factor signaling has a central role in 
growth, development, aging, stress resistance, and metabolism (for re
view see [77,80]). Drosophila insulin signaling is initiated by binding of 
Dilps to InR on target tissues. Multiple Dilps are capable of binding and 
activating InR. A primary source of circulating Dilps are IPCs, which 
produce context-specific mixtures of Dilp1, 2, 3, and 5. Specific Dilps, 
such as fat body-derived Dilp6, are produces outside of the IPCs [77,80]. 
Activation of InR relays the insulin signal via adapter proteins (including 
Chico) and a conserved cascade of molecular events to altered activities 
of kinases, transcription factors, and metabolic enzymes [76]. The pro
tein kinase Akt1 and the transcription factor Foxo are central nodes in 
this cascade. Akt1 is activated in response to insulin-induced increases in 
the second messenger phosphatidylinositol 3,4,5-trisphosphate (PIP3), 
which is catalyzed by phosphatidylinositol 3-kinase (PI3K, encoded by 
Drosophila Pi3K92E). This leads to the recruitment of Akt1 to the plasma 
membrane and allows its activation by Phosphoinositide-dependent ki
nase 1 (Pdk1)-mediated phosphorylation [76,197,198]. Akt1 promotes 
Foxo phosphorylation and cytoplasmic retention leading to a reduction 
in Foxo transcriptional activity. This decreases Foxo-dependent 
expression of lipid catabolic genes such as the lipase genes bmm and 
Lip4 and the mitochondrial acyl-CoA synthetase gene pudgy 
[79,177,199,200]. Accordingly, insulin-mediated suppression of Foxo 
promotes TAG storage by inhibiting TAG catabolism. Upon starvation, 
when insulin signaling is low, Foxo translocates to the nucleus to acti
vate expression of lipocatabolic genes and TAG mobilization [79]. Foxo 
activity is regulated by additional inputs from kinases, deacetylases, and 
interactions with other transcription factors. Histone deacetylase 4 
(Hdac4) promotes Foxo transcriptional activity by decreasing its acet
ylation status. The nuclear abundance of Hdac4 is negatively regulated 
via phosphorylation by salt-inducible kinase 3 (Sik3), which limits Foxo 
deacetylation and transcriptional output [79,201]. This regulatory 
cascade is engaged by insulin-responsive Akt1 and by Liver kinase B1, 
both of which phosphorylate and activate Sik3 [79,201]. In addition, the 
Drosophila NF-κB homolog Relish and the juvenile hormone-responsive 
transcription factor Kr-h1 antagonize Foxo-induced bmm expression 
illustrating how Foxo integrates inputs from diverse hormonal and 
stress-responsive pathways to adjust TAG lipolysis rates to specific 
developmental or environmental cues [184,185]. While suppression of 

lipolysis is an important outcome of insulin signaling, efficient TAG 
storage requires also TAG synthesis via the G3P pathway. Genetic evi
dence indicates that insulin signaling supports G3P pathway activity at 
the level of the PA phosphatase Lipin [153]. Collectively, the molecular 
events induced by insulin signaling autonomously promote TAG storage 
in the Drosophila fat body and adult oenocytes and induce the formation 
of large LDs in the nurse cells of ovaries [78,79,102,202]. Paradoxically, 
systemic reductions in Drosophila insulin signaling also lead to elevated 
organismal TAG levels [203–205]. However, this phenotype may be the 
complex result of alterations in growth, development, and other meta
bolic pathways, which occur in response to systemic and chronic re
ductions in insulin signaling. 

