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ABSTRACT OF DISSERTION 

 

Sphingolipid Metabolism: A Novel Link Between Obesity and Cardiomyopathy 

 

By 

Stanley Mark Walls Jr. 

Doctor of Philosophy in Biology 

University of California, San Diego, 2013 

San Diego State University, 2013 

 

Professor Greg L. Harris, Chair 

 

Accumulation of the sphingolipid ceramide has been associated with 

obesity in humans and model systems. Here, we use Drosophila genetic 

manipulations to cause accumulation or depletion of ceramide and other 

sphingolipid intermediates.  Our results show that sphingolipid modulation is 

sufficient to induce obesity phenotypes by two distinct mechanisms: 1) 

Ceramide accumulation lowered fat store mobilization by reducing adipokinetic 

hormone- producing cell density and function resulting in caloric intake- 

independent obesity.   2) Sphingosine 1-Phosphate depletion suppressed 

postprandial satiety via the hindgut-specific neuropeptide like receptor 

dNepYr, resulting in caloric intake-dependent obesity.   These data suggest 

that ceramide and S1P play active roles in the pathogenesis of obesity. 



 

 

xxi 
 

Lipotoxic cardiomyopathy is a form of cardiac dysfunction associated 

with obesity which results from abnormal myocardial lipid accumulation in the 

heart.  Here, we utilize the fruit fly heart to model ceramide-induced lipotoxic 

cardiomyopathy.  Our results show that ceramide accumulation in sphingosine 

kinase 2 (SK2) mutant flies induced heart chamber dilation, diastolic 

dysfunction and arrhythmicity: all classic hallmarks of lipotoxic 

cardiomyopathy. Conversely, ceramide depletion in serine palmitoyl CoA-

transferase (lace) mutant induced heart chamber restriction, diastolic 

dysfunction and arrhythmicity.  Ceramide and sphingosine 1-phosphate (S1P) 

accumulating sphingosine 1-phophate lyase (Sply) mutant fly heart sizes were 

unchanged, but did exhibit contractile dysfunction.   

Additionally, our results show that accumulation of various ceramide 

species via global knockdown of either sphingosine desaturase (ifc) or 

sphingosine kinase 1(Sk1) is also sufficient to induce classic hallmarks of 

lipotoxic cardiomyopathy.  However, heart specific knockdown of ifc induced a 

restricted heart phenotype, while heart specific Sk1 knockdown had no effect, 

since this gene is not expressed in the Drosophila heart.  These data show 

that systemic contributions from globally accumulated ceramide species are 

sufficient to induce lipotoxic cardiomyopathy. Furthermore, heart-specific 

ectopic expression of Sk1 in ifc4 mutants prevented heart chamber dilation and 

tachycardia, but not diastolic dysfunction or arrhythmia, while heart-specific 

ectopic expression of caspase inhibitor dIAP1 in ifc4 mutants induced restricted 
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heart chambers, but prevented tachycardia, diastolic dysfunction and 

arrhythmia.  These data suggest that ceramide and S1P play significant roles 

in regulating heart size, structure and function.   
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Chapter 1  

Literature Review 

Introduction 

Sphingolipids (SL) are a complex family of lipids comprised of fatty 

acids linked by amide bonds to a long-chain “sphingoid” base.  The SL 

metabolic pathway is highly conserved across evolution from mammals to 

flies. SLs are versatile molecules, which play roles in a variety of signaling 

pathways that regulate diverse cellular functions [1-3], such as programmed 

cell death & proliferation [4-8], inflammation [9-12], and the stress response 

[12-15].   Despite an abundance of research detailing the cellular action of 

SLs, their role at the organismal level and their homeostatic regulation in vivo 

is just now becoming understood with the emergence of suitable complex 

genetic models for analysis.   

Ceramide, the metabolic hub of SL metabolism, has recently been 

associated with metabolic syndrome (obesity, type II diabetes and 

cardiovascular disease), in various model systems [16-19].  In general, most 

studies have shown an elevation of ceramides, either in serum or various 

tissues, associated with models of obesity, diabetes and metabolic syndrome.  

However, there is still a wide gap in our knowledge regarding whether 

changes in SL levels, such as ceramide, play an active role in the induction, 

progression and/or exacerbation of these disease states. Moreover, it may be 
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that the ratio of ceramide to sphingosine-1-phosphate (S1P) is a regulatory 

factor.  

 

Obesity 

Obesity is a condition in which excess fat is accumulated and stored, 

primarily in the form of triglycerides. Overweight and obese individuals are at 

an increased risk for hypertension, dyslipidemia, Type 2 diabetes, heart 

disease, stroke and certain forms of cancer.  Multiple parameters are used to 

assess and diagnose obesity in humans and other mammalian systems.  

However, these obesity “benchmarks” are complicated when using an animal 

model system, especially in invertebrate models such as Drosophila.  Here, 

we seek to address these issues by translating classic hallmarks of obesity in 

mammals into flies.   

 One advantage of using flies over other organisms is the ability to 

rapidly measure mean whole organism triglyceride (TG) levels across large 

population sizes using high-throughput biochemical assays [20-22].  Whole fly 

TG levels are essentially a measure of total stored body fat.  Total stored body 

fat is traditionally measured in mammals using water displacement and 

calculated as percent body fat. Measuring TG levels in hemolymph, the fly 

blood equivalent, correlates to plasma TG levels [22]. Elevation of plasma TG 
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levels is used as an indicator of dyslipidemia, which is more commonly 

observed in obese patients. 

 Using average body weight, across large populations under controlled 

dietary and environmental conditions, is another hallmark of obesity that can 

be used effectively in Drosophila [20].  It’s important to note, however, that 

while these large statistical averages provide reliability in significance, the 

changes observed are disproportionate when compared to other animal 

systems. While obese mutant flies can exhibit a greater than 200% increase in 

body fat in the form of TG, only moderate but significant weight gains on the 

order of 10-15% are observed.  Similar findings have been demonstrated in 

other fly studies [20].  This might be due to the fly cuticle (exoskeleton) 

contributing a disproportionate amount of mass when compared to the 

homologous structure (like bone) in mammals.   

 Fat cell hypertrophy is also a classic hallmark seen in obese 

mammalian models.  Before fat cells undergo differentiation to produce 

additional fat cells in response to increased fat storage demand, existing fat 

cells can grow by up to 4x their original size. This hypertrophy is also seen in 

the fat body of obese flies [21-22]. In both Drosophila and mammalian cell 

types, TG is stored within intercellular lipid droplets, suggesting that fat 

storage is evolutionarily conserved [21]. However, while the Drosophila fat 

body is homologous to human adipose tissue, it also has conserved enzymatic 

function observed in the livers of higher organisms. 
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 One evolutionary advantage to obesity is resistance to starvation 

induced mortality.  When food sources become scarce, utilization of stored 

fats gives obese animals a distinct survival advantage over normal or lean 

animals.  Resistance to starvation induced death is used as an additional 

benchmark we utilize to assess obesity in flies. Furthermore, post-mortem TG 

levels can be biochemically assayed to determine efficiency of TG storage 

utilization under starvation [21]. 

 Based upon these criteria, obesity like phenotypes in flies are 

characterized by increased stored body fat, increased body weight, increased 

circulating TG levels in the hemolymph, increased abdominal adiposity, fat cell 

hypertrophy, and resistance to starvation induced death relative to wild type 

control flies.  Conversely, lean phenotypes are characterized by reductions 

relative to wild-type flies in each of these parameters.  

 Additionally, it is advantageous to assess whether these parameters 

are dependent or independent of caloric intake.  Caloric intake can be 

accurately assessed using multiple types of fly feeding experiments.  The 

CAFÉ assay, developed in the laboratory of the late Dr. Seymour Benzer, can 

be used to assess meal frequency, average meal volume and daily meal 

intake [23].  Relatedly, starvation- induced appetite can be assessed using 

dyed food [20]. 
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Here, we utilize Drosophila as a model organism to determine whether 

direct perturbation of SL metabolism is sufficient to induce metabolic 

syndrome phenotypes.  Hence, our experimental approach was to determine 

how changes in ceramide levels affect these parameters. Specifically, we 

utilize genetic manipulations in SL metabolism to cause accumulation or 

depletion of ceramide intermediates, as well as to modulate S1P levels.   

Direct perturbation of SL metabolism was sufficient to induce obesity 

phenotypes.  Elevation of ceramides or ceramide dienes was associated with 

the onset of obesity. Conversely, reduced ceramide levels induced a lean 

phenotype.  However, obesity onset occurs through caloric-intake dependent 

and independent processes respectively, suggesting different underlying 

mechanisms.   

 

Caloric-Intake Independent Obesity 

Adipokinetic hormone (Akh) is a peptide which activates mobilization of 

TG stores from the fat body in Drosophila [21].  Akh mRNA is expressed 

exclusively in a set of pancreatic-like neuroendocrine adipokinetic hormone 

producing cells (Akhpc) [21].  Akhpc make up the majority of the cells in the 

corpus cardiac (CC) located in the brain.  Apoptosis-induced cell death of 

Akhpcs has been shown in previous studies to ablate Akh mRNA expression 

and increase TG storage in the fat body [21].   



6 
 

 

 

Our results showed that accumulation of C14:2 ceramide “dienes” 

reduced adipokinetic hormone cell density and function leading to increased 

fat storage, while lowering C14:2 ceramide levels had the opposite effect. C14:2 

ceramide “diene” -induced cell death was also shown to be partially rescued 

by ectopic expression of the drosophila Inhibitor of Apoptosis (dIAP). These 

data suggest Akhpc survival is particularly sensitive to the intrinsic apoptotic 

pathway, and that survival of these cells is directly related to observed obese 

and lean phenotypes.  Collectively, caloric intake-independent obesity is 

regulated by ceramide-induced akhpc cell death via the intrinsic apoptotic 

pathway. 

 

Caloric-Intake Dependent Obesity 

The CG5811 gene encodes a putative GPCR, Neuropeptide Y-like 

Receptor (dNepYr) [24].  In adult flies, dNepYr mRNA has been observed to 

be expressed almost exclusively in the hindgut, with lower levels of expression 

observed in the brain [25].  Mammalian neuropeptide Y receptors (NPYR) with 

enriched expression in the digestive system are generally associated with 

induction of post-prandial satiety and include NPYR 2 and 4 [26].  The dNepYr 

gene is expressed throughout development starting in early embryo (4-6hr), 

with peak expression seen in late embryos (16hr-24hr) and throughout 

adulthood [27].  Induction of dNepYr signaling induces satiety and 
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downregulation of dNepYr mRNA expression, likely a result of negative 

feedback inhibition.   

Our results showed that loss of S1P production suppressed 

postprandial satiety via the hindgut-specific neuropeptide like receptor 

dNepYr, resulting in caloric intake-dependent obesity. Conversely, S1P 

accumulation induced satiety. Additionally, our results show that dietary 

administration of dRYamide 1 and 2 was sufficient to overcome these effects 

through induction of dNepYr signaling. Furthermore, dietary administration of 

FTY720P, an S1P analog, was also effective at inducing satiety and 

downregulation of dNepYr expression in S1P depleted flies. Collectively, our 

results suggest that S1P acts upstream of dNepYr and either directly (through 

binding) or indirectly (through the regulation of CG40733/dRYamides), induces 

satiety via dNepYr signaling.  

  

Ceramide-Induced Cardiomyopathy 

Flies have recently been established as a useful model organism to 

understand the underlying genetics of various cardiomyopathies. Flies have an 

open circulatory system with a simple heart structure - a lateral tube that runs 

dorsally along the abdominal midline [28].  Flies also have an aorta that 

extends anteriorly through the thorax into the head [28]. The abdominal heart 

is divided by four sets of internal valves into one anterior conical chamber and 
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three posterior chambers [28].  Additionally, each compartment contains a pair 

of exterior valves called ostia [28].  

Heart functional properties can be characterized using a semi-intact fly 

preparation [29]. Surgically exposed beating fly hearts are recorded using a 

high speed digital video camera [29]. Single pixel slices of these movies are 

used to generate M-mode traces, which represent the position of the heart wall 

over time [29]. These M-modes are then used to determine multiple heart 

function parameters including: heart rate & period, diastolic and systolic 

diameters & intervals, and contractile velocity. Comparative analysis with 

control flies can be used to assess heart chamber dilation, events of 

arrhythmicity, loss of fractional shortening, and fibrillation [28-29].  

Obesity and Type II Diabetes have been shown to adversely affect 

cardiac function.  A signature set of cardiac defects arising from these 

conditions is generally referred to as lipotoxic cardiomyopathy [30-32]. A 

common feature of lipotoxic cardiomyopathy is elevated levels of various lipids 

in the heart. These include but are not limited to: triglycerides [30-37], fatty 

acids [30-32, 33-40] and ceramides [30-31, 41-43].  Lipotoxic cardiomyopathy 

is also associated with heart chamber hypertrophy [30-32, 47-49], and 

diastolic dysfunction with or w/o systolic dysfunction [30-33, 36-38, 40, 42, 49-

50].  Disruption of structural integrity and metabolic defects can lead to 

arrhythmias and, in late-stages, coronary heart disease [31-33]. 
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 Interestingly, in conjunction with obesity phenotypes, heart function 

analysis has shown that ceramide-accumulating mutants’ also exhibit dilated 

heart chambers, arrhythmias and diastolic dysfunction: all classic hallmarks of 

lipotoxic cardiomyopathy [31-33].  Conversely, ceramide depletion induced 

heart chamber restriction, diastolic dysfunction and arrhythmicity.  

Interestingly, we show that accumulation of S1P, in the context of high 

ceramide levels, prevents heart chamber dilation, but not contractile 

dysfunction.  Furthermore, our results showed that these effects can be both 

systemically and/or autonomously induced.    

Together, these data constitute a novel mechanism linking obesity to 

cardiomyopathy, two common components of metabolic syndrome.  It also 

implicates SL metabolism in regulating cell survival of pancreatic-like cells in 

flies, a potential inroad to also finding an association with late-stage type II 

diabetes as well.  Since de novo SL synthesis is dependent upon availability of 

dietary saturated fats, these data also suggest a mechanistic role for a diet 

high in saturated fat as a risk factor for metabolic syndrome and its 

components.  Collectively, we have established Drosophila as a useful model 

organism for understanding the underlying mechanisms connecting multiple 

components of metabolic syndrome through SL metabolism. 
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Figure 1. Sphingolipid metabolic pathway De novo sphingolipid metabolism begins 

with the condensation of serine with palmitoyl-CoA catalyzed serine palmitoyl transferase, 
which is encoded by lace (1). The resultant ketone is rapidly reduced by the actions of 3-
ketosphinganine reductase (2) into dihydrosphingosine (DHS). The addition of a second fatty 
acid chain is carried out by ceramide synthase, encoded by the gene schlank (3), to produce 
dihydroceramide (DHC). DHC is desaturated by sphingosine delta 4 desaturase, encoded by 
ifc (4), producing ceramide. Ceramide can then be degraded by the actions of ceramidase (5) 
to form sphingosine. Either sphingosine or DHS can be phosphorylated by Sphingosine kinase 
1 or 2 (6). Once phosphorylated, either can be degraded by the actions of S1P lyase, encoded 
by Sply, irreversibly exiting the pathway via formation of ethanolamine and an aldehyde. 
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Chapter 2 

Identification of Sphingolipid Metabolites that Induce Obesity via 

Misregulation of Appetite, Caloric Intake and Fat Storage Mobilization in 

Drosophila 

 

Abstract 

Obesity is defined by excessive lipid accumulation. However, the active 

mechanistic roles that lipids play in its progression are not understood. 

Accumulation of ceramide, the metabolic hub of sphingolipid metabolism, has 

been associated with metabolic syndrome and obesity in humans and model 

systems. Here, we use Drosophila genetic manipulations to cause 

accumulation or depletion of ceramide and sphingosine-1-phosphate (S1P) 

intermediates.  Our results show that ceramide accumulation is sufficient to 

induce obesity phenotypes by two distinct mechanisms: 1) Ceramide 

accumulation lowered fat store mobilization by reducing adipokinetic hormone- 

producing cell density and function resulting in caloric intake- independent 

obesity.   2) Modulation of the ceramide: S1P ratio suppressed postprandial 

satiety via the hindgut-specific neuropeptide like receptor dNepYr, resulting in 

caloric intake-dependent obesity.    
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Materials and Methods 

 

Fly Husbandry 

All fly lines were propagated on synthetic yeast based media as 

described [8]. The following lines (and relevant CG stock numbers) as listed 

below: Canton S (wild-type flies), yw, Sply 05901 (BL-11393), lace k05305 (BL 

12176), lace 2 (BL 3156), Sk2 k6050894, ifc4 (BL-1549), UAS-dIAP (BL-6657), 

Global Actin 5c-Gal4 (BL 4414). All double mutants were generated using 

classic genetics in-house (Herr, et al. 2003). UAS-dNepYr-RNAi, UAS-lace-

RNAi, UAS akh-RNAi, UAS-ifc-RNAi,UAS-Sk2-RNAi,UAS-Sply-RNAi,and 

UAS-CG40733-RNAi were acquired through Vienna Drosophila RNAi Stock 

Center Akh-gal4, UAS-GFP driver lines were graciously provided by the lab of 

Dr. Ronald Kuhnlein. 

 

Bioinformatics 

Nearest human homologues to fly sphingolipid proteins were 

determined using protein sequences from Flybase [13]. Blastp results for 

these sequences against the human proteome were performed at NCBI. 

Nearest human homologues were determined as the nearest hit based on 

identity and e-values. The accession number for these proteins was provided. 

The dNepYr sequence was provided by Flybase. Multiple sequence alignment 
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was performed with ClustalW and the 7TM domain structural motif determined 

by Chou-Fastman plot. 

 

Sphingolipidomic Profiling 

Measurement of major sphingolipid intermediates was performed using 

liquid chromatography tandem mass spectroscopy (LC/MS/MS) on a Thermo 

Finnegan triple quadrupole machine. Fly lipid extracts were prepared as 

previously described [26]. C18 standards of sphingosine, S1P and ceramide 

(not present in Drosophila) were acquired through Avanti Polar Lipids™   and 

used as internal standards in positive-mode multiple reaction monitoring 

(MRM).  MRM experiments were adapted from those previously described so 

that only major sphingolipid species previously identified in Drosophila were 

monitored, identified, and quantified [11,26]. 

 

Biochemical Assay 

Drosophila TG levels were determined using Infinity® TAG Reagent kits 

as previously described [27]. Protein concentrations were determined using 

the Bradford-Lowry assay. TAG levels were calculated in micrograms of TG 

per milligrams of protein and then presented as a percentage of the control TG 

levels. TG levels represent a mean value of triplicate measurements of 50 

flies, with corresponding standard deviations, performed six times. 
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Starvation Resistance Assay 

Fly stocks were cleared and newly emerged flies collected at the end of 

6 hours. Each fly line was sorted into 10 food vials with 10 flies each, 5 males 

and 5 females, until 2 days of age. Flies were then transferred to agar-vials 

which provided only a supply of water. Survival rate was determined by the 

regular counting of non-responsive flies. The experiment was performed in 

triplicate, with each time point representing the mean based on 300 flies per 

line. These experiments were adapted from previous studies [9]. 

