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Abstract

After having revolutionized our understanding of the mechanisms of animal development, 

Drosophila melanogaster has more recently emerged as an equally valid genetic model in the field 

of animal metabolism. An increasing number of studies have revealed that many signaling 

pathways that control metabolism in mammals, including pathways controlled by nutrients 

(insulin, TOR), steroid hormone, glucagon, and hedgehog, are functionally conserved between 

mammals and Drosophila. In fact, genetic screens and analyses in Drosophila have identified new 

players and filled in gaps in the signaling networks that control metabolism. This review focuses 

on data that show how these networks control the formation and breakdown of triacylglycerol 

energy stores in the fat tissue of Drosophila.
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1. Introduction

Organisms are highly ordered structures that can only assemble and maintain themselves 

through processes that require energy. How organisms harness sources of energy is one of 

the fundamental questions in biology. This question has gained additional importance by the 

growing obesity pandemic among human populations (Ng et al., 2014). The excessive 

accumulation of body fat in the obese is associated with metabolic dysregulation that 

manifests itself as type II diabetes and that can lead to cancer, cardiovascular disease and 

other health problems (Bastien et al., 2014; Gallagher and LeRoith, 2010; Seidell, 2000). 

Efforts to curb the obesity pandemic will be critically informed by basic research into the 

fundamental principles of fat metabolism. Much of this basic research is done in humans and 

mammalian models. However, in recent years it has become evident that the fruit fly 

Drosophila melanogaster, a simple genetic model organism, is uniquely situated to uncover 

basal causal relationships between adiposity and metabolic changes on a physiological level. 
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Fruit flies will become obese under certain dietary conditions and obese flies show signs of 

diabetes, exhibit insulin resistance, and have impaired cardiac function. These studies have 

established Drosophila as a model for obesity studies and are discussed in several excellent 

recent reviews (Baker and Thummel, 2007; Diop and Bodmer, 2015; Graham and Pick, 

2017; Kühnlein, 2011; Owusu-Ansah and Perrimon, 2014). Here, I will first briefly review 

anabolic and catabolic pathways that determine the size of storage fat depots in Drosophila 
(for an in-depth review, see Kühnlein, 2012). The main focus of this review, however, will be 

on pathways and mechanisms that control the formation and breakdown of fat stores in 

Drosophila.

2. Fat storage and transport in Drosophila

Animals use neutral fats or triacylglycerols (TAGs) to store chemical energy that is not 

immediately needed for the maintenance of normal cellular and organismal functions. As 

fatty acid esters of glycerol, TAGs are energy-dense and highly hydrophobic, forming 

compact energy stores in the form of cytoplasmic lipid droplets. In recent years it has 

become clear that lipid droplets not only serve as energy stores, but are dynamic cell 

organelles that have a variety of other cellular functions and roles in the etiology of 

metabolic diseases (for reviews, see Krahmer et al., 2013; Welte, 2015). The mobilization of 

fatty acids from lipid droplet TAGs for energy production becomes critical when energetic 

needs cannot be met by nutritional intake or other sources of chemical energy, in particular 

glycogen, which is stored in the liver of vertebrates and the fat body of insects. Thus, TAGs 

are essential for the survival of periods of starvation and of conditions that preclude the 

uptake of nutrients, which exist, for instance, in hibernating animals or insects that undergo 

metamorphosis, such as Drosophila.

As in other insects, in Drosophila TAG is primarily stored in a specialized tissue, the fat 

body. The fat body is functionally equivalent to the mammalian adipose tissue, but it also 

has liver-like functions, storing glycogen for instance. A second tissue with liver-like 

functions are the oenocytes, which store and process lipids during periods of fasting and, 

accordingly, express many lipid-metabolizing genes (Gutierrez et al., 2007). Neutral lipid 

droplets are not only found in the fat body and oenocytes, but also in many other tissues, 

including the brain, the imaginal discs and, especially, the midgut. Next to the fat body, the 

midgut is another major lipogenic organ in Drosophila. The midgut produces diacylglycerol 

(DAG) for distribution to other tissues using dietary or de novo-synthesized fatty acids (Palm 

et al., 2012). DAG is the major form in which fatty acids are transported in Drosophila and 

in other insects (Canavoso et al., 2001; Palm et al., 2012). In the hemolymph, DAG is bound 

to the lipoprotein Lipophorin (Lpp), which binds more than 95% of all hemolymph lipids 

(Palm et al., 2012). DAGs constitute 70% of those lipids. DAGs released from the gut are 

loaded onto Lpp by the Lipid Transfer Particle (LTP) protein. As in other insects, in 

Drosophila Lpp is produced and secreted into the hemolymph by the fat body, and the same 

is true for LTP (Canavoso et al., 2001; Palm et al., 2012). Drosophila has two Lpp receptor 

genes, lpr1 and lpr2, which give rise to multiple receptor isoforms. Somewhat surprisingly, 

Lpp receptors are required for the uptake of neutral lipids into oocytes and imaginal disc 

cells, but in the fat body the number and size of fat droplets does not change in the absence 

of Lpp receptors (Parra-Peralbo and Culi, 2011). In oocytes and imaginal discs, Lpp 
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receptors in the plasma membrane are bound by LTP and this interaction is required for the 

efficient transfer of lipid from Lpp into the cells (Rodríguez-Vázquez et al., 2015). Notably, 

fat body TAG levels do not decrease when larvae are fed a lipid-free diet or if Lpp is reduced 

by RNAi (Palm et al., 2012). This suggests that the fat body can maintain constant TAG 

stores through de novo synthesis, independent of the delivery of external DAGs. In contrast, 

reduction of LTP by RNAi does reduce fat body TAGs by 30%. In addition, it strongly 

reduces medium-chain DAGs in the fat body that are predominantly produced in the gut. 

This suggests that the fat body indeed takes up DAGs from the hemolymph, a conclusion 

that is supported by studies in the tobacco hornworm, Manduca sexta, demonstrating uptake 

of radiolabeled DAG from Lpp into the fat body (Canavoso et al., 2004). Interestingly, fat 

body TAGs contain comparatively few medium-chain acyl residues, suggesting that 

medium-chain DAGs coming from the gut are not directly converted to TAGs (Palm et al., 

2012).

3. The de novo synthesis of neutral fats

Neutral fats are derived from two basic building blocks, glycerol-3 phosphate and fatty 

acids. If not derived from nutritional sources or the breakdown of stored fat, fatty acids can 

be synthesized de novo from acetyl-CoA that is derived from the breakdown of 

carbohydrates and proteins. De novo synthesis of neutral fats occurs through the glycerol-3-

phosphate pathway, which converts glycerol-3-phosphate into TAG by esterification with 

fatty acids in 4 enzymatic steps (Fig. 1A). The last step in the pathway, the conversion of 

DAG into TAG, is carried out by diacylglycerol acyltransferases (DGATs). In Drosophila, an 

enzyme with demonstrated in vitro DGAT activity is encoded by the midway (mdy) gene 

(Buszczak et al., 2002). TAG stores are reduced in mdy mutant and RNAi knockdown flies, 

confirming the role of the protein in TAG synthesis in vivo (Beller et al., 2010; Buszczak et 

al., 2002). A second potential DGAT homolog, encoded by CG1942, has been referred to as 

DGAT2 (Wilfling et al., 2013). However, the CG1942 product shows higher sequence 

identity to the vertebrate monoacylglycerol acyltransferase MGAT2 than to DGAT2 (39% vs 

30.8% compared with the human proteins), leaving the question open which substrates are 

used by this enzyme. In S2 cells, reduction of the CG1942 product leads to a reduction in the 

number of large lipid droplets, but it does not reduce the total amount of TAG (Wilfling et 

al., 2013). A role of the CG1942 product in TAG synthesis in larvae and adults is suggested 

by expression in the larval midgut and the adult fat body and midgut (Chintapalli et al., 

2007). Expression in the midgut is consistent with the known role of MGAT2 in intestinal 

triglyceride absorption in mammals (Cao et al., 2012). The CG1942 product belongs to a 

group of enzymes that includes GPAT4, AGPAT3 and Lipin, which are recruited to the lipid 

droplet surface during TAG synthesis. In contrast, the mdy product DGAT1 is not associated 

with lipid droplets during TAG synthesis, but remains localized within the ER (Wilfling et 

al., 2013).