Enzymes of the G3P pathway are not only downstream effectors but 
also important regulators of insulin signaling. Genetic downregulation 
of GPAT4, AGPAT3, or Lipin expression blunts insulin signaling in the 
larval fat body and global loss of GPAT4 causes semi-lethality and delays 
larval growth, which resembles the phenotype of insulin pathway mu
tants [76,153,155]. Reduced membrane PIP3 levels and decreased Akt1 
phosphorylation have been identified in Lipin-deficient larval fat body 
cells suggesting that impaired second messenger formation compro
mises insulin signaling in these animals [153]. A similar molecular 
phenotype occurs upon loss of the cytidine diphosphate-DAG synthase 
CdsA, an enzyme that generates cytidine diphosphate-DAG in
termediates from PA for further conversion to phosphatidylinositol, 
phosphatidylglycerol, and cardiolipin [206]. Reduced membrane PIP3 
levels and reduced insulin pathway activity in CdsA mutant salivary 
glands have been attributed to inefficient formation of PI and phos
phatidylinositol 4,5-bisposphate (PIP2) precursors [206]. However, 
scarcity of membrane PIP2 has not been detected in Lipin-deficient fat 
body cells [153]. Thus, how exactly G3P pathway activity associates 
with membrane PIP3 levels remains to be elucidated. 

Drosophila insulin signaling closely intersects with another nutrient 
sensing pathway, which relies on the activity of TOR kinase. TOR kinase 
can associate with distinct regulatory proteins that give rise to two 
functionally distinct TOR complexes, referred to as TOR complex 1 
(TORC1) and TOR complex 2 (TORC2). The TOR pathway mediates cell 
autonomous nutrient sensing and growth control [207,208]. TOR kinase 
activity phosphorylates effector proteins to promote translation initia
tion and ribosome biogenesis, or to inhibit autophagy [208–210]. 
Collectively, these events promote cell growth and replication and are 
essential for successful development. The TOR pathway intersects with 
insulin/insulin-like growth factor signaling at multiple levels. In 
particular, insulin can activate TOR signaling via Akt1-dependent 
phosphorylation of the negative TOR regulators Tuberous sclerosis 
complex 1 and 2 (Tsc1/Tsc2) [211]. Tsc1/Tsc2 inhibit Ras homolog 
enriched in brain (Rheb), an activator of TOR kinase [212]. Vice versa, 
nutrient-responsive TOR signaling in the fat body acts as important non- 
autonomous regulator of Dilp release from IPCs and systemic insulin 
signaling [213]. This fat body-IPC axis is maintained by several secreted 
factors, which are differentially activated by macronutrients that are 
sensed and processed in the fat body [94–97]. In line with the central 
role of TOR in cellular and organismal growth and metabolism, alter
ations in TOR signaling have been associated with changes in TAG 
storage. Ectopic activation of TOR elevates TAG storage in the fat body 
and causes formation of large LDs in Drosophila nurse cells [214–216]. 
The outcome of TOR inhibition is more complex. Pharmacological in
hibition of TOR activity by rapamycin has been associated with 
increased organismal TAG levels [215,217]. Conversely, reduced TAG 
storage and protection against high fat diet-induced obesity have been 
observed in hypomorphic TOR mutants. Increased bmm transcript con
centrations in these mutants support the notion that TOR activity limits 
lipolysis under physiological conditions by suppressing bmm expression 
[51,218]. TOR signaling may also activate lipogenic gene expression via 
the transcription factor SREBP, which has been implicated as effector of 
cell growth downstream of Akt1 and TOR [219]. Moreover, TOR activity 
promotes expression and cytoplasmic localization of the PA phosphatase 

C. Heier et al.                                                                                                                                                                                                                                    



BBA - Molecular and Cell Biology of Lipids 1866 (2021) 158924

10

Lipin, a central enzyme in the TAG synthesis pathway [153]. While these 
studies are consistent with the lipoanabolic function of TOR signaling 
individual TOR effectors differentially regulate TAG storage. E.g. 4E-BP, 
which suppresses translation initiation upon low TOR signaling, pro
motes TAG storage and decelerates TAG consumption upon starvation 
[215]. Similarly, Repressed by TOR (REPTOR), a transcription factor 
that is suppressed by TOR activity, is required for normal TAG storage 
and its loss reduces organismal TAG levels [220]. A recent study in
dicates that TOR activity in oenocytes is required to adequately suppress 
organismal de novo lipogenesis during fly maturation further illus
trating that TOR-mediated regulation of lipid metabolism is highly 
context-specific [105]. An overview of the relationship between insulin, 
TOR, and enzymatic effectors of TAG metabolism is presented in Fig. 5. 