 

Fat Cell Measurements 

Fat cells were extracted from 1 day old (± 6 hours) flies, spilled into 

Ringer’s buffer, fixed with 4% paraformaldehyde, stained with Nile red 

(10ug/mL) and DAPI (1ul/mL) . Fat cells were then immediately photographed 

using a Canon 1500 digital camera on a compound light microscope at 400 x 

magnification. The area of each cell was calculated using ImageJ ® Imaging 

Software. Each value represented is the mean of 50 random fat cell 

measurements taken per fly with the corresponding standard deviation. The 

experiment was performed in triplicate with the data representing a final mean 

of 150 cells.  Lipid droplet size was assessed in 10 representative  fat body 

cells for each line based on mean fat body cell size.  The area of the 10 

largest lipid droplets within each cell was measured.  A second measure of 



20 
 

 

nile red positive area was performed using a preset color threshold across all 

FBs and lines.  This area was quantified as a %area of the total cell area. 

 

Feeding Assays 

Starvation- induced appetite response. At three days of age, flies were 

transferred to agar-only starvation vials for 2 hours. These flies were then 

transferred into synthetic yeast-based food vial stained with 0.10% 

Bromophenol Blue. Flies were scored for blue colored abdomens every 30 

minutes for 3 hours. Each value represented is the mean of 100 flies taken per 

fly line with the corresponding standard deviation. The experiment was 

performed in triplicate with each data point representing a final mean of 300 

flies. This experiment is based on variations of the methods described [9]. 

 

Capillary Feeding (Café) Assay. One week old male flies were raised in 

a humidity controlled (>70%) incubator at 22 °C on a 12 hour day and night 

cycles. Daily food consumption was measured in microliters per day based on 

displacement of liquid food levels in a 5 ul microcapillary tube. The 

experimental setup, procedures and determination of meal frequency were 

performed as described [10] 

 

dRYamide and FTY720P Assays. Synthetic yeast based food was 

allowed to cool to near room temperature and mixed with appropriate 
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concentrations of 1:1 dRYamide 1: dRYamide 2 peptide before setting.  For 

the CAFÉ assays, peptide was added to liquid food media described in [10].  

These peptides were custom synthesized by Eton Bioscience ®  Inc. 

according to amidated amino acid sequences which were previously shown to 

efficiently bind to dNepYr and inhibit feeding behavior responses [17]. 

FTY720P was also added to liquid media food in the CAFÉ and acquired from 

Caymen Chemical ®.  

 

Quantitative Real-Time PCR 

Total RNAi was isolated from 25 whole flies with a Qiagen® RNeasy 

Isolation kit as per manufacturer’s protocol. Total RNA (1 ug) was checked for 

quality and purity using gel electrophoresis and UV spectrophotometry. RNA 

was subsequently reverse-transcribed using an iScript ™ cDNA synthesis Kit 

from Biorad ® as per manufacturer’s protocol. Primers were designed using 

Perl Primer ™ software and ordered from ValueGene ®. Standard PCR was 

used to test primer sets for single amplicon products. Annealing temperature 

of the primers was optimized and One-Step qPCR was carried out using a 

BioRad iCycler IQ ™. Housing keeping gene RPL-32 was used as a control. 
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DNA microarray 

RNA was isolated from 25 female flies aged 2 days using a Qiagen® 

RNA isolation Kit. Affymetrix chips were used with oligo targets for 14,131 

known Drosophila genes. Statistical validation of duplicate experiments results 

were carried out using Affymetrix software Gene Spring®. Heat mapping 

analysis of metabolic gene subsets was carried out using open source MeV 

software provided generously to the public by TIGR. The gene subsets 

selected were based on globally expressed Drosophila metabolic genes found 

to be homologous to mammalian genes by KEGG Pathways using DAVID 

(david.abcc.ncifcrf.gov/). 
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Introduction 

 Obesity is a condition in which body weight, caused by excessive 

accumulation of stored body fat, is increased to the point where it becomes a 

risk factor for certain health conditions and mortality.  Overweight and obese 

individuals are at an increased risk for hypertension, dyslipidemia, Type 2 

diabetes, heart disease, stroke and certain forms of cancer. Unfortunately, 

obesity is a growing worldwide epidemic with over 1 billion of the global 

population either overweight or clinically obese.  Our ability to understand the 

underlying mechanisms involved in the pathogenesis and progression of 

obesity are essential to developing new methods and approaches for 

combating this disease. 

  In the present study, we describe a central mechanistic role for 

sphingolipids (SL) in the progression of obesity.  SLs are a versatile class of 

bioactive lipids, which play roles in a variety of signaling pathways that 

regulate diverse cellular functions such as programmed cell death, 

proliferation, migration, membrane stability, host-pathogen interactions and the 

stress response [1-4].  The basic structure of SLs consists of fatty acid chains 

linked by amide bonds to a long-chain “sphingoid” base.  Biological 

functionality of each SL species can vary based on fatty acid chain length, 

degrees of saturation, and head group modification.  Despite previous 

research detailing the cellular action of these lipids, their role at the organismal 
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level and their homeostatic regulation in vivo is now just becoming understood 

with the emergence of suitable complex genetic models for analysis.   

 Ceramide, the metabolic hub of sphingolipid metabolism, has recently 

been associated with metabolic syndrome and obesity in humans as well as a 

variety of animal model systems [5].  For example, in obese insulin resistant 

humans, high levels of ceramide were detected in skeletal muscle tissue [5].   

In mice, SL intermediate levels were changed in the serum of the obese leptin 

deficient ob/ob mice with a significant increase in serum ceramide levels [6].  

Subsequent studies in these mice showed that pharmacological perturbation 

of de novo ceramide synthesis, using the serine palmitoyl-transferase inhibitor 

myriocin, induced weight loss and decreased fat storage [7].  This suggests 

that ceramide, and potentially other SL intermediates, are playing an active 

role in the pathogenesis of obesity.  However, a gap in our knowledge still 

exists as to whether specific modulation of ceramide levels is sufficient to 

induce obese phenotypes. 

  Here, we use Drosophila as a model organism to determine whether 

direct perturbation in sphingolipid metabolism is sufficient to induce obese 

phenotypes.  Specifically, our strategy centers on using genetic manipulation 

to cause accumulation or depletion of ceramide intermediates, as well as to 

modulate the ceramide to sphingosine-1-phosphate ratio (also known as the 

ceramide: S1P rheostat).  We  demonstrate that genetic manipulations that 

cause direct ceramide accumulation induce obesity by two distinct 
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mechanisms in flies:  1) Ceramide accumulation lowered fat store mobilization 

by reducing adipokinetic hormone- producing cell density and function 

resulting in caloric intake- independent obesity.  2) Modulation of the 

ceramide: S1P ratio suppressed postprandial satiety via the hindgut-specific 

neuropeptide like receptor dNepYr, resulting in appetite suppression and 

caloric intake-dependent obesity.  These data are relevant to our 

understanding of how bioactive lipids, specifically S1P, might regulate satiety 

signals in mammals. 
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Results 

 

Blocking de novo synthesis of SLs lowers SL intermediate levels and 

promotes caloric intake-independent leanness. 

The rate-limiting step of de novo SL synthesis is catalyzed by serine 

palmitoyl-transferase (SPT) (Figure 1A).  In flies, SPT is encoded by the gene 

lace.  Since homozygous null mutations of lace are lethal, we utilize 

transheterozygous lace k05305/ 2 mutants to perturb de novo SL synthesis [8].   

These mutants exhibit substantially reduced lace transcript levels (Figure 

S1A), with significant reductions in downstream SL intermediate levels, 

including total ceramide (-50%), sphingosine (-30%) and S1P levels (-48%) 

relative to wild type (wt) flies (Table 1).   

Ceramide-depleting lace k05305/ 2 flies show significant reductions in 

whole fly triglyceride (TG) levels at 2 days (-21%), 8 days (-23%) and 15 days 

(-27%) of age relative to wt flies (Figure 2A).  Similarly, TG levels in 

hemolymph extracted from 2 day old flies were 58% lower than wt flies (Figure 

2B, S2D). Survival under starvation on agar-only media was also perturbed in 

these flies, with a mean 50% survival time of 45 hours, compared to 60 hours 

in wt flies (Figure 2C).  Mean body weight measured in 2 day old female flies 

was also reduced by 12% in lace k05305/ 2   mutants (0.97 mg/fly vs.1.10 mg/fly 

in wt) (Figure 2D,S2C).   
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Lipid positive oil-red-O staining of both coronal and sagittal cryostat 

abdominal sections of lace k05305/ 2 mutants was less prominent then in wt flies, 

suggesting that these flies have diminished abdominal adiposity (Figure S3A, 

S3C).  Furthermore, lace k05305/2 mutants display fat body cell atrophy relative 

to wt flies (Figure 2F).  Fat body cell size distribution in these flies is shifted 

towards a higher population of smaller fat body cells (Figure 2L).  Fat body cell 

atrophy was quantified as a reduction in mean fat body cell size (area) relative 

to control flies (Figure 2M). Fat body cell lipid droplets also showed a reduction 

in mean lipid droplet size (Figure S2E-F), which constituted a reduction in the 

% lipid positive area, normalized to mean fat body cell size, relative to controls 

(Figure S2G).  Collectively, we conclude that lace k05305/ 2 mutants exhibit a 

lean phenotype relative to wt flies. 

Next, we utilized two independent feeding behavior assays to determine 

if the lean phenotype exhibited by lace k05305/ 2 mutants was dependent on 

changes in caloric intake. First, flies were subjected to 3 hours of starvation on 

agar-only media, and then transferred to Bromophenol blue stained food.  The 

relative starvation-induced appetite response of flies was quantified as the 

percentage of flies which scored positive for feeding (blue abdomens) over 

time.  Relative post-prandial meal volumes in this assay were measured by 

spectrophotometry of flies which scored positive for colored food intake at 1.5 

hours [9].   
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Second, flies were monitored in a capillary feeding (CAFÉ) chamber. 

Here, flies are allowed to feed on quantifiable amounts of liquid media 

delivered through a microcapillary in a humidity controlled chamber over time. 

This experimental approach allows us to determine mean daily food intake, 

quantified as the number of microliters of liquid food consumed per day and 

mean meal frequency, as the number of meals eaten per hour.  These two 

values were used to calculate mean meal volume as the number of microliters 

of liquid food eaten per meal [10].  

No statistically significant changes in starvation-induced appetite 

(Figure 3A) or postprandial meal volume (Figure 3B) were observed between 

lace k05305/ 2 mutants and wt flies.   Furthermore, there were no statistically 

significant changes in mean daily caloric intake (Figure 3C), mean meal 

frequency (Figure 3D) or mean meal volume (Figure 3E) observed between 

lace k05305/ 2 mutants and wt flies in the CAFÉ.  

To check for potential contributions from genetic background, additional 

experiments were performed. Since homozygous null mutations in lace are 

lethal, we could not perform experimental crosses with deficiency lines.  

However, globally-driven RNAi-mediated lace knockdowns were viable.  

These flies showed comparable reductions in both lace transcript (Figure S1E) 

and 2d old mean whole fly TG levels, suggesting that observable phenotypes 

are not due to genetic background.  Taken together, we conclude that 

lacek05305/ 2 mutants exhibit a caloric intake-independent lean phenotype. 



29 
 

 

Sphingosine Δ-4 desaturase mutants exhibit perturbations in ceramide 

subspecies and caloric intake-independent obesity 

Downstream of lace and schlank (Figure 1A-B), ifc encodes the enzyme 

sphingosine Δ-4 desaturase, which catalyzes the conversion of 

dihydroceramide into ceramide (Figure 1A).  ifc4 mutants exhibit an ~55% 

reduction in ifc transcript (Figure S1B), with no statistically significant changes 

in total ceramide, sphingosine or S1P levels (Table 1).  However, these 

mutants show significant changes in the subspecies of each SL.  Specifically, 

ifc4 mutant flies accumulate the C14:0 “dihydro” (DH) subspecies, with C14:0 

dihydroceramide (DHC), dihydrosphingosine (DHS) and dihydrosphingosine 1-

phosphate (DHS1P) intermediate levels increased +306%, +83%, and +257% 

respectively.  Conversely, levels of monounsaturated C14:1 ceramides (-10%), 

sphingosine (-15%) and S1P (-31%) SL intermediates were reduced.   

Notably, these lines also accumulate the recently identified polyunsaturated 

C14:2 ceramide “diene” (+190%) and sphingosine “diene” (+206%) [11]. 

Ceramide dienes contain conjugated double bonds in a 4, 6 trans 

configuration on the sphingoid base backbone.  These species are likely 

accumulating due to downregulation of Sk1 expression in these flies (data not 

shown).  

Interestingly, ifc4 mutants exhibit increased whole fly TG in 2 day 

(+58%), 8 day (+50%) and 15 day (+85%) old female flies relative to wt flies 

(Figure 2A).  Hemolymph TG levels were also increased (+95%) (Figure 2B, 
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S2D).  Survival under starvation on agar-only media was enhanced in these 

flies, with a mean 50% survival time of 68 hours, compared to 60 hours in wt 

flies (Figure 2C).  Mean body weight measured in 2 day old female flies was 

also increased by 9% in ifc4 mutants (1.20 mg/fly vs.1.10 mg/fly in wt) (Figure 

2D, S2C).   

These data correlate with an observed increase in abdominal adiposity 

(Figure S1A, S1E) and fat body cell hypertrophy (Figure 2G, 2L-2M).  

Furthermore, mean fat body lipid droplet size was elevated (Figure S2E-F). 

Interestingly, lipid droplet area constituted approximately the same % area of 

the fat body cell as control flies, when normalized to mean fat body cell size 

(Figure S2G).  Collectively, we conclude that ifc4 mutants exhibit an obese 

phenotype relative to wt flies.    

Again, to determine the extent to which this obese phenotype was 

dependent on changes in caloric intake, we utilized feeding behavior assays. 

In ifc4 mutants, the starvation-induced appetite response was slightly 

increased relative to wt flies (Figure 3A).  However, no statistically significant 

change in relative post prandial meal volume was observed (Figure 3B). 

Furthermore, ifc4 mutants do not exhibit statistically significant changes in 

mean daily caloric intake, mean meal frequency or mean meal volume (Figure 

3C-3E) in the CAFÉ relative to wt flies.   

To check for potential contributions from genetic background, ifc4 

mutants were crossed with their respective deficiency line. Transheterozygous 
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ifc4 mutants over deficiency exhibit a similar increase in 2d mean TG levels as 

their ifc4 mutant counterparts (Figure S2A).  Furthermore, globally-driven ifc 

RNAi mediated knockdowns also showed comparable reductions in ifc 

transcript (Figure S5F) with a coinciding increase in 2d mean whole fly TG 

levels (Figure S2B).  Taken together, we conclude that ifc4 mutants exhibit a 

largely caloric intake-independent obese phenotype. 

 

Sphingosine kinase 2 mutants accumulate ceramide and exhibit caloric 

intake-dependent obesity 

The Sk2 gene encodes for the enzyme sphingosine kinase 2 (Figure 

1A), which phosphorylates sphingosine into S1P.   Sk2 KG050894 mutants exhibit 

an approximate 80% reduction in Sk2 transcript with substantial increases in 

total sphingosine (+79%) and total ceramide (+55%) levels. Conversely, S1P 

levels are undetectable using our method in these flies (Table 1).  Sk2 KG050894 

flies exhibit increased 2 day (+65%), 8 day (+72%) and 15 day (+101%) whole 

fly TG levels (Figure 2A). Increased TG levels are also observed in 

hemolymph (+75%) (Figure 2B, Figure S2D). Survival under starvation on 

agar-only media was enhanced in these flies, with a mean 50% survival time 

of 71 hours, compared to 60 hours in wt flies (Figure 2C).  Mean body weight 

measured in 2 day old female flies was also increased by 10% in Sk2 KG050894 

mutants (1.21 mg/fly vs.1.10 mg/fly in wt) (Figure 2D, Figure S2C).   
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These results correlate with an observed increase in abdominal adiposity 

(Figure S1A, S1F) and fat body cell hypertrophy (Figure 2H, 2L-2M).  Mean 

lipid droplet size was also elevated (Figure S2E-F), with lipid droplets 

constituting a slight increase in area as a percentage of the mean fat body cell 

size.  Collectively, we conclude that Sk2KG050894 mutants exhibit an obese 

phenotype relative to wt flies.    

Obese Sk2 KG050894 mutants also exhibit a substantial increase in 

starvation-induced appetite response, where over 50% of these flies 

consumed food within the first hour post-starvation relative to just 15% of 

control flies (Figure 3A).  Furthermore, relative postprandial meal volume was 

also significantly increased (+34%) in Sk2 KG050894 mutants relative to wt flies 

(Figure 2B).  Additionally, Sk2 KG050894 mutants consume an average of 34.7% 

more calories of food per day than control flies (1.55 ul/day vs.1.15 ul/day) 

(Figure 3C). To put this in perspective, by 15 days of age, Sk2 mutants have 

eaten slightly more than an additional 5 days’ worth of calories then wild type 

flies.  This resulted from an increase in both meal frequency (Figure 3D) and 

meal size (Figure 3E), and correlated well with age-dependent whole fly TG 

accumulation in these flies.   

Transheterozygous Sk2 KG050894 mutants over their deficiency exhibit a 

similar increase in 2d mean TG levels as their Sk2 KG050894 mutant counterparts 

(Figure S2A).  Furthermore, globally-driven Sk2 RNAi mediated knockdowns 

also showed comparable reductions in Sk2 transcript (Figure S5F) with a 
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coinciding increase in 2d mean whole fly TG levels (Figure S2B).  Based on 

these results, we conclude that ceramide accumulating Sk2 KG050894 flies 

exhibit caloric intake-dependent obesity.  

   

Sphingosine 1-phosphate: An opposing role in energy homeostasis 

 The committal step of SL degradation is catalyzed by S1P lyase, 

encoded by Sply, which irreversibly degrades S1P (Figure 1A).  Sply05901 

mutant flies exhibit substantial loss of Sply transcript (Figure S1D), and 

accumulate all SL intermediates, especially S1P (+260%) (Table 1). Young 

Sply05901 mutant flies exhibit a lipid metabolic phenotype similar to that 

observed in wild-type flies, with no significant changes in 2- and 8- day whole 

body, hemolymph TG levels (Figure 2A-2B, Figure S2D), or body weight 

(Figure 2D, Figure S2C). This correlates with no observable change in 2 day 

old female fly abdominal adiposity (Figure S1B), mean fat body cell size 

(Figure 2I, 2L-M) or mean lipid droplet size (Figure S2E-G).   

 However, Sply05901 mutants consumed significantly lower quantities of 

food (-35%) per day in the CAFÉ (Figure 3C), which was the result of a 

decrease in both meal frequency (Figure 3D) and mean meal volume (Figure 

3E).  A substantial decrease in their starvation-induced appetite response was 

also observed (Figure 3A) with a concomitant 30% decrease in relative 

starvation-induced postprandial meal volume (Figure 3B).   
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Reduced appetite and meal volume may also play a role in the 

observed reduction of starvation resistance in Sply05901 mutants (Figure 2C).  

On average, these flies are less likely to enter the starvation chambers in the 

fed state, while those that do, will enter with a lower mean meal volume.  

Reduced appetite also correlates with age-dependent leanness, with a 

significant 21% reduction in whole body TG levels by 15 days (Figure 2A).  

Transheterozygous Sply05901 mutants over their deficiency have 

comparable 2d old mean whole fly TG levels to their Sply05901 counterparts 

(Figure S2A).  Furthermore, globally driven Sply RNAi knockdowns exhibit 

reduced levels of Sply transcript (Figure S1H) with comparable 2d old mean 

whole fly TG levels (Figure S2B).  In Sply05901 flies, where ceramide levels are 

elevated in the context of high S1P levels, it appears that the classic hallmarks 

of obesity associated with high ceramide levels, are mitigated through reduced 

caloric intake.   