Whereas DGATs are solely dedicated to the production of TAGs, the enzyme that produces 

DAG in the glycerol-3-phosphate pathway is involved in both TAG production and the 

production of membrane phospholipids. DAG is derived from phosphatidic acid (PA) by 

phosphatidic acid phosphatase (PAP), which is encoded in Drosophila by the single Lipin 
gene. In contrast, mice and humans possess three lipin genes, lipin 1, 2, and 3 (Csaki and 
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Reue, 2010; Harris and Finck, 2011). Mutations in both mouse lipin 1 and Drosophila Lipin 
lead to a severe lipodystrophy phenotype (Peterfy et al., 2001; Ugrankar et al., 2011). In 

addition to TAG production, lipins provide DAG as a precursor for the synthesis of specific 

membrane phospholipids. The lipin substrate, PA, is used for the synthesis of membrane 

phospholipids as well, which puts lipins at the crossroads between storage and membrane 

lipid synthesis (Fig. 1A). Lipins are not only found in animals, but also in plants and fungi, 

and are characterized by highly conserved domains referred to as the NLIP and CLIP 

domains (Peterfy et al., 2001) (Fig. 1B).

Studies of mammalian and yeast lipins revealed functions of lipins not only in lipid 

synthesis, but also in gene regulation (for reviews, see Csaki and Reue, 2010; Harris and 

Finck, 2011; Siniossoglou, 2013). The CLIP domain contains an LXXIL transcriptional co-

regulator motif that is similar to the LXXLL transcriptional co-regulator motif found in 

nuclear receptor co-regulators (Finck et al., 2006). Indeed, it has been shown that lipin 1 and 

3 can physically interact with nuclear receptors and co-regulators (Finck et al., 2006). Gene-

regulatory functions of Drosophila Lipin seem to be dispensable for survival under normal 

culture conditions in the laboratory (Rudolf, X.V., Hood, S.E., Lehmann, M.; unpublished 

data). However, data obtained for both Drosophila and vertebrates suggest that they are vital 

under starvation conditions (Peterson et al., 2011; Schmitt et al., 2015; Ugrankar et al., 

2011). The full arrays of genes controlled by the co-regulator functions of lipins await 

identification. However, gene expression profiling after over-expression of lipin 1 in mouse 

liver suggests that lipin 1 activates genes involved in fatty acid utilization and oxidative 

phosphorylation, whereas it represses genes involved in de novo lipogenesis (Finck et al., 

2006). Since lipin 1 also activates expression of the nuclear receptors PPARα and HNF4α, it 

is unclear which of these genes respond directly to lipin 1 and which are activated by these 

transcription factors. However, since lipin 1 can physically interact with the two receptors 

and also with the nuclear receptor co-regulator PGC-1α, many of the identified genes may 

be activated in a cooperative fashion. PPARα and PGC-1α are known key regulators of lipid 

and energy metabolism and HNF4 has been associated with the control of lipid metabolism 

in Drosophila (see below) (Kersten, 2014; Palanker et al., 2009; Sugden et al., 2010). The 

physical interaction data are consistent with the results of chromatin immunoprecipitation 

(ChIP) experiments in yeast and mice, which support a model in which lipins bind to 

specific gene loci as transcriptional co-regulators (Finck et al., 2006; Santos-Rosa et al., 

2005). However, it is interesting to note that mouse lipin 1 may also control gene expression 

more indirectly by controlling nuclear localization of the transcription factor SREBP1 

(Peterson et al., 2011).

In both mice and flies, nuclear translocation of lipins is regulated by the nutrient-sensitive 

TOR pathway (Peterson et al., 2011; Schmitt et al., 2015) (for the relationship of lipins to 

TOR and SREBP, see the discussion further below). Interestingly, the activity and 

intracellular localization of Drosophila Lipin has been shown to depend on Torsin, an 

evolutionarily conserved AAA+ ATPase family protein that localizes to the ER and nuclear 

envelope (Grillet et al., 2016). Null mutants of torsin show fat body defects that include 

elevated TAG levels in early larvae and fat body cell size reduction in late larvae. Fat body 

DAG is highly elevated in the early larvae as well, whereas PA is strongly reduced, 

suggesting that Torsin normally has a negative impact on the PAP activity of Lipin. Indeed, 
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reduction of Lipin expression partially rescues Torsin mutant phenotypes. Lipin re-localizes 

to the nuclear area upon loss of Torsin, suggesting that Torsin exerts its effects by controlling 

where Lipin acts in the cell. However, whether this is achieved by direct physical interaction 

or by other means remains to be explored.

Enzymes catalyzing the first two steps of the glycerol-3-phospate pathway are not as well 

characterized in Drosophila as Mdy and Lipin. Glycerol-3-phosphate acyltransferases 

(GPATs) are responsible for the first step of the pathway, which converts glycerol-3-

phosphate into lysophosphatidic acid (Fig. 1A). The Drosophila genome contains three 

genes that are predicted to encode GPATs, GPAT 1, GPAT 4 and CG15450 (Wilfling et al., 

2013). While the biological function of CG15450 may be restricted to testis (Boutanaev et 

al., 2002), both GPAT 1 and 4 have been implicated with fat droplet formation in S2 cells. 

Similar to a reduction of DGAT1, reduction of GPAT4 in S2 cells leads to a significant 

decrease in TAG content (Wilfling et al., 2013). Surprisingly, a putative null mutant of 

GPAT4 does not exhibit reduced amounts of TAG in larval fat body cells, suggesting that 

GPAT4 acts with GPAT1 in a redundant manner (Tian et al., 2011; Yan et al., 2015). 

Consistent with this interpretation, GPAT1 transfection rescues total TAG levels in GPAT4-

depleted S2 cells, although GPAT1 knockdown does not lead to changes in total TAG 

content or fat droplet size (Wilfling et al., 2013). Lysophosphatidic acid produced by GPATs 

is converted to PA by acylglycerol-3-phosphate acyltransferases (AGPATs). The Drosophila 
genome encodes four homologs of the mammalian AGPATs that have been analyzed to some 

extent in S2 cells (Wilfling et al., 2013). Whereas AGPAT3 is required for production of 

normal amounts of TAG in these cells, AGPAT1 and 2 are not. These and other proteins of 

the glycerol-3-phosphate pathway await a more detailed genetic characterization in whole 

animals.

