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The fruit fly Drosophila melanogaster is increasingly utilized as an alternative to costly rodent models to study
human diseases. Fly models exist for a wide variety of human conditions, such as Alzheimer's and Parkinson’s
Disease, or cardiac function. Advantages of the fly system are its rapid generation time and its low cost. How-
ever, the greatest strength of the fly system are the powerful genetic tools that allow for rapid dissection of
molecular disease mechanisms. Here, we describe the diet-dependent development of metabolic phenotypes
in adult fruit flies. Depending on the specific type of nutrient, as well as its relative quantity in the diet, flies
show weight gain and changes in the levels of storage macromolecules. Furthermore, the activity of insulin-
signaling in the major metabolic organ of the fly, the fat body, decreases upon overfeeding. This decrease in
insulin-signaling activity in overfed flies is moreover observed when flies are challenged with an acute food
stimulus, suggesting that overfeeding leads to insulin resistance. Similar changes were observed in aging flies,
with the development of the insulin resistance-like phenotype beginning at early middle ages. Taken togeth-
er, these data demonstrate that imbalanced diet disrupts metabolic homeostasis in adult D. melanogaster and
promotes insulin-resistant phenotypes. Therefore, the fly systemmay be a useful alternative tool in the inves-
tigation of molecular mechanisms of insulin resistance and the development of pharmacologic treatment
options.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The fruit fly Drosophila melanogaster has in the past been spectacu-
larly successful in addressing fundamental biological problems, such
as genetics or developmental biology [1]. In recent years, however,
Drosophila has emerged as a viable model system for a variety of
human diseases andmedical conditions and as a promising alternative
to expensivemammalianmodels.Drosophila is currently used to study
immune [2], renal [3] and cardiac function [4], sleep [5], memory [6],
neurodegenerative diseases [7], infectious diseases [8], aging [9],
stem cells [10] and even aggression [11] and alcoholism [12].

The overall composition of the Drosophila neuroendocrine system
resembles that of mammals. Cells similar in function to mammalian
pancreatic α- and β-cells have been identified: The β-like cells exist
as two clusters of seven cells each in the anterior portion of the fly
brain [13]. These insulin-producing cells (IPC) are surrounded by
cells that secrete the Drosophila ortholog of mammalian Neuropep-
tide Y, the small Neuropeptide F (sNPF), thus linking food intake to
IPC function [14,15]. IPC respond to nutrients with the secretion of
ignaling; IPC, insulin-producing
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several insulin-like peptides into the fly blood, the hemolymph,
near the fly heart [13]. Cells with α-cell-like function are situated in
the ring gland, which surrounds the fly heart, and secrete adipoki-
netic hormone, the fruit fly equivalent of glucagon [16]. In addition,
the mammalian prolactin-thyroid hormone axis may have its func-
tional equivalent in the Drosophila ecdysteroid-juvenile hormone
axis [17].

Molecular neuroendocrine signaling mechanisms are likewise con-
served between flies and mammals. Drosophila has seven insulin-
like peptides (ILP), four of which are secreted from the IPC [13].
dILPs bind to the single insulin receptor (InR) [18], which activates
the insulin/insulin-like growth factor signaling pathway (IIS). InR
stimulation results in the activation of the protein kinase Akt, which
in turn modulates the activity of a variety of proteins and signaling
pathways, e.g. the transcription factor Foxo [19], the TOR pathway
that controls protein synthesis [20] and the cAMPpathway that governs
metabolic activity [21].

This remarkable conservation in cellular architecture, inter- and
intra-cellular signaling between flies and mammals has in recent
years lead to an explosion of research into Drosophila neuroendocrine
signaling mechanisms. It has moreover generated a lot of interest in
utilizing the fly as a model system to study metabolism, physiology
and the development of metabolic diseases, such as obesity and dia-
betes [22]. For example, Drosophila cardiac function is negatively
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affected by a high-fat diet, as a consequence of deregulated dTOR ac-
tivity [23].

