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Abstract

Maintaining systemic energy homeostasis is crucial for the physiology of all living
organisms. This process involves a tight control of cellular and organismal
metabolic functions, which are required to coordinate energy intake and energy
expenditure. Disruption of this balance can lead to major human pathologies, such
as diabetes, obesity and lipodystrophy.

A central regulator of systemic metabolism is the intestine. The intestinal
epithelium is responsible for nutrient absorption, as well as being a key-endocrine
and immune tissue. Due to its endocrine function, the intestine orchestrates the
communication between multiple organs, which is required to maintain

organismal fitness in response to changing environmental and nutrient demands.

Functional studies on inter-organ communication are often challenging in
mammalian systems, due to their complex physiology. A simpler, yet relevant
organism like Drosophila melanogaster has proven to be an invaluable alternative

model system to study complex physiological processes.

In this thesis we used Drosophila melanogaster as a paradigm to study how the
intestine communicates with other tissues through its endocrine function to

regulate systemic metabolic homeostasis.

We found that systemic secretion of the intestinal enteroendocrine derived
hormone Bursicon is regulated by nutrients and maintains metabolic homeostasis
via its neuronal receptor LGR2. Impairment of Bursicon/ neuronal LGR2 signalling

resulted in extensive loss of stored energy resources, especially lipids.

Our data provides new insights into intestinal endocrine regulation of metabolic
homeostasis. Our work identified a novel gut/brain axis controlling key metabolic
tissues. Using Drosophila to identify gut-dependent hormonal metabolic networks
will help to gain a deeper knowledge of how organs communicate with each other
to maintain systemic metabolic homeostasis, which could impact the

identification of therapeutic targets for metabolic disorders in humans.
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1 Introduction

1.1 Drosophila melanogaster as a model organism

1.1.1History of Drosophila

Since Morgan’s discovery of the white mutation and the corresponding white gene
on the X-chromosome in 1910, Drosophila melanogaster, also known as the fruit
fly, has become an invaluable tool for genetic research (Green, 2010; Morgan,
1910; Schneider, 2000). In the second half of the 20t century the fruit fly was
used in different biological disciplines. Everything seemed to be possible: from
behaviour, development and molecular mechanisms; many aspects of biology are
conserved between Drosophila and higher organisms (Arias, 2008; Bellen et al.,
2010). Due to this conservation, Drosophila has become a great model organism

to identify key biological processes conserved in humans.

Fruit flies are relatively simple to maintain and a low-cost model organism.
Importantly, their amenable genetics make flies a popular model to perform large
scale in vivo genetic screens to uncover new components of signalling pathways
or disease loci, among others (Adams et al., 2000; Bier, 2005; Reiter et al., 2001;
Vidal and Cagan, 2006). However, as it is not possible to freeze Drosophila at any
stage of development, animals must be constantly maintained as live-stocks. To
achieve this, we keep our stocks and experimental animals in temperature and
humidity-controlled incubators under a daily 12h light-12h dark cycle. Flies are
kept in vials or bottles containing food made of an agar-based mix of yeast and
sugars, which is regularly replaced (between a few days and two weeks),
depending on the temperature of the incubation. Most fly stocks originate from
the laboratories that have generated them and/or from public Drosophila stock

centres, which keep important fly lines for researchers to order.

Drosophila is one of the best-studied and widely used non-mammalian model

organisms to uncover new development and disease related processes.
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1.1.2Drosophila life cycle

One key advantage of Drosophila is their fast life cycle. Fruit flies start their life
as an egg/embryo, which further develops into a larva, followed by a pupal stage
until the animal emerges as an adult fly (Figure 1-1). This life cycle takes
approximately 10 days at 25 °C, and it varies with temperature. Lower

temperatures slow down developmental timings.

At room temperature (22 °C), adult Drosophila can live up to 100 days. Within
that time period females can lay many hundreds of eggs to ensure species survival.
Fertilised eggs/embryos need about 16 h to hatch into a larva, which will
constantly eat and grow for approximately 6 days. During that time, larvae
undergo 3 molting stages followed by the formation of the pupae. Larvae consist
of imaginal discs (Weigmann et al., 2003), which are ‘bags’ of undifferentiated
epithelial cells forming precursors of the external adult structures, which emerge
during pupal metamorphosis. These structures include the head, thorax, wings,
legs, halteres, eyes and antennae. Interestingly, other tissues, like the nervous
system, fat body and gut are preserved during metamorphosis, but will undergo

extensive remodelling.