5.2. Adipokinetic hormone 

After secretion from corpora cardiaca cells, Akh circulates in the 
hemolymph and signals via binding to the G-protein coupled AkhR on 
target cells [221,222]. Drosophila AkhR expression is restricted to the fat 
body and a subset of gustatory and octopaminergic neurons 
[14,223,224]. Akh modulates different aspects of insect physiology 
including mating behavior, locomotion, food intake, and stress resis
tance [36,225–227]. However, its primary function in a multitude of 
model insects is the mobilization of energy stores, in particular TAG 
[228,229]. As a consequence, disruption of Akh signaling in adult 
Drosophila manifests in impaired TAG mobilization and excessive TAG 
accumulation [14,36]. The Akh signal is transmitted via 3′,5′-cyclic 

Fig. 5. Hormonal regulation of tri
acylglycerol storage and lipolysis by insulin- 
like and adipokinetic hormone signaling. 
Binding of Drosophila insulin-like peptides 
(Dilps) to insulin receptor (InR) triggers 
intracellular formation of the second 
messenger phosphatidylinositol 3,4,5-tri
sphosphate (PIP3) from phosphatidylinosi
tol 4,5-bisphosphate (PIP2) via adapter 
proteins (including Chico) and activation of 
phosphatidylinositol-3-kinase (Pi3K92E). 
PIP3 recruits and activates protein kinases 
including Pdk1 and Akt1. Akt1 suppresses 
nuclear translocation and transcriptional 
activity of the transcription factor Foxo and 
its co-factor Hdac4. Akt1 activates the ki
nase Sik3, which prevents nuclear trans
location of Hdac4 and subsequent 
deacetylation of Foxo. Upon low insulin 
signaling Foxo activates transcription of 
lipocatablic effectors including the lipase 
Bmm and the acyl-CoA synthetase Pudgy. 
Akt1 may also promote TOR pathway ac
tivity by inhibition of the negative TOR 
regulator Tsc1/2. TOR promotes FASN1 
expression possibly via the transcription 
factor SREBP and favors expression and 
cytoplasmic localization of the PA phospha
tase Lipin. Conversely, TOR restricts 
expression of the lipase Bmm. Binding of 
Akh to AkhR activates G proteins (including 
Gαq, Gγ1 and a Gs protein), which relay the 
Akh signal to adenylate cyclase (Ac) and 
phospholipase C (including Plc21C) result
ing in the enzymatic formation of the second 
messengers 3′,5′-cyclic adenosine mono
phosphate (cAMP) and inositol-1,4,5- 
trisphosphate (IP3). cAMP is an allosteric 
activator of the protein kinase PKA, which 
phosphorylates several downstream targets 
including kinases, transcription factors, and 
the lipid droplet protein PLIN1. PKA- 
mediated phosphorylation of PLIN1 may 
promote lipolysis by facilitating activity of 
Hsl and other lipases. PKA may also mediate 
increased Bmm expression via inhibition of 
Sik3 and the resultant de-repression of Foxo 
transcriptional activity. IP3 activates the 
IP3-sensitive ER calcium channel Itp-R83a, 
which releases ER calcium stores into the 
cytosol. Depletion of ER calcium favors 
interaction of the ER calcium sensor Stim 
with the plasma membrane calcium channel 

Olf186-F and influx of extracellular calcium into the cytosol. The ER calcium pump SERCA terminates calcium signaling by recycling calcium into the ER lumen. 
Elevated cytosolic calcium (Ca2+

Cyt) favors increased lipolytic and decreased lipogenic gene expression (including Mdy) likely via the calcium binding protein Cam. 
Note that arrows/blocks can but do not necessarily represent direct interactions.   