Recently, Drosophila has been used to study Type 1 diabetes. Abla-
tion of IPC in Drosophila larvae results in a hyperglycemic phenotype
[13] that persists into adulthood and is characterized by elevated he-
molymph sugar levels [24]. When IPC are partially ablated specifically
in adults, flies similarly have elevated fasting glucose levels yet re-
main insulin-sensitive upon insulin injections [25].

The Drosophila system is well suited to complement more tradi-
tional mammalian model systems for metabolic research. It provides
advantages regarding the low costs associated with fly work and the
rapid generation time and short lifespan of flies, allowing for cost-
effective and rapid testing of multiple experimental parameters.
However, the greatest strengths of the Drosophila system lie in the
powerful and well established genetic tools that allow for easy genet-
ic manipulation. Drosophila allows tissue- and stage‐specific expres-
sion experiments to be performed routinely and with remarkable
ease. In addition, forward genetic screens can be performed using al-
ready available mutations or by performing large-scale mutagenesis.
The combination of ease-of-use and powerful genetic tools make Dro-
sophila a compelling model system to investigate complex metabolic
diseases such as diabetes.

Therefore, we sought to utilize Drosophila as a model to study diet-
induced disruption of metabolic homeostasis. We thus raised adult
fruit flies on different dietary regimens and measured key metabolic
parameters. Adult Drosophila show diet-dependent weight gain and
signs of metabolic dysfunction, such as the development of a catabolic
metabolic state and elevated levels of dILP mRNA. Importantly, over-
fed flies develop insulin resistance, a hallmark of type 2 diabetes.
These phenotypes are dependent on the nutrient content of the fly
diet and are aggravated by age. Therefore, Drosophila may serve as a
convenient model to study metabolic diseases.

2. Materials and methods

2.1. Fly culture and strains

All flies were kept in a humidified (50%), temperature-controlled
incubator with 12 hour on/off light cycle at 25 °C in vials containing
standard cornmeal medium [26]. The PH-domain-GFP fusion express-
ing line tGPH was a kind gift from B. Edgar (Fred Hutchinson Cancer
Research Center, Seattle,WA). All other lineswere from the Blooming-
ton Drosophila Stockcenter at Indiana University (Bloomington, IN).

All experiments were performed using female flies. Flies were
raised on food containing the indicated amounts yeast extract or su-
crose (w/V) (1%, 2%, 5%, 10%, 15%, 20%, or 30%, respectively), but no
cornmeal. For ΔS experiments, yeast extract was kept constant at
15%, while varying the sucrose content [27], while for ΔY experi-
ments sucrose was kept constant at 15% and yeast extract was varied.
'Starvation diet' therefore refers to diets that contain only 1% of the
variable ingredient.

2.2. Determination of metabolite levels

Flies were raised on the indicated food at a density of 25males and
25 females each per vial. At the indicated ages, flies were anesthe-
tized, weighed in groups of maximally 10 flies, and transferred to
chilled microcentrifuge tubes containing buffer A (20 mM HEPES-
KOH pH7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA,
1 mM DTT, protease inhibitors, 0.5 mM PMSF) and homogenized
using a motorized micropestle. After centrifugation, supernatants
were used for determination of metabolite levels. Glucose was deter-
mined by using the glucose detection kit (SIGMA). Trehalose and gly-
cogen were converted into glucose through addition of trehalase
(SIGMA, 0.2 U/ml) or amyloglucosidase (SIGMA, 0.1 U/ml), respec-
tively, followed by glucose determination. Assays were measured
using at least three biological replicates on a BioTek Synergy2 96-
well plate reader in at least three technical replicates.