The life cycle of Drosophila melanogaster

female male

1st instar larva

prepupa % &9
2nd instar larva

3rd instar larva

Figure 1-1: The life cycle of Drosophila melanogaster.

The image shows the life cycle of Drosophila melanogaster. Development from egg to adult takes
approximately 10 days at 25 °C. Image taken from (Weigmann et al., 2003).
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1.1.3Drosophila - a powerful genetic tool

The Drosophila melanogaster genome was sequenced in 2000 and contains
approximately 14.000 genes (Adams et al., 2000), which are dispersed among 4
chromosomes: the X (15%), the 2"9, the 3" and the 4" chromosome, the latter being
largely composed of heterochromatin. The Drosophila genome displays low
genetic redundancy compared to higher organisms, which makes it easier to study

the role of one particular gene and gene family.

Even before the genome was fully sequenced, Drosophila was already widely used
to study genes affecting development. With the use of mutagenic agents, like
ethyl methanesulphonate (EMS), X-ray irradiation and transposable P-elements,
the discovery of new genes important for Drosophila development started to

bloom.

Another advantage of using Drosophila is the ability to use easily visible
phenotypic markers and balancer chromosomes. Balancer chromosomes carry
many inversions and rearrangements, which lead to their inability to recombine
with a partner chromosome. They also carry one or more visible phenotypic
markers, which facilitates the mapping and following of a gene or transgene of
interest. Balancers also carry recessive lethal markers and can therefore only be
present in one copy. Combinations of balancer chromosomes with chromosomes
carrying a mutation in a gene of interest allows maintenance of lines heterozygous
for a recessive lethal mutation or mutations which lead to unhealthy or weak

animals when homozygous.

1.1.4The Gal4-UAS system

In the early 1990’s, the introduction of the Gal4-UAS system into Drosophila was
a ‘stepping stone’ into understanding the tissue and cell specific roles of genes
(Brand and Perrimon, 1993).

The Gal4-UAS system consists of the Gal4 gene, which is a yeast transcriptional
activator that can bind to upstream activating sequence (UAS). This system

enables researchers to express any gene or transgene of interest containing a UAS
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sequence and to express such transgenes in a spatially restricted manner by the
promotor specific Gal4 lines (Brand and Perrimon, 1993) (Figure 1-2).

Tissue-specific Gal4 UAS - Gene of interest
¥ X 3
UAS

F1 - transcriptional activation of GOI

&

i GOl

Figure 1-2: The Gal4/ UAS system for targeted gene expression.

Schematic description of the Gal4/ UAS system, which allows targeted gene expression. The Gal4
is a transcriptional activator (red pentagon), which can bind to the Upstream Activating Sequence
(UAS) (green squared) to activate transcriptional expression of the gene of interest (GOI). Tissue
specific expression is achieved by placing a tissue specific enhancer element upstream of the Gal4
(dark red rectangle).

1.1.4.1 Temporal regulation of the Gal4-UAS system: The addition of Gal80

The Gal4-UAS system is ideal for studying the role of genes in development. But
many genes, if absent during development, lead to lethality. Most importantly, to
be able to study gene function within a restricted developmental window requires
an obligate component that allows temporal regulation of transgene expression.
To study the function of a gene in a temporal and spatially controlled manner,
researchers adapted a protein from yeast, Gal80, to use in Drosophila. Gal80 can
bind to the transcriptional activation domain of Gal4 and represses its activity (Ma
and Ptashne, 1987). Additionally, the introduction of temperature sensitive Gal80
proteins (Gal80%) allowed temporal control over the Gal4-UAS expression due to
changes in temperature (Matsumoto et al., 1978). At the permissive temperature

Gal80' becomes inactive and allows Gal4-UAS expression.
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1.2 Drosophila - pioneering work to uncover conserved
biological processes during development

