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Abstract

The fat body of Drosophila has been considered as the equivalent to the vertebrate adipose tissue and liver in its
storage and major metabolic functions. It is a dynamic and multifunctional tissue which functions in energy storage,
immune response and as a nutritional sensor. As a major endocrine organ in Drosophila, the fat body can produce
various proteins, lipids and carbohydrates, synthesize triglyceride, diacylglycerol, trehalose and glycogen in
response to energetic demands. It also secretes significant proteins governing oocyte maturation or targeting
nutritional signals in the regulation of the metabolism. At different developmental stages and under different
environmental conditions the fat body can interplay with other tissues in monitoring and responding to the
physiological needs of the body’s growth and to coordinate the metabolism of development. The Drosophila fat body
exists as a model relating to human lipometabolic disease, puberty and maturation and age-related diseases such
as cancer, obesity and diabetes. In this review, we summarize the fat body formation and maturation in the
Drosophila life cycle and provide an overview of fat body function as an energy reservoir and nutrient sensor. We
also discuss the signaling pathways and key regulatory factors involved.
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Introduction

The Drosophila fat body provides an ideal system for the study of
insect energy storage and nutrient sensing. The Drosophila fat body is
active in sensing nutritional conditions and can synthesize and release
energy [1]. It secretes key factors related to brain development and
body size [2]. It is an important location for many aspects of the
intermediary metabolism [3-4]. During metamorphosis or starvation,
fat cells undergo autophagy. Fat body cells contain a substantial
number of fat droplets which are mainly composed of triglyceride
[5-6]. Many proteins and peptides have been identified to play specific
roles in fat body development. These include PAT domain containing
lipases such as Brummer and Perilipin which regulate fat body storage
[7-9], and FTZ-F1 and Matrix metalloproteinase 2 (MMP2) which
are involved in fat body remodeling [10-11].

The fat body can secrete proteins and peptides to directly affect the
development of other organs and tissues. Examples include IDGFs
effect on wingdisc growth [12], and the secretion factors Drosophila
insulin-like peptide (Dilps), which effect insulin producing cells in the
brain [3]. The evolutionarily conserved pathways and key regulators
that exist between insects and mammals emphasize the value of the
Drosophila fat body as a genetic model for the study of the
mechanisms and therapies relating to human lipometabolic disease,
the control of puberty and maturation in humans and age-related
diseases such as cancer, obesity and diabetes.

The Development of Fat Body in Drosophila

The Drosophila fat body is derived from the embryonic mesoderm
[13-15]. With cell specific marker genes, such as Adh [16], DCgl [17],

svp [18], srp [19] and an enhancer trap 29D [20], scientists have
identified the various stages of fat-body development starting from
stage 10/11 during embryogenesis. During stages 11 to 14, progenitor
fat cells arise from 9 bilateral clusters of cells in the inner mesodermal
layer, spanning parasegments 4 through 12. Specific precursor-cell
clusters that lie in the lateral, ventral, and dorsal mesoderm give rise to
the fat cells (Figure 1a) [20-22]. By late stage 15/16, these cells coalesce
into a single-cell thick fat body layer containing three domains: the
lateral fat body, the dorsal fat-cell projection and the ventral collar
(Figure 1b) [23]. The fat body exists mainly in the abdomen, but the
thorax and head also contain some extended parts. Development of
the embryonic fat body requires the expression of the GATA
transcription factor Srp, without which the fat body progenitors
undergo apoptosis [24,25].

During various stages of fat-body development, each morphological
region of the fat body is thought to arise from spatially distinct
precursor-cell clusters. However, to date only a proportion of these
progenitor fat cells have been identified. This is due to the lack of a
specific and versatile marker that covers all fat body progenitor cells.
When fat-cell differentiation begins, the molecular mechanisms that
control the final steps of cell specification have also not yet been fully
elucidated. In Drosophila, cells in the posterior larval fat body store
more protein granules than do the ones in the anterior fat body [26].
This suggests the distinct functions of different domains within the fat
body. Further investigation on functional domains within the
embryonic fat body may reveal many interesting aspects relating to
this.