2.3. Fluorescent microscopy

For tGPH sub-cellular localization, adult fat body tissue was dis-
sected into PBS from the abdomen of female flies, as described
[28] and visualized using a Zeiss Axiovision Z1 fluorescent micro-
scope with ApoTome™ optics (Zeiss). Flies were dissected and vi-
sualized by one experimenter, while the resulting staining was
analyzed by another experimenter after data on all food conditions
was collected. The complete set of experiments was repeated twice
by different experimenters. We furthermore verified membrane
staining by performing co-staining experiments with octadecyl
rhodamine (data not shown), a dye that specifically stains mem-
branes. Cells were considered IIS-inactive, if diffuse cytosolic stain-
ing was observed and IIS-active when plasma membrane staining
was present.

For each food condition at least five individual flies were used. For
measurements of insulin resistance, flies were starved on wet filter
papers to avoid desiccation for 6 h and re-fed for 5 min with the
food they were raised on in liquid form. Feeding was verified by visual
observation of proboscis extension.

2.4. Fat measurements

Nuclear magnetic resonance (NMR) was conducted using a spe-
cially designed nuclear magnetic resonance (NMR) instrument (Bru-
ker Minispec MQ10, Billerica, MA), which provides a read out of fat
mass, lean tissue mass, and free fluid mass. Approximately 2000
flies per dietary condition (0.9–1.0 g) were placed in the reader and
the individual readings of fat mass, lean tissue, and free fluid mass
were obtained according to manufactures instructions.

2.5. Quantitative PCR

Total mRNA was isolated from at least 75 10-day old females
using Trizol (Invitrogen) and further purified using the RNeasy kit
(Qiagen). cDNA was generated with 0.5 μg total mRNA in a 10 μl re-
action using the iScript cDNA synthesis kit (BioRAD). 0.8 μl of the
iScript reaction was used as QPCR template. QPCR was performed
as described [29] on a BioRAD CFX96 RealTime PCR System using
the ABI SYBR-Green PCR master mix following the manufacturer’s in-
structions. Each QPCR reaction was performed using four biological
replicates in triplicate each.

2.6. Statistics

Statistical analyses, including 1-way and 2-way ANOVA, were
performed using the Prism suit of biostatistical software (GraphPad,
San Diego).

3. Results

In order to determine whether flies develop diabetes-like meta-
bolic changes, flies were raised on different diets with varying nutri-
ent content, ranging from diets that lead to undernutrition to diets
that cause overfeeding. Normal fly food consists of a carbohydrate
source, sucrose, and a protein source, yeast extract. Fly diets were
prepared in which each component was varied independently to in-
vestigate the effects of the different macronutrients on fly health,
while keeping the other component constant at 15% (w/V). The 1%
diets thus represent starvation diets, the 5% diets are slight under-
feeding diets while 15% is slight overfeeding, and 30% constitutes
overfeeding. At defined ages, flies were analyzed for metabolic bench-
marks (glucose, glycogen, and trehalose).



µ
g

/g
m

g
/f

ly

1% 5% 15% 30%

µ
g

/g
µ

g
/g

1% 5% 15% 30%

1% 5% 15% 30%1% 5% 15% 30%

500

1000

1500

2000

2500

500

1000

1500

2000

2500

500

1000

1500

20001.1

1.0

0.8

0.9

0.7

Weight Glucose

Glycogen Trehalose

Fig. 1. Effects of a high sucrose diet on Drosophila metabolism. Following eclosion, adult flies were raised for ten days on a diet of yeast extract (15%, all contents w/V) and differing
amounts of sucrose as indicated. Flies were harvested, weighed and their glucose, glycogen and trehalose levels determined in whole body extracts in at least triplicate. Flies show
weight gain with increased food content (1-way ANOVA pb0.0001; with post-test for linear trend pb0.0001), but no changes in stored carbohydrates when on non-starvation diets.
Shown is a representative of two independent experiments.
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3.1. Effects of a high sucrose diet on fly metabolism

To determine the effects of sucrose on Drosophilametabolism, flies
were raised on food containing 15% (w/V) yeast extract and varying
amounts of sucrose (ΔS diet). At ten days of age, flies were weighed,
harvested and their total glucose, glycogen and trehalose levels deter-
mined as described [30]. Significant increases in weight were only ob-
served on the overfeeding diet, while the levels of carbohydrates
remained constant on all food types, except for the decreased levels
observed on the starvation diet (Fig. 1).
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3.2. Effects of a high protein diet on fly metabolism