The use of Drosophila as a developmental biology tool started to bloom in the
1980™" with the discovery of genes involved in normal patterning of embryos and
larvae, which could be hierarchical clustered (Nusslein-Volhard and Wieschaus,
1980; St Johnston and Nusslein-Volhard, 1992). For this research Christiane
Nusslein-Vollhard, Eric Wieschaus and Ed Lewis were awarded with a Nobel Prize
in 1995, the 34 in history for research in Drosophila. Christiane Nusslein-Vollhard
and Eric Wieschaus took advantage of the defined patterns and segments in the
Drosophila larva and asked which genes are important for this precise
segmentation. They used damaging agents, such as X-rays to manipulate the DNA,
monitored the effects of these random mutations in the Drosophila embryo and
uncovered genes controlling developmental patterning (Nusslein-Volhard and
Wieschaus, 1980). They discovered new genes, which when mutated led to
duplication of segments, like gooseberry, hedgehog and patch (Nusslein-Volhard
and Wieschaus, 1980). They also identified new mutants causing loss of alternating
segments (even-skipped, odd-skipped, paired, barrel, runt) and deletion of
neighbouring segments (knirps, hunchback) (Nusslein-Volhard and Wieschaus,
1980). This research was ground breaking and the start of understanding how a
complex organism develops from a single cell. Ed Lewis tried to understand the
evolutionary aspect of genes. He was intrigued by the fact that Drosophila looked
different to many of their ancestors. For example, he imagined that there must
be “haltere-promoting” and “leg-suppressing” genes (Lewis, 1978), because
Drosophila has 2 wings and 6 legs, instead of 4 wings and multiple legs as seen in
ancestors of the fruit fly. So he was interested in finding mutations, which lead to
the development of 4 wings instead of the usual 2 in Drosophila and discovered
the importance of the HOX genes, which control segmentation of the embryo
(Lewis, 1978).

An additional line of research pioneered by Drosophila was devoted to the
discovery and understanding of the 24 h circadian rhythm that each organism has.
Konopka and Benzer found the first ‘clock’ gene, controlling the length of eclosion
times, which they called period (Konopka and Benzer, 1971). In the 1990s many
more circadian rhythm controlling genes were identified such as timeless (Sehgal
et al., 1994), clock (Allada et al., 1998) and cycle (Rutila et al., 1998). Intriguingly,
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all major genes regulating the circadian clock have been identified in Drosophila
first, before homologs were found in vertebrates. Understanding the mechanisms
involved in circadian rhythm is key, due to its appreciated importance in many
physiological processes, such as sleep, activity and metabolism (Potter et al.,
2016).

Interestingly, all abovementioned genes involved in patterning, segmentation and
the circadian clock, were found to be conserved between fruit flies and higher
organisms and important for normal development and disease (Lander et al., 2001;
Nusslein-Volhard, 1994; Venter et al., 2001).

1.2.1 Anatomy of adult Drosophila and link to mammals

The fundamental physiological requirements between fruit flies, humans and all
living animals are the same. They all need to breath, eat, move and reproduce in

order to stay alive and ensure species survival.

As previously mentioned, larval imaginal discs are transformed into adult
structures during metamorphosis. For example, the larval wing discs
metamorphose into adult wings and thorax, the eye imaginal discs will give rise to
the adult eyes and antennae, and leg discs go on to form the equivalent adult
tissues. Adult Drosophila tissues are functionally equivalent to their human

counterparts due to our shared evolutionary history.

The Drosophila nervous system represents a simplified version of its mammalian
counterpart but both share many essential molecular functional characteristics.
The fly’s central nervous system (CNS) is divided into brain and ventral/spinal
nerve cord, functioning through neurons. Fun fact, humans and Drosophila can
develop alcohol addictions in a similar fashion (Heberlein, 2000). This clearly
shows, that Drosophila can be and is used to uncover genes involved in regulation
of behaviour (Saltz, 2013), circadian rhythm (Wager-Smith and Kay, 2000),
metabolism (Schlegel and Stainier, 2007) and neuronal disease (Fortini and Bonini,

2000), to name a few.