By the end of embryogenesis, the fat body consists of approximately
2200 cells, fat cells number remains constant and only increase in
volume throughout larval development [27-29]. During pupal stages,
the fat body undergoes changes in shape, size, and function in a
process termed “fat body remodeling”. At approximately 6 hours after
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pupariation formation (APF), fat cells begin to lose their polygonal
shape and become spherical. This persists between 6 and 12 hours
APF, the change aggravating with time. By 14 hours APF, fat cells have
become detached from each other and are eventually completely
disassociated [11,30-31]. The larval-pupal transition is mainly
regulated by the steroid hormone 20-hydroxyecdysone (20E) and the
sesquiterpenoid hormone juvenile hormone [32]. Signals that trigger
the onset of ecdysteroidogenesis contain the prothoracicotropic
hormone (PTTH), which is a neuropeptide released from the brain.
PTTH binds to its receptor, Torso, and causes transcript levels
ecdysteroidogenic enzymes to be upregulated through the MAPK
signaling pathway [33-38]. This, in turn, regulates the timing of
metamorphosis. During the metamorphosis, autophagy and apoptosis
are induced by 20E in the fat body and the balancing crosstalk between
them is predominantly transduced by E93, a primary-response gene of
20E [39-41]. The two matrix metalloproteinases MMP1 and MMP2

are activated by 20E and coordinate to promote fat cell dissociation
while the JH action prevents 20E-induced apoptosis and cell
dissociation [39,42-44].

Both before and after the metamorphosis, Drosophila undergoes a
period of non-feeding times. After eclosion, the newly emerged adult
remains inactive in feeding. Enough larval energy storage must be
available for the survival of these young adults. The free floating fat
cells seen in the young adult are the result of the dissociation of the fat
body cells during tissue remodeling and only a few of these fat cells
persist in the adult, persisting only up to about two days, after which
they undergo programmed cell death and are replaced by the adult fat
body [45]. These fat cells are nutritionally important during the early,
non-feeding stage of adulthood and are critical to the ovary
maturation in female adults. These remaining larval fat cells are also
thought to contribute to stress resistance in adults [27,45].

\k_

0 0 $°

PS4

b

Figure 1: Schematic of precursor fat-cell clusters and fat body domains in the embryo.(a) Stage 12/13 embryo. Progenitor fat cells arise from 9
bilateral clusters of cells (yellow dots), spanning parasegments (PS) 4 through 12. In the PS13 region lies a large cluster of cells which likely
make up the dorsal fat-cell projections. (b) Stage 15/16 embryo. During late stages of the embryo, mature fat cells coalesce into a single-cell
thick fat body layer and most expand in the abdomen region, forming three domains: the lateral fat body, the dorsal fat-cell projection and the

ventral collar.

Function as an Energy Reservoir

The fat body serves as a key dynamic tissue that controls energy
storage and utilization to meet the energy demands of the fly during
development. This tissue can take up the fatty acids, proteins or
dietary carbohydrates and convert them to triglycerides, whose
degraded products through lipolysis are transported to various target
tissues to support growth and survival in response to the energy
demands [6, 46-47]. In the fat body the energy storage form is mainly
the lipids presented as triacylglycerol, which are stored in lipid
droplets. Drosophila fat body cells are full of lipid droplets (LDs)
which can be visualized using a Nile red neutral lipid stain or the
BODIPY fluorescent dye. The structure of lipid droplet consists of a
core of neutral lipids surrounded by phospholipid monolayer and they
are decorated with a variety of LD-associated proteins [48-50].