Similarly to the experiments described above, the influence of
varying the amounts of yeast extract was assessed, while keeping
sucrose levels constant at 15% (ΔY diet). Interestingly, flies had max-
imum weight when raised on slight overfeeding food (15%), but
showed a weight drop from that maximum under heavy overfeeding
(30%) conditions. Glucose levels stayed constant on all food condi-
tions. In contrast, levels of stored carbohydrates, in the form of gly-
cogen and trehalose, decreased significantly with increasing yeast
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extract content (Fig. 2). Together, these data suggest that a high
sugar diet promotes weight gain, without drastically altering fly
metabolism. In contrast, a very high protein diet promotes a cata-
bolic state, characterized by weight loss and decreasing storage
molecules.

3.3. Effects of varying diets on fat content and ovary size

In order to investigate the nature of the observed weight gain,
we measured the influence of the various diets on fat storage
levels. Flies raised on the ΔS diet showed a trend towards in-
creased fat tissue content with increasing dietary sucrose that
did not quite reach statistical significance (Supplemental Fig. 1A).
In contrast, flies raised on the ΔY diet trended to maximal fat con-
tent at intermediate yeast extract levels, and decreased fat levels
on the most severe overfeeding diet. On both diets, muscle tissue
content did not change. These data show a similar pattern to the
weight gain pattern observed on the ΔS and ΔY diets, respectively,
and are consistent with measurements of TAG levels by Skorupa
et al. [31].

Since high calorie food promotes fertility [32], we next investigat-
ed how diet affects the size of ovaries. Flies raised on ΔS diets had
similar sized ovaries, independent of levels of dietary sucrose. On
the other hand, flies raised on the 1% or 5% ΔY diets showed small
ovaries barely containing any eggs, while flies raised on the higher
ΔY diets had well-developed ovaries with many eggs (Supplemental
Fig. 1B).

3.4. Age influences stored carbohydrate levels

Next, flies were aged under the same conditions as described
above, and samples were taken every ten days over the lifespan of
the animals. Flies raised on 5% sucrose steadily gained weight as
they aged, while flies raised on 30% sucrose lost weight. The reverse
situation was observed when yeast extract was varied: Flies on 5%
yeast extract only slightly increased their weight with age, while
overfed flies gained weight until ~30 days, after which their weight
dropped (Fig. 3). As overfed flies on either diet regimen have short-
ened lifespans [31], we therefore did not obtain enough surviving
flies for analysis at age 50 days.

Levels of glucose stayed almost constant (Supplemental Fig. 2),
while glycogen and trehalose declined with age, regardless of feeding
regimen (Fig. 3 and data not shown). Interestingly, either overfeeding
regimen accelerated this decrease in storage molecules (Fig. 3). These
data indicate that aging leads to an increase in catabolic activity,
which is accelerated by overfeeding.

3.5. Overfeeding diminishes insulin-signaling

One of the most important hallmarks of Type 2 diabetes is the
development of cellular insulin resistance, that is, the inability of
cells to respond to an insulin signal. To measure insulin/insulin-like
growth factor signaling (IIS) activity, we utilized a pleckstrin-
homology domain-GFP fusion protein (tGPH), which is localized in
the plasma membrane upon insulin-dependent activation of PI3K.
If IIS is inactive, the tGPH reporter remains cytosolic [33]. Using
this assay, we have recently shown that PI3K activity in the fat
body of flies is highest at intermediate calorie levels, while either
under- or overfeeding lowers PI3K activity [34]. However, in these
experiments, both sucrose and yeast extract content were varied
concomitantly. Therefore, we investigated IIS status in the fat body,
an organ that combines functionalities of liver and adipose tissue,
in flies fed either of our ΔS or ΔY diet regimens. Flies fed the ΔS
diet showed strongest plasma membrane staining at the intermedi-
ate sucrose concentrations of 10% sucrose. Higher sucrose concentra-
tions led to a drastic increase in cytosolic staining, while lower
concentrations showed a modest increase in cytosolic staining
(Fig. 4A). Similar results were obtained using the ΔY diet, with the
maximum plasma membrane staining shifted to slightly lower con-
centrations (5% yeast extract, Fig. 4B).
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3.6. Insulin-mRNA levels vary with dietary content