Humans, as flies, need to produce energy to survive. This is mainly achieved by

metabolic processes within the mitochondria of a cell, which uses oxygen to
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produce cellular energy in the form of ATP and CO; as a by-product. In contrast
to mammals Drosophila doesn’t have a closed, but an open circulatory system.
This means breathing oxygen and removing CO; from cells is less complex and is
achieved by the trachea, which are homologous to lungs in mammals, highly
branched tubules, reaching into each organ and supplying the cells directly with

oxygen.

The circulatory system, consisting of blood and lymph in mammals is represented
by an open circulatory system in Drosophila, known as the hemolymph, which
bathes all organs and is necessary to pass nutrients, hormones and immune cells
through the body. Drosophila only consists of innate immune cells, which are

leukocyte-like hemocytes, and lacks an adaptive immune system.

Last but not least, the digestive tract is highly similar between humans and fruit
flies. Humans, as well as Drosophila have salivary glands to help digest the food.
Furthermore, the intestine is divided into the same regions: foregut, stomach,
mid- and hindgut, all necessary for the uptake of ingested nutrient. In humans,
kidneys are responsible for the excretion of urine, for which flies have the
Malpighian tubules. Digestive enzymes are released from the liver, the homolog
to the fly’s fat body. The pancreas is also responsible to secrete different
hormones, like Insulin and Glucagon, which is achieved by the Insulin producing
cells (IPCs) in the Drosophila brain and the corpora cardiaca cells situated in close

proximity to the foregut.

1.3 Drosophila - a model for disease study

Reiter and colleagues concluded that ‘approximately three-quarter of the known
human disease genes are clearly related to genes in Drosophila (Reiter et al.,

2001), which makes it a valuable model to study human diseases.

Human Genome-Wide Association Studies (GWAS) revealed many genomic loci
associated with human disease (Hardy and Singleton, 2009). These GWAS are
highly valuable in discovering disease mechanisms, which in the future could be
used to design targeted therapies. GWAS have already helped to elucidate the risk
alleles for many human diseases, like multiple sclerosis (De Jager et al., 2009),

Alzheimer’s disease (Naj et al., 2011) and many more. However, due to the vast
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amount of data presented in GWAS, it is necessary to generate animal models to

identify genes, which are key drivers of diseases, rather than passengers.

Drosophila is an excellent model organism to study diseases due to the close
genomic conservation with mammals, low genetic redundancy, quick life cycle,
cost effectiveness and genetic amenability. Using flies as a model organism for
human diseases has been proven successful in many fields, including
neurodegenerative diseases (Jaiswal et al., 2012; Shulman et al., 2003), cardiac
dysfunction (Neely et al., 2010), cancer (Vidal and Cagan, 2006) and metabolism
(Pendse et al., 2013), among others.

A great example of the effectiveness and efficiency of using Drosophila as a model
to study disease comes from the discovery of genes responsible for heart defects
in Down syndrome (Trisomy 21) (Grossman et al., 2011). Here, Drosophila was
used as a screening tool for genetic interactions and it was found that
overexpression of DSCAM and COL6A2 was responsible for heart defects in Down
syndrome, which than led to further investigation in a mouse model of the disease
(Grossman et al., 2011). Uncovering such complex genetic interactions would have

been extremely challenging in murine models.

The following overview aims to highlight the demonstrated power of Drosophila
as a model organism, which helped to understand the complex signalling pathways

involved in multiple disease processes.

1.3.1Metabolic disease models in Drosophila

The term metabolic disease includes every disease affecting normal metabolism,
which is the conversion of food into cellular energy. Metabolic diseases are
clustered into inherited and endocrine disease and include diabetes mellitus,

hypothyroidism and malnutrition.

Metabolism can be disrupted in many ways by interfering with the uptake,
transport or processing of proteins, carbohydrates or lipids. Such processes are
regulated by thousands of enzymes, which take part in extremely complex
networks of chemical reactions where each enzyme is responsible for the

conversion of a substrate into a product, which will then become a substrate for
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the following enzyme. Therefore, if an enzyme is missing or has low activity, it
will lead to the accumulation of its substrate and depletion of its product. Cells
contain a great number of pathways regulating metabolism, which are highly
interconnected. Therefore, the deregulation of a single enzyme can alter many

pathways simultaneously, which could cause severe phenotypic effects.