4. The breakdown of neutral fats

The synthesis of fat is balanced by its breakdown, which is carried out by lipases in both 

mammals and Drosophila. Drosophila has two lipases that have been shown to contribute to 

lipolysis, the adipocyte triglyceride lipase (ATGL) homolog Brummer (BMM) and the 

hormone-sensitive lipase homolog HSL (Bi et al., 2012; Gronke et al., 2005). Additional 

putative lipases await characterization (Horne et al., 2009), among them lipases encoded by 

CG1882, CG5966 and the brummer-like dob gene. All three of these genes are expressed in 

fat body and the CG1882 product has been shown to co-purify with fat droplets (Birner-

Gruenberger et al., 2012; Cermelli et al., 2006). Fat breakdown by lipases is controlled by 

proteins of the perilipin family, which associate with the surface of lipid droplets. Whereas 

mammals have five perilipins with different and partially redundant functions (Itabe et al., 

2017), Drosophila has only two perilipins, Lsd-1 and Lsd-2 (also referred to as PLIN1 and 

PLIN2) (Bi et al., 2012; Miura et al., 2002; Teixeira et al., 2003). Similar to the mammalian 

proteins, Lsd-1 and Lsd-2 have both opposing and partially redundant functions. Lsd-1 

promotes fat mobilization by recruitment of HSL to the lipid droplet surface (Bi et al., 

2012). A role of Lsp-1 in the activation of lipolysis had initially been suggested by studies in 

another insect, Manduca sexta, which showed that increased phosphorylation of Lsd-1 

correlates with increased lipolysis and increased activity of adipokinetic hormone, as 

discussed further below (Arrese et al., 2008a; Patel et al., 2005). Consistent with a role of 

Lehmann Page 5

Mol Cell Endocrinol. Author manuscript; available in PMC 2019 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lsd-1 in promoting lipolysis, Lsd-1 mutant flies are obese and show a giant lipid droplet 

phenotype (Beller et al., 2010). Lsd-2 null mutants have significantly reduced TAG stores, 

suggesting a role in protecting lipid droplets from lipolysis (Gronke et al., 2003). However, 

the observation that Lsd-2 is required for the formation of lipid droplets in the cortical 

cytoplasm of fat body cells provides an alternative interpretation of this phenotype 

(Diaconeasa et al., 2013). Lsd-2 specifically associates with a subpopulation of small lipid 

droplets in the cortex. These droplets, but also larger cortical lipid droplets that do not bind 

Lsd-2, are eliminated when Lsd-2 is reduced by RNAi. These data suggest a role of Lsd-2 in 

the uptake of Lpp-delivered lipids from the hemolymph. Interestingly, Lsd-1 can partially 

replace Lsd-2 function in Lsd-2 mutants, suggesting some functional redundancy (Bi et al., 

2012). Considering the important roles of perilipins in fat droplet dynamics, it comes as a 

surprise that flies that completely lack both Lsd-1 and Lsd-2 are viable and capable of 

regulating fat depots. This suggests that functions of perilipins are not essential in storage fat 

regulation in Drosophila under normal feeding conditions. However, they gain importance 

during times of reduced nutrient availability (Beller et al., 2010).

5. The hormonal and physiological regulation of fat stores

5.1 Insulin and TOR

5.1.1 Overview of insulin and TOR pathways—How does the availability of nutrients 

drive lipogenesis and lipolysis? Two major signaling pathways that mediate the effects of 

nutrients are the insulin and TOR (target of rapamycin) pathways. In both mammals and 

Drosophila, the effects of insulin or insulin-like peptides are mediated by an insulin receptor 

that activates a signaling axis consisting of the phosphatidyl-inositol 3-kinase PI3K and the 

protein kinase Akt (aka protein kinase B) (Manning and Toker, 2017). In mammals, the 

same axis can be activated by insulin-like growth factor 1 (IGF-1) and its receptor IGF-1R, 

which complicates the analysis of insulin signaling in mammalian systems (Kitamura et al., 

2003; Oldham and Hafen, 2003). This complexity is reduced in Drosophila, which has only 

a single insulin receptor (InR) (Brogiolo et al., 2001). However, InR can potentially be 

activated by eight different insulin-like peptides (Dilps) (for reviews, see Nässel et al., 2013; 

Owusu-Ansah and Perrimon, 2014). Four of these Dilps, Dilp 1, 2, 3 and 5, are produced by 

two groups of insulin-producing neurosecretory cells in the brain, the IPCs (Brogiolo et al., 

2001; Rulifson et al., 2002). Key downstream targets of the InR-PI3K-Akt pathway are 

FOXO transcription factors, which are phosphorylated by Akt and, thus, retained in the 

cytoplasm. Under fasting conditions that are associated with low insulin signaling, FOXOs 

translocate into the nucleus to control tissue-specific transcriptional programs that are 

important for cell survival, cell growth and metabolism, including lipid metabolism (S. Lee 

and Dong, 2017; Manning and Toker, 2017).

The TOR pathway can be directly activated by nutrients, in particular amino acids, or by 

insulin and other growth factors via crosstalk with the PI3K-Akt pathway (González and 

Hall, 2017; Wullschleger et al., 2006). Cross-activation of TOR by insulin, which is 

mediated by Akt phosphorylation of the TOR inhibitor tuberous sclerosis protein TSC2, can 

make it difficult to distinguish effects of insulin pathway activation that are independent of 

the TOR pathway. Mammalian TOR (mTOR) is a member of two functionally distinct 
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complexes, mTORC1 and mTORC2. While an essential role of mTORC1 in protein 

synthesis and cellular growth has been known for quite some time, more recent data have 

established that both mTORC1 and mTORC2 also play important roles in adipogenesis and 

lipogenesis (Lamming and Sabatini, 2013). mTORC1 is not only required for normal 

adipogenesis, the development of adipose tissue, but it also stimulates lipogenesis by 

promoting the activation of lipogenic genes.

Critical for mediating the effects of both TORC1 and insulin on lipogenesis in the 

mammalian liver are the sterol regulatory element-binding proteins, SREBP1 and SREBP2. 

SREBPs are key regulators of lipid synthesis not only in vertebrates, but also in invertebrates 

(Kersten, 2001; Kunte et al., 2006; Shao and Espenshade, 2012). However, it is interesting to 

note that in mammalian adipose tissue, SREBP1 and SREBP2 may not have the same, 

critical role that they have in the liver, although essential functions may be obscured by 

redundancy between the two proteins (Shimano et al., 1997; Vergnes et al., 2016). Effects of 

mTORC1 on SREBP are mediated by both the ribosomal protein S6 kinase 1 (S6K1) and the 

lipin 1 protein (Düvel et al., 2010; Peterson et al., 2011). Controlling SREBP localization 

requires the PAP activity of lipin 1, suggesting the involvement of an intranuclear signaling 

pathway.