The mobilization of stored fat is essentially regulated by the
neuropeptide AKH (adipokinetichormon) [51]. In the fat body AKH
stimulates the conversion of stored glycogen to hemolymphtrehalose
and triglyceride to diglyceride, and in fat body cells of AKH mutant
accumulate more body fat. AKH-stimulated lipolysis in the Drosophila
fat body relies on signaling via a G protein-coupled receptor,
Adipokinetic hormone receptor (AKHR) [52]. However, except the
ligand and receptor (AKHR) of AKH, little is known about its

downstream regulators, and other ligands and receptors for the AKH
signaling pathway awaiting acknowledgment.

The lipid droplets in the fat body are dynamic organelles and play a
central role in the energy metabolism [53]. Many lipid droplet-
associated proteins that are involved in this metabolism have been
identified [7,54]. Brummer (bmm) is the homolog of mammalian
adipose triglyceride lipase (ATGL) which encods a LD-associated
triglyceride (TG) lipase, functions to stimulate lipolysis and control the
systemic TG levels of the adult fly in a dose-dependent manner.
Knockdown of bmm leads to the accumulation of lipid storage, while
overexpression protects flies against high fat diet-induced TG
accumulation and cardiac dysfunction [55-57]. The phenotype of the
bmm mutant seems similar to that of the AKH signaling mutant, and
the loss of both Brummer and AKHR causes a more extreme
phenotype than or either single mutant. However, several evidences
support that these are, in fact, two different fat-mobilization systems.
In bmm mutants, overexpression of AKH can reduce the excessive
TAG (Triacylglycerol) storage, whereas in AKHR mutants, bmm-
induced fat mobilization is inactive [52]. Future studies will uncover
the crosstalk between the two Drosophila lipocatabolic systems, and
the identification of the upstream regulators of bmm will be the key
step in this.

In Drosophila the best characterized lipid droplet protein is
Perilipin. There are two members of the Perilipin family, Lipid storage
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droplet-1 (Lsd1) and Lipid storage droplet-2 (Lsd2). Lsd2 promotes
lipid accumulation, whereas Lsdl stimulates triglyceride hydrolysis
[50,58,59].

During larval and adult fly life, Lsd1 is expressed mainly in the fat
body. Lsd1 mutant flies are lipolysis-impaired and develop adult-onset
obesity. Phosphorylation of Lsdl triggers the lipolytic action of AKH
and translates the lipolytic signal to the AKH/AKHR pathway [47].
Depletion of Lsdl causes giant LDs and accompany the increase of
Brummer lipases [47]. This indicates that the activity of Brummer
lipase is independent of AKH. However, whether Lsdl regulates the
activity of bmm remains to be determined.

Lsd2 is detectable in the fat body during larval stages and is
required for normal storage of triglyceride in the fly [60,61]. Lsd1 Lsd2
double mutant flies form LDs and exhibit an impaired but functional
storage lipid homeostasis [47]. This suggests a Perilipin-dependent
body fat storage control system is not essential for the lipid
metabolism and the accurate role of such a control system in the lipid
metabolism remains to be shown. Compared with Lsd1l, bmm and
Lsd2 double mutants have wild-type TAG levels and co-
overexpression of them in the fat body can partially rescue phenotypes
caused by the overexpression of each of the two genes [55-57]. These
observations indicate the opposing roles of Brummer and Lsd2.

In addition to the genetic level, in recent years models of nutrient-
related lipid metabolic homeostasis in Drosophila have also been
established. These include high-fat-diet induced (HFD) or high-sugar-
diet induced (HSD) obesity and diabetes. These provide a highlight on
mammal metabolic diseases such as obesity and lipodystrophy.

The lipid metabolism is a complex network in which various organs
tightly communicate to integrate the information on energy intake and
expenditure to ensure the proper storage fat homeostasis. Though it
has been known that lipids are involved in oogenesis and embryo
development [62-64], due to less availability of mutants of lipid
droplet, the precise function of lipids during drosophila early
development are largely unknown. In addition, numerous other
regulators of the lipid droplet metabolism vary in expression during
the life cycle of Drosophila and have been identified and to perform
diverse functions [65-70]. Nevertheless, many of these remain not well
characterized. More work needs to be done to provide a clearer picture
of how the lipid droplet metabolism is regulated.