C. Heier et al.                                                                                                                                                                                                                                    



BBA - Molecular and Cell Biology of Lipids 1866 (2021) 158924

11

adenosine monophosphate (cAMP) and calcium second messenger sys
tems [228,230]. Akh-mediated activation of adenylate cyclase (Ac) in
creases intracellular cAMP, which acts as allosteric activator of kinases 
and transcription factors [82,230]. In Akh-stimulated Manduca sexta fat 
body cells cAMP-activated PKA phosphorylates the lipid droplet protein 
PLIN1. This event promotes lipase access to the LD surface and increases 
lipolytic output in an in vitro reconstituted system [186,231]. In 
consistence with these observations, analyses of plin1 and AkhR mutant 
Drosophila imply an interaction between PLIN1 and Akh-dependent li
pases as central event in Akh-induced lipolysis [14,145]. However, the 
molecular details of this process are poorly understood. It is currently 
unclear as to which extent PLIN1 phosphorylation is necessary and 
sufficient for Akh induction of lipolysis because a Drosophila PLIN1 
mutant variant lacking known and putative phosphorylation sites re
mains largely functional in vivo [145]. Ambiguity also exists with regard 
to the molecular identity of Akh-dependent lipase(s). As discussed above 
PAPLA1 and Hsl are possible candidate effectors of Akh-induced lipol
ysis. It has been reported that PLIN1 recruits Hsl to fat body LDs of 3rd 
instar larvae [170]. If this event is sufficient to activate TAG lipolysis 
downstream of Akh and PKA or if other lipases including PAPLA1 are 
involved has not been fully elucidated. The cAMP/PKA branch of Akh 
signaling has also been implicated in the regulation of transcription 
factors [82,201]. Upon acute starvation Akh suppresses Sik3 and sup
ports Foxo-dependent transcription of bmm [201]. Although not directly 
shown for Drosophila, PKA-mediated phosphorylation and inactivation 
of SIK has been observed in mammals implying cAMP/PKA as causal 
link between Akh and Sik3 [201]. The second signaling system activated 
by Akh is initiated by phospholipase C (encoded by Drosophila Plc21C), 
which catalyzes the conversion of PIP2 to inositol-1,4,5-trisphosphate 
(IP3). The binding of IP3 to an ER-resident IP3-sensitive calcium chan
nel (encoded by Drosophila Itp-R83a) triggers discharge of ER calcium 
stores into the cytosol. The concurrent depletion of ER calcium stores 
leads to interactions between the calcium sensor Stromal interaction 
molecule (Stim) and calcium channel subunits at the plasma membrane 
(Drosophila Olf186-F), which in turn triggers influx of extracellular cal
cium, a phenomenon referred to as store-operated calcium entry 
[10,228,232]. Collectively, these events elevate cytosolic calcium con
centrations in the fat body cell. Depletion of genes that increase or 
maintain cytosolic calcium levels (e.g. Stim) cause an Akh resistance 
phenotype and a gene expression signature that favors progressive TAG 
accumulation [10,232–234]. Conversely, organismal TAG storage de
creases upon interference with factors that counteract cytosolic calcium, 
e.g. the Sarco/ER calcium-ATPase, which terminates cytosolic calcium 
signaling by recycling calcium into the ER lumen [10,165]. Experiments 
in Manduca sexta and other non-dipteran insects suggest that increased 
cellular calcium is required for acute Akh stimulation of fat body 
lipolysis [230]. Depletion of fat body cytosolic calcium or of the calcium 
binding protein calmodulin in Drosophila cause elevated mdy and 
decreased bmm transcript levels. This observation argues that calcium 
signaling controls fat storage also via transcriptional control, e.g. by 
suppressing mdy expression [10,232]. However, how the calcium signal 
is transmitted to acute or chronic alterations of lipolytic and lipogenic 
effectors is not known. Importantly, Drosophila fat body calcium 
signaling controls TAG storage also indirectly by modulating feeding 
behavior and adipokine secretion [10,99]. Fig. 5 summarizes the regu
lation of fat body TAG by Akh signaling including interactions with in
sulin and TOR. 