5.1.2 Insulin signaling and TOR in fat store regulation in Drosophila—Work in 

Drosophila has made important contributions to a better understanding of conserved aspects 

of the TOR and insulin regulatory networks (Hietakangas and Cohen, 2009; Oldham and 

Hafen, 2003). Here, I will discuss evidence indicating that this conservation extends to the 

control of lipogenesis and lipolysis. In Drosophila, insulin signaling promotes the 

accumulation of fat stores in a cell-autonomous manner. Up-regulation of the Drosophila 
InR specifically in the adult fat body increases TAG stores. Importantly, a similar increase is 

seen if the effect of InR on TAG levels is uncoupled from its effect on cell proliferation. This 

suggests that InR indeed promotes lipogenesis and/or attenuates lipolysis (DiAngelo and 

Birnbaum, 2009). A similar function in promoting fat storage is suggested for TOR by the 

phenotype of animals carrying hypomorphic alleles of TOR, which have decreased lipid 

levels and smaller fat droplets (Luong et al., 2006). However, some data seemingly 

contradict these results. For instance, TAGs are increased 4-fold in InR mutant flies and total 

lipids 2-fold in mutant flies lacking the insulin receptor substrate protein Chico (Böhni et al., 

1999; Tatar et al., 2001). Consistent with these findings, ablation of the IPCs of the brain 

leads to a modest increase in whole-body TAGs (Broughton et al., 2005). Thus, interference 

with systemic release or systemic reception of the insulin signal results in increased lipid 

levels. These conflicting data can be reconciled by assuming that whole-organism effects 

mask cell-autonomous effects that altered insulin signaling has in the fat body. The same 

reasoning may explain the observation that feeding of the TOR inhibitor rapamycin results 

in increased fat levels in flies (Teleman et al., 2005).

How are the effects of Dilps and TOR on fat storage mediated in fat body cells? Evidence 

indicates that both lipogenic and lipolytic activities are the targets. TOR regulates 

intracellular localization of Lipin and insulin signaling seems to positively affect the role of 

Lipin in fat droplet formation (Schmitt et al., 2015). When nutrients are scarce and TOR 

signaling is low, Drosophila Lipin translocates into the cell nucleus, a property that it has in 
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common with mammalian lipin 1 (Peterson et al., 2011). However, unlike down-regulation 

of TOR, down-regulation of the insulin pathway does not lead to nuclear translocation of 

Lipin (Schmitt et al., 2015). Instead, reduced InR activity strongly enhances the small lipid 

droplet phenotype observed after reduction of Lipin. These data contrast with data obtained 

in mice, which have, so far, not provided evidence that insulin has regulatory inputs on lipin 

1 that are independent of TOR (Harris et al., 2007; Huffman et al., 2002; Péterfy et al., 

2010). It will be interesting to determine in more detail how the InR-PI3K-Akt axis controls 

Lipin function independently of TOR in Drosophila and to further explore independent 

regulation in mammalian systems. Lipin 1 contains multiple phosphorylation sites that are 

sensitive to the TOR inhibitor rapamycin and that undergo phosphorylation in response to 

insulin signaling (Harris et al., 2007; Huffman et al., 2002; Peterson et al., 2011; Péterfy et 

al., 2010). In both lipin 1 and Drosophila Lipin these sites are clustered in similar regions of 

the proteins, suggesting functional conservation (Fig. 1B). Dephosphorylation leads to 

translocation into the nucleus and is catalyzed in mammals by the CTDNEP1(aka Dullard)/

NEP1-R1 phosphatase complex (Han et al., 2012; Y. Kim et al., 2007). Homologs of this 

complex in yeast have been shown to dephosphorylate the yeast lipin homolog, Pah1p 

(Karanasios et al., 2010). Although the evolutionary conservation of this process suggests 

that the CTDNEP1 and NEP1-R1 homologs of Drosophila have the same function, this 

remains to be shown experimentally. It is also unknown if Drosophila Lipin targets that same 

genes that have been identified as putative direct targets of mouse lipin 1 (Finck et al., 2006).

In mammalian cells, nuclear translocation of lipin 1 leads to the exclusion of SREBP1 from 

the nucleus (Peterson et al., 2011), which raises the possibility that Drosophila Lipin acts in 

a similar way. In contrast to mammals, Drosophila has only one SREBP gene and 

Drosophila SREBP is activated by fatty acids and not by cholesterol (Seegmiller et al., 

2002). However, like the mammalian SREBPs, Drosophila SREBP plays a key role in the 

activation of lipogenic genes (Kunte et al., 2006; Porstmann et al., 2008). SREBP mutants 

are not viable, but can be rescued by SREBP expression exclusively in two tissues, the 

midgut and the fat body, indicating that SREBP has an essential role in the fat body (Kunte 

et al., 2006).

An interesting observation worth noting is that Drosophila Lipin is required for the normal 

growth of fat body cells, as shown by genetic mosaic studies. This suggests insensitivity of 

cells lacking Lipin to growth factor stimulation (Schmitt et al., 2015). Indeed, insulin 

pathway activity is cell-autonomously down-regulated in the cells and, on the organismal 

level, hemolymph sugar levels are elevated. This suggests that tissues lacking Lipin become 

insulin resistant, an observation that is consistent with the severe insulin resistance observed 

in fld mice that lack lipin 1 (Reue et al., 2000). Reduction of two other enzymes of the 

glycerol-3-phosphate pathway, GPAT4 and AGPAT3, has effects on insulin pathway activity 

in the fat body that are similar to those of reduced Lipin (Schmitt et al., 2015). Consistent 

with this observation, a GPAT4 loss-of-function mutant exhibits elevated mRNA levels of 

Dilp 2 and 3 and decreased insulin responsiveness (Yan et al., 2015). These observations link 

the activity of the whole glycerol-3-phosphate pathway to cellular insulin responsiveness. It 

will be interesting to unravel the underlying molecular mechanism that connects the two 

pathways.

Lehmann Page 8

Mol Cell Endocrinol. Author manuscript; available in PMC 2019 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Work in Drosophila shows that not only lipogenesis, but also lipolysis, is under the control 

of insulin signaling and TOR. Expression of the BMM lipase depends on FOXO, the 

downstream effector of the insulin pathway, which promotes the synthesis of bmm mRNA 

under fasting conditions when insulin signaling is low (Wang et al., 2011). FOXO is 

negatively regulated through phosphorylation by the insulin pathway kinase Akt. However, 

FOXO can also be regulated by reversible acetylation (Brunet et al., 2004; Daitoku et al., 

2004). Enzymes that deacetylate FOXO and, thereby, modulate its transcriptional functions, 

are the sirtuins (discussed below) and the class IIa histone deacetylase HDAC4 (Wang et al., 

2011). HDAC4 is under negative control by InR and Akt that is mediated by the AMP-

activated protein kinase SIK3. Loss of SIK3 leads to elevated expression of the BMM lipase 

and decreased fat stores (Choi et al., 2015; Wang et al., 2011). Interestingly, adipokinetic 

hormone (AKH) (to be discussed below) has a regulatory input on the SIK3-HDAC4-FOXO 

signaling axis by inhibiting LKB1, a kinase that directly activates SIK3 (Choi et al., 2015). 

Thus, feeding (insulin) and fasting (AKH) signals converge on SIK3 to control fat 

mobilization via HDAC4 and FOXO. Bmm mRNA is also up-regulated in animals carrying 

hypomorphic alleles of TOR (Luong et al., 2006). Thus, bmm appears to be regulated on a 

transcriptional level by insulin, TOR, and AKH to balance fat levels. It will be interesting to 

learn more about how regulation of Drosophila HSL contributes to this balance and if it is 

controlled by hormone-induced posttranslational modification similar to its mammalian 

counterpart.