Function As a Nutritional Sensor

Active pathways in the fat body that regulate the body
growth and fly aging

Drosophila body size is determined during larval stages, that is to
say the final adult fly size depends on how fast the larvae grow and
when they stop growing before metamorphosis [35,71-73]. In this,
nutrition is the key regulator of developmental timing in animals. In
the Drosophila fat body, two pathways are active to maintain the
nutrition homeostasis. These are the insulin/insulin like growth factor
(IGF) signaling (IIS) pathway and the target of rapamycin (TOR)
pathway. Both of these can regulate the nutrient uptake, storage and
metabolism.

The TOR signaling regulates the rate of growth mainly through
adjusting the cellular biosynthetic capacity, while the Insulin-like
signaling  regulates  tissue  growth, largely through the
phosphatidylinositol 3-kinase (PI3K)/AKT protein kinase pathway

[66-68]. These two pathways can function either independently or
together as a linear insulin/Akt/TOR signaling network. The insulin-
like polypeptide (DILP) with insulin-like growth factor binding
proteins (IGF-BPs) binds the Insulin receptor (InR) and activates the
IIS pathway [69,70]. The IIS pathway, on one hand, promotes cell
growth via TOR which controls protein synthesis and autophagy, on
the other, it contributes to energy homeostasis by regulating
carbohydrate storage and enhances translation through repressing
FoxO [71-76]. TOR signaling also can be activated by free amino acids
present in the cell [52].

Attenuation of TOR activity in the fat body results in a decreased
final body size without affecting PI3K activity [77], while suppression
of InR or PI3K in the fat body decreases the animal’s growth rate
[78,79]. Conversely, activation of Akt in the fat body rescues the small
body size induced by immune responses [80]. As one of the
downstream transcription factors of insulin signaling, the forkhead
protein, FoxO, is inhibited by Akts through phosphorylation, and
knockdown of FoxO in the fat body will increase the final pupal size
(81,82].

In multiple organisms, nutrient-sensing pathways have also been
proven to play a function in aging. When the insulin-like receptor or
its receptor substrate, chico, are mutated, or when insulin-producing
cells are ablated, the lifespan of the animals is extended by more than
50% [83-85]. When dFoxO was over-expressed in the abdominal fat
body in adults fed on a low-yeast diet or in the head fat body of adults
fed on a high-yeast diet, both the systemic IIS signaling in peripheral
tissues was reduced and an extended lifespan of the fly was seen
(86,87].

The steroid hormone 20-hydroxyecdysone (20E) is another
important signal in the larval fat body that integrates with the insulin
signaling pathway to monitory the fly’s nutritional status. 20E
signaling antagonizes IIS in the fat body and promotes autophagy
within the fat body tissue [88]. It also can attenuate Myc activity in the
fat body to suppresses peripheral insulin signaling and body growth
[82,89], where miR-8 acts as the critical molecular linker for this
mediation [90]. 20E also plays a central role in controlling the length
of the larval stages [39].

The IIS/TOR pathways are highly conserved throughout the animal
kingdom. Further studies of these highly conserved pathways in the
Drosophila fat body will likely provide deeper understanding of the
control of puberty and maturation in humans and shed light on age-
related diseases such as cancer, obesity and diabetes.

Multiple factors involved in the regulation of body growth
and life aging in the fat body

As a critical nutritional sensor regulating the body’s development,
the fat body can monitor the nutritional status of the organism and
respond by producing various growth factors to coordinate the growth
of multiple tissues. Several such factors, derived from the fat body,
which regulate the growth and life aging, have been identified.

Slimfast (slif) and minidisks are two amino acid transporters in the
fat body. Their knockdown results in reduced larval growth and small
adults. Minidisk, predominately expressed in the fat body, is also
necessary for imaginal disc proliferation [77,91].