 

Modulating specific SL intermediates combines components of caloric 

intake- independent and dependent leanness and obesity. 

Based on our results, the SL metabolites appear to regulate global 

energy metabolism by both caloric intake- independent and -dependent 

mechanisms.  To understand this, we utilized two double mutant models that 

we hypothesized would combine components of each phenotype.   
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The first double mutant, lace k05305/ 2; Sply05901 (Figure S1A, S1D) combined 

two mutations associated with reduced fat storage and reduced caloric intake 

respectively.  While lace k05305/ 2; Sply05901 double mutants exhibit only slightly 

reduced (-10%) total ceramide levels, they also exhibit a substantial reduction 

in ceramide diene levels (-73%), as observed in lace k05305/ 2 flies (Table 1).  

These double mutants also exhibit a large increase in S1P levels (+40%) 

relative to wt flies, similar to Sply05901 mutants (Table 1).  In this respect, we 

have shifted the ceramide: S1P ratio by both reducing ceramides, especially 

ceramide diene levels, and increasing S1P levels. 

The result is that lace k05305/ 2; Sply05901 double mutants exhibit an 

exacerbated lean phenotype.  Whole fly TG levels decrease by 31% in 2 day 

old adults.  Furthermore, these levels deteriorated over time, with decreases of 

40% and 47% at 8 and 15 days respectively (Figure 2A).  This correlated to a 

substantial reduction in starvation resistance (42 hrs. vs. 60hrs.), body weight 

(-11%) (Figure 2C-2D, Figure S2C), and abdominal adiposity (Figure S1A, 

S1D).  Fat body cell atrophy (Figure 2J, 2L-2M) was also observed, with a 

marked reduction in mean lipid droplet size (Figure S2E-2G).   

 Furthermore, lace k05305/ 2; Sply05901 double mutants exhibit a reduction in the 

starvation-induced appetite response with reduced starvation-induced post 

prandial mean meal volume (Figure 3A-3B).  Under normal feeding conditions 

in the CAFÉ, lace k05305/ 2; Sply05901 mutants showed reduced mean daily food 

intake, resulting from reductions in both meal frequency and mean meal 
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volume (Figure 3C-3E).  This suggests that these flies are combining caloric 

intake-independent leanness phenotypes that are associated with lower levels 

of ceramide dienes in lace k05305/ 2 mutants, with caloric intake-dependent 

leanness associated with a high S1P: ceramide ratio in Sply05901 mutants. 

The second double mutant, ifc4; Sk2KG050894, (Figure S2B-C) combines 

two mutations associated with caloric intake-independent and dependent 

obesity. The ifc4; Sk2 KG050894 double mutants exhibit increased total ceramide 

levels (+28%), with increases in all subspecies, including ceramide dienes 

(+60%), as observed in ifc4 flies (Table 1). Simultaneously, total S1P levels 

are decreased (-43%), including undetectable levels of C14:1/16:1 S1Ps as 

observed in Sk2 k6050894 flies (Table 1). In this respect, we have shifted the 

ceramide: S1P rheostat towards ceramide, by both increasing total ceramide 

levels, including ceramide dienes, while simultaneously decreasing total S1P 

levels, specifically C14:1 S1Ps. 

These modulations of SL intermediate levels resulted in ifc4; Sk2 

KG050894 mutants exhibiting an exacerbated obesity phenotype.  Whole fly TG 

levels at two days were elevated by 115%, with progressive age-dependent 

increases of 140% and 184% at 8 and 15 days respectively (Figure 2A). This 

correlated to a substantial increase in starvation resistance (84 hrs. vs. 60 

hrs.), body weight (+14%) (Figure 2C-2D, S2C), and abdominal adiposity 

(Figure S1G). Fat body cells were hypertrophied (Figure 2K-M), with elevated 

mean lipid droplet size (Figure S2E-2G).  
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Furthermore, ifc4; Sk2 KG050894 double mutants exhibit increases in their 

starvation-induced appetite response and elevated starvation-induced post 

prandial mean meal volume (Figure 3A-3B).  Under normal feeding conditions 

in the CAFÉ, ifc4; Sk2 k6050894 mutants showed elevated mean daily food 

intake, resulting from increases in both meal frequency and mean meal 

volume (Figure 3C-3E).  These data suggest that the double mutant enhances 

the obesity phenotype by combining specific SL intermediate level changes 

responsible for caloric intake-dependent and independent obesity, specifically 

elevated ceramide and depleted S1P levels observed in Sk2 KG050894 mutants 

and increased ceramide diene levels observed in ifc4 mutants.   

 

Caloric Intake-independent leanness and obesity are associated with 

changes in pro and anti-apoptotic gene expression and regulated by 

Adipokinetic hormone-producing cells. 

While we are able to correlate the sphingolipidomic profile of our 

mutants to changes in metabolic phenotypes, it is important to attempt to 

determine the underlying causative mechanisms associated with these 

observations.  However, the underlying association between changes in SL 

levels and metabolism is poorly understood.  Therefore, it is necessary to 

obtain a general understanding of which metabolic gene subsets and 

pathways may be affected by changes in SL metabolism. In keeping with our 
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systems biology approach, we performed a DNA microarray analysis of our 

mutants across 14,000+ Drosophila transcripts of the Drosophila genome. 

Here, we screened for changes in gene expression by DNA microarray 

between lean lace k05305/2 and obese ifc4 flies. Heatmap and DAVID analysis 

revealed differential expression of apoptosis-related genes between lace 

k05305/2 and ifc4 mutants. Analysis showed that specific subsets of proapoptotic 

genes were downregulated while anti-apoptotic genes were upregulated in 

ceramide diene depleting lace k05305/2 flies (Figure 4A).  Conversely, in the 

same gene subsets, ceramide diene-accumulating ifc4 mutants showed 

increased expression in pro-apoptotic genes and decreased expression in 

anti-apoptotic genes (Figure 4A).  While this analysis points to a potential 

regulatory area affecting the observed caloric intake-independent phenotypes, 

it does not define underlying mechanism.  Since we already observed that TG 

accumulation and depletion were independent of caloric intake, we 

hypothesized that regulation of apoptosis in cells that regulate fat storage or 

mobilization might be involved.  

Screening our microarray once again, differential expression of the 

gene Adipokinetic hormone (Akh) was observed.  This gene encodes for 

adipokinetic hormone (Akh), a peptide which activates mobilization of TG 

stores from the fat body [12].  Akh mRNA is expressed exclusively in a set of 

pancreatic-like neuroendocrine adipokinetic hormone producing cells in 

flies[12].  Akhpc make up the majority of the cells in the corpus cardiac (CC) 
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located in the brain (Figure 5A).  Apoptosis-induced cell death of Akhpcs has 

been shown in previous studies to ablate Akh mRNA expression and increase 

TG storage in the fat body[12].   

This is similar to observations in ifc4 mutants, where Akh mRNA 

expression is extremely low, and TG levels are elevated (Figure 5B, 1A).    

Furthermore, Akhpc-ablated flies live longer under starvation, but also exhibit 

five times higher TG levels after starvation-induced expiration relative to 

control flies [12]. Again, a similar effect of elevated TG levels post-starvation 

induced expiration is also observed in ifc4 mutants (Figure 5C, 1C).  It is 

important to note that ifc4; Sk2 KG050894 double mutants also exhibit significantly 

reduced Akh mRNA expression levels (Figure S5B) and elevated post-

starvation TG levels (Figure S5C), where Sk2 KG050894 mutants do not. 

The opposite effect is observed in lace k05305/2 flies which showed a 

nearly 2 fold increase in Akh mRNA expression (Figure 5B) with simultaneous 

reduction in TG levels (Figure 2B) relative to wt flies.  Furthermore, TG levels 

post-starvation induced- expiration are undetectable using our methods in lace 

k05305/2 flies (Figure 5C).  These effects were also observed in lace k05305/ 2; 

Sply05901 double mutants (Figure S5B-C), but not in Sply05901mutants.  Taken 

together, these data suggest that ceramides, and more specifically ceramide 

dienes, might negatively regulate Akhpc viability and function.  It also suggests 

that S1P accumulation, even in the context of high ceramide levels, might be 

play a protective role in Akhpc viability and function.  
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To test this, we examined the extent to which Akhpc function was 

responsible for the lean and obese phenotypes observed in these mutants.  

We utilized a GAL-4/UAS system to achieve Akhpc-specific RNAi mediated 

knockdown of lace and ifc mRNA.  Functionality of Akhp cells was determined 

by quantification of Akh transcript and relative whole fly TG levels in 2 day old 

adults. Akhp viability was visualized using a GFP-tagged Akh specific gal4 

driver in 3rd instar larvae, and verified by quantitating akh mRNA expression. 

Akhp cell-specific ifc knockdown (Akh-g4/ifc RNAi) was sufficient to induce a 

significant reduction in Akh transcript expression; with a concomitant increase 

in adult fly TG levels (Figure 5D-5E).  The magnitude of Akh mRNA loss and 

TG elevation was similar to those observed in ifc4 mutants (Figure 5B, Figure 

2B) and globally-driven ifc RNAi knockdowns (Figure S1F, S2B, S5F).  This 

suggests that ifc regulates Akhpc function in an Akhpc autonomous manner.  

Furthermore, these data also suggest that defects in Akhpc are likely 

responsible for the majority of the observed obesity phenotype in ifc4 mutants.   

 Akh-g4/ifc RNAi 3rd instar larvae also exhibited decreased expression of GFP 

in Akhp cells relative to controls, as observed in both the cell body and 

neuronal projections (Figure 5F, 5H). In 70% of 3rd instar larvae, undetectable 

levels of GFP expression were observed, while the remaining 30% showed 

only very low levels of GFP expression (Figure S6A, S6C, S6F). Notably, GFP 

expression was generally relegated to rounded cell bodies, with an absence of 

GFP-expressing neuronal projections.  Semi-quantification of GFP expression 
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in those larvae showed a reduction in both mean GFP positive area and 

optical density relative to control flies (Figure S6G). These data correlated with 

a substantial reduction in Akh mRNA levels in Akh-g4/ifc RNAi 3rd instar larvae 

(Figure S6H).   

Next, we examined Akhp cell specific knockdown of Akh itself (Akh-

g4/Akh RNAi), to determine if the loss of GFP expression might be due to 

inhibition of Akh-g4 expression in these constructs.  All Akh-g4/Akh RNAi 3rd 

instar larvae examined expressed detectable levels of GFP (Figure S6A-B, 

S6F), in spite of substantially reduced Akh mRNA (Figure S6H).  However, 

while mean GFP positive area was comparable to controls, a significant 

reduction in mean optical density was observed, suggesting that some GFP 

production is likely perturbed in these lines (Figure S6G).    

These data suggest that the absence/reduction of GFP expression in 

Akhpc of Akh-g4/ifc RNAi 3rd instar larvae is not due to complete inhibition of 

GFP expression, but rather is due to the absence/perturbation of Akhpc.  

Previous reports have shown that ablation of Akhp cells can be carried out via 

overexpression of the genes Grim, Hid and Reaper.  These genes are 

SMAC/Diablo homologues, and this approach utilizes activation of the 

caspase-dependent intrinsic apoptotic pathway to induce Akhp cell death [12].  

These proteins are known inhibitors of the Inhibitor of Apoptosis Protein (IAP), 

which itself inhibits the activity of proapoptotic Caspases 3, 7 and 9.  

Homologues to these caspases are found in flies and are called Dronc and 
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Drice respectively.  If ifc knockdown induced Akhpc ablation, we hypothesized 

that overexpression of dIAP1 should rescue Akhp cell death.  This in turn 

would be predicted to normalize reduced Akh mRNA levels and elevated TG 

levels, which result from decreased TG mobilization when these cells are 

ablated.   

Akhp cell specific exogenous expression of dIAP (Akh-g4/+;UAS 

dIAP1/+) increased Akh transcript expression and decrease TG levels in two 

day old flies relative to control flies (Figure 5D-5E).  In 3rd instar larvae, GFP 

expression was elevated relative in Akhpc relative to control, as observed in 

both the cell body and axonal projections. (Figure 5F, 5I).  All Akh-g4/+;UAS 

dIAP1/+ 3rd instar larvae exhibited robust GFP expression, with marked 

elevations in both mean GFP positive area and optical density (Figure 

S6A,S6D,S6F-G) .  These data correlated with a ~2 fold increase in 3rd instar 

larval Akh mRNA expression (Figure S6H). These findings provide strong 

evidence that Akhp cells are sensitive not only to induction, but also inhibition 

of the caspase-dependent apoptotic pathway during the larval stages of 

development.   

Furthermore, Akhpc specific overexpression of dIAP, in an Akhpc-

specific ifc knockdown background, partially rescued Akhp cell viability and 

function.  In 3rd instar larvae, although GFP expression was slightly less than 

in wt larvae, it was observable in 100% of samples (Figure 5F, 5J).  This 

correlated well with Akh mRNA and TG levels in these flies, where no 
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statistically significant change relative to wt flies was observed. (Figure 5D-

5E). 

Akhp cell specific lace knockdowns (Akh-g4/+;lace RNAi/+) (Figure 5D-

5G),  exhibited reductions in 2 day old adult fly Akh mRNA (Figure 5D) and 

whole fly TG levels (Figure 5E).    In 3rd instar larvae, Akh GFP-expression 

was enhanced, with an observable increase in cell density and neuronal 

projections (Figure 5G,S6A,SF6E).  This observation could be attributed to an 

increase in both mean GFP+ Akhp cell area and optical density (Figure 

S6A,S6E,S6F-G).  These data correlated well with a marked increase in Akh 

mRNA levels, as was similarly seen in Akh-g4/+;UAS dIAP1/+ 3rd instar larvae. 

(Figure S6H). 

 

The role of S1P in Akhp cell regulation  

There are data which suggest that Sply may play a role in Akhp cell 

viability and function. First, expression levels of Akh mRNA in Sply05901 are 

slightly reduced compared to wild-type flies (although the difference is not 

statistically significant) (Figure S5).  Secondly, in spite of reduced caloric 

intake, Sply05901 mutants exhibit slightly higher TG levels at day 2 relative to 

control flies (+9%). Due to the higher starting TG levels in young flies, 

statistically significant loss of TG relative to control flies is not observed until 

flies are aged 15 days (Figure 2A).   It is possible that a minor contribution 

from a small loss of Akh production could account for these results.   
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Other evidence suggests that there is no role in Akhpc regulation.  First, 

there is no observable difference in post-mortem TG levels in Sply05901 flies 

relative to control, suggesting that fat mobilization is largely unperturbed under 

starvation (Figure S5).  This is in contrast to ifc flies which exhibit significantly 

increased post-mortem TG levels relative to control flies, suggesting perturbed 

TG utilization under starvation (Figure 5C). Furthermore, the difference in 

normalized TG level between 2 and 8, as well as 8 and 15 days is significantly 

different between aged Sply05901 flies, which are consistent with TG loss via 

caloric restriction. 

Interestingly, Akhpc-specific Sply knockdowns (Akh-g4/ Sply RNAi) 

exhibit an increase in TG levels (+40%) (Figure S2B) that correlates with a 

significant ~50% reduction in Akh mRNA expression (Figure S5D).  This 

phenotype is similar to both ifc4 and Akh-specific ifc knockdowns (Figure 5B, 

D-E).   This is in direct contrast to globally-driven Sply knockdowns, which 

show normal 2 day old fly TG (Figure S2B).  Based on these data, the 

significant difference may be due to the anti-apoptotic effects from elevated 

systemic S1P.  

 It is important to note that a distinguishing feature between lace and ifc 

mutants is the depletion and accumulation of certain ceramide subspecies, 

specifically ceramide dienes. Taken together, these data suggest ceramide 

dienes play an important regulatory role in Akhpc viability and function.  

Furthermore, our findings suggest that this regulatory role works through the 
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caspase dependent intrinsic apoptotic pathway.  Finally, systemic levels of 

S1P appear to positively regulate Akhp cell viability and function, even in the 

context of high ceramide diene levels.    

 

Caloric intake-dependent mechanisms are associated with changes in 

subsets of lipid metabolic genes and regulated by the feeding behavior 

gene dNepYr. 

Next, we compared changes in global gene expression between caloric 

intake-dependent obese Sk2 KG050894 flies and lean Sply05901 flies.  Heatmap 

and DAVID analysis showed opposing expression in gene subsets regulating 

major lipid metabolic pathways, including fatty acid biosynthesis and oxidation, 

as well as oxidative phosphorylation (Figure 4B).  Sply05901 mutants exhibit 

downregulation of key fatty acid biosynthesis genes while showing 

upregulation of fatty acid oxidation and oxidative phosphorylation genes, 

suggesting a shift in basal gene expression towards a low energy, fat-burning, 

“unfed” state relative to control flies.  This correlates with observed decreases 

in TG stores observed in these flies.  Conversely, Sk2 KG050894 flies exhibit 

upregulation of the FA biosynthetic gene fatty-acid synthase, with 

downregulation of fatty acid oxidation genes and oxidative phosphorylation 

genes (Figure 4B).  This suggests a shift in basal gene expression towards a 

high energy, fat-storing, “fed” state relative to wt flies. This correlates with 

observed increases in TG stores observed in these mutants. 
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Additionally, a promising candidate gene for understanding the 

underlying mechanistic differences between caloric intake-dependent obesity 

and leanness was CG5811.  The CG5811 gene encodes a putative GPCR, 

Neuropeptide Y-like Receptor (dNepYr), and is located on the right arm of the 

3rd chromosome in flies.  (Figure S4A) [13]. A set of pancreatic TG lipases 

appear to be cis-natural antisense transcripts (cis-NATs) of dNepYr in full 

overlapping orientation (Figure S4A) [13].  In adult flies, dNepYr transcript has 

been observed to be expressed almost exclusively in the hindgut (Figure 

S4B), with lower levels of expression observed in the brain [12-13]. 

Mammalian neuropeptide Y receptors (NPYR) with enriched expression in the 

digestive system are generally associated with induction of post-prandial 

satiety and include NPYR 2 and 4 [15].  The dNepYr gene is expressed 

throughout development starting in early embryo(4-6hr), with peak expression 

seen in late embryos (16hr-24hr) and throughout adulthood (Figure S4C) 

[12,16]. 

Interestingly, dNepYr is upregulated in Sk2 KG050894 and downregulated 

in Sply05901 mutants relative to control flies (Figure 6A).  This expression also 

appears to be coordinated with cis-NAT pancreatic TG lipases, and likely 

constitutes a novel system of coordinated dietary TG degradation and/or 

mobilization with meal-induced satiety signaling (Figure 6A, Figure S4A).    It is 

important to note that ifc4; Sk2 KG050894 double mutants also exhibit significantly 

elevated dNepYr mRNA expression levels (Figure S5A) , feeding behavior and 
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caloric intake (Figure 3A-3E), whereas ifc4 mutants do not.  Conversely, lace 

k05305/ 2; Sply05901 double mutants exhibit significantly decreased dNepYr 

mRNA expression levels (Figure S5A), along with repressed feeding behavior 

and caloric intake (Figure 3A-3E), whereas lace k05305/ 2 mutants do not.  

Therefore, we hypothesized that dNepYr signaling is associated with induction 

of satiety.  