It will also be interesting to determine in more detail which of the eight Dilps of Drosophila 
that potentially act through the insulin pathway have specific functions in the regulation of 

fat stores. So far, evidence suggests that the Drosophila InR can be activated by Dilp2, one 

of four Dilps that are produced by the IPCs in the brain (Brogiolo et al., 2001; Rulifson et 

al., 2002). Another of these Dilps, Dilp3, has been show to activate TOR activity in the fat 

body (J. Kim and Neufeld, 2015). These observations link both of Dilp 2 and Dilp 3 to the 

regulation of fat stores. Another Dilp that has been implicated with the regulation of fat 

stores is Dilp 6. Dilp 6 expression is strongly induced upon starvation in a FOXO-dependent 

manner in the larval fat body (Slaidina et al., 2009). The loss of body mass that is normally 

observed during starvation is enhanced in Dilp 6 mutants, but it has not been determined if 

this is associated with changes in TAG stores. Under fed conditions, loss of Dilp 6 does not 

affect fat stores in the larval fat body (Slaidina et al., 2009). However, in freshly eclosed 

adult flies, TAGs are increased after RNAi knockdown of Dilp 6 during the pupal stage, 

suggesting a defect in lipid processing. Consistent with this observation, it has been shown 

that, when adult flies are starved, fat body-produced Dilp 6 signals to the oenocytes and is 

required for lipid uptake and processing by the oenocytes (Chatterjee et al., 2014).

5.2 Adipokinetic Hormone and Octopamine

Fat stores in mammals are not only controlled by insulin and TOR, but also by glucagon, 

which antagonizes insulin signaling, and β-adrenergic signaling, which controls the rapid 

mobilization of fat stores during stress responses. Glucagon and adrenaline/noradrenaline 

have in common that they act through activation of intracellular signaling by the second 

messenger cAMP. cAMP-activated protein kinase A (PKA) promotes fat mobilization by 
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phosphorylation of mammalian HSL and perilipins, with the result that HSL is recruited to 

the lipid droplet surface (Holm, 2003).

In Drosophila and other insects, adipokinetic hormone (AKH) takes on the role that 

glucagon has in mammals, and octopamine is the insect equivalent of noradrenaline/

adrenaline in β-adrenergic signaling (Arrese and Soulages, 2010; Roeder, 2005). AKH is 

produced and released by the corpora cardiaca (CC). In Drosophila, these endocrine glands 

are fused with two other hormone-producing glands, the prothoracic glands (PG) and the 

corpora allata, to form the composite ring gland. Studies in a number of insect species, 

including pioneering studies in locusts and moths (Arrese et al., 1999; Lum and Chino, 

1990; Z. Wang et al., 1990), have established a shared function of AKH in the mobilization 

of fat and glycogen from the fat body that is mediated by the second messengers cAMP and 

Ca2+ (reviewed in Arrese and Soulages, 2010). In Drosophila, mutations of the AKH gene or 

the AKH receptor (AKHR) gene lead to obesity in adult flies, whereas over-expression of 

AKH or AKHR leads to a dramatic reduction of fat stores (Baumbach et al., 2014b; 

Gáliková et al., 2015; Gronke et al., 2007). The obesity of AKHR mutants is strongly 

enhanced by loss of bmm, leading to extreme fat accumulation and suggesting that AKH 

acts on fat stores mostly through activating a different lipase. Considering the vertebrate 

data, a promising candidate is Drosophila HSL. Indeed, HSL translocates to lipid droplets 

during starvation, suggesting that an AKH-dependent phosphorylation of Lsd-1 and/or HSL 

by PKA is responsible for the translocation (Bi et al., 2012). However, although Drosophila 
Lsd-1 is susceptible to phosphorylation by PKA (Arrese et al., 2008b), mutation of potential 

PKA phosphorylation sites in Lsd-1 did not provide evidence in support of this hypothesis 

(Beller et al., 2010), and phosphorylation sites of mammalian HSL are not conserved in 

Drosophila HSL (Bi et al., 2012). Clearly, further studies will be necessary to gain a 

comprehensive understanding of the mechanism by which AKH activates lipolysis in 

Drosophila. With the recent discovery that AKH influences gene expression through the 

same signal transduction pathway used by mammalian glucagon, the door has opened for a 

genetic dissection of how the AKH signaling pathway influences the expression of lipogenic 

and lipolytic genes (Song et al., 2017). It seems unlikely that this occurs exclusively through 

convergence with the PI3K-Akt-FOXO axis, which, as discussed earlier, leads to the 

activation of lipolytic genes by FOXO.

In contrast to the adult stage, Drosophila larvae that cannot produce AKH have normal TAG 

and glycogen stores, and changes in TAG and carbohydrates that are characteristic for 

metamorphosis are undisturbed (Gáliková et al., 2015). Similarly, ablation of the AKH-

producing cells of the CC does not affect larval TAG stores (G. Lee and Park, 2004). These 

observations serve as an important reminder that results obtained with adult fat body do not 

necessarily translate to larval fat body and vice versa. Environmental and feeding conditions 

under which larvae and adults live are quite different and this entails significant differences 

in fat storage regulation.

Interestingly, both cell ablation and AKH mutation suppress hyperactivity that flies normally 

display when starved, suggesting that AKH is responsible for behavioral changes during 

starvation. These changes are possibly mediated by the activation of octopaminergic 

neurons, which is required for starvation-induced hyperactivity in Drosophila (Yang et al., 
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2015). However, although it has been shown that AKH can activate octopaminergic 

signaling in Drosophila (Metaxakis et al., 2014), this is a hypothesis that remains to be 

tested. Flies lacking octopamine have considerably increased TAG depots despite lower food 

intake (Li et al., 2016). Besides the reduced locomotion, a reduced metabolic resting state 

was identified as the likely cause of this increase. At least part of the effects of the lack of 

octopamine can be explained by increased release of Dilp 2 by the IPCs.

5.3 Cytokine Signaling

The larval fat body of Drosophila operates as a nutrient sensor that coordinates the 

availability of nutrients with organismal growth (Colombani et al., 2003). A factor released 

by the fat body that has been shown to control systemic growth is the cytokine Unpaired 2 

(Upd2) (Rajan and Perrimon, 2012). Both larvae and adults that cannot express upd2, or in 

which upd2 is specifically down-regulated in the fat body, have considerably reduced TAG 

levels, and larvae show growth defects. Starvation leads to a dramatic reduction of usd2 
transcripts in adult flies that accompanies the reduction of fat stores in these flies. 

Importantly, starvation does not lead to fat breakdown in the fat body when upd2 expression 

is artificially maintained in the tissue. Further, it has been shown that Upd2 maintains fat 

stores in the fed state non-cell autonomously by signaling to the brain and stimulating Dilp 2 

and Dilp 5 secretion by the IPCs. Knockdown of STAT92E, a component of the Upd2-

controlled JAK/STAT pathway, in neurons projecting onto the IPCs, but not in the fat body, 

blocks Dilp release and leads to the depletion of fat stores. Intriguingly, human Leptin can 

replace Upd2 in Drosophila and rescue upd2 mutant phenotypes. This suggests that Upd2 is 

a functional homolog of Leptin in the fly, although reduction of Upd2 does not alter feeding 

behavior (Rajan and Perrimon, 2012).

5.4 Steroid Hormone Signaling

Vertebrate steroid hormones, in particular glucocorticoids, are known to have important roles 

in the control of lipid metabolism (Peckett et al., 2011). In contrast to vertebrates, insects 

produce only one class of steroid hormones that are referred to as ecdysteroids. Ecdysteroids 

act through two members of the nuclear receptor family, the Ecdysone Receptor (EcR) and 

Ultraspiracle (Usp), which form the heterodimeric ecdysteroid receptor EcR/Usp (for a 

review, see King-Jones and Thummel, 2005). 20-hydoxyecdysone (20E) is an ecdysteroid 

widely used as a hormone by many insect species, including Drosophila melanogaster, but 

the major ecdysteroid with biological activity found in Drosophila is makisterone A 

(Lavrynenko et al., 2015) (henceforth, and for the sake of simplicity, I will refer to the active 

compound as 20E). 20E is produced in peripheral tissues, including the fat body, from the 

ecdysteroid ecdysone, which is produced and secreted into the hemolymph by the PG 

portion of the ring gland. 20E acts as a key regulator of development and metabolism in 

Drosophila and other insects (for reviews, see Tennessen and Thummel, 2011; Yamanaka et 

al., 2013).