The insulin family peptides have been well studied and are known
to play important roles in the regulation of growth and metabolism. In
Drosophila, eight insulin-like peptides (DILP1-8) have been identified,
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having unique properties and different tissue and temporal expression
patterns [2,92-95]. One of these, DILPG, is expressed extensively in the
fat body during larval and adult stages and is directly induced by 20E.
DILP6 mutants show reduced adult body size through a decrease in
total cell numbers, and overexpression of DILP6 in adult fat body
accumulates more energy storage and improves oxidative stress
resistance, as well as lifespan [96-98]. In the adult fly, DILP6
transcription is regulated by dFoxO and correlates with a decrease in
DILP2 release, resulting in reduced insulin signaling [99]. However,
the factors transmitting signals from the dilp6 of the fat body to the
insulin-producing cells (IPCs) of the brain remain unidentified.
DILP2, 3 and 5 are produced in the brain and they have a cross-talk
with DIL6 in the fat body. When dilps2, 3, and 5 are deleted, an
increase in the expression of dilp6 in the fat body becomes apparent.
However, a mutant of dilp6 remains unaffected in its brain’s dilps’
expression. Triple dilp 2, 3, 5 mutants and single dilp6 mutants are
both viable, but deletion of all 4 dilps causes lethality [99]. As these
neuropeptides usually react together and with the difficulty in defining
each of their functions separately, and also as the IPCs secrete other
additional peptides, the phenotypes associated with deletion of DILPs
may not be solely due to the loss of DILPs. Further insight into the
communications within the fat body and its connections with other
regulators will provide a clearer picture of this mechanism.

The Unpaired 2 hormone (Upd2) has also been identified as a
hormone factor that promotes Dilp secretion from IPCs. It is a
cytokine member of the unpaired family secreted from the fat body of
well-fed larvae. Upd2 expression in the fat body is not induced by
amino acids, but by fat and sugar. Upd2 activates JAK/STAT signaling
in GABAergic neurons and promotes Dilps release from IPCs
(Geminard et al. 2009). Knockdown of fat body Upd2 decreases the
final adult body size by preventing the release of Dilp2 from IPCs
[3,100-101]. Since both Upd2 and DILP6 can regulate DILP’s secretion
from IPCs, whether there exists a cross between their actions or just
two parallel pathways, requires further confirmation.

Another important factor, quite dissimilar to Upd2, which can
certainly affect the dilp6-mRNA levels is dMyc. As a downstream
transcription factor of the TOR pathway, dMyc regulates ribosome
biogenesis, and protein synthesis. Under starvation, dMyc mRNA in
the fat body can be sustained by FoxO transcriptional activity [74,
102-104]. At the late third instar stage, dMyc expression in the fat
body is reduced by ecdysone signaling, thus permitting the onset of
metamorphosis [105]. Overexpression or knockdown of dMyc in the
fat body increases or decreases final pupal size, respectively [82].
Expression of dMyc in the fat body diminishes the ability to retain
DILP2 in the brain during starvation. In addition, dMyc-induced
regulation of systemic growth, fat storage and resistance to starvation
requires the expression of Desatl in the fat body, a key enzyme
necessary for the formation of monosaturated fatty acids and lipid
biosynthesis [106-107]. Another transcription factor, DREF, also links
TOR activity to ribosome biogenesis and growth [108].

In the adult fat body, silent information 2 (Sir2 or Sirtuin) is a key
regulator of longevity in a diet-dependent manner [109]. Lack of Sir2
increases fat deposition which impairs the survival of flies under
starvation conditions [110]. Since Sir2 has an interplay with the dFoxO
and dilp5, knockdown of dSir2 in the fat body leads to an increase in
dilp5 expression which attenuates the dFoxO-dependent lifespan
extension. Conversely, overexpression of dSir2 results in decreased
dilp5 mediated insulin signaling [110-112].