To achieve normal metabolic homeostasis, the mammalian liver and adipose tissue
shift their metabolism dramatically in response to nutritional state. After a meal,
Insulin is produced by pancreatic B-cells, to promote the absorption of energy
molecules. In mammals, carbohydrates are stored as glycogen mainly in the
skeletal muscle and liver, whereas lipids are stored by the adipose tissue in the
form of triacylglycerides (TAG). Under starvation condition, Insulin levels are low
and Glucagon levels rise, which dramatically changes the metabolism within the
liver and adipose tissue to fatty acid oxidation to produce energy (lkeda et al.,
2014; Owen et al., 1979). Furthermore, the muscle and liver induce
gluconeogenesis and breakdown of glycogen, the main form of stored glucose,
which is used as a source of energy for organs such as the CNS and heart. If the
breakdown or synthesis of glycogen is disrupted due to dysfunctional enzymes

involved, this will lead to glycogen storage disease.

Metabolic homeostasis in Drosophila is achieved in a similar fashion. The
Drosophila muscle and fat body serve as major organs for glycogen storage, while
lipids are accumulated in the fat body. Energy can be released in times of demand.
After feeding, Insulin producing cells in the brain release Insulin-like peptides
(Dilps) and when the animal is starving and circulating glucose levels drop, the
corpora cardiaca (CC) secrets Adipokinetic Hormone (AKH), the fly Glucagon, to
release energy from muscles and fat body. Due to these similarities flies have been
used to understand metabolic disorders such as glycogen storage disease and diet-
induced Insulin resistance (Musselman et al., 2011; Ruaud et al., 2011). Mutants
for Drosophila hr38, the ortholog of the mammalian nuclear receptor subfamily 4
group A, display reduced muscular glycogen levels due to misregulation of
glycogen synthesis, while glucose and TAG levels are unaffected (Ruaud et al.,
2011).

Some of the major metabolic diseases the western world is facing, are

hyperlipidemia, obesity and Type Il diabetes for which many Drosophila models
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were developed in order to understand their underlying mechanism and genes

involved.

As already indicated, Insulin signalling has a major effect on metabolism, including
carbohydrate and lipid metabolism, reproduction and growth. Diabetes mellitus is
a metabolic disorder causing prolonged high circulating sugar levels. Increased
circulating glucose levels can be achieved by either loss of Insulin production
(Type | diabetes), for example through the death of pancreatic B-cells or a diet-

induced Insulin resistance (Type Il diabetes) due to constant secretion of Insulin.

Human GWAS (Hardy and Singleton, 2009) have been useful to design Drosophila
studies to uncover genes regulating metabolism. In one of the first studies, GWAS
for diabetes were used as a basis for an RNAi screen in Drosophila to uncover genes
involved in sugar metabolism (Pendse et al., 2013). Also, Park and colleges used
GWAS to analyse Type Il diabetes associated genes through a loss-of-function
genetic screen in Drosophila (Park et al., 2014). Interestingly, Drosophila can also
be used as a screening tool for drugs (Cagan, 2016; Tickoo and Russell, 2002),

including anti-obesity drugs (Men et al., 2016).

Type | diabetes is characterised by the loss of Insulin-producing pancreatic B-cells,
which causes high circulating glucose levels. Many studies have shown that
Drosophila is a great organism to study this disease. Ablation of fly IPCs causes
loss of Insulin production and increased circulating carbohydrate levels in larvae
(Broughton et al., 2005; Rulifson et al., 2002) and adults (Haselton et al., 2010).
Haselton and colleagues subjected wild type and IPC-ablated adult animals to
fasting before feeding them with a glucose solution to perform an oral glucose
tolerance test. After an initial peak of high circulating glucose upon glucose
feeding, glucose levels quickly returned back to baseline in wild type animals,
while remaining high in IPC-ablated adult flies, a characteristic feature of diabetes
(Haselton et al., 2010). Consistently, deletion mutants for insulin-like peptides 1-
5 (dilp1-5) also led to a diabetic-like phenotype (Zhang et al., 2009). Interestingly,
it has also been shown that Drosophila can perform Insulin dependent glucose
uptake by vesicular trafficking of glucose transporters to the membrane of fat
cells as seen in mammals (Crivat et al., 2013; Dawson et al., 2001). Expression of

a double-tagged version of human glucose transporter 4 (hGlut4) in fat cells of
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flies showed translocation of hGlut4 to the membrane in response to mammalian
Insulin (Crivat et al., 2013).