20E has been shown to have a suppressive effect on InR-PI3K pathway activity in the larval 

fat body that promotes nuclear translocation of FOXO (Colombani et al., 2005). However, it 

is unclear how this is achieved mechanistically, although it may involve 20E repression of 

microRNA mir-8 (Jin et al., 2012) (see below). 20E-induced attenuation of signaling through 
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InR-PI3K should lead to increased lipolysis in the fat body given the known role of FOXO 

in the regulation of this process. Indeed, RNAi knockdown of EcR in the larval fat body 

leads to increased TAG levels (Kamoshida et al., 2012). Interestingly, when signaling 

through PI3K is reduced in the PG, basal titers of circulating ecdysteroids decrease 

(Colombani et al., 2005). This observation supports a model in which insufficient nutrient 

availability lowers basal ecdysteroid titers which, in turn, promotes fat storage. If the same 

scenario applies to adult flies, this may explain why systemic reduction of insulin signaling 

has the net effect of increasing fat stores despite its cell-autonomous role in the fat body to 

promote fat storage. However, at least in female flies, measurements of ecdysteroid titers 

indicate that these rather increase than decrease upon starvation (Terashima et al., 2005). 

Interestingly, decreased activity of TOR in the PG leads to a developmental delay that is 

associated with an inability of the animals to generate peak levels of ecdysteroids (Layalle et 

al., 2008). Such a delay is not seen after reduction of PI3K (Colombani et al., 2005). Thus, it 

seems that PI3K and TOR regulate ecdysone production independently to modulate basal 

titers and peak titers, the former leading to metabolic changes and the latter inducing 

developmental transitions. Interestingly, on the transcriptional level, increased 20E signaling 

leads to increased expression of the adipose (adp) gene in larval fat body, which may explain 

part of the effect that lowering of the ecdysteroid titer has on fat stores (Kamoshida et al., 

2012). Mutations in adp, which has long been known to control body fat depots in 

Drosophila, lead to obese flies (Doane, 1960). Importantly, the function of adp in fat store 

regulation is highly conserved between invertebrates and mammals (Suh et al., 2007). In 

mammals, Adp binds to histones and the histone deacetylase HDAC3. Liver-specific 

knockout of HDAC3 in the mouse leads to de novo lipogenesis and increased expression of 

lipogenic genes, and HDAC3 has been shown to play important roles in the circadian control 

of lipid metabolism genes (Sun et al., 2011). This, and the known role of circadian pathways 

in the control of ecdysteroid titers (Di Cara and King-Jones, 2013), raises the intriguing 

possibility that an ecdysteroid-Adp axis controls circadian fluctuations in lipid metabolism 

in Drosophila.

5.5 Juvenile Hormone

Juvenile hormone (JH) is an important hormone in insects that cooperates with 20E to 

control the nature of developmental transitions. In addition, it plays an important role in 

insect reproduction (Jindra et al., 2013). JH is produced by the corpora allata, which are part 

of the ring gland in Drosophila. Genetic ablation of the corpora allata in Drosophila leads to 

stunted larval growth, the formation of undersized pupae, and impaired adult fat body 

development (Mirth et al., 2014; Yamamoto et al., 2013). Reduced growth can be rescued by 

reducing the level of FOXO activity, suggesting that it is primarily caused by changes in 

insulin signaling (Mirth et al., 2014). This suggests that JH acts on lipid metabolism, at least 

in part, indirectly via crosstalk with the insulin pathway. However, measurements of TAG 

levels are required to demonstrate that JH has, in fact, an effect on fat stores in Drosophila. 

Animals with ablated corpora allata show changes in the expression of several proteins in the 

larval fat body that are involved in energy metabolism such as hexokinase and isocitrate 

dehydrogenase (Liu et al., 2009). Gene expression profiling of adult females with reduced 

JH titers revealed that genes responding to JH are enriched in the Gene Ontology category 

“oxidation reduction” (Yamamoto et al., 2013). These data suggest participation of JH in the 
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regulation of energy metabolism in Drosophila. This conclusion is supported by data from 

other insect species. For instance, in the cricket Gryllus firmus, treatment with the JH analog 

methoprene leads to decreased synthesis of total lipid and TAG, which correlates with the 

reduced activity of lipogenic enzymes in the fat body, and to increased oxidation of fatty 

acids (Zera and Z. Zhao, 2004). Consistent with these findings, in the mosquito Aedes 
aegypti, reduction of the JH receptor Met by RNAi leads to an up-regulation of genes 

involved in lipid and carbohydrate metabolism in the fat body (Zou et al., 2013).

In many insects, including Drosophila, JH is required for vitellogenesis, the incorporation of 

nutrients into maturing oocytes (Bownes, 1982). It has been demonstrated for a number of 

insects that JH is required for the synthesis of yolk protein precursors (vitellogenins) by the 

fat body and the uptake of these proteins into oocytes (Tufail and Takeda, 2008). However, 

little is known about the mechanism by which JH controls the import of lipids, which 

constitute 30–40% of the dry weight of insect oocytes, and are derived mostly from the fat 

body (Ziegler and Van Antwerpen, 2006). Clearly, the demonstrated importance of JH for 

the formation of lipid stores in oocytes warrants a closer investigation of how JH controls 

TAG synthesis in different tissues, the transport of lipids between tissues, and the tissue 

uptake of lipids.

5.6 Hedgehog Signaling

One of the main attractions of Drosophila is the ease with which unbiased genetic screens 

can be carried out to identify genes of functional importance. At least three such screens 

have been conducted that identified new players in the control of body fat depots. Pospisilik 

et al. (2010) carried out an in vivo RNAi screen for altered TAG levels in adult flies targeting 

over 10,000 genes. This screen confirmed known and identified a treasure trove of new 

genes that have an effect on TAG stores. Interestingly, in particular alteration of expression 

of genes of the Hedgehog (Hh) pathway led to robust changes in adult fat depots. Whereas 

reduction of Hh signaling in the fat body stimulated fat deposition, increases in Hh signaling 

decreased fat depots. The same responses to manipulation of the Hh pathway were observed 

in larval fat body (Suh et al., 2006). These results inspired experiments in transgenic mice, 

which showed that activation of the Hh pathway in adipose tissue leads to a dramatic 

reduction of white, but not brown, fat tissue (Pospisilik et al., 2010). Consistent with these 

results, Sonic Hh protein has been shown to inhibit adipocyte differentiation in mouse cell 

culture (Suh et al., 2006). A role of the Hh pathway in mammalian adipogenesis is further 

supported by gene expression studies showing that Hh represses adipogenic genes 

(Pospisilik et al., 2010). An involvement of Hh in adipogenesis has also been demonstrated 

in Drosophila, although here Hh seems to play a positive rather than a negative role in fat 

body development during embryogenesis (Riechmann et al., 1998). Later, during larval 

development, Hh produced by the midgut acts systemically as a hormone promoting fat store 

mobilization in the larval fat body under starvation conditions (Rodenfels et al., 2014). 