The factors described above all have tight communication with the
DILPs secreted from the brain. It has been shown that the
neuropeptides regulate the feeding behavior of Drosophila [113].
However, the related neural circuits of this process are little known
and future studies will be needed, especially to clarify how such
circuits effect the fat body to regulate alternative behaviors and
therefore affect metabolic homeostasis and regulate lifespan.

There have also been some factors in the fat body, the expression of
which are seen to be affected by starvation. These include the Acid-
labile subunit (ALS), Imaginal morphogenesis protein-Late 2 (Imp-
L2), and Neural Lazarillo (NLaz). ALS is a binding partner of IGF-1. It
has been reported that ALS is expressed in the larval fat body and its
expression is severely suppressed by starvation. ALS’s affect on body
size depends on the nutritional conditions of rearing. Specifically,
depletion of ALS in the fat body suppresses body growth on normal
feed, but promotes growth under starvation [114-115]. Imp-L2 is a
binding partner of DILPs. Under starvation its expression is increased
in the fat body in a manner converse to that of ALS. Imp-L2 can form
a complex with ALS and Dilp2, which antagonizes Dilps’ activity
[116-117]. Nlaz is a Drosophila Lipocalin family member and its
expression is induced by starvation, oxidative stress, and JNK signaling
[118]. NLaz mutant flies exhibit a larger body size and increased
systemic insulin signaling. Overexpression of NLaz specifically in the
fat body suppresses insulin signaling in oocyte nurse cells as well as
affecting the final body size. Fat body specific depletion of NLaz
prevents hyperglycemia, otherwise induced by a high sugar diet
[118,119].

In summary, systemic growth, as regulated by the fat body, involves
integrated pathways and various factors (Figure 2). During larval
verses adult phases, the effects of the signalings and factors described
above contain remarkable differences. During the larval stage they
mainly regulate tissues’ growth, while in adults they are largely related
to lifespan, resistance to stress, and fecundity. In addition, many
factors mediating the regulation of signalings present different or
opposite effects depending upon their occurrence under normal
nutritional conditions as opposed to those of starvation or stress. This
all makes the work more complex. Research on the mechanism of the
interactions between different tissues will be an important step in
understanding the signaling regulation on body growth and aging.
Uncovering novel modulators within the signaling pathways is also an
urgent work to be conducted concurrently.
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Figure 2: Model of systemic growth regulated by the fat body.
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EcR activation inhibits insulin signaling and growth partly through
downregulation of dMyc expression. EcR also inhibits PI3K signaling
to promote dFoxO to activate the expression of Dilp6. EcR itself also
can directly induce the Dilp6’s expression. TOR signaling can be
activated both by PI3K/AKT signaling and amino acids, which inhibit
autophagy and promote growth. The ALS and Imp-L2, that are
secreted from the fat body with Dilp2, form a complex which
antagonizes growth and Dilps’ activity. Both the Dilp6 and Upd2 can
remotely control the release of dilps from the IPCs. (Only part key
factors are presented in the image. Arrows indicate a positive
regulation. Blunt-ended lines indicate a negative regulation).

Conclusions

The Drosophila fat body provides an ideal model system for
studying the molecular mechanisms that regulate the development of
insects. As a multifunctional tissue, the fat body is important not only
as an energy reservoir and nutritional sensor during development, but
also as a hormone producer, crosstalking with other tissues and
coordinating metabolic homeostasis. More work is required to further
characterize fat body precursor cells and reveal the mechanism of
development, differentiation and maturation of the fat body before a
clear and full picture of the physiological functions of the fat body can
be more fully completely understood. In the meantime, any
applicability from Drosophila to the mammalian system regarding
body growth and adult longevity requires further research. More
research should also be focused on the mechanisms underlying the
multiple factors, pathways and networks that are active in the fat body
involved in the regulation of the metabolism.
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