Modelling Type Il diabetes using fruit flies has also proven successful. High sugar
diet (HSD) and high fat diet (HFD) are commonly used in the Drosophila field to
model western diet induced obesity. Drosophila fed with a HSD displayed
hyperglycemia, Insulin resistance and high TAG levels (Musselman et al., 2011;
Musselman et al., 2013). Furthermore, feeding flies with a HSD has been shown to
induce heart defects (Na et al., 2013) and HFD caused increased cardiac TAG levels
and problems in heart contraction (Birse et al., 2010), which phenocopies the

outcome of diet-induced cardiac dysfunction in humans.

Signalling and metabolic pathways involving lipid metabolism are also conserved
between mammals and Drosophila. Mutants for brummer (bmm), the mammalian
homolog of the adipocyte triglyceride lipase (ATGL), are obese with a defective
lipid mobilisation phenotype (Gronke et al., 2005). Furthermore, a Drosophila
screen identified Sir2, the silent information regulator 2, encoding a protein
deacetylase, as a modulator of lipid metabolism (Reis et al., 2010). It was shown
that fat body derived Sir2 led to transcriptional alteration of lipases, like
brummer, to regulate lipid mobilisation and therefore controlling starvation
survival (Banerjee et al., 2012). On the contrary, the blockage of lipases in the
intestine leads to anti-obesity phenotypes, due to the defective uptake of lipids
from the diet (Sieber and Thummel, 2012).

Lipodystrophy is the counterpart to obesity and is characterised by the loss of
lipids. Mutations in the human gene Seipin are believed to cause a severe form of
lipodystrophy. However, the exact functions of Seipin remain unclear. Results
using Drosophila seipin mutants showed loss of lipids in the fat body and
accumulation of lipids in non-fat tissue, arguing that Seipin works by preventing
ectopic lipid droplet formation (Tian et al., 2011b). Another lipodystrophy gene is
lipin, which when mutated leads to reduced fat body and total lipid content in
Drosophila (Ugrankar et al., 2011). It has been shown that upon starvation lipin is

transcriptionally upregulated to promote survival (Ugrankar et al., 2011).

Altogether, the above data highlights the value and power of Drosophila as a

model organism to study metabolic diseases.
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1.3.1.1 Mitochondrial disorders and their study in Drosophila

The main intracellular organelles for energy production are the mitochondria.
Mitochondria contain circular DNA molecules (mtDNA), which encode for a number
of components of the oxidative phosphorylation system (OXPHOS), while nuclear
DNA (nDNA) encodes for the remaining components of OXPHOS. Proper interaction
between nucleus and mitochondria are key for the maintenance of metabolic

homeostasis.

Defects in intergenomic communication between nDNA and mtDNA can lead to the
depletion of mtDNA, as observed in Toni-Fanconi syndrome. In flies,
overexpression of the mitochondrial DNA polymerase pol y-a led to depletion of
mtDNA content (Lefai et al., 2000). Interestingly, depletion of mtDNA in the
muscle by tissue specific overexpression of pol y-a resulted in pupal lethality,
while overexpression of pol y-a in the CNS did not (Lefai et al., 2000). Additionally,
flies mutant for technical knockout (tko), encoding the mitochondrial ribosomal
protein 512, displayed decreased OXPHOS and ATP synthesis (Jacobs et al., 2004).

Leigh syndrome is a mitochondrial disease leading to severe neurological
conditions in which patients lose their mental and locomotor abilities, and usually
die in early life due to respiratory failure. In most Leigh syndrome cases the
mutation of the surf1 gene is predominant (Bohm et al., 2006). surf1 knockdown
in Drosophila leads to larval developmental defects, decreased locomotion and
increased death before pupariation (Zordan et al., 2006). Targeted knockdown of
surf1 within the CNS resulted in adult animals displaying deficiency of cytochrome
c oxidase, an important enzyme in the respiratory electron transport chain, in the
brain (Zordan et al., 2006).