To test this, we utilized RNAi-mediated dNepYr knockdown flies (Figure 

S4D).  RNAi-mediated dNepYr knockdown flies exhibit increased mean daily 

caloric intake (Figure S4F) with a concomitant increase in TG levels (Figure 

S4F), relative to control flies, including w1118 and UAS-NepYr RNAi flies 

lacking the 4414- β-actin Gal4 global driver.  These data suggest that dNepYr 

signaling is in fact involved in post-prandial satiety.   

The recently characterized Drosophila gene CG40733 was found to 

encode two dRYamides that are expressed exclusively in the brain and the gut 

in Drosophila [17].  Both dRYamide1 and dRYamide2 were found to be strong 

ligands of dNepYr.  Furthermore, administration of dRYamides to flies reduced 

their behavioral feeding response. These data corroborate our finding that 

dNepYr negatively regulates feeding behavior [17]. Therefore, we also 

examined the effects of dRYamide loss by characterizing CG40733 RNAi 

knockdowns.  Globally driven CG40733 RNAi knockdowns (Figure S4G) 

exhibit increases in both caloric intake (Figure S4H) and TG levels (Figure 

S4I) relative to control flies. 
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Based on these findings, we designed experiments to 

pharmacologically rescue elevated mean whole fly TG levels in Sk2 KG050894 

mutants by administering synthetic dRYamide1 and dRYamide 2 peptides. We 

chose to raise 2day old Sk2 KG050894 mutants on solid food for 6 days, in order 

to compare our results with previous TG measurements in 8 day old flies 

(Figure 2A). Two day old Sk2 mutants were administered solid synthetic food 

containing 0uM, 1uM, 10uM, and 100uM total dRYamide (1:1 dRYamide1: 

dRYamide2) for 6 days.   

Sk2 KG050894 mutants were more responsive to a lower concentration of 

dRYamides then wt flies.  At 10uM dRYamides, Sk2 mutants exhibited a 

significant reduction in TG levels relative to 0uM fed Sk2 KG050894 mutants, and 

were not statistically different to control flies fed either 0 uM or 10uM 

dRYamide containing food (Figure 6B).   The dose dependent rate of TG 

decline was measured by taking the slope of the data points where dRYamide 

was administered.  Sk2 KG050894 TG levels decline at a faster rate (m=-3.2578, 

R2=0.9924) than wt flies (m=-2.4075, R2 0.95) (Figure 6C).  Importantly, 10uM 

and 100uM dRYamide-fed Sk2 KG050894 flies also exhibit a concomitant 

reduction in dNepYr expression, relative to 0uM dRYamide-fed Sk2 mutants, 

to near control  levels (Figure 6D). 

Statistically significant reduction in TG levels were also observed in wt 

flies administrated 100uM dRYamide relative to 0uM fed wt flies (Figure 6B).  

Again, reduction in TG levels was concurrent with a reduction in dNepYr 
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mRNA levels (Figure 6D).  At 100 uM dRYamide, wild type and Sk2 KG050894 

dNepYr mRNA levels were equally suppressed. However, 100uM dRYamide-

fed Sk2 mutants’ exhibit statistically significant higher levels of TG relative to 

100uM dRYamide-fed wt flies, suggesting that increased caloric intake through 

perturbation of dNepYr expression is not the only contributing factor to the 

obesity phenotype. 

Next, we attempted to pharmacologically rescue elevated caloric intake 

in Sk2 RNAi-mediated knockdowns by administering 10uM dRYamide to liquid 

food in the CAFÉ chamber. We chose RNAi-mediated knockdowns to achieve 

an internally-controlled, side-by-side comparison of caloric intake.  Utilizing 

RNAi-mediated knockdown allowed us to include CG40733 knockdowns 

(positive control) and dNepYr knockdowns (Negative control), as well as wt 

controls. 

Enhanced caloric intake in Sk2 RNAi knockdowns correlated with a 

reduction in dNepYr expression.  Sk2 RNAi knockdowns administered 10uM 

dRYamide for 3 days exhibit a nearly 30% reduction in mean daily caloric 

intake (Figure 7A), concurrent with a 50% reduction in dNepYr expression 

(Figure 7B).  CG40733 knockdowns showed a similar but stronger effect, 

where caloric intake was reduced ~ 38% (Figure 7A) and dNepYr expression 

levels were reduced by ~80% at the same concentration (Figure 7B).  

Conversely, dNepYr RNAi knockdowns exhibited no reduction in caloric intake 

(Figure 7A) or further reduction in dNepYr expression (Figure 7B).  
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Next, we examined whether knockdown of Sply could rescue the 

dNepYr RNAi phenotype.  To do this, we generated Sply;dNepYr RNAi 

knockdown flies (Figure 7C).  Sply RNAi mediated knockdowns exhibit 

reduced caloric intake but do not rescue dNepYr knockdowns.  Sply RNAi 

mediated knockdowns exhibit ~32% reduction in caloric intake (Figure 7D).  

However, Sply;dNepYr double knockdowns exhibit a 63% increase in caloric 

intake (Figure 7D) as well as elevated TG levels (Figure 7E). This phenotype 

is nearly identical to that of dNepYr RNAi knockdowns.  Therefore, these data 

suggest that Sply suppression of caloric intake is non-overlapping and 

upstream of dNepYr signaling. 

Finally, we attempted to again pharmacologically rescue caloric intake 

in Sk2 KG050894 flies, but this time by administering S1P analog, FTY720P in the 

CAFE.  Previous studies have shown that FTY720, a sphingosine analog, gets 

phosphorylated into FTY720P in vivo, which in turn acts as potent agonist to 

S1P receptors [18]. We used FTY720P because Sk2 mutants lack the 

sphingosine kinase activity to phosphorylate FTY720.  Furthermore, its 

effective chain length is close to the naturally occurring  C14 S1P chain length, 

which is not commercially available.  Sk2 KG050894 flies fed liquid food 

containing 10uM FTY720P for 3 days exhibited reduced caloric intake to near 

control levels (Figure 6E).  Even more interesting, administration of FTY720P 

reduced expression of dNepYr in Sk2 KG050894 flies by ~70%, to levels that 

were not statistically different to wt controls (Figure 6F).  Thus, FTY720P fed 
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to Sk2 KG050894 flies was able to mimic the effect of S1P on suppression of 

appetite and dNepYr expression, in a manner similar to that observed in Sply 

mutants and dRYamide fed Sk2 KG050894 mutants. 
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Discussion 

Sphingolipid metabolism regulates lipid storage and feeding behavior 

We have shown for the first time that direct accumulation of ceramide 

through genetic manipulation is sufficient to induce obesity phenotypes in vivo 

in Drosophila.  Specifically, our results show that SL intermediates, such as 

ceramide and S1P, regulate global energy metabolism via Akhpc-mediated 

lipid mobilization and dNepYr-mediated satiety in flies (Figure 8).  This 

suggests that high ceramide levels observed in other obesity models may play 

an active role in the development of the obesity phenotype.  Furthermore, this 

work supports the idea that specific subspecies of ceramides may be playing 

distinct roles in different metabolic regulatory cell types.  For example, Sk2 

KG050894 and ifc4 mutants accumulate different ceramide subspecies which 

produce distinct cellular actions in different tissues, both of which promote 

obese phenotypes. 

 

Comparison with genetic and pharmacological sphingolipid 

models  

Serine palmitoyl-CoA transferase: Lace mutants exhibit caloric 

intake-independent leanness in which ceramide depletion is accompanied by 

enhanced function of Akhpcs’ associated with a pro-survival gene program, 

leading to reduced fat storage.  Caloric intake-independent weight loss has 

also been observed in SPTLC1 mutant mice, which also lack SPT activity[19].  
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Furthermore, pharmacological inhibition of SPT activity using myriocin, 

lowered ceramide levels and reduced body weight and fat stores in genetically 

obese ob/ob mice [7].  Our results are also consistent with a previous study in 

flies, which showed that blocking de novo synthesis of ceramide by knocking 

down schlank, a ceramide synthase encoding gene (Figure 1A) downstream of 

lace but upstream of ifc, leads to larvae with reduced triglyceride levels relative 

to controls [20].  Thus, the leptogenic effect of lowering ceramide levels is 

conserved in mammals and flies. 

Sphingosine Δ-4 desaturase:  Mutant ifc4 flies exhibit caloric intake-

independent obesity in which accumulation of distinct ceramide subspecies is 

accompanied by loss of function of Akhpcs associated with a pro-apoptotic 

gene program leading to increased fat storage.  Genetic studies in mice have 

shown that homozygous null DES1 mutants display incomplete lethality [21]. 

Surviving animals are characterized by severe abnormalities and fail to thrive 

8-10 weeks after birth [21]. Heterozygous DES1 mutant mice have no 

observable health abnormalities and have wild-type mean body mass and 

glucose tolerance levels. However, they do exhibit increased insulin sensitivity 

and resistance to dexamethasone-induced insulin resistance [21]. 

Interestingly, DES1 heterozygotes displayed only a slight reduction in 

ceramide and slight gain in dihydroceramide levels, which constituted a 

significant reduction in the ceramide: dihydroceramide ratio [21]. No ceramide 

dienes were reported.  This is important to note as particular subspecies of SL 
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intermediates have been shown to exhibit dramatically different biological 

activities in vitro, where degree of saturation can have dramatic impacts on 

ceramide/sphingosine activity [21-22]. This implies that it is important to focus 

not just on the genetic manipulation of SL metabolism, but also on the 

resulting changes in sphingolipid intermediate levels. 

Sphingosine kinases: Sk2 KG050894 mutant flies exhibit caloric intake-

dependent obesity in which ceramide accumulation and S1P depletion are 

associated with a lipogenic/obesogenic gene program.  We showed that 

orexogenic feeding behavior in these flies stem from the loss of dNepY 

receptor mediated satiety signaling.   In mice, little is known about any role 

that sphingosine kinases (SphK) may play in obesity.  Both Sphk 1 and SphK 

2 knockout mice are viable, with no observable abnormalities compared to wild 

type mice [23]. This was attributed in part to redundant function of both 

enzymes, as S1P levels are only slightly decreased in most tissues of Sphk1-/- 

mice [23].  However, Sphk1-/- Sphk2-/- double knockout mice exhibit 

undetectable levels of S1P, and do not survive past embryonic day 13.5, due 

largely to neural and vascular developmental defects [23].  Sk2 KG050894 mutant 

flies do not exhibit compensatory function from Sk1, as S1P levels are nearly 

undetectable in these flies.  Despite the dramatic reduction of S1P, these 

mutants are viable into adulthood. 

Sphingosine 1-phosphate lyase:  Mutant Sply flies exhibit caloric 

intake-dependent leanness in which S1P accumulation in the context of 
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increased ceramide levels is associated with a lipolytic/leptogenic gene 

program.  We showed that anorexic feeding behavior in these flies’ stems from 

the gain of dNepY receptor mediated satiety signaling.   

Comparatively, SPL knockout mice (sphingosine 1-phosphate lyase) 

are also lean and exhibit a pronounced lack of adipose tissue.  Interestingly, 

elevated lipid levels, including TG levels, are observed in both plasma and in 

fatty livers, reminiscent of human lipodistrophies.  However, these mice fail to 

thrive and do not survive beyond weaning.  This has been attributed to 

multiple abnormalities including congenital defects, anemia, pathological 

lesions, and a presumed reduction in caloric intake.  

Lipodistrophies are difficult to distinguish in the context of flies as the fat 

body cells share functional homology with both adipose tissue and the liver.  

However, the fly model is advantageous in that Sply05901 mutants are viable.  

This allows for the study of the roles of SL metabolites in regulating feeding 

behavior and lipid metabolism outside of the context of other serious 

abnormalities throughout development and in adults. It is interesting to 

speculate that feeding behavior defects in SPL mutant neonates might be 

attributed in part to repression of appetite via S1P accumulation.   

 

Sphingolipid metabolism regulates Akhp cell viability and function 

Our data suggest that sphingolipid metabolism is involved in regulating 

Akhpc viability and function via the caspase dependent intrinsic apoptotic 
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pathway.  Interestingly, these data also suggest that ceramide dienes are 

likely potent inducers of this pathway and that modulation of ceramide dienes 

may be a key regulator of Akhp cell viability and function.  In flies, Akh 

regulates fat mobilization in the fat body [24].  In mammals, fat is mobilized in 

adipose tissue by catecholamines and in the liver by glucagon.  It will be 

interesting by analogy to the fly to determine whether SL modulation of 

ceramide dienes, is involved in the regulation of glucagon production by alpha-

pancreatic cells and/or catecholamine production by the adrenal gland. 

 

dNepYr signaling: A novel sphingolipid-dependent feeding regulatory 

pathway  

Our results showed that loss of S1P production in Sk2 mutants 

suppressed postprandial satiety via the hindgut-specific neuropeptide like 

receptor dNepYr, resulting in caloric intake-dependent obesity.  Furthermore, 

these data show that dietary administration of dRYamide 1 and 2 was 

sufficient to overcome these effects through induction of dNepYr signaling. In 

addition, dietary administration of FTY720P, an S1P analog[18] was also 

effective at inducing satiety and downregulation of dNepYr expression.  

Conversely, S1P accumulating Sply mutants exhibited suppressed 

appetites, which also appear to be dependent upon dNepYr. Sply;dNepYr 

double knockdowns exhibited increased caloric intake and TG levels 

comparable to dNepYr knockdowns.   These data suggest that S1P acts 
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upstream of dNepYr and either directly (through binding) or indirectly (through 

the regulation of CG40733/dRYamides), induces satiety via dNepYr signaling.  

 Since de novo S1P production is dependent upon the availability of both 

dietary saturated fats and ATP, it is an attractive candidate molecule for 

regulating satiety via dNepYr, which is expressed almost exclusively in the 

hindgut of the closed digestive system.  In addition, a set of pancreatic TG 

lipases, which appear to be overlapping cis-NATs of dNepYr, exhibit co-

expression patterns and thereby may constitute a coordinated system for 

dietary fat digestion and satiety. 

 

The coupling of fat mobilization and appetite via SL metabolism based 

on dietary saturated fats may provide an evolutionary survival advantage  

Throughout evolution a primary selective pressure is energy acquisition.  

The ability to maximize consumption and energy storage during times of plenty 

provides a survival advantage to an organism against the inevitable times of 

food scarcity. Indeed, obese flies in our study exhibit up to a 40% increase in 

mean survivability under starvation relative to control flies. 

Saturated fats are a high energy food source, which also serve as 

precursor molecules for the de novo synthesis of ceramide [25].  Hence, we 

speculate that excess consumption of saturated fats may increase ceramide 

levels and shift the ceramide: S1P ratio, promoting appetite, caloric intake, and 

fat storage (Figure S7).  In the proposed model, the SL intermediates that 
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accumulate during extended consumption of saturated fats change the 

metabolic gene program of the organism to enhance its ability to both store 

this energy rich food and to increase appetite for its consumption.  This might 

be advantageous for maximizing acquisition of energy from a perishable 

source.  As the food source is depleted, a shift towards S1P production 

promotes satiety and stored energy is utilized by upregulation of a lipolytic 

gene program. 

Chapter Two, in full, is currently being submitted for publication of the 

material.  Walls, Stanley; Attle, Steve; Brulte, Greg; Walls, Marlena; Chatfield, 

Dale; Herr, Deron; and Harris, Greg;  “Identification of Sphingolipid Metabolites 

that Induce Obesity via Misregulation of Appetite, Caloric Intake and Fat 

Storage Mobilization in Drosophila” .  The dissertation author was the primary 

researcher and author of this material. 
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Figure 1. Sphingolipid metabolism in flies and humans.  (A) De novo sphingolipid 
metabolism begins with the condensation of serine with palmitoyl-CoA catalyzed by serine 
palmitoyl transferase, which is encoded by lace (1). The resultant ketone is rapidly reduced by 
3-ketosphinganine reductase (2) into dihydrosphingosine (DHS). A 2

nd
 fatty acid chain is 

added by dihydroceramide synthase, encoded by the gene schlank (3), to produce 
dihydroceramide (DHC). DHC is desaturated by sphingosine delta 4 desaturase, encoded by 
ifc (4), into ceramide. Ceramide can then be degraded by the actions of ceramidase (5) to 
form sphingosine. Sphingosines are phosphorylated by Sphingosine kinase 1 or 2 (6). Once 
phosphorylated, S1P can be irreversibly degraded by S1P lyase, encoded by Sply.  Protein 
encoding genes of the SL pathway are highly conserved between flies and humans. (B) 
Identity and E-value of Drosophila and Human proteins. (NGI = No gene identified). 
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Figure 2.  Classic hallmarks of obesity.  Obesity in flies is characterized by classic 

hallmarks of obesity. (A) Whole fly triglyceride (TG) and (B) hemolymph TG levels were 

measured in µg of TG per mg flies and normalized to wt flies. (C) Resistance to starvation-

induced death was measured as the mean % of the population that survives over time of 3 

independent experiments. (n=100 flies)  (D) Mean body weight (mg). (E-K) One-day old adult 

fat body cells stained with lipid positive Nile Red (Red) and a nuclear stain DAPI (blue).  (L) 

Distribution of fat body cell size (µm) (M) mean fat body cell size. Error bars represent S.E.M.  

p-values *<0.05, ** <0.01, ***<0.001 
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Figure 3. SL metabolism and feeding behavior  Appetite response, relative meal volume 
and mean daily food intake.  (A) Flies fasted for 3 hours were transferred to synthetic food 
dyed with 0.01% Bromophenol blue.  Flies were scored for blue positive abdomens over time. 
The starvation-induced appetite response as % of fly population that fed overtime. (B) Flies 
from A that scored positive at 2.5 hours were collected, homogenized and evaluated for 
Bromophenol blue content at 545 nm absorbance . Absorbance is proportional to relative meal 
volume and shown as the mean of three sets of (n=25) flies.   The capillary feeding (CAFÉ) 
assay was performed to determine (C) mean daily intake of liquid food media per day and (D) 
the number of meals consumed per hour, which were used to calculate (E) the average meal 
volume. Error bars are represented by the S.E.M.  * p-values <0.05, ** <0.01. 
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Figure 4.  Differential expression of lipid metabolic and apoptotic genes in SL mutants 
DNA microarray and DAVID bioinformatics analysis was used to identify gene subsets which 
mapped to metabolic pathways. Downregulation (Fold change < 1.5) (green) and  
upregulation (Fold change > 1.5) (red), are shown. All changes (> 3 fold) are represented by 
the brightest color. No change relative to control is displayed as black. (A) Differential 
expression between lace

 k05305/ 2
 mutants’ and ifc

4
 mutants mapped to proapoptotic and anti-

apoptotic gene subsets. (B) Differential expression between Sply
05901

 mutants’ and Sk2
 KG050894

 
mutants mapped to multiple lipid metabolic pathways. 
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Figure 5.  Regulation of Akhp cell viability and function  (A) Adipokinetic hormone-
producing cells (Akhpc), (gfp) make up most of the corpus cardiac (cc) of the ring gland, 
located near the brain (dapi=nuclear, nile red=counterstain).  (B) Relative Akh mRNA 
expression (C) triglyceride (TG) levels (ug TG/mg fly) pre and post starvation-induced 
expiration. In Akhpc-specific RNAi mediated knockdowns: (D) Relative Akh mRNA levels (E) 
TG levels (ug TG/mg fly).  Third instar larval Akhp cells (gfp), in Akhpc-specific (F) control 
(AkhGal4;UAS-GFP) (G) RNAi-mediated lace knockdowns (AkhGal4;UAS-lace-RNAi), (H) 
RNAi-mediated ifc knockdowns (AkhGal4;UAS-ifc-RNAi) (I) dIAP1 ectopic expression 
(AkhGal4;UAS-dIAP1) and (J) dIAP rescue of ifc knockdowns  (AkhGal4;UAS-dIAP1;UAS-ifc-

RNAi) Error bars are represented by the S.E.M..   * p-values <0.05, ** <0.01. 
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Figure 6. The Ceramide:S1P rheostat’s role in regulating dNepYr expression and caloric 
intake  (A) dNepYr expression is upregulated in Sk2

KG6050894
 and downregulated in Sply

05901
 

mutants, with concurrent changes in overlapping cis-NAT’s of pancreatic TAG lipase genes.  
Two day old Sk2

 KG6050894
 flies and wt flies were administered 0uM, 1uM, 10uM and 100uM 

dRYamide (1:1 dRYamide 1:2) in solid food for 6 days, after which (B) TG levels, (C) rate of 
dose dependent TG decline , and (D) dNepYr mRNA levels were measured.  Three to five day 
old Sk2

 KG6050894
 flies were also administered S1P analogue FTY720P in the CAFÉ, after which 

(E) caloric intake and (F) dNepYr mRNA levels were measured.  Error bars are represented 
by the S.E.M.   p-values <* 0.05, ** <0.01, ***p<0.001. 