6. Pathophysiological complications of diet-induced obesity in 
flies 

In humans, obesity, defined as an excessive accumulation of body fat, 
is associated with an elevated risk of developing insulin resistance, 
diabetes, cardiovascular disease, and non-alcoholic fatty liver disease 
[235]. Obesity arises as the result of a positive energy balance, i.e. the 
calories consumed exceed the calories expended. The global prevalence 

of obesity is the result of profound social and economic changes 
including growing availability of energy-rich food and reduced need for 
physical activity. Yet, at an individual basis the risk of developing 
obesity and associated co-morbidities results from a complex interaction 
of dietary, environmental, and hereditary factors [235,236]. Drosophila 
has been used to model both the genetic as well as the dietary basis of 
obesity. The genetic toolkit of the Drosophila system and its unique 
amenability for high-throughput studies inspired genetic screens aimed 
at identifying genes that prevent or favor obesity at genome-wide scales 
[10,11,237]. These genetic studies have been recently complemented by 
research elucidating the dietary basis of obesity. The most common 
obesogenic diets in Drosophila research include an excess of sugar or fat 
[5,15,51]. Feeding Drosophila larvae a high sugar diet containing excess 
sucrose results in increased TAG storage, hyperglycemia, hyper
insulinemia and insulin resistance, which manifests in delayed devel
opment and reduced body size [26,238]. Similar metabolic alterations 
including TAG over-storage, hyperglycemia, and reduced insulin 
signaling, are induced in high sugar-fed Drosophila adults, which are 
short-lived and display cardiac and nephrocyte dysfunctions reminiscent 
of diabetic cardiomyopathy and nephropathy [239,240]. Interestingly, 
organ dysfunction and decreased lifespan in high sugar-fed adults can be 
attributed to increased tissue hexosamine flux and water imbalance 
rather than TAG over-storage per se, illustrating that care must be taken 
in assuming causal relationships between excess TAG storage and diet- 
induced disease [239–241]. Metabolic abnormalities and organ 
dysfunction are also a hallmark of Drosophila chronically feeding on high 
fat diets that typically include coconut oil or lard [51,242]. High fat 
feeding results in elevated TAG storage, insulin resistance, and a 
reduction in life span. TGF-β signaling in the fat body has been causally 
linked to the development of insulin resistance in high fat diet-fed 
Drosophila [243]. In addition, systemic activation of JAK/STAT 
signaling by hemocyte-derived Upd3 has been identified as important 
trigger of high fat diet-induced insulin resistance and lifespan reduction 
[242]. Chronic high fat diet also causes ectopic TAG deposition in non- 
adipose tissues including cardiac and skeletal muscle [51,57]. Although 
the formation of ectopic TAG per se is not considered harmful it reflects 
an imbalance between lipid influx and usage, which has been commonly 
associated with tissue damage in obese and diabetic patients [3]. The 
“spillover” of lipids into non-adipose tissue, which is reflected by ectopic 
TAG deposition, often entails chronic elevations of other lipids including 
DAG or ceramides, which are potent signaling molecules and may 
directly or indirectly interfere with cellular signaling pathways or cause 
cellular stress [244,245]. This concept is referred to as “lipotoxicity” and 
is thought to contribute to organ dysfunction in obese and diabetic pa
tients and animal models [3,246]. High fat diet-induced “lipotoxic car
diomyopathy” in Drosophila manifests in reduced fractional shortening, 
reduced heart period, dysfunctional ostia and increased incidence of 
non-contractile cells [51]. Genetic experiments identified TOR signaling 
as early event in high fat diet-induced lipotoxic cardiomyopathy [51]. 
TOR activity suppresses a protective epistatic interaction between Bmm 
lipase activity and the transcriptional coactivator peroxisome 
proliferator-activated receptor γ coactivator-1 (PGC-1)/Spargel, both of 
which are necessary for normal cardiac function even in the absence of 
dietary challenge [135]. Interestingly, high fat diet-induced decreases in 
bmm and spargel expression and the associated symptoms of cardiac 
lipotoxicity persist for a subsequent generation irrespective of the diet 
[247]. Inter- and transgenerational inheritance of obesity phenotypes 
have also been reported for Drosophila fed high sugar diets and have 
been linked to distinct epigenetic markers [248,249]. 