Block of Hh production by the midgut completely blocks lipolysis in the fat body. Levels of 

Hh protein found in the fat body correlate with the amount of Hh produced by the gut and an 

increase or decrease of Hh signaling in the fat body leads to reduced or enhanced organismal 

growth, respectively (Rodenfels et al., 2014). In the liver of mice, selective down-regulation 

of Hh signaling leads to activation of lipogenic genes, including SREBP1 and GPAT, and fat 
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droplet accumulation in hepatocytes (steatosis) (Matz-Soja et al., 2016). Together, these 

studies establish roles of Hh in adipogenesis and lipid metabolism with a conserved role as a 

negative regulator of TAG stores. Interestingly, in Drosophila larvae, Hh produced by the 

midgut also signals to the prothoracic gland to inhibit expression of genes of the ecdysone 

biosynthetic pathway and to delay pupariation (Rodenfels et al., 2014). This suggests that 

Hh signaling coordinately controls both energy homeostasis and developmental timing in 

response to nutritional cues.

5.7 Sirtuins and HNF4

A second genetic screen for obesity genes employed a buoyancy assay examining mutant fly 

stocks for obese larvae (Reis et al., 2010). Examining about 500 genes, this screen identified 

66 candidate genes for the control of fat stores, among them the Drosophila homolog of 

mammalian SIRT1, Sir2. SIRT1/Sir2 belongs to the sirtuin family of NAD+-dependent 

deacetylases that have conserved and evolutionarily old functions in metabolic regulation 

(Schwer and Verdin, 2008). Down-regulation of Sir2 specifically in the fat body leads to 

increased fat stores, and up-regulation in fat body cell clones to depletion of cellular fat 

stores. Loss of Sir2 correlates with changes in metabolic gene expression that favor fat 

accumulation (Reis et al., 2010), including the down-regulation of eleven genes annotated as 

lipases (Palu and Thummel, 2016). Together, these results show that Sir2 cell-autonomously 

controls fat stores in the fat body and add Drosophila to the list of organisms with conserved 

roles of sirtuins in the regulation of lipid metabolism (Schwer and Verdin, 2008).

At least one downstream target that mediates the effects of Sir2 on lipid metabolism in 

Drosophila is the nuclear receptor HNF4 (Palu and Thummel, 2016). Sir2 deacetylates and 

physically interacts with HNF4 to increase its activity and stability. HNF4, in turn, has been 

shown to be required for TAG breakdown under starvation conditions and to activate genes 

that act in lipolysis and fatty acid β-oxidation (Palanker et al., 2009). Interestingly, target 

genes regulated by HNF4 in Drosophila are similar to target genes of the mammalian 

peroxisome proliferator-activated receptor PPARα. PPARα is a key regulator of lipid 

metabolism in mammals that maintains energy homeostasis under starvation conditions 

(Kersten, 2014). Since orthologs of PPARs do not exist in Drosophila, it has been proposed 

that ancestral functions of HNF4 in lipid metabolism have been adopted by PPARα in the 

vertebrate lineage (Palanker et al., 2009).

5.8 Calcium

In a third genetic screen for obesity and anti-obesity genes, Baumbach et al. (2014a) targeted 

6,796 genes (~50% of the protein-encoding genes of Drosophila) by conditional RNAi in 

adult flies. Again, aside from confirming known genes involved in lipid storage, this screen 

identified 58 previously unknown obesity-related genes, 79% of which have human 

orthologs. Several of the identified genes encode components of the store-operated calcium 

entry machinery that controls cytosolic Ca2+ (iCa2+) levels by regulating entry of ER-

sequestered and extracellular Ca2+. Genetic manipulations that increased iCa2+ levels in the 

fat body led to reduced fat stores, whereas manipulations that decreased iCa2+ levels led to 

increased fat stores. Interestingly, the effects of iCa2+ on fat storage appear to be caused, at 

least in part, by a non-cell autonomous mechanism that involves activation of production of 
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sNPF, a functional homolog of mammalian orexigenic neuropeptide F, in cells of the brain. 

Elevated levels of sNPF, produced when levels of iCa2+ in the fat body are low, cause 

increased food intake and, in turn, increased TAG accumulation in adult flies. Changes in 

iCa2+ in adult fat body cells have also been linked to AKH signaling, which acts through 

both cAMP and Ca2+ as second messengers to mobilize fats (Baumbach et al., 2014b). 

While these data establish a role of Ca2+ signaling in the fat body of adults, manipulation of 

iCa2+ levels in the larval fat body did not have a significant effect on whole-body TAG 

levels, consistent with the observation that AKH does not have an effect on larval fat stores 

(Baumbach et al., 2014a; Gáliková et al., 2015).

5.9 DHR96

As discussed above, the nuclear receptors HNF4 and EcR/Usp have important roles in the 

regulation of fat stores in Drosophila. Another nuclear receptor with a key role in lipid 

metabolism in Drosophila is DHR96. DHR96 is expressed in the midgut where it is 

responsible for transcriptional activation of the margo gene, which encodes gastric lipase 

(Sieber and Thummel, 2012; 2009). This homolog of mammalian gastric lipase is secreted 

into the gut lumen to digest dietary TAGs for fatty acid absorption. Consistent with this 

function, DHR96 mutants have depleted fat body TAG stores (Sieber and Thummel, 2009). 

Interestingly, DHR96 also controls cholesterol homeostasis and mediates the transcriptional 

response to cholesterol (Bujold et al., 2010). Cholesterol, which is a vitamin in insects, can 

directly bind to DHR96, although it is unclear if cholesterol or a different ligand controls 

transcriptional activity of the receptor (Horner et al., 2009). Based on its primary structure, 

DHR96 is most closely related to vertebrate receptors PXR (pregnane X receptor) and CAR 

(androstane receptor). However, functionally, it seems to be more similar to the liver X 

receptor LXRα, which has similar roles in the regulation of cholesterol homeostasis in 

mammals (C. Zhao and Dahlman-Wright, 2010).

5.10 microRNAs

How microRNAs are tied into the signaling networks discussed above, including the insulin, 

ecdysteroid, and Hh pathways, has been extensively covered in a recent review article 

(Carthew et al., 2017). Therefore, I will confine myself here to a few examples where the 

impact of microRNAs on fat stores has been directly measured. A recent proteomics study in 

Drosophila has identified the mir-310 family of microRNAs as important regulators of lipid 

metabolism (Çiçek et al., 2016). The total TAG content of female flies lacking the mir-310 

microRNA genes is reduced to one half and, strikingly, 20% of the genes that respond to 

mir-310s encode proteins that are lipid droplet associated. Mir-310s respond to nutritional 

changes and regulate stem cell maintenance in the ovarian stem cell niche via a control of 

Hh signaling. However, it is currently unknown if mir-310s have a similar role in Hh 

signaling in other tissues. It would be interesting to determine if, for instance, they are 

involved in the control of Hh signaling in the larval or adult fat body or in Hh release from 

the larval midgut.

Another microRNA with a link to Hh signaling is mir-14, which is one of the first 

Drosophila microRNAs shown to have a role in fat store regulation (Xu et al., 2003). Mir-14 

was identified as a microRNA that can modulate Hh signaling by reducing Hh expression in 
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the wing imaginal disc (Kim et al., 2014). Flies that cannot express mir-14 have an about 2-

fold increase in body stores of TAG and adult fat body cells contain enlarged fat droplets. 