  



69 
 

 

 

Figure 7. Genetic and pharmacological modulation of dNepYr expression and caloric 

intake  Global Sk2,CG40733 and dNepYr RNAi knockdown adult flies were administered 0uM 

and 10 uM dRYamide (1:1 dRYamide 1:dRYamide 2)containing liquid food in the CAFÉ. After 

3 days of administration, (A) caloric intake and (B) dNepYr mRNA levels were measured. (C) 

Global Sply;dNepYr double knockdowns, were compared side-by-side to global Sply and 

dNepYr knockdowns in (D) daily caloric intake and (E) TG levels. 
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Figure 8. Sphingolipid regulation of caloric intake and fat mobilization  Both saturated 

and unsaturated fats act as precursor molecules in the production of sphingolipid 

intermediates, specifically ceramide and S1P, which act to transduce a physiological 

response. (Left) When saturated fats are readily available, ceramides accumulate and reduce 

Akhpc viability and function. This lowers Akh production, reducing fat mobilization in fat body 

cells, to promote uptake and storage of the newly available dietary lipids. Hence, ifc mutants 

that accumulate ceramides exhibit reduced Akh and increased fat stores. Conversely, lace 

mutants with reduced ceramide levels, exhibit increased Akh and decreased fat stores. (Right) 

After a meal, S1P accumulates and directly and/or indirectly induce dNepY receptor signaling 

in the hindgut. dNepYr signaling leads to appetite suppression, reduced caloric intake and 

downregulation of dNepYr mRNA expression (negative feedback). Hence, Sk2 mutants, that 

have reduced S1P levels, exhibit elevated appetite, increased caloric intake and high dNepYr 

mRNA expression.  Conversely, S1P accumulating Sply mutants have suppressed appetite, 

reduced caloric intake and low dNepYr mRNA expression. 
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Supplemental Figure 1. Verification of SL gene expression in P element and RNAi 

knockdown flies. Data is represented as relative mRNA expression normalized to wildtype 

flies (canton-s and w
1118

 respectively). Each SL mutant and RNAi KD fly was measured for 

mRNA expression of their respective target gene. (A-D)P element mutants. (E-H) RNAi-

mediated KD. Error bars represent S.E.M. (* = p-value<0.05). 
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Supplemental Figure 2.  Hallmarks of obesity  Mean triglyceride (TG) levels in (A) SL 

mutants over deficiency lines and (B) globally driven SL RNAi knockdown flies. (C) Mean body 

weight (mg/fly). (D)Mean hemolymph TG. (E) Size distribution of lipid droplet size. Red dots 

denote the largest lipid droplet from each of fat body cell. Red bar denotes their mean.  Black 

dots represents all droplets and black bar denotes their mean.(F)Mean absolute nile red 

positive area(red) and unstained area (black), with (G) nile red positive area size also 

represented as a percentage of total FB cell area. 
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Supplemental Figure 3. SL mutants and abdominal adiposity Cryostat sections (30uM) of 

flies oriented in a dorsal (left) and sagittal (middle and 60x right) positions. Red=lipid positive 

oil red o. (A)wt (B) Sply (C) lace (D)lace/sply (E)ifc (F)Sk2 (G)ifc;Sk2  
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Supplemental Figure 4. Characterization of dNepYr and CG40733  (A)The dNepYr gene 

location , (B) tissue expression profile (www.flybase.org) and (C) expression throughout 

development. (D) dNepYr mRNA expression in global dNepYr KDs (E) TG levels (ug/mg fly). 

(F) Caloric Intake in the café (ul food/day). (F) Daily caloric intake. CG40733 encodes for 

RYamide, a known ligand of dNepYr. In global CG40733 KD flies: (G) CG40733 mRNA (H) 

Caloric intake (ul food/day) and (I) TG levels (ug/mg fly). 
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Supplemental Figure 5. Role of dNepYr and akh in SL obesity phenotypes: (A) Relative 

dNepYr mRNA expression and (B) relative Akh mRNA expression in SL mutants and double 

mutants. (C) Pre and post starvation TG levels (D)Akh mRNA expression levels in Akh-

specific Sply KD flies. (E) TG levels in Akh specific Sply KD flies. (F) Akh mRNA levels in 

global ifc KD flies. 
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Supplemental Figure 6. Adipokinetic hormone producing cells in 3
rd

 instar larvae 

Representative 40x images of GFP expressing Akhpc in 3
rd

 instar larvae through the cuticle. 

First Column is overlayed with DIC. Akh specific gal4 driveres were crossed with UAS RNAi 

lines.  Images include (A) Akh-ga4/+ controls (B) Akh-g4/Akh RNAi (C) Akh-g4/ifc-RNAi (D) 

Akh-g4/+;UAS-dIAP1 (E) Akh-g4/lace-RNAi (F) % of Larvae that were positive for GFP (G) 

Area and optical density of GFP expression (H) Akh mRNA expression in 3
rd

 instar larvae. 
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Supplemental Figure 7. Model of Appetite and Food Storage Induction by a High 

Saturated Fat Diet  Chronic consumption of high levels of saturated fats might favor ceramide 

production relative to S1P, promoting appetite, caloric intake and fat storage. Red denotes 

suppression of normal pathways (black) 
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Chapter 3 

 

Modeling Ceramide-Induced Lipotoxic Cardiomyopathy in Drosophila 

 

Abstract 

 Lipotoxic cardiomyopathy is a form of cardiac dysfunction associated 

with obesity and type II diabetes which results from abnormal myocardial lipid 

accumulation in the heart.  Common characteristics of lipotoxic 

cardiomyopathy include ventricular hypertrophy and diastolic dysfunction with 

or without systolic dysfunction.  Here, we utilize the fruit fly heart to model 

ceramide-induced lipotoxic cardiomyopathy.  Our results show that ceramide 

accumulation in sphingosine kinase 2 (SK2) mutant flies induced heart 

chamber dilation, diastolic dysfunction and arrhythmicity. Conversely, 

ceramide depletion in serine palmitoyl CoA-transferase (lace) mutant flies 

induced heart chamber restriction, diastolic dysfunction and arrhythmicity.  

Interestingly, we show that accumulation of sphingosine 1-phosphate (S1P), in 

the context of high ceramide levels, in sphingosine 1-phophate lyase (Sply) 

mutant flies, prevents heart chamber dilation, but not contractile dysfunction.  

These phenotypes were also observed in whole fly and heart-specific RNAi-

mediated knockdowns of each respective gene.  These data suggest that 

ceramide and S1P play significant roles in regulating heart size, structure and 
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function.  Furthermore, we establish a useful genetic model for understanding 

the underlying mechanisms associated with lipotoxic cardiomyopathy. 
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Materials and Methods 
 

Drosophila Husbandry and Stocks 

All fly lines were propagated on synthetic yeast based media as 

described[38]. Female flies ± 3 days were transferred to new vials and aged to 

3 weeks for all experiments. P element and driver lines used in these 

experiments are publically available at the Bloomington Drosophila Stock 

Center and are as follows: Canton-S wt flies, Sply 05901 (BL-11393), lace k05305 

(BL 12176), lace 2 (BL 3156), Sk2 k6050894,  Global driver: Actin 5c-Gal4 (BL 

4414). Heart Driver Hand-Gal4 was graciously provided by the lab of Dr. 

Sanford Bernstein at SDSU. RNAi lines were acquired from the Vienna 

Drosophila RNAi Stock Center as follows: UAS-lace-RNAi (21805), UAS-Sk2-

RNAi (101018),and UAS-Sply-RNAi (103485). 

 

Quantitative Real-Time PCR 

Total RNAi was isolated from 25 whole flies with a Qiagen® RNeasy 

Isolation kit as per manufacturer’s protocol. Total RNA (1 ug) was checked for 

quality and purity using gel electrophoresis and UV spectrophotometry. RNA 

was subsequently reverse-transcribed using an iScript ™ cDNA synthesis Kit 

from Biorad ® as per manufacturer’s protocol. Primers were designed using 

Perl Primer ™ software and ordered from ValueGene ®. Standard PCR was 

used to test primer sets for single amplicon products. Annealing temperature 
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of the primers was optimized and One-Step qPCR was carried out using a 

BioRad iCycler IQ ™. Housing keeping gene RPL-32 was used as a control. 

 

Ceramide and S1P measurements 

Measurement of all ceramide and S1P subspecies was performed 

using liquid chromatography tandem mass spectroscopy (LC/MS/MS) on a 

Thermo Finnegan triple quadrupole machine. Fly lipid extracts were prepared 

as previously described [41]. C18 standards of S1P and ceramide (not present 

in Drosophila) were acquired through Avanti Polar Lipids™   and used as 

internal standards in positive-mode multiple reaction monitoring (MRM).  MRM 

experiments were adapted from those previously described so that only major 

sphingolipid species previously identified in Drosophila were monitored, 

identified, and quantified [51]. 

 

Biochemical Assay 

Drosophila TG levels were determined using Infinity® TAG Reagent kits 

as previously described [52].  Briefly, protein concentrations were determined 

using the Bradford-Lowry assay. TAG levels were calculated in micrograms of 

TG per milligrams of protein and then presented as a percentage of the control 

TG levels. TG levels represent a mean value of triplicate measurements of 50 

flies, with corresponding standard deviations, performed six times. 
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Heart Structural Stains 

Drosophila heart tubes were stained with Alexa Fluor 488® phalloidin 

as previously described [38]. Multiple optical slice images were recorded using 

an Apotome AxioVision Imaging system.  These images were converted into a 

single Z-stack image using ImageJ software.    

Heart Functional Analysis 

Semi-intact hearts were prepared and recorded as previously 

described.  Briefly, flies where mounted and dissected in oxygenated 

hemolymph. A submersive, high-speed digital camera (Hamamatsu EM-CCD) 

was used to record 30s movies of beating heart movements using the image 

capture software HC Image (Hamamatsu Corp.). Movie Analysis was 

performed using heartbeat analysis software as previously described [30-32]. 

 

 

 

 

 

 

 

 

 



83 
 

 

 

Introduction 

Obesity and Type II Diabetes have been shown to adversely affect 

cardiac function.  A signature set of cardiac defects arising from these 

conditions is generally referred to as lipotoxic cardiomyopathy (recently 

reviewed in [1-3]). A common feature of lipotoxic cardiomyopathy is abnormal 

accumulation of lipids in the heart, including but not limited to: triglycerides [1-

7], fatty acids [1-3, 8-14], and the sphingolipid (SL) ceramide [1-2, 15-17]. 

Typical features of the lipotoxic heart in various model organisms and humans 

generally include ventricular hypertrophy [1-3, 17-18], and diastolic dysfunction 

(with or without systolic dysfunction) [1-3, 4, 6-8, 10, 12, 19-21].    

Elevated cardiac ceramide levels have been observed in a variety of 

models for lipotoxic cardiomyopathy [1-2, 15-17, 24-25]. In one model, mice 

with cardiomyocyte overexpression of a glycosylphosphatidylinositol (GPI) 

membrane-anchored form of lipoprotein lipase were shown to exhibit elevated 

ceramide levels, along with dilated heart chambers and contractile 

dysfunction. Pharmaceutical inhibition of de novo ceramide synthesis using 

myriocin was shown to prevent cardiac dilation as well as improve cardiac 

contractile function in these mice [16].  Similar results were observed   in 

genetically obese ob/ob mice, where loss of stearoyl-CoA desaturase 1 was 

shown to rescue cardiac function, in part, by reducing elevated ceramide 

levels exhibited in these mice [23].  
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Here, we utilize the powerful genetic tools available in the Drosophila 

model to directly measure the effect of ceramide modulation on heart size, 

structure and function.   Flies have an open circulatory system with a simple 

heart structure - a lateral tube that runs dorsally along the abdominal midline 

[25, 26]. The abdominal heart is divided by four sets of internal valves into one 

anterior conical chamber and three posterior chambers [25, 26]. Each 

compartment contains a pair of exterior valves called ostia [27].   Heart 

functional properties of the fruit fly heart can be characterized using a semi-

intact preparation, where surgically exposed beating fly hearts are recorded 

using a high speed digital video camera [28-30]  These movies can be 

assessed with analytical software to generate M-mode traces, which represent 

the position of the heart wall over time [30-32]. This can be used to determine 

multiple heart function parameters including: heart rate & period, diastolic and 

systolic diameters & intervals, and contractile velocity [30-32]. Comparative 

analysis between sphingolipid mutants and control flies can be used to assess 

heart chamber dilation, events of arrhythmicity, loss of fractional shortening, 

and fibrillation [30-32]. This approach has been employed extensively to 

understand the underlying dietary and genetic factors involved in various 

cardiomyopathies, establishing flies as a prominent model organism to study 

the heart [33-36].   

In the analysis provided here, we show that ceramide accumulating 

mutants exhibit classic hallmarks of lipotoxic cardiomyopathy.  We also show 
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that these cardiac defects are prevented by simultaneous accumulation of 

S1P.  Furthermore, we show that heart-specific accumulation of ceramide is 

sufficient to induce lipotoxic cardiomyopathy, independent of systemic effects.  

Hence, we have established a useful genetic model for understanding the 

underlying mechanisms associated with lipotoxic cardiomyopathy. 
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Results 

Genetic Model of Ceramide and S1P Modulation 

 We utilized three sphingolipid mutants to test the effects of ceramide on 

heart structure and function.  The rate limiting step of de novo ceramide 

synthesis is catalyzed by serine palmitoyl-transferase, which is encoded for by 

the gene lace in flies (Figure S1).  Since homozygous null lace mutants are 

lethal, we utilized the transheterozygous mutant lace k05305/2 [37].  These flies 

exhibit statistically significant loss of lace transcript expression (Figure S1B). 

Consequently, these flies also exhibit a substantial 50 % reduction in mean 

whole fly ceramide (Figure S2A) and a 48% reduction in mean whole fly S1P 

levels (Figure S2B) relative to control flies.  

 In order to model ceramide accumulation, we utilized Sk2 KG050894 

mutants. The Sk2 gene encodes for the enzyme sphingosine kinase 2, which 

phosphorylates sphingosine into S1P (Figure S1A).   Sk2 KG050894 mutants 

exhibit substantial loss of Sk2 transcript (Figure S1C). Consequently, these 

flies exhibit a 55% increase in mean whole fly ceramide levels (Figure S2A), 

with no detectable levels of S1P (Figure S2B) using our method of liquid 

chromatography electrospray ionization tandem mass spectroscopy. 

 Finally, we utilized Sply05901 mutants to model the effects of elevating 

S1P in the context of high ceramide levels.  The Sply gene encodes for the 

enzyme S1P lyase, which catalyzes the irreversible degradation of S1P 
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(Figure S1A). Sply05901 mutants exhibit significant loss of Sply transcript 

(Figure S1C), which leads to accumulation of all SL intermediates.  

Specifically, Sply05901 mutants show a 67% increase in mean whole fly 

ceramide (Figure S2A) levels and a dramatic 259% increase in S1P levels 

(Figure S2B) relative to control flies. 

 

Characterization of Cardiac Function in Sphingolipid Mutants 

Cardiac function can be characterized using a semi-intact fly 

preparation [30-32].  Surgically exposed beating fly hearts are recorded using 

a high speed digital video camera [30-32].  Single pixel slices of these movies 

are used to generate M-mode traces, which represent the position of the heart 

wall over time [30-32]. These M-modes are then used to determine multiple 

heart function parameters including: heart rate & period, diastolic and systolic 

diameters & intervals, fractional shortening and relative rhythmicity [30-32]. 

We used comparative analysis with wildtype Canton-s flies to characterize 

classic hallmarks of lipotoxic cardiomyopathy: heart chamber dilation, diastolic 

dysfunction, systolic dysfunction, and arrhythmicity.   

 

Ceramide and S1P regulate heart structure and size in Drosophila 

A principle feature of lipotoxic cardiomyopathy is heart chamber dilation 

[1-3, 17-18]. M-mode analysis can be used to quantify heart chamber size in 
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flies, as measured by both the mean end-diastolic and end-systolic diameters 

[30-32]. Furthermore, heart chamber size and cytoskeletal integrity can be 

visualized using the F-actin selective stain phalloidin [38].  

Three week old female wild type flies display a mean end diastolic 

diameter of 75.5±1.6 µm (Figure 1A) and mean end-systolic diameter of 

49.0±1.1 µm (Figure 1B). In typical wild-type fly hearts, the ventral longitudinal 

muscle cell layer exhibit well-organized and intact F-actin microfilaments, as 

seen in a representative Z-stack apotome image (Figure 1C).  By comparison, 

three week old ceramide-depleting lace k05305/2 mutants exhibited heart 

chamber constriction.  Mean end-diastolic diameter in lace k05305/2 mutants was 

compressed ~18% (Figure 1A) and mean end-systolic diameter was reduced 

~21% (Figure 1B). Typical lace k05305/2 mutant hearts exhibit morphologically 

reduced heart diameters based on less phalloidin positive staining with a large 

degree of myofibrillar disorganization and structural gaps in the ventral layer , 

compared to control flies (Figure 1C).   

Conversely, ceramide-accumulating Sk2 KG050894 mutants exhibit heart 

chamber dilation.  Mean end-diastolic diameter in Sk2 KG050894 mutants was 

enlarged ~38% (Figure 1A) and mean end-systolic diameter was enlarged ~ 

40% (Figure 1B). Typical Sk2 KG050894 mutants’ exhibit morphologically 

enlarged heart diameters based on of phalloidin positive staining with some 

degree of myofibrillar disorganization (Figure 1C).   
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Interestingly, accumulation of S1P in the context of high ceramide 

levels prevents the dilated phenotype. Three week old ceramide and S1P 

accumulating Sply05901 mutants exhibit a slight but statistically insignificant 

increase in mean end-diastolic and end-systolic diameters (Figure 1A-B).  

While typical   Sply05901 hearts were comparable in size, myofibrillar 

disorganization and structural gaps were still observed (Figure 1C).  

 

Heart structural defects correlate to contractile dysfunction in SL 

mutants 

Another classic hallmark of lipotoxic cardiomyopathy is diastolic 

contractile dysfunction with/or without systolic contractile dysfunction.  M-mode 

analysis can be used to visualize and quantify heart period, heart rate, 

diastolic interval, systolic interval, as wells as arrhythmicity and changes in 

fractional shortening [30-32]. 