In order to determine whether reduced insulin-signaling was as-
sociated with altered Drosophila insulin-like peptide (dILP) levels,
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we performed QPCR analysis of the mRNA levels of the dILPs secreted
from insulin-producing cells (IPC) under different dietary conditions.
When yeast content was kept constant (ΔS diet), dILP2 and dILP3
were most highly expressed at intermediate sucrose levels (Fig. 5),
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corresponding to the highest insulin-signaling activity. Similar results
were observed with dILP5, which showed highest levels at slightly
lower sucrose concentrations. In contrast, on ΔY diets, dILP2 and 3
were greatly elevated on starvation conditions (Fig. 5). Interestingly,
dILP3 and dILP5 were elevated at the high end of the ΔY diet spec-
trum and showed lowest levels at intermediate food concentrations
(Fig. 5). These data suggest that low yeast extract levels induce dILP
expression to facilitate cellular nutrient uptake. Moreover, the elevat-
ed levels of dILPs on the high ΔY diets suggest a compensatory re-
sponse to diminished insulin-signaling.

3.7. Development of insulin resistance due to overfeeding and age

These results suggest that overfeeding may lower IIS activity,
which may indicate the development of insulin resistance. To further
test this possibility, we used the PI3K assay to test whether overfed
flies were able to respond to an acute food stimulus with activation
of IIS. Therefore, flies were raised under the same conditions as
above. After ten days, flies were starved for 6 h to decrease IIS, and
then re-fed for 5 min with their original food source. Using this star-
vation regimen, IIS was effectively shut down under most food condi-
tions. Some residual plasma membrane staining was observed on 5%
and 10% ΔY diets. Re-feeding led to strong plasmamembrane staining
at low to intermediate food concentrations (Fig. 6A). These data are
similar to what is seen in the previous assay testing constitutive IIS
activity. At higher food concentrations, however, cytosolic staining
starved

re-fed

starved

re-fed
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Fig. 6. Insulin-responsiveness as a function of food content and age. (A) Flies expressing the
(top panels) or differing yeast extract content (lower panels), starved overnight and re-fed
yeast food. Re-feeding flies raised on low nutrient food leads to strong plasma membrane st
5% sucrose food do not respond to sucrose re-feeding with plasma membrane staining, while
arrows depict tGPH staining in the plasma membrane, yellow triangles depict weak plasma
increased, indicating that under these conditions fat body cells cannot
respond to nutrients with the activation of PI3K anymore.

Next, we performed the re-feeding assay using older flies, to test
whether age may also influence the development of insulin resistance
in flies. As shown in Fig. 6B, even the food conditions that show max-
imum response at younger ages (5%), elicited only a reduced re-
sponse to acute re-feeding in older flies, while flies aged on richer
food lost all responsiveness (data not shown). These data suggest
that overfeeding and aging lead to the development of insulin resis-
tance in flies.

4. Discussion

Traditionally, the fruit fly D. melanogaster has been amodel system
for investigating questions in genetics and developmental biology.
The powerful genetic tools and the low costs of the Drosophila system
are important factors in efforts to establish Drosophila as an alterna-
tive and complementary model system to rodent models of human
metabolic diseases. For example, in a fly model for cardiac function,
researchers are able to measure heart rate and rhythm, systolic and
diastolic amplitudes and heart fibrillation [4]. These measures of fly
heart function are influenced by metabolic signaling pathways, such
as IIS or the TOR pathway [35].