7. Conclusions and perspectives 

The increasing prevalence of human disorders associated with TAG 
over-storage such as diabetes, obesity, and non-alcoholic fatty liver 
disease has inspired TAG metabolism research in genetically tractable 
model organisms. The genetic amenability of the Drosophila model 
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system has been exploited in several large-scale screens to identify ge
netic regulators of TAG storage and LD biology. These studies have 
strengthened the view that molecular processes of TAG formation, 
degradation, and storage are remarkably similar between Drosophila and 
higher organisms. In the past decade Drosophila research has been suc
cessfully extended to model the etiology and consequences of over
nutrition and diet-induced metabolic diseases. While these examples 
underscore the value and versatility of Drosophila as a research tool to 
investigate TAG metabolism and TAG-associated disorders, several gaps 
of knowledge hinder a more profound understanding of the relationship 
between Drosophila genetics and TAG biochemistry. One example is the 
incomplete characterization of the enzymology of Drosophila TAG 
metabolism and of the signaling events that confer acute or chronic al
terations in TAG storage. Annotations of isoenzymes in the Drosophila 
TAG synthesis pathway are often simply based on homology to human or 
yeast proteins but not on experimental evidence. Such isoenzymes may 
have non-redundant functions in the synthesis of TAG species and other 
glycerolipids or contribute differentially to TAG synthesis in various cell 
or tissue types. Open questions remain also with regard to enzymes 
mediating TAG breakdown. Candidate lipolytic effectors of the Akh 
pathway have been identified in Manduca sexta and Drosophila but the 
contribution of these enzymes to Akh-induced lipolysis is still unclear. 
Likewise, while immunohistochemical evidence suggests the occurrence 
of lysosomal TAG degradation (“lipophagy”) in Drosophila the lipolytic 
effectors of this process are essentially unknown making it difficult to 
truly assess the contribution of this process to TAG homeostasis. A 
comprehensive functional characterization of candidate TAG metabolic 
enzymes will thus close an important gap in Drosophila lipid research 
and may also unravel novel aspects of TAG metabolism relevant for basic 
and translational research. 

The integration of organ systems specialized in specific aspects of 
TAG metabolism requires a sophisticated endocrine system coordinating 
inter-tissue communication. Drosophila research has substantially 
advanced our understanding of how tissues sense alterations in energy 
intake and communicate this information to other central or peripheral 
organs. Humoral factors are secreted by essentially all organ systems 
involved in energy homeostasis and help to adjust TAG homeostasis to 
alterations in the nutritional status, often via cross-talk with insulin or 
Akh signaling. Nevertheless, how these endocrine factors are connected 
at the molecular level to lipogenic and lipolytic pathways is often poorly 
understood. Among the organ systems implicated in TAG metabolism 
the fat body deserves specific attention due to its central role in TAG 
storage, lipid processing, and lipid transport. The fat body acts as 
nutrient sensor, provides substrates for vitellogenesis, contributes to 
immunity, and acts as central endocrine organ in energy homeostasis 
and growth control. Understanding the cross-talk between those func
tions is an area of active research, which will certainly result in more 
advanced and integrated concepts of fat body biology in the near future. 
The Drosophila fat body is a plastic organ that expands upon elevated 
TAG storage mainly by an increase in cell size [35]. Expandability of 
adipose tissue is an important concept in human obesity research, and 
believed to be inversely related to detrimental ectopic fat depositions 
and lipotoxicity in obese patients. While there is evidence that excessive 
expansion of Drosophila fat body TAG stores entails detrimental lipid 
“spillover” to peripheral tissues little is known about environmental and 
genetic factors that define the storage capacity of Drosophila fat body. 
Moreover, fat body tissue exists as distinct depots in segments or asso
ciated with other tissues. Whether these depots are functionally equiv
alent or play distinct (patho)physiological roles in organismal TAG 
metabolism remains to be elucidated. 
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