Typical three week old female wild type fly hearts display rhythmic heart 

contractions as seen in a representative M-Mode (Figure 2A). Mean wild type 

heart period is 0.54 s-1; s.d. 0.06 (Figure 2E), which constitutes a mean heart 

rate of ~1.84 beats/sec (Figure 2F).  The mean heart period consists of a 

mean diastolic interval (Figure 3A) of 0.35 s-1; s.d. 0.05 and mean systolic 

interval (Figure 3B) of 0.19 s-1; s.d. 0.01. The high degree of rhythmicity is 

reflected by a low, basal arrhythmicity index of 0.08±0.01 (Figure 3C).  
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Fractional shortening, which serves as a simple measure of heart pumping 

ability, is approximately 35% from end-diastole to end-systole (Figure 3D).   

In contrast to wildtype flies, three week old ceramide-depleting lace 

k05305/2 mutants exhibited substantial diastolic contractile dysfunction as seen 

in a representative M-Mode (Figure 2B).  Mean heart period in lace k05305/2 

mutants’ (Figure 2E) was comparable to wild type flies (0.49 s-1 ; s.d. 0.26 ), 

however, heart period standard deviation was increased about 5-fold.  A ~5-

fold increase in standard deviation was seen in mean diastolic intervals (0.31 

s-1; s.d. 0.24) but not mean systolic intervals (0.18 s-1; s.d. 0.01), suggesting 

that the observed contractile defects are the result of diastolic dysfunction. 

Mean heart rate was 2.02 beats/sec (Figure 2F).  Loss of rhythmicity 

compared to wild-type flies is characterized by a 2.5-fold elevation of the 

arrhythmicity index (Figure 3C).   In spite of these dysfunctions, fractional 

shortening remained unchanged (Figure 3D). 

Interestingly, ceramide-accumulating Sk2 KG050894 mutants also exhibit 

diastolic contractile dysfunction as seen in a representative M-mode (Figure 

2C).  Here, most diastolic intervals vary slightly in length between each other. 

Note that most diastolic intervals are modestly longer than typical with the 

occasional occurrence of a severely shortened diastole.   Mean heart period in 

Sk2 KG050894 mutants (Figure 2E) was comparable to wild type flies (0.60 s-1; 

s.d. 0.10), however, heart period standard deviation was increased about 2-

fold.  An approximate 2-fold increase in standard deviation was seen in mean 
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diastolic intervals (0.42 s-1 ;s.d. 0.11)  but not in mean systolic intervals (0.18 

s-1 ;s.d. 0.01), suggesting that the observed contractile defects are the result of 

diastolic dysfunction (Figure 3A-B). Mean heart rate was 1.67 beats/sec 

(Figure 2F).  Modest loss of rhythmicity compared to wild-type flies was 

reflected in a ~1.6 fold increase in arrhythmicity index (Figure 2E).  Still, no 

significant changes in fractional shortening were observed (Figure 3D). 

While accumulation of S1P in the context of high ceramide levels 

abated the ceramide-induced dilated phenotype it did not rescue contractile 

dysfunction.  Ceramide and S1P accumulating Sply05901 mutants exhibit slight 

dysfunction in both diastolic and systolic contraction.  Representative Sply05901 

mutants M-modes show how most diastolic intervals vary slightly in length 

between each other (Figure 2D).  Mean heart rate in Sply05901 mutants was 

1.64 beats/sec (Figure 2F).  Mean heart period was 0.61s-1; s.d. 0.09 (Figure 

2E), an ~2 fold increase in heart period standard deviation. This was reflected 

in a modest increase in standard deviation in both the mean diastolic (0.39 s-1; 

s.d. 0.08) and mean systolic intervals (0.22 s-1, s.d. 0.02) (Figure 3A-B). These 

data suggest that contractile defects are the result of both diastolic and 

systolic dysfunction.  These defects are reflected in a loss of rhythmicity 

compared to wild-type flies, with a 1.75 fold increase in the arrhythmicity index 

(Figure 3C).    No significant changes in fractional shortening were observed 

(Figure 3D).   
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Heart autonomous regulation of heart size 

 In order to determine if these phenotypes were influenced by the 

genetic background of the mutants, we re-examined the effects of ceramide 

and S1P on heart size and function using a GAL4/UAS system of RNAi-

mediated knockdown [39].  As a direct comparison to global P element 

mutants, we utilized a driver line (BL4414) where GAL4 expression was under 

the control of the globally expressed Actin5c promoter. Furthermore, we 

utilized the heart-specific driver, Hand-Gal4 [40], to determine if we could 

recapitulate these phenotypes in a heart autonomous manner. RNAi-mediated 

knockdown efficiency was quantified using qPCR (Figure SF3A-C).  RNAi-

mediated knockdown of SL genes was sufficient to suppress transcript 

expression of target genes in the heart.   

Three week old female w1118 flies display a mean end-diastolic diameter 

of 65.4±1.3 µm (Figure 4A) and mean end-systolic diameter of 41.3±1.1 µm 

(Figure 4B). By comparison, 4414-gal4/+ driver control lines and heart-specific 

Hand-gal4/+ driver control lines exhibit slight increases in mean end-diastolic 

and mean end-systolic diameter relative to w1118 flies (Figure 4B). This 

suggests that both drivers might generate a small contribution to heart 

chamber size.  Therefore, we used respective driver controls when performing 

statistical comparisons between heart parameters of our global and heart-

specific SL knockdowns.  
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Three week old 4414-Gal4/+; UAS-lace/+ RNAi knockdowns exhibited 

heart chamber constriction.  Mean end-diastolic diameter in 4414-Gal4/+; 

UAS-lace/+ RNAi knockdowns was restricted ~19% (Figure 4A) and mean 

end-systolic diameter was reduced ~22% (Figure 4B).  Again, the restricted 

heart size as a percentage of control was comparable to p element mutants 

(Figure 1A-B).  Additionally, mean end-diastolic diameter in heart-specific 

Hand-Gal4/+; UAS-lace/+ RNAi flies was restricted ~24% (Figure 4A) and 

mean end-systolic diameter ~ 19% (Figure 4B) relative to Hand-Gal4/+ driver 

control lines.  Thus, heart specific depletion of ceramide is sufficient to induce 

restriction of the heart chamber. 

Conversely, mean end-diastolic diameter in globally-driven 4414-

Gal4/UAS-Sk2 RNAi flies was enlarged ~37% (Figure 4A) and mean end-

systolic diameter was elevated ~ 37%, relative to 4414-gal4/+ driver control 

lines. Thus, heart size dilation as a percentage of control was nearly identical 

to p element mutants (Figure 1A-B).  Additionally, mean end-diastolic diameter 

in heart-specific Hand-Gal4/UAS-Sk2 RNAi flies was enlarged ~23% and 

mean end-systolic diameter was elevated ~ 30% (Figure 4B) relative to Hand-

Gal4/+ driver control lines.  Thus, heart specific accumulation of ceramide is 

sufficient to induce dilation of the heart chamber, albeit to a less degree then 

global knockdown. 

Three week old 4414-Gal4/UAS-Sply RNAi flies exhibit no statistically 

significant difference in mean end-diastolic or mean end-systolic diameters 
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(Figure 4A-B), relative to 4414-gal4/+ driver control lines.  Interestingly, mean 

end-diastolic diameter in heart-specific Hand-Gal4/UAS-Sply RNAi flies were 

elevated a modest (but statistically significant) ~8% (Figure 4A), while mean 

end-systolic diameters were also elevated ~14% (Figure 4B) relative to Hand-

Gal4/+ driver control lines.  Taken together, these data suggest a small but 

significant contribution from systemic S1P in maintenance of heart chamber 

size. 

 

Heart autonomous regulation of contractile function 

Typical three week old female wild type fly hearts display rhythmic heart 

contractions, with mean wild type heart periods of 0.60 s-1; s.d. 0.07 (Figure 

4C), which constitutes a mean heart rate of ~1.67 beats/sec (Figure 4D).  The 

mean heart period consists of a mean diastolic interval (Figure 5A) of 0.40 s-1; 

s.d. 0.06 and mean systolic interval (Figure 5B) of 0.20 s-1; s.d. 0.01. The high 

degree of rhythmicity is reflected by a low, basal arrhythmicity index of 0.08; 

s.d. 0.01 (Figure 5C).  Fractional shortening, which serves as a simple 

measure of heart pumping ability, is approximately 37% from end-diastole to 

end-systole (Figure 5D).  Comparatively, 4414-gal4/+ driver control lines 

exhibited mean wild type heart periods of 0.62 s-1; s.d. 0.06 (Figure 4C), which 

constitutes a mean heart rate of ~1.61 beats/sec (Figure 4D).  The mean heart 

period consists of a mean diastolic interval (Figure 5A) of 0.41 s-1; s.d. 0.08 
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and mean systolic interval (Figure 5B) of 0.21 s-1; s.d. 0.01, with an 

arrhythmicity index of 0.09; s.d. 0.02 (Figure 5C).  Fractional shortening, which 

serves as a simple measure of heart pumping ability, is approximately 39% 

from end-diastole to end-systole (Figure 5D).  Hand-gal4/+ driver control lines 

exhibited mean wild type heart periods of 0.62 s-1; s.d. 0.06 (Figure 4C), which 

constitutes a mean heart rate of ~1.61 beats/sec (Figure 4D).  The mean heart 

period consists of a mean diastolic interval (Figure 5A) of 0.40 s-1; s.d. 0.05 

and mean systolic interval (Figure 5B) of 0.22 s-1; s.d. 0.01, with an 

arrhythmicity index of 0.07; s.d. 0.01 (Figure 5C).  Fractional shortening, which 

serves as a simple measure of heart pumping ability, is approximately 40% 

from end-diastole to end-systole (Figure 5D).  Again, due to small differences 

in output, we used respective driver controls when performing statistical 

comparisons between heart parameters of our global and heart-specific SL 

knockdowns. 

Three week old ceramide-depleting 4414-Gal4/+; UAS-lace/+ RNAi 

knockdowns exhibited substantial diastolic contractile dysfunction, similar to 

transheterozygous mutants.  Mean heart period in 4414-Gal4/+; UAS-lace/+ 

knockdowns (Figure 4C) was comparable to controls (0.61 s-1; s.d. 0.21), 

however, heart period standard deviation was increased 3.5-fold.  A ~3.5-fold 

increase in standard deviation was seen in mean diastolic intervals (0.40 s-1; 

s.d. 0.20) (Figure 5A) but not mean systolic intervals (0.21 s-1; s.d. 0.01) 

(Figure 5B), suggesting that the observed contractile defects are the result of 
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diastolic dysfunction. Mean heart rate was 1.65 beats/sec (Figure 4D).  Loss of 

rhythmicity compared to 4414-Gal4/+ flies is characterized by a 3.5-fold 

elevation of the arrhythmicity index (Figure 5C).   In spite of these 

dysfunctions, fractional shortening remained unchanged (Figure 5D). 

Three week old Hand-Gal4/+; UAS-lace/+ RNAi knockdowns exhibited 

substantial diastolic and systolic contractile dysfunction.  Mean heart period in 

Hand-Gal4/+; UAS-lace/+ knockdowns (Figure 4C) was moderately elevated 

(0.72 s-1; s.d. 0.16) and period standard deviation was increased 2.6-fold.  A 2-

fold increase in standard deviation was seen in mean diastolic intervals (0.50 

s-1; s.d. 0.11) (Figure 5A) as well as a 2-fold increase in mean systolic 

intervals (0.22 s-1; s.d. 0.02) (Figure 5B), suggesting that the observed 

contractile defects are the result of both diastolic and systolic dysfunction. 

Mean heart rate was 1.38 beats/sec (Figure 4D).  Loss of rhythmicity 

compared to 4414-Gal4/+ flies is characterized by a 2.6-fold elevation of the 

arrhythmicity index (Figure 5C).   In spite of these dysfunctions, fractional 

shortening remained statistically unchanged at 36% (Figure 5D). 

Three week old 4414-Gal4/UAS-Sk2 RNAi knockdowns exhibited 

substantial diastolic contractile dysfunction, similar to p element mutants.  

Mean heart period in 4414-Gal4/UAS-Sk2 knockdowns (Figure 4C) was 

comparable to controls (0.60 s-1; s.d. 0.14); however, heart period standard 

deviation was increased 2.3-fold.  A 2.5-fold increase in standard deviation 

was seen in mean diastolic intervals (0.40 s-1; s.d. 0.15) (Figure 5A) but not 
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mean systolic intervals (0.20 s-1; s.d. 0.01) (Figure 5B), suggesting that the 

observed contractile defects are the result of diastolic dysfunction. Mean heart 

rate was 1.68 beats/sec (Figure 4D).  Loss of rhythmicity compared to 4414-

Gal4/+ flies is characterized by a 2.5-fold elevation of the arrhythmicity index 

(Figure 5C).   In spite of these dysfunctions, fractional shortening remained 

statistically unchanged (Figure 5D). 

Three week old Hand-Gal4/UAS-Sk2 RNAi knockdowns exhibited 

substantial diastolic contractile dysfunction as well.  Mean heart period in 

Hand-Gal4/UAS-Sk2 knockdowns (Figure 4C) was unchanged (0.60 s-1; s.d. 

0.12), however heart period standard deviation was increased 2-fold.  A ~2-

fold increase in standard deviation was seen in mean diastolic intervals (0.38 

s-1; s.d. 0.11) (Figure 5A) with no change in mean systolic intervals (0.22 s-1; 

s.d. 0.01) (Figure 5B), suggesting that the observed contractile defects are the 

result of diastolic dysfunction. Mean heart rate was 1.67 beats/sec (Figure 

4D).  Loss of rhythmicity compared to 4414-Gal4/+ flies is characterized by a 2 

-fold elevation of the arrhythmicity index (Figure 5C).   In spite of these 

dysfunctions, fractional shortening remained statistically unchanged at 36% 

(Figure 5D). 

Three week old 4414-Gal4/UAS-Sply RNAi knockdowns exhibited 

substantial diastolic and systolic contractile dysfunction, similar to p element 

mutants.  Mean heart period in 4414-Gal4/UAS-Sply knockdowns (Figure 4C) 

was comparable to controls (0.67 s-1; s.d. 0.16); however, heart period 



98 
 

 

 

standard deviation was increased 2.7-fold.  A 2.8-fold increase in standard 

deviation was seen in mean diastolic intervals (0.43 s-1; s.d. 0.17) (Figure 5A).  

Mean systolic interval was increased 12.5% (0.24 s-1; s.d. 0.01) (Figure 5B), 

but with no change in mean systolic standard deviation.  This suggests that 

the observed contractile defects are the result of diastolic and systolic 

dysfunction. Mean heart rate was 1.50 beats/sec (Figure 4D).  Loss of 

rhythmicity compared to 4414-Gal4/+ flies is characterized by a 2.7-fold 

elevation of the arrhythmicity index (Figure 5C).   Fractional shortening 

remained statistically unchanged (Figure 5D). 

Three week old Hand-Gal4/UAS-Sply RNAi knockdowns exhibited 

substantial diastolic and systolic contractile dysfunction as well.  Mean heart 

period in Hand-Gal4/UAS-Sply knockdowns (Figure 4C) was unchanged (0.66 

s-1; s.d. 0.15), however heart period standard deviation was increased 2.5-fold.  

A ~2.5-fold increase in standard deviation was seen in mean diastolic intervals 

(0.42 s-1; s.d. 0.15) (Figure 5A) with a 12.5% increase in mean systolic 

intervals (0.24 s-1; s.d. 0.02) (Figure 5B), as well as a 2-fold increase in mean 

standard deviation.  This suggests that the observed contractile defects are 

the result of diastolic and systolic dysfunction. Mean heart rate was 1.50 

beats/sec (Figure 4D).  Loss of rhythmicity compared to 4414-Gal4/+ flies is 

characterized by a 2.5 -fold elevation of the arrhythmicity index (Figure 5C).  

Fractional shortening remained statistically unchanged (Figure 5D). 
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Heart autonomous defects occur in spite of normalized global 

triglyceride levels 

Ceramide accumulation in our model leads to an obese phenotype, 

while ceramide deletion confers leanness (chapter 2). Specifically, a lean 

phenotype is observed in lace p element and global lace RNAi knockdowns, 

which is represented here by reduced mean whole fly TG stores relative to 

control flies (Figure S3).  Conversely, an obese phenotype is observed in Sk2 

p element and global Sk2 RNAi knockdowns, which leads to elevated mean 

whole fly TG stores relative to control flies (Figure S3).  Hence, it is important 

to note that Hand driven lace and Sk2 knockdowns do not exhibit changes in 

global TG levels.  Furthermore, in spite of normalized TG levels in these flies 

(Figure S3), disruptions in SL metabolism are sufficient to induce cardiac 

phenotypes that are similar to those observed in p element and global 

knockdowns.  
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Discussion 

Here, we have shown that modulation of ceramide levels affects heart 

size, structure and function in Drosophila.  Specifically, ceramide depletion 

conferred a restricted heart size and diastolic dysfunction. Conversely, 

accumulation of ceramide induced dilated hearts with diastolic dysfunction, 

both classic hallmarks of lipotoxic cardiomyopathy.  Elevating S1P in the 

context of elevated ceramides prevented heart dilation but not contractile 

dysfunction. Taken together, these data suggest that any disruption in the 

sphingolipid metabolic pathway, independent of which intermediates are 

accumulated or depleted, leads to development of diastolic and/or systolic 

contractile dysfunction in flies.  This finding seems to highlight the importance 

of tight regulation of sphingolipid metabolism  in maintaining heart size, 

structure and contractile function in the heart. 

 

Comparative sphingolipid models of cardiomyopathy 

 Serine palmitoyl-CoA transferase (SPT): A recent study in mice 

examined the effects of heart specific SPTLC2 knockout (hSptlc2 KO) on heart 

function [41]. Heart ceramide levels in hSptlc2 KO mice were reduced >35% 

[41].  In spite of lower ceramide levels, the mice exhibited an age-dependent 

increase in left ventricular systolic and diastolic diameter, cardiac cell wall 

thinning, loss of fractional shortening, and increased markers of heart failure 



101 
 

 

 

[41].  By contrast, heart-specific knockdown of lace in our mutants contributed 

to a reduction in mean end diastolic and systolic diameter, with no loss of 

fractional shortening.  However, these flies did exhibit other parameters of 

cardiac defects, including diastolic contractile dysfunction and increased 

arrhythmicity.  These additional parameters were not reported in hSptlc2 KO 

mice [41]. While changes in heart size and function parameters were different, 

both models exhibited lace dependent cardiac dysfunction and 

cardiomyopathy.  

Like the previous studies’ authors [41], we too were surprised that these 

flies exhibited cardiac defects in spite of reduced cardiotoxic ceramide levels. 

Especially since previous studies have shown SPT inhibition to prevent 

dilation and improve heart function in the context of other dietary or 

genetically-induced cardiomyopathies [16, 43]. In this regard, it would be 

interesting to determine if heart-specific loss of SPT activity is protective in the 

context of other cardiac stressors, such as the high-fat diet, in both models. 

Sphingosine kinase 2 (Sk2):  Neither sphingosine kinase (Sphk) 1 nor 

SphK 2 knockout mice exhibit any observable abnormalities compared to wild 

type mice [44]. This was attributed to the redundant function of these 

enzymes, as S1P levels were relatively unchanged in most tissues of Sphk1-/- 

mice [44].  In contrast, Sphk1-/- Sphk2-/- double knockout mice exhibit 

developmental defects and do not survive past embryonic day 13.5 [44], in 

part because these double mutants  exhibit undetectable levels of S1P.  
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However, it is important to note that both Sphk1 and Sphk2 mutation have 

been shown to sensitize the myocardium to ischemia/reperfusion injury in mice 

[45, 46]. 