The similarities in neuroendocrine architecture and signaling mecha-
nisms betweenflies andmammals suggest thatDrosophilamight further-
more function as a convenient model system for studying disruption of
5
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tGPH reporter construct were raised for ten days on food with differing sucrose content
. Starved flies show almost no plasma membrane staining, except flies fed 5% and 10%
aining, while flies raised on high nutrient food do not respond. (B) Older flies raised on
flies raised on 5% yeast food retain residual IIS activity (blue: DAPI; green: GFP; yellow
membrane staining).



1236 S.N.S. Morris et al. / Biochimica et Biophysica Acta 1822 (2012) 1230–1237
metabolic homeostasis. Drosophila exposed to high fat diets accumulate
fat and show signs of cardiac dysfunction. These symptoms are regulat-
ed by the TOR pathway [23]. Recently, Drosophila has been used to
model Type 1 diabetes. Ablation of the IPCs, which are similar in func-
tion to pancreaticβ-cells, inDrosophila larvae results in a hyperglycemic
phenotype [13] that persists into adulthood and is characterized by el-
evated hemolymph sugar levels [24]. When IPC are partially ablated
specifically in adults, a similar phenotype is observed. These IPC ablated
flies have elevated fasting glucose levels yet remain insulin-sensitive
upon insulin injections [25].

It has been shown previously that diet composition affects meta-
bolic homeostasis and longevity in fruit flies. Diets high in carbohy-
drates were associated with increased fat content at middle ages,
while diets high in yeast extract counteracted this effect [31]. In an ef-
fort to investigate how diet composition may lead to the disruption of
metabolic homeostasis, we explored dietary influences on both car-
bohydrate and fat storage in adult fruit flies. A diet rich in carbohy-
drates leads to fat accumulation and weight gain, no other gross
metabolic abnormalities, but also suppressed fertility (Supplemental
Fig. 3A). In contrast, increasing amounts of yeast extract leads to in-
creases in ovary size and fertility (Supplemental Fig. 3A). Interesting-
ly, on the highest concentrations, the ΔY diet results in moderate
weight loss. Moreover, in the most extreme ΔY flies we observe a de-
crease in the levels of storage molecules, reduced fertility and insulin
resistance (this report), as well as shortened lifespan (data not
shown). It has been suggested that high yeast extract levels negative-
ly regulate feeding behavior [31]. However, we did not observe signif-
icant feeding rate differences (Supplemental Fig. 3B) between the
different types of diets. This therefore suggests that high yeast extract
levels may lead to severe disruption of metabolic homeostasis and the
induction of a catabolic state. The catabolic state is aggravated with
age and develops in aging ΔS flies as well. This disruption of metabol-
ic homeostasis is accompanied by profound detrimental effects on fly
health and physiology.

This situation is reminiscent of what is often seen with ketogenic
diets (KD). KD are high fat/high protein and low carbohydrate diets
that are frequently used for weight loss regimens or the treatment
of epilepsy [36]. Using these diets, metabolism adjusts to use stored
fats as the major source of energy, which are broken down by the
HMG-CoA pathway into ketone bodies for use in the TCA cycle. Our
high yeast extract diets additionally contain high levels of sucrose at
15%, while the yeast extract used to prepare the diets only contains
~1% fat. Therefore, these diets may not be classic KD. Nonetheless,
our data suggest that the high ΔY diets may alter fly metabolism in
a similar way. It will be interesting to measure the levels of ketone
bodies in these overfed flies to more precisely define a possible keto-
genic effect of our diets.

Disruption of metabolic homeostasis often leads to the develop-
ment of insulin resistance, which is a hallmark of type 2 diabetes.
Therefore, we measured constitutive and inducible IIS activity in
flies raised on the different dietary regimes. Underfed flies on low
ΔS diets have low constitutive IIS activity in fat body cells, which
could be stimulated by acute re-feeding, suggesting that the fat
body in underfed flies remains competent to respond to an insulin
signal.