DAG is increased as well. While a role of mir-14 in regulating fat stores through effects on 

Hh signaling remains unexplored, it has been shown that mir-14 exerts at least part of its 

effect on fat stores by acting on systemic insulin signaling. Specific down-regulation of 

mir-14 in the Dilp-producing IPCs leads to increased fat storage, whereas down-regulation 

in the fat body has no effect on fat stores (Varghese et al., 2010). The direct target of mir-14 

in the IPCs is the mRNA of the transcription factor Sugarbabe, which negatively regulates 

expression of Dilps 3 and 5. Thus, mir-14 exerts its effect on fat storage systemically 

through inhibition of an inhibitor of Dilp expression.

Loss of the mir-278 micoRNA has the opposite effect on fat stores. Mir-278 mutants are lean 

and show increased Dilp expression in the IPCs. However, the reduction of fat stores in these 

animals is not caused by a direct action of mir-278 in the IPCs. Instead, loss of mir-278 in 

the fat body causes insulin resistance of the tissue, which in turn leads to elevated 

hemolymph sugar levels and increases Dilp expression (Teleman et al., 2006).

Another microRNA that is required for normal insulin sensitivity of the fat body is mir-8 

(Hyun et al., 2009). Interestingly, mir-8 is transcriptionally repressed in the larval fat body 

by ecdysteroid signaling (Jin et al., 2012), which may explain, at least in part, the repressive 

effects of ecdysteroid on InR-PI3K activity in the fat body (Colombani et al., 2005). Mir-8 

represses expression of the zinc finger protein U-shaped (USH) in the fat body. The 

vertebrate homolog of USH has been shown to directly suppress PI3K signaling by binding 

to the regulatory subunit of PI3K, suggesting that this is the mechanism by which USH acts 

in Drosophila as well (Hyun et al., 2009).

Mir-8 and other microRNAs, including mir-305, are down-regulated by starvation. This 

suggests that lack of nutrients affects the entire microRNA-processing pathway in the fat 

body. In support of this model, it has been shown that reduction of dicer 1 expression in the 

fat body increases survival of flies under starvation conditions, although it was not 

determined if this is accompanied by altered fat stores (Barrio et al., 2014). Reduced 

expression of mir-305 under starvation conditions depends on reduced TOR signaling and 

leads to enhanced expression of p53, which promotes survival under starvation conditions by 

controlling the rate at which glycogen and TAG stores are depleted. The genes targeted by 

p53 are unknown, but several target genes of mammalian p53 are known to act in lipid 

metabolism and Drosophila homologs of these genes should be good candidates (Parrales 

and Iwakuma, 2016). These examples illustrate that microRNAs are intricately integrated 

into the fine-tuning of signaling pathways that respond to nutrition and control organismal 

fat stores.

6. Concluding Remarks

The power of the established toolset of genetic analysis in Drosophila together with newly 

emerging techniques such as CRISPR/Cas9 mutagenesis ensures that Drosophila will 

continue to make seminal contributions to our understanding of metabolic regulation. We 

have only begun to appreciate the complexity of regulatory networks that govern the control 
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of body fat depots. For instance, it has been estimated that more than 60% of all protein-

encoding genes in humans are subject to control by microRNAs (Friedman et al., 2009). 

Thus, we have probably only scratched the surface in understanding the complex roles of 

microRNAs in metabolic control. Similarly, both the brain and the gut of Drosophila 
produce numerous secreted peptides with potential roles in the control of feeding behavior 

and adiposity (Nässel and Winther, 2010; Reiher et al., 2011). Some of these, such as 

neuropeptide F, allatostatin A, and tachykinin have already been shown to impact adiposity 

and others are likely to follow (Baumbach et al., 2014a; Hentze et al., 2015; Song et al., 

2014). The genetic screens discussed here have provided numerous candidate genes that will 

keep the comparatively small number of Drosophila laboratories working in the field of 

metabolic regulation busy for years to come. As discussed in this review, many homologs of 

known mammalian enzymes and regulators still await genetic characterization in 

Drosophila. These studies may not only confirm known functions but also bring roles to 

light that were previously unknown.
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Abbreviations

AGPAT acylglycerol-3-phosphate acyltransferase

AKH adipokinetic hormone

BMM Brummer

CC corpora cardiac

DAG diacylglycerol

Dilp Drosophila insulin-like peptide

DGAT diacylglycerol acyltransferase

EcR ecdysone receptor

GPAT glycerol-3-phosphate acyltransferase

HDAC histone deacetylase

Hh hedgehog

HSL hormone-sensitive lipase

InR insulin receptor

IPC insulin-producing cell

JH juvenile hormone
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Mdy Midway

PA phosphatidic acid

PAP phosphatidic acid phosphatase

PG prothoracic gland

PI3K phospha-tidylinositol 3-kinase

PPAR peroxisome proliferator-activated receptor

SREBP sterol regulatory element-binding protein

TAG triacylglycerol

TOR target of rapamycin

Upd2 Unpaired 2

USH U-shaped

Usp Ultraspiracle
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Highlights

• Similar signaling processes govern fat store regulation in flies and mammals.

• Genetic screens in Drosophila discover new regulators of body fat depots.

• Drosophila genetics gauges the biological importance of fat store regulators.
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Fig. 1. 
The lipogenic glycerol-3-phosphate pathway in Drosophila. (A) Overview of pathway and 

enzymes; FA, fatty acid; PI, phosphatidylinositol; PG, phosphatidylglycerol; PC, 

phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; (B) 

Comparison of mapped serine and threonine phosphorylation sites in Drosophila Lipin and 

mouse lipin 1b (Bodenmiller et al., 2008; Bridon et al., 2012; Harris et al., 2007). Sites are 

grouped in similar regions of the proteins. Two sites in the conserved NLIP and CLIP 

regions, which are highlighted by larger font, are homologous to one another. The locations 

of the catalytic motif, DIDGT (PAP), and of the transcriptional co-regulator motif, LGHIL 

(TRX), are indicated by red boxes; NLS, nuclear localization sequence.
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Fig. 2. 
Model of the regulatory network that controls lipogenesis and lipolysis in the fat body of 

Drosophila. Only signals that control adiposity by directly acting on the fat body, or by 

being released from the tissue, are shown. The color RED indicates down-regulation upon 

starvation and GREEN up-regulation upon starvation. Question marks indicate connections 

that have been shown to exist in mammalian systems, but not yet in Drosophila, or that need 

clarification of mechanistic details. The model combines data derived from studies in larvae 

and adults and it is important to emphasize that regulatory mechanisms are not necessary the 

same in larval and adult fat body. For instance, a role for AKH and iCa2+ has so far only 

been described for adult fat body; the effects of mir-8 and of 20E on adp and of mir-8 have 

only been demonstrated for larvae, although Adp controls adiposity in both larvae and 

adults; Sir2 has been shown to control fat depots in both larvae and adults, but interaction 

with HNF4 has only been described for adults; Hh controls adiposity in both larvae and 

adults, but secretion by the midgut has only been demonstrated for larvae; the LKB1-SIK3-

HDAC4 signaling axis has been studied in larval, but not in adult, fat body; Dilp 6 plays a 

role in both larval and adult fat body, but signaling to oenocytes has only been demonstrated 

for adults; finally, the effects of PI3K and TOR down-regulation in the PG suggest that 

ecdysone is down-related in larvae in response to starvation, but this is not the case in female 

adult flies that show an up-regulation of ecdysteroids.
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