By comparison, Sk2 KG050894 mutant flies do not exhibit compensatory 

function from Sk1, as S1P levels were nearly undetectable in these flies 

(Figure S2B).  Despite the dramatic reduction of S1P, these mutants, as well 

as Sk1 knockdowns, are viable into adulthood, making it an attractive model 

for studying directly the effects of ceramide accumulation in the heart. Sk2 

KG050894 mutant flies exhibited dilated heart chambers, diastolic dysfunction and 

arrhythmicity. Similar hallmarks of lipotoxic cardiomyopathy were also 

observed in global RNAi-mediated Sk2 knockdowns, suggesting that ceramide 

accumulation is cardiotoxic in the fruit fly. 

While heart specific knockdown of Sk2 was sufficient to induce dilation 

and diastolic dysfunction in the heart, defects were less severe than those 

observed in p element and globally driven Sk2 deficient lines.  This could be 

due to a number of factors including reduced access to pools of systemic 

ceramide and/or increased levels of systemic S1P observed in the globally 

deficient background, which might contribute to the final amount of these 

intermediates in the heart. More effective sphingolipidomic techniques must be 

developed to quantitate these SL intermediates in the fruit fly heart, in order to 

tease out these subtleties. Finally, the obese phenotype (high global TG 

levels) is likely also a contributing factor to the lipotoxic cardiomyopathy 
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phenotype [1-7]. Still, heart autonomous ceramide accumulation was sufficient 

to induce heart dilation and contractile dysfunction, suggesting that elevated 

ceramides are sufficient to produce cardiotoxicity in flies.  

Sphingosine 1-phosphate lyase (Sply):  Sphingosine 1-Phosphate 

lyase (SPL) knockout mice exhibit a lipodistrophy phenotype [47]. These mice 

are lean with a pronounced lack of adipose tissue.  However, elevated lipid 

levels are observed in both plasma and in fatty livers [47]. SPL knockout mice 

fail to thrive and do not survive beyond weaning, making it an unattractive 

model to study the role of S1P in preventing ceramide induced 

cardiomyopathy.  This has been attributed to multiple abnormalities including: 

congenital defects, anemia, and pathological lesions [47].  By comparison, 

Sply mutants are viable and develop into adulthood.   

The cardioprotective effects of S1P have been characterized using a 

variety of approaches (Recently reviewed in [48, 49]).  In our model, in spite of 

elevated ceramide levels, Sply05901 mutants exhibit normal heart size, which 

we attribute to concomitant elevation in S1P levels.  Similar results are 

observed in global, and to a lesser extent, heart specific Sply knockdowns.  

However, Sply05901 mutants do exhibit diastolic contractile dysfunction with 

observable increases in arrhythmicity. This is not entirely unexpected, as S1P 

has been shown previously to regulate heart rate [50].  

In summary, the SL mutant model of the fly heart can be used as an 

effective genetic tool to understand the underlying molecular mechanism 
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involved in the pathogenesis of ceramide-induced lipotoxic cardiomyopathy.  

We showed that S1P accumulation inhibited heart dilation but not diastolic 

dysfunction in the ceramide-induced lipotoxic heart.  Additional genetic 

screens and manipulations in this model could be performed to establish 

genetic and metabolic networks which interface to regulate heart size, 

structure and function in the pathogenesis of lipotoxic cardiomyopathy.   

Chapter Three, in full, is currently being prepared for publication of the 

material.  Walls, Stan; Cammarato, Anthony; Chatfield, Dale; Ocorr, Karen; 

Bodmer, Rolf; Harris, Greg “Modeling Ceramide-Induced Lipotoxic 

Cardiomyopathy in Drosophila” .  The dissertation author was the primary 

researcher and author of this material. 

 

    

 

 

 

 

 

 

 

 

 



105 
 

 

 

References 

1. Drosatos K, Schulze PC (2013) Cardiac Lipotoxicity: Molecular 

Pathways and Therapeutic Implications. Curr Heart Fail Rep. [Epub 

ahead of print].        

  

2. Park TS, Goldberg IJ (2012) Sphingolipids, lipotoxic cardiomyopathy, 
and cardiac failure. Heart Fail Clin. 8(4):633-41.    
      

3. Birse RT, Bodmer R. (2011) Lipotoxicity and cardiac dysfunction in 
mammals and Drosophila. Crit Rev Biochem Mol Biol.46(5):376-85 
     

4. Wilson CR, Tran MK, Salazar KL, Young ME, Taegtmeyer H (2007) 
Western diet, but not high fat diet, causes derangements of fatty acid 
metabolism and contractile dysfunction in the heart of Wistar rats. 
Biochem J 406: 457–467. 

 
5. Atkinson LL, Kozak R, Kelly SE, Onay Besikci A, Russell JC, et al. 

(2003) Potential mechanisms and consequences of cardiac 
triacylglycerol accumulation in insulin-resistant rats. Am J Physiol 
Endocrinol Metab 284: E923–930. 
 

6. Sharma S, Adrogue JV, Golfman L, Uray I, Lemm J, et al. (2004) 
Intramyocardial lipid accumulation in the failing human heart resembles 
the lipotoxic rat heart. Faseb J 18: 1692–1700    
  

7. Mazumder PK, O’Neill BT, Roberts MW, Buchanan J, Yun UJ, et al. 
(2004) Impaired cardiac efficiency and increased fatty acid oxidation in 
insulin-resistant ob/ob mouse hearts. Diabetes 53: 2366–2374. 
  

8. Young ME, McNulty P, Taegtmeyer H (2002) Adaptation and 
maladaptation of the heart in diabetes: Part II: potential mechanisms. 
Circulation 105:1861–1870. 
 

9. Stanley WC, Chandler MP (2002) Energy Metabolism in the Normal 
and Failing Heart: Potential for Therapeutic Interventions. Heart Failure 
Reviews 7: 115–130. 
 

10. Chiu HC, Kovacs A, Ford DA, Hsu FF, Garcia R, et al. (2001) A novel 
mouse model of lipotoxic cardiomyopathy. J Clin Invest 107: 813–822. 
 

11. Chiu HC, Kovacs A, Ford DA, Hsu FF, Garcia R, Herrero P, Saffitz JE, 
Schaffer JE. (2001) A novel mouse model of lipotoxic cardiomyopathy. 
J. Clin. Invest. 107: 813–822. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Drosatos%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23508767
http://www.ncbi.nlm.nih.gov/pubmed?term=Schulze%20PC%5BAuthor%5D&cauthor=true&cauthor_uid=23508767
http://www.ncbi.nlm.nih.gov/pubmed/23508767
http://www.ncbi.nlm.nih.gov/pubmed?term=Park%20TS%5BAuthor%5D&cauthor=true&cauthor_uid=22999245
http://www.ncbi.nlm.nih.gov/pubmed?term=Goldberg%20IJ%5BAuthor%5D&cauthor=true&cauthor_uid=22999245
http://www.ncbi.nlm.nih.gov/pubmed/22999245


106 
 

 

 

 
12. Young ME, Guthrie PH, Razeghi P, Leighton B, Abbasi S, et al. (2002) 

Impaired long-chain fatty acid oxidation and contractile dysfunction in 
the obese Zucker rat heart. Diabetes 51: 2587–2595.   
  

13. Severson DL (2004). "Diabetic cardiomyopathy: recent evidence from 
mouse models of type 1 and type 2 diabetes". Can. J. Physiol. 
Pharmacol. 82 (10): 813–23. 
 

14. de Vries JE, Vork MM, Roemen TH, de Jong YF, Cleutjens JP, et al. 
(1997) Saturated but not mono-unsaturated fatty acids induce apoptotic 
cell death in neonatal rat ventricular myocytes. J Lipid Res 38: 1384–
1394.          
  

15. Summers SA (2006) Ceramides in insulin resistance and lipotoxicity. 
Prog Lipid Res 45: 42–72.       
     

16. Park TS, Hu Y, Noh HL, Drosatos K, Okajima K, et al. (2008) Ceramide 
is a cardiotoxin in lipotoxic cardiomyopathy. J Lipid Res 49: 2101–2112. 

 
17. Frustaci A, Kajstura J, Chimenti C, Jakoniuk I, Leri A, et al. (2000) 

Myocardial Cell Death in Human Diabetes. Circ Res 87: 1123–1132.
  

18. Karvounis HI, Papadopoulos CE, Zaglavara TA, et al. (2004). 
"Evidence of left ventricular dysfunction in asymptomatic elderly 
patients with non-insulin-dependent diabetes mellitus". Angiology 55 
(5): 549–55. 
 

19. Sung MM, Koonen DP, Soltys CL, Jacobs RL, Febbraio M, et al. (2011) 
Increased CD36 expression in middle-aged mice contributes to obesity-
related cardiac hypertrophy in the absence of cardiac dysfunction. J Mol 
Med 89:459–469.        
     

20. Buchanan J, Mazumder PK, Hu P, Chakrabarti G, Roberts MW, et al. 
(2005) Reduced cardiac efficiency and altered substrate metabolism 
precedes the onset of hyperglycemia and contractile dysfunction in two 
mouse models of insulin resistance and obesity. Endocrinology 146: 
5341–5349. 

 
21. Finck BN, Han X, Courtois M, Aimond F, Nerbonne JM, Kovacs A, 

Gross RW, Kelly DP. (2003). A critical role for PPARalpha-mediated 
lipotoxicity in the pathogenesis of diabetic cardiomyopathy: modulation 
by dietary fat content. Proc. Natl. Acad. Sci. USA. 100: 1226–1231. 

 

http://ang.sagepub.com/cgi/pmidlookup?view=long&pmid=15378118
http://ang.sagepub.com/cgi/pmidlookup?view=long&pmid=15378118


107 
 

 

 

22. Son, NH, Park TS, Yamashita H, Yokoyama M, Huggins LA, Okajima K, 
Homma S, Szabolcs MJ, Huang LS,Goldberg IJ (2007) Cardiomyocyte 
expression of PPARgamma leads to cardiac dysfunction in mice. J. 
Clin. Invest. 117: 2791–2801. 
 

23. Dobrzyn P, Dobrzyn A, Miyazaki M, Ntambi JM (2010) Loss of stearoyl-

CoA desaturase 1 rescues cardiac function in obese leptin-deficient 

mice. J Lipid Res. (8):2202-10      

    

24.  Ussher JR, Folmes CDL, Keung W, Fillmore N, Jaswal JS, et al. (2012) 
Inhibition of Serine Palmitoyl Transferase I Reduces Cardiac Ceramide 
Levels and Increases Glycolysis Rates following Diet-Induced Insulin 
Resistance. PLoS ONE 

 
25.  Miller A (1950) The internal anatomy and histology of the imago of 

Drosophila melanogaster. . Biology of Drosophila, ed M Demerec Wiley, 
New York, 1950.        
  

26.  Bodmer R (1995) Heart development in Drosophila and its relationship 
to vertebrates. Trends in Cardiovascular Medicine 5: 21–28. 

 
27. Molina MR, Cripps RM (2001) Ostia, the inflow tracts of the Drosophila 

heart, develop from a genetically distinct subset of cardial cells. 
Mechanisms of Development 109: 51–59. 

 
28. Ocorr K, Perrin L, Lim HY, Qian L, Wu X, et al. (2007) Genetic control 

of heart function and aging in Drosophila. Trends Cardiovasc Med 17: 
177–182. 

 
29. Wolf MJ, Amrein H, Izatt JA, Choma MA, Reedy MC, et al. (2006) 

Drosophila as a model for the identification of genes causing adult 
human heart disease. Proc 
Natl Acad Sci U S A 103: 1394–1399. 

 
30. Wolf MJ, Rockman HA (2008) Drosophila melanogaster as a model 

system for the genetics of postnatal cardiac function. Drug Discovery 
Today: Disease Models 5: 117–123. 

 
31.  Ocorr K, Fink M, Cammarato A, Bernstein S, Bodmer R (2009) 

Semiautomated Optical Heartbeat Analysis of small hearts. J Vis Exp 
10: 3791/1425. 
 

http://www.ncbi.nlm.nih.gov/pubmed?term=Dobrzyn%20P%5BAuthor%5D&cauthor=true&cauthor_uid=20363835
http://www.ncbi.nlm.nih.gov/pubmed?term=Dobrzyn%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20363835
http://www.ncbi.nlm.nih.gov/pubmed?term=Miyazaki%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20363835
http://www.ncbi.nlm.nih.gov/pubmed?term=Ntambi%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=20363835
http://www.ncbi.nlm.nih.gov/pubmed/20363835


108 
 

 

 

32. Fink M, Callol-Massot C, Chu A, Ruiz-Lozano P, Izpisua Belmonte JC 
(2009) A new method for detection and quantification of heartbeat 
parameters in Drosophila, zebrafish, and embryonic mouse hearts. 
Biotechniques 46: 101–113. 

 
33.  Taghli-Lamallem O, Akasaka T, Hogg G, Nudel U, Yaffe D, et al. 

(2008) Dystrophin deficiency in Drosophila reduces lifespan and causes 
a dilated cardiomyopathy phenotype. Aging Cell 7: 237–249. 

 
34.  Birse RT, Choi J, Reardon K, Rodriguez J, Graham S, et al. (2010) 

High-Fat-Diet-Induced Obesity and Heart Dysfunction Are Regulated by 
the TOR Pathway in Drosophila. Cell metabolism 12: 533–544. 

 
35.  Ocorr K, Reeves NL, Wessells RJ, Fink M, Chen HS, et al. (2007) 

KCNQ potassium channel mutations cause cardiac arrhythmias in 
Drosophila that mimic the effects of aging. Proc Natl Acad Sci U S A 
104: 3943–3948. 

 
36.  Na J, Musselman LP, Pendse J, Baranski TJ, Bodmer R, et al. (2013) 

A Drosophila Model of High Sugar Diet-Induced Cardiomyopathy. PLoS 
Genet 9(1)         
  

37. Herr, D.R., Fyrst, H., Phan, V., Heinecke, K., Georges, R., Harris, G.L., 
and Saba, J.D. (2003). Sply regulation of sphingolipid signaling 
molecules is essential for Drosophila development. Development 130, 
2443-2453 
 

38. Alayari NN, Vogler G, Taghli-Lamallem O, Ocorr K, Bodmer R, et al. 
(2009) Fluorescent labeling of Drosophila heart structures. J Vis Exp 
10: 3791/1423. 

 
39. Dietzl G, Chen D, Schnorrer F, Su KC, Barinova Y, et al. (2007) A 

genomewide transgenic RNAi library for conditional gene inactivation in 
Drosophila. Nature 448: 151–156. 

 
40.  Han Z, Olson EN (2005) Hand is a direct target of Tinman and GATA 

factors during Drosophila cardiogenesis and hematopoiesis. 
Development 132: 3525–3536.      
  

41. Lee SY, Kim JR, Hu Y, Khan R, Kim SJ, Bharadwaj KG, Davidson MM, 
Choi CS, Shin KO, Lee YM, Park WJ, Park IS, Jiang XC, Goldberg IJ, 
Park TS.(2012) Cardiomyocyte specific deficiency of serine 
palmitoyltransferase subunit 2 reduces ceramide but leads to cardiac 

http://www.ncbi.nlm.nih.gov/pubmed?term=Lee%20SY%5BAuthor%5D&cauthor=true&cauthor_uid=22493506
http://www.ncbi.nlm.nih.gov/pubmed?term=Kim%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=22493506
http://www.ncbi.nlm.nih.gov/pubmed?term=Hu%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=22493506
http://www.ncbi.nlm.nih.gov/pubmed?term=Khan%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22493506
http://www.ncbi.nlm.nih.gov/pubmed?term=Kim%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=22493506
http://www.ncbi.nlm.nih.gov/pubmed?term=Bharadwaj%20KG%5BAuthor%5D&cauthor=true&cauthor_uid=22493506
http://www.ncbi.nlm.nih.gov/pubmed?term=Davidson%20MM%5BAuthor%5D&cauthor=true&cauthor_uid=22493506
http://www.ncbi.nlm.nih.gov/pubmed?term=Choi%20CS%5BAuthor%5D&cauthor=true&cauthor_uid=22493506
http://www.ncbi.nlm.nih.gov/pubmed?term=Shin%20KO%5BAuthor%5D&cauthor=true&cauthor_uid=22493506
http://www.ncbi.nlm.nih.gov/pubmed?term=Lee%20YM%5BAuthor%5D&cauthor=true&cauthor_uid=22493506
http://www.ncbi.nlm.nih.gov/pubmed?term=Park%20WJ%5BAuthor%5D&cauthor=true&cauthor_uid=22493506
http://www.ncbi.nlm.nih.gov/pubmed?term=Park%20IS%5BAuthor%5D&cauthor=true&cauthor_uid=22493506
http://www.ncbi.nlm.nih.gov/pubmed?term=Jiang%20XC%5BAuthor%5D&cauthor=true&cauthor_uid=22493506
http://www.ncbi.nlm.nih.gov/pubmed?term=Goldberg%20IJ%5BAuthor%5D&cauthor=true&cauthor_uid=22493506
http://www.ncbi.nlm.nih.gov/pubmed?term=Park%20TS%5BAuthor%5D&cauthor=true&cauthor_uid=22493506


109 
 

 

 

dysfunction. J Biol Chem. 25;287(22):18429-39.   
        

42. Li Z, Zhang H, Liu J, Liang CP, Li Y, Li Y, Teitelman G, Beyer T, Bui 
HH, Peake DA, Zhang Y, Sanders PE, Kuo MS, Park TS, Cao G, Jiang 
XC.(2011) Reducing plasma membrane sphingomyelin increases 
insulin sensitivity. Mol Cell Biol. (20):4205-18    
         

43. Ussher JR, Folmes CD, Keung W, Fillmore N, Jaswal JS, Cadete VJ, 

Beker DL, Lam VH, Zhang L, Lopaschuk GD.(2012) Inhibition of serine 

palmitoyl transferase I reduces cardiac ceramide levels and increases 

glycolysis rates following diet-induced insulin resistance. PLoS One. 

7(5):          

   

44. Mizugishi,K.,Yamashita,T.,Olivera,A.,Miller,G.F.,Spiegel,S.,Proia,R.L. 
(2005). Essential Role for Sphingosine Kinases in Neural and Vascular 
Development. Mol Cell Biol. 25,11113-11121 

 
45. Jin ZQ, Zhang J, Huang Y, Hoover HE, Vessey DA, Karliner JS. A 

sphingosine kinase 1 mutation sensitizes the myocardium to 

ischemia/reperfusion injury. Cardiovasc Res. 76(1):41-50  

  

46. Vessey DA, Li L, Jin ZQ, Kelley M, Honbo N, Zhang J, Karliner 

JS.(2011). A sphingosine kinase form 2 knockout sensitizes mouse 

myocardium to ischemia/reoxygenation injury and diminishes 

responsiveness to ischemic preconditioning. Oxid Med Cell Longev 

Article ID:961059 epub 

 

47. Bektas M, Allende ML, Lee BG, Chen W, Amar MJ, Remaley AT, Saba 

JD, Proia RL.(2010) Sphingosine 1-phosphate lyase deficiency disrupts 

lipid homeostasis in liver. J Biol Chem. 285(14):10880-9.  

       

48. Knapp M. (2011) Cardioprotective role of sphingosine-1-phosphate.J 

Physiol Pharmacol. 62(6):601-7.      