In contrast, IIS activity is compromised in overfed flies, as both ΔS
and ΔY overfeeding conditions show a decrease in constitutive IIS ac-
tivity. Importantly, food-inducible IIS is similarly impaired upon over-
feeding. Therefore, these data suggest that the fat body in overfed
flies loses the ability to respond to an insulin signal and thus shows
signs consistent with an insulin resistant phenotype. Interestingly,
aging flies start losing IIS at relatively young ages (~30 days) and
are completely insulin resistant at middle ages (~40–50 days, data
not shown). This age-dependent loss of IIS activity is not due to IPC
loss, however, as we observe no decline in the number of IPCs with
age (data not shown).
Nor can the lack of IIS activity in overfed or aging flies simply be
explained by reduced dILP levels. On ΔS diets, dILP2 and 3 mRNA
levels are strongly downregulated on overfed conditions, while
dILP5 levels are only slightly lowered. High ΔY diets in contrast upre-
gulate dILP3 and 5, while dILP2 is slightly downregulated, suggesting
antagonistic effects of dietary sucrose and yeast extract. The upregu-
lation of dILP3 and 5 on ΔY diets is not associated with increased IIS,
but its reduction. This situation is reminiscent of hyperinsulinemia in
type 2 diabetes and suggests a compensatory effect on dILP produc-
tion. It has been suggested that dILP3 and 5 control growth and devel-
opmental timing [37], while dILP2 may be important in the regulation
of adult fly longevity. In adult flies, reduction of dILP2 levels have
been observed in a variety of long-lived genetic interventions
[28,38,39], while our data indicates that dILP 3 and 5 play a role in
the regulation of adult metabolic homeostasis. However, specific
knockdown of each of the dILPs does not generate severe phenotypes
[37], suggesting at least partial redundancy between the individual
dILPs.

Interestingly, while both ΔS and ΔY overfeeding conditions
resulted in an insulin resistance-like phenotype, the accompanying
metabolic abnormalities manifested themselves slightly differently:
ΔS diets led to weight gain and elevated glycogen levels, while flies
raised on high ΔY diets showed a decrease in glycogen and a weight
drop at the most extreme overfeeding condition, indicative of a cata-
bolic state.

As discussed above, the extreme ΔY diet phenotype may be due to
a possible ketogenic effect of these diets, in addition to a phenotype
resembling dILP3 and 5 hyperinsulinemia and cellular insulin resis-
tance. In contrast, extreme ΔS diets lead to accumulation of storage
molecules, insulin resistance, but no hyperinsulinemia. These symp-
toms are aggravated with age. Interestingly, our data clearly demon-
strate the previously noted antagonistic effects (Skorupa et al. [31])
of the two main Drosophila dietary components. The disruption of
metabolic homeostasis by severe nutritional imbalance thus produces
fly phenotypes that, at least in part, appear to resemble metabolic
phenotypes observed in humans, such type 2 diabetes or ketosis.
These phenotypes can alternatively be generated by targeted disrup-
tion of genes responsible for homeostatic maintenance, such as the
Drosophila glucose receptor BOSS. Fly larvae lacking BOSS have ele-
vated fatty acid content and increased hemolymph glucose levels.
Moreover, IIS activity is downregulated [40]. While the metabolic sta-
tus of adult BOSS null flies has not yet been determined, these symp-
toms very closely resemble the symptoms of our overfed flies,
suggesting that BOSS plays a crucial part in glucose homeostasis and
the development of metabolic symptoms as a consequence of over-
feeding or aging.

The Drosophila system of diet-induced homeostatic disruption is
well suited to complement more traditional mammalian model sys-
tems for metabolic research. It provides advantages due to the low
costs associated with fly work and the rapid generation time of flies,
and thus allows for rapid and cost-effective testing of multiple inter-
ventions. However, the greatest strengths of Drosophila system lie in
the easy genetic manipulation and its genetic versatility, allowing
rapid screens for novel genetic and pharmacologic interventions
that modulate metabolic disruption.
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