Friedreich’s ataxia is a severe mitochondrial disease caused by Frataxin
insufficiency. Frataxin is an iron binding protein important to prevent
mitochondrial iron overload, which can cause protein damage (Campuzano et al.,
1996; Pandolfo, 2002). An RNAi based method was used to knockdown frataxin in
Drosophila globally or within specific tissues (Anderson et al., 2005; Navarro et
al., 2010). Global frataxin knockdown led to developmental arrest in larvae,
leading to many characteristic phenotypes of Friedreich’s ataxia, like reduced

activity of respiratory complexes and iron containing mitochondrial proteins
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(Anderson et al., 2005). When knocking down frataxin in the peripheral nervous
system, larvae developed normally but resulting adults were short lived (Anderson
et al., 2005). Interestingly it has also been reported that glial-specific frataxin
knockdown led to the accumulation of lipid droplets in glia cells and increased

lipid peroxidation (Navarro et al., 2010).

Studying Drosophila to uncover underlying signalling pathways in mitochondrial

diseases is in its infancy and likely to grow in the near future.

1.4 Metabolism of nutrients in Drosophila

Tissues within a complex organism have a specialised function, which are required
to maintain metabolic homeostasis. For example, the mammalian intestine and
the Drosophila midgut are responsible for nutrient absorption and processing into
smaller metabolites, which are released into the blood stream (hemolymph in
Drosophila). The liver and adipose tissue (fat body and oenocytes in Drosophila)
further process, uptake, store and lastly release stored nutrients for use by

peripheral tissues.

1.4.1Nutrient intake and absorption

Nutrient intake in Drosophila is very similar to mammals. Food is ingested through
the mouth and digestive enzymes released by the salivary glands and the intestinal
enterocytes (ECs) help to break down macromolecules into easier accessible
nutrients. The Drosophila midgut is functionally regionalised, which can be
determined by specific markers and histological structure (Lemaitre and Miguel-
Aliaga, 2013). Furthermore, the Drosophila intestine is directly innervated by the
CNS, which produces neuroendocrine peptides like Insulins (Buchon et al., 2013;
Cognigni et al., 2011).

After nutrients are ingested, the salivary glands and ECs produce and secrete
enzymes to digest the food and nutrients are uptaken by the intestinal epithelium.
The remains further travel along the gastrointestinal tract to be finally excreted.
The expression and release of Glucosidases into the gut lumen is necessary to
break down sugars into monosaccharides, which are then transferred through

specialised sugar transporters into the ECs and released into the hemolymph in
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Drosophila. Proteins are broken down into amino acids by proteases and absorbed
by the intestine. Lipases and other enzymes are important to breakdown lipids
into free fatty acids (FFA) and glycerol. Dietary lipids can be stored for a short
term within ECs in the form of triacylglycerol (TAG) containing lipid droplets,
which can be mobilised in times of starvation (Sieber and Thummel, 2009). Lipids
are modified in the gut and transported as lipoproteins by so called lipophorins
(Lpp) (Palm et al., 2012). Lpps transport lipids mostly in form of diacylglycerols
(DAG) through the hemolymph (Carvalho et al., 2012). Interestingly, Lpps and
other important lipid cargo proteins, like the lipid transfer particle (Ltp), which
are necessary to transport gut-derived lipids through the hemolymph, are made
and modified by the fat body (Palm et al., 2012). This shows, that communication

between different organs is key to maintain energetic organismal homeostasis.

1.4.2Nutrient storage and usage

Once nutrients have been absorbed by the intestine and released into the
mammalian blood or Drosophila hemolymph, they need to be stored or used by

the organism.

Glucose is taken up and stored by the fat body and muscles as glycogen and lipids
accumulate in form of TAG containing lipid droplets in the fat body. Nutrients are
used by the muscles and the heart for contraction, by the Malpighian tubules for
water balance and removal of waste, by the ovaries for reproduction, by the CNS

for neuronal function and by other tissues for growth and homeostasis.

The uptake and release of stored energy is regulated by Insulin and Glucagon
signalling in humans. In the last 15 years, it has become clear that Drosophila
exhibits cells functioning like mammalian pancreatic cells and Insulin and
Glucagon signalling was discovered in the fruit fly (Brogiolo et al., 2001; lkeya et
al., 2002; Kim and Rulifson, 2004; Lee and Park, 2004; Rulifson et al., 2002).

In Drosophila, circulating sugar concentration is sensed by specialised neurons. A
small cluster of neurons, the median neurosecretory cells, produce Insulin-like
peptides (Dilp2, 3 and 5) (Rulifson et al., 2002). Therefore, those cells are also
known as Insulin producing cells (IPCs). Insulins are secreted in response to high

circulating sugar levels to promote cellular sugar uptake. Insulin signalling is
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counterbalanced by the fly’s Glucagon-like adipokinetic hormone (AKH). AKH gets
released from its production site, the corpora cardiaca (CC) in response to low
circulating sugar levels to initiate glycogen and lipid breakdown within the fat

body in a calcium dependent manner (Kim and Rulifson, 2004).

1.4.3Regulation of metabolism by the intestine

The major roles of the intestine are nutrient digestion, vitamin and mineral
absorption, detoxification, immune response and hormone regulation. Digestion
and absorption of nutrients is achieved with the help of many enzymes and
transporters. Therefore, reduction in lipases, glucose transporters or others
molecules involved in nutrient processing, will affect the health and metabolism

of the whole individual.

It has been shown that DHR96, the othologue of the mammalian nuclear receptors
Pregnane X and constitutive Androstane receptor, positively regulates the
expression of the lipase magro, the homolog to mammalian Lipase A (Sieber and
Thummel, 2012). Mutation in dhr96 or knockdown of magro in the midgut led to
reduced stored lipid content, whereas overexpression led to the opposite effect
(Sieber and Thummel, 2009, 2012; van der Veen et al., 2009), which is similar to

the results obtained in lipA mutant mice (Du et al., 2001).

Additionally, Tachykinins (TK) were found to play a major role in midgut lipid
homeostasis (Song et al., 2014). Tachykinins are expressed within the midgut and
the CNS (Asahina et al., 2014; Birse et al., 2011; Reiher et al., 2011; Winther et
al., 2006). Song et al further described, that Tachykinin is expressed in a subset
of enteroendocrine (ee) cells to regulate intestinal lipid production (Song et al.,
2014). Knocking down tk specifically in TK-producing ee cells or knockdown of its
receptor tkr99d within ECs led to a dramatic increase of intestinal lipid production
and whole fly TAG levels, due to increased transcription of digestive lipases and
enzymes for lipogenesis (Song et al., 2014). This could be reversed by activation
of PKA signalling within the ECs (Song et al., 2014). Interestingly, they found that
TK within the ee cells is dramatically increased after 24h starvation. This is
restored when flies were re-fed with yeast, but not sucrose or coconut oil (Song
et al., 2014).
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It has been shown that the Drosophila midgut has the capacity to sense nutrients
through local Insulin signalling, which directly impacts ISC homeostasis. Just after
adult animal eclosion, the fly gut heavily proliferates and increases in size if
enough nutrients are available. Interestingly, when flies were starved for the first
4 days after eclosion midguts failed to increase its size due to decreased Dilp3
production by the visceral muscle (VM), which led to impaired expansion of the
stem cell compartment (O'Brien et al., 2011).

Gut dysplasia can also lead to altered nutrient absorption. Aging causes
hyperproliferation of the midgut and it has been shown that Insulin and JNK
signalling influence overall survival of flies, due to Foxo activation (Biteau et al.,
2010). Furthermore, Foxo activation within ECs has been shown to be required for
inhibition of magro (Karpac et al., 2013), the homolog of the mammalian LipA.
This signalling becomes activated in the aging midguts due to increased JNK
signalling, causing a reduction of dietary lipid uptake and therefore disruption of

lipid homeostasis (Karpac et al., 2013).

All together the above data demonstrate the key role of the intestine in the

regulation of local and systemic metabolic homeostasis.

1.5 Endocrine and neuroendocrine regulation of
metabolism in Drosophila

It is necessary for all living organisms to be able to sense and respond to different
environmental cues and changing organismal demands. These processes are highly
dependent on complex inter-organ communication programs. Understanding how
tissues communicate with each other is ne