  

49. Kennedy S, Kane KA, Pyne NJ, Pyne S. (2009) Targeting sphingosine-
1-phosphate signaling for cardioprotection. Curr Opin Pharmacol. 2009 
Apr;9(2)         
  

50. Sanna MG, Liao J, Jo E, Alfonso C, Ahn MY, Peterson MS, Webb B, 

Lefebvre S, Chun J, Gray N, Rosen H. (2004) Sphingosine 1-phosphate 

(S1P) receptor subtypes S1P1 and S1P3, respectively, regulate 

http://www.ncbi.nlm.nih.gov/pubmed/22493506
http://www.ncbi.nlm.nih.gov/pubmed?term=Ussher%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=22629445
http://www.ncbi.nlm.nih.gov/pubmed?term=Folmes%20CD%5BAuthor%5D&cauthor=true&cauthor_uid=22629445
http://www.ncbi.nlm.nih.gov/pubmed?term=Keung%20W%5BAuthor%5D&cauthor=true&cauthor_uid=22629445
http://www.ncbi.nlm.nih.gov/pubmed?term=Fillmore%20N%5BAuthor%5D&cauthor=true&cauthor_uid=22629445
http://www.ncbi.nlm.nih.gov/pubmed?term=Jaswal%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=22629445
http://www.ncbi.nlm.nih.gov/pubmed?term=Cadete%20VJ%5BAuthor%5D&cauthor=true&cauthor_uid=22629445
http://www.ncbi.nlm.nih.gov/pubmed?term=Beker%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=22629445
http://www.ncbi.nlm.nih.gov/pubmed?term=Lam%20VH%5BAuthor%5D&cauthor=true&cauthor_uid=22629445
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20L%5BAuthor%5D&cauthor=true&cauthor_uid=22629445
http://www.ncbi.nlm.nih.gov/pubmed?term=Lopaschuk%20GD%5BAuthor%5D&cauthor=true&cauthor_uid=22629445
http://www.ncbi.nlm.nih.gov/pubmed/22629445
http://www.ncbi.nlm.nih.gov/pubmed?term=Jin%20ZQ%5BAuthor%5D&cauthor=true&cauthor_uid=17610857
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17610857
http://www.ncbi.nlm.nih.gov/pubmed?term=Huang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=17610857
http://www.ncbi.nlm.nih.gov/pubmed?term=Hoover%20HE%5BAuthor%5D&cauthor=true&cauthor_uid=17610857
http://www.ncbi.nlm.nih.gov/pubmed?term=Vessey%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=17610857
http://www.ncbi.nlm.nih.gov/pubmed?term=Karliner%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=17610857
http://www.ncbi.nlm.nih.gov/pubmed/?term=A+sphingosine+kinase+1+mutation+sensitizes+the+myocardium
http://www.ncbi.nlm.nih.gov/pubmed?term=Vessey%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=21904650
http://www.ncbi.nlm.nih.gov/pubmed?term=Li%20L%5BAuthor%5D&cauthor=true&cauthor_uid=21904650
http://www.ncbi.nlm.nih.gov/pubmed?term=Jin%20ZQ%5BAuthor%5D&cauthor=true&cauthor_uid=21904650
http://www.ncbi.nlm.nih.gov/pubmed?term=Kelley%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21904650
http://www.ncbi.nlm.nih.gov/pubmed?term=Honbo%20N%5BAuthor%5D&cauthor=true&cauthor_uid=21904650
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21904650
http://www.ncbi.nlm.nih.gov/pubmed?term=Karliner%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=21904650
http://www.ncbi.nlm.nih.gov/pubmed?term=Karliner%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=21904650
http://www.ncbi.nlm.nih.gov/pubmed/20097939
http://www.ncbi.nlm.nih.gov/pubmed/19070545
http://www.ncbi.nlm.nih.gov/pubmed/19070545
http://www.ncbi.nlm.nih.gov/pubmed?term=Sanna%20MG%5BAuthor%5D&cauthor=true&cauthor_uid=14732717
http://www.ncbi.nlm.nih.gov/pubmed?term=Liao%20J%5BAuthor%5D&cauthor=true&cauthor_uid=14732717
http://www.ncbi.nlm.nih.gov/pubmed?term=Jo%20E%5BAuthor%5D&cauthor=true&cauthor_uid=14732717
http://www.ncbi.nlm.nih.gov/pubmed?term=Alfonso%20C%5BAuthor%5D&cauthor=true&cauthor_uid=14732717
http://www.ncbi.nlm.nih.gov/pubmed?term=Ahn%20MY%5BAuthor%5D&cauthor=true&cauthor_uid=14732717
http://www.ncbi.nlm.nih.gov/pubmed?term=Peterson%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=14732717
http://www.ncbi.nlm.nih.gov/pubmed?term=Webb%20B%5BAuthor%5D&cauthor=true&cauthor_uid=14732717
http://www.ncbi.nlm.nih.gov/pubmed?term=Lefebvre%20S%5BAuthor%5D&cauthor=true&cauthor_uid=14732717
http://www.ncbi.nlm.nih.gov/pubmed?term=Chun%20J%5BAuthor%5D&cauthor=true&cauthor_uid=14732717
http://www.ncbi.nlm.nih.gov/pubmed?term=Gray%20N%5BAuthor%5D&cauthor=true&cauthor_uid=14732717
http://www.ncbi.nlm.nih.gov/pubmed?term=Rosen%20H%5BAuthor%5D&cauthor=true&cauthor_uid=14732717


110 
 

 

 

lymphocyte recirculation and heart rate. J Biol Chem. 279(14):13839-48

  

51.  Merrill,A.H.,Sullards,M.C.,Allegood,J.C.,Kelly,S.,Wang,E. (2005). 
Sphingolipidomics: high-throughput,structure-specific, and quantitative 
analysis of sphingolipids by liquid chromatography tandem mass 
spectrometry. Methods 36(2),207-224     
       

52. Gronke, S., Mildner, A., Fellert, S., Tennagels, N., Petry, S., Muller, G., 
Jackle, H., and Kuhnlein, R.P. (2005). Brummer lipase is an 
evolutionary conserved fat storage regulator in Drosophila. Cell Metab 
1, 323-330. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://www.ncbi.nlm.nih.gov/pubmed/14732717


111 
 

 

 

 

Figure 1. Ceramide-Induced heart chamber dilation. Three week old wildtype (wt) Canton-s 
flies were compared to respective p element mutants’ lace, Sk2, and Sply (A) Mean end-
diastolic diameters (micrometers) quantified using M-Mode traces for n=20 flies. (B) Mean 
end-systolic diameters (micrometers) (C) Hearts with Phalloidin labeled F-actin (Green). Error 
bars represent S.E.M. (n=20 flies) p-values *<0.05, **<0.01, ***<0.001  

  



112 
 

 

 

 

 
Figure 2. Disruptions in SL metabolism induce contractile dysfunction. Three week old 
wildtype (wt) Canton-s flies were compared to respective p element mutants’ lace, Sk2, and 
Sply. Representative M-Modes of (A) wt (B) lace 

k05305/2
 (C) Sk2

 KG050894
 (D) Sply

05901
 flies. (E) 

Mean heart period (sec/beat) (D) Mean heart rate (beats/sec).  Error bars represent S.E.M 
(n=20 flies) p-values *<0.05, **<0.01, ***<0.001 
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Figure 3. Ceramide-induced diastolic dysfunction. Three week old wildtype (wt) Canton-s 
flies were compared to respective p element mutants’ lace, Sk2, and Sply. (A) Mean diastolic 
interval (sec/beat) (B) mean systolic interval (sec/beat) (C) Arrhythmicity index represented by 
the mean heart period standard deviation (D) fractional shortening measured as the % change 
in diameter from end diastole to end systole. Error bars represent S.E.M (n=20 flies) p-values 
*<0.05, **<0.01, ***<0.001 
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Figure 4. Heart autonomous, ceramide-induced heart defects. Three week old RNAi lines 
(UAS-lace, UAS-Sk2, UAS-Sply RNAi) were compared to their respective global (4414-G4/+) 
and heart-specific (hand-G4/+) driver control lines. (A) Mean end-diastolic diameters 
(micrometers) quantified using M-Mode traces for n=20 flies. (B) Mean end-systolic diameters 
(micrometers) (C) Mean heart period (sec/beat) (D) Mean heart rate (beats/sec). Error bars 
represent S.E.M (n=20 flies) p-values *<0.05, **<0.01, ***<0.001 
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Figure 5. Heart autonomous ceramide induced diastolic dysfunction. Three week old 
RNAi lines (UAS-lace, UAS-Sk2, UAS-Sply RNAi) were compared to their respective global 
(4414-G4/+) and heart-specific (hand-G4/+) driver control lines. (A) Mean diastolic interval 
(sec/beat) (B) mean systolic interval (sec/beat) (C) Arrhythmicity index represented by the 
mean heart period standard deviation (D) fractional shortening measured as the % change in 
diameter from end diastole to end systole. Error bars represent S.E.M (n=20 flies) p-values 
*<0.05, **<0.01, ***<0.001 
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Figure 6. Regulation of heart size and function by sphingolipid metabolism.  Ceramide 
accumulation in the heart induces classic hallmarks of lipotoxic cardiomyopathy. S1P 
accumulation prevents cardiac dilation but not diastolic dysfunction.  Systemic pools of 
ceramide, S1P and TG likely also influence heart function. 
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Supplemental Figure 1. Sphingolipid model in flies.  (A) Sphingolipid metabolism: De novo 
ceramide synthesis begins with the rate limiting condensation of serine with palmitoyl-CoA 
catalyzed by serine palmitoyl transferase, which is encoded by lace (red). Ceramide is 
eventually degraded into sphingosine, which can be phosphorylated by Sphingosine kinase 2, 
which is encoded by Sk2 (red). Once phosphorylated, S1P can be irreversibly degraded by 
the actions of S1P lyase, encoded by Sply (red).  (B) lace 

k05305/2
 (C) Sk2

 KG050894
 (D) Sply

05901
 

mutant flies exhibit reduced levels of their respective gene-encoded transcripts relative to wt 
flies. Error bars represent S.E.M. p-values *<0.05, **<0.01, ***<0.001 
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Supplemental Figure 2. Sphingolipidomic measurements. (A) Mean total ceramide 
(pmol/mg) and (B) Mean total S1P (pmol/mg) were measured in wt, lace 

k05305/2
, Sk2

 KG050894
 

and Sply
05901

 flies using LC/ESI/MS/MS.  Error bars represent S.E.M. p-values *<0.05, 
**<0.01, ***<0.001 
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Supplemental Figure 3. RNAi-mediated SL gene silencing. qPCR verification of targeted 
gene knockdown in 4414-Gal4 driven UAS-RNAi flies for (A) UAS-lace RNAi (B) UAS-Sk2 
RNAi, and (C) UAS-Sply RNAi compared to both w

1118
 and 4414/+ driver control lines. Error 

bars represent S.E.M. p-values *<0.05, **<0.01, ***<0.001 
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Supplemental Figure 4. Comparative mean whole fly TG levels. (A) lace p element and 
globally driven lace RNAi lines exhibit reduced mean whole fly TG levels compared to 
respective controls, where heart-specific hand driven lace RNAi lines do not. (B) Sk2 p 
element and globally driven Sk2 RNAi lines exhibit increased mean whole fly TG levels 
compared to respective controls, where heart-specific hand driven Sk2 RNAi lines do not. 
Error bars represent S.E.M. p-values *<0.05, **<0.01, ***<0.001 
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Chapter 4 

 

Systemically-Induced Lipotoxic Cardiomyopathy in Drosophila 

 

Abstract 

We previously reported on a novel model to study heart autonomous, 

ceramide-induced lipotoxic cardiomyopathy in Drosophila [1]. Here, we utilized 

the fruit fly heart to model systemically-induced lipotoxic cardiomyopathy.  Our 

results show that accumulation of various ceramide species via global 

knockdown of either ifc or Sk1 is sufficient to induce classic hallmarks of 

lipotoxic cardiomyopathy including: dilated heart chambers, tachycardia, 

diastolic contractile dysfunction, and arrhythmia. Conversely, heart specific 

knockdown of ifc induced a restricted heart phenotype, while heart specific 

Sk1 knockdown had no effect, since this gene is not expressed in the 

Drosophila heart.  These data suggest that systemic contributions from 

globally accumulated ceramide species are responsible for induction of 

lipotoxic cardiomyopathy in this model.  Furthermore, we show that heart-

specific ectopic expression of Sk1 in ifc4 mutants prevented heart chamber 

dilation and tachycardia, but not diastolic dysfunction or arrhythmia, as was 

previously observed in S1P accumulating Sply mutants. Lastly, heart-specific 

ectopic expression of caspase inhibitor dIAP1 in ifc4 mutants induced restricted 

heart chambers, but prevented tachycardia, diastolic dysfunction and 
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arrhythmia.  This suggests that systemic induction of lipotoxic cardiomyopathy 

via ceramides operates through the intrinsic apoptotic pathway. 
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Materials and Methods 

 

Drosophila Husbandry and Stocks 

All fly lines were propagated on synthetic yeast based media as 

described. Female flies ± 3 days were transferred to new vials and aged to 3 

weeks for all experiments. P element and driver lines used in these 

experiments are publically available at the Bloomington Drosophila Stock 

Center and are as follows: Canton-S wt flies, ifc4 (BL1549), UAS-dIAP1 

(6657), Global driver: Actin 5c-Gal4 (BL 4414). Heart Drivers Hand-Gal4 and 

TinCΔ4-Gal4 were graciously provided by the lab of Dr. Sanford Bernstein at 

SDSU. RNAi lines were acquired from the Vienna Drosophila RNAi Stock 

Center as follows: UAS-ifc-RNAi (100298), UAS-Sk1-RNAi (9386). UAS-Sk1, 

ifc4 ;TinCΔ4-Gal4, ifc4; UAS-dIAP1, and ifc4;UAS-Sk1 were generated in-

house using classic genetics. 

Quantitative Real-Time PCR 

Total RNA was isolated from 25 whole flies with a Qiagen® RNeasy 

Isolation kit as per manufacturer’s protocol. Total RNA (1 ug) was checked for 

quality and purity using gel electrophoresis and UV spectrophotometry. RNA 

was subsequently reverse-transcribed using an iScript ™ cDNA synthesis Kit 

from Biorad ® as per manufacturer’s protocol. Primers were designed using 

Perl Primer ™ software and ordered from ValueGene ®. Standard PCR was 

used to test primer sets for single amplicon products. Annealing temperature 
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of the primers was optimized and One-Step qPCR was carried out using a 

BioRad iCycler IQ ™. Housing keeping gene RPL-32 was used as a control. 

Heart Structural Stains 

Drosophila heart tubes were stained with Alexa Fluor 488® phalloidin 

as previously described [30]. Multiple optical slice images were recorded using 

an Apotome AxioVision Imaging system.  These images were converted into a 

single Z-stack image using ImageJ software.    

Ceramide measurements 

Measurement of all ceramide subspecies was performed using liquid 

chromatography tandem mass spectroscopy (LC/MS/MS) on a Thermo 

Finnegan triple quadrupole machine. Fly lipid extracts were prepared as 

previously described (Merrill A.H, et.al. 2005). C18 standards of S1P and 

ceramide (not present in Drosophila) were acquired through Avanti Polar 

Lipids™   and used as internal standards in positive-mode multiple reaction 

monitoring (MRM).  MRM experiments were adapted from those previously 

described so that only major sphingolipid species previously identified in 

Drosophila were monitored, identified, and quantified [31]. 

Heart Functional Analysis 

Semi-intact hearts were prepared and recorded as previously 

described.  Briefly, flies where mounted and dissected in oxygenated 

hemolymph. A submersive,high-speed digital camera (Hamamatsu EM-CCD) 
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was used to record 30s movies of beating hearts movements using the image 

capture software HC Image (Hamamatsu Corp.). Movie Analysis was 

performed using heartbeat analysis software as previously described [12-16]. 
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Introduction 

Heart autonomous accumulation of ceramide has previously been 

shown to be sufficient to induce lipotoxic cardiomyopathy in flies [1]. 

Ceramide-accumulating Sk2 mutant and Sk2 knockdown flies displayed 

classic hallmarks of lipotoxic cardiomyopathy including: heart chamber 

dilation, diastolic contractile dysfunction and arrhythmicity [1].  These common 

features are often observed in other heart models of metabolic diseases, 

including obesity and diabetes (Recently reviewed in [2-4]). Conversely, 

ceramide-depleting lace mutant and knockdown flies exhibited a restricted 

cardiomyopathy phenotype [1].  These phenotypes were observed whether the 

gene was knocked down globally or in a heart autonomous manner. 

 Here, we utilize the powerful genetic tools available in the Drosophila 

model to directly measure the effects of systemic ceramide accumulation on 

heart size, structure and function.   The simple heart structure of the fly is a 

lateral tube divided by four sets of internal valves into one anterior conical 

chamber and three posterior chambers [5-7]. Heart function metrics are 

measured using a high speed digital video camera of surgically exposed 

beating fly hearts [8-10].  Heart analysis of single-pixel slices representing the 

location of the heart walls over time are used to generate M-mode traces [11-

13]. These M-modes are then used to calculate multiple heart function 

parameters. These include heart rate, heart period, diastolic and systolic 

intervals, end-diastolic and end-systolic diameters, arrhythmicity, fibrillation 
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and fractional shortening [11-13]. Comparative analysis between mutants 

affecting sphingolipid metabolism and control flies can be used to assess heart 

chamber dilation, arrhythmia, loss of pumping power, and contractile defects 

[11-13]. This approach has been used extensively to model and study a 

variety of cardiomyopathies, including lipotoxic cardiomyopathy [14-17].   

In the analysis provided here, we show that RNAi-mediated, global ifc 

and Sk1 knockdown (KD) flies exhibit classic hallmarks of lipotoxic 

cardiomyopathy. Interestingly, both also exhibit increased levels of C14:2 

ceramide dienes.  Conversely, heart specific ifc and Sk1 KD flies do not exhibit 

lipotoxic cardiomyopathy.   These data suggest a role for systemic induction of 

lipotoxic cardiomyopathy by systemic accumulation of ceramide.   
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Results 

 

Genetic model of systemic ceramide modulation 

The gene infertile crescent (ifc) encodes for the enzyme sphingolipid Δ-

4 desaturase, which converts dihydroceramide (C14:0) into ceramide (C14:1) in 

flies (Figure S1A) [18].  As predicted and consistent with previous reports [19], 

ifc4 desaturase mutants’ (Figure S1B) exhibit substantial increases in mean 

whole fly C14:0  ceramides relative to control flies (Figure S2A) . Interestingly, 

mean whole fly C14:1 ceramides were only modestly decreased in these flies 

(Figure S2B).  Unexpectedly, ifc4 desaturase mutants’ also showed a 

significant increase in mean whole fly C14:2 ceramide dienes (Figure S2C), a 

novel ceramide subspecies recently identified in sphingosine 1-phosphate 

lyase (Sply) mutant flies [20].  While ifc4 mutants exhibit no change in Sply 

expression (data not shown), a significant suppression of Sk1 mRNA 

expression is observed relative to control flies (Figure S1C).  

The gene Sk1 is downstream of ifc, and encodes for the enzyme 

sphingosine kinase 1, which phosphorylates sphingosine into sphingosine 1-

phosphate (Figure S1A).  As would be predicted, global Sk1 knockdowns 

(Figure S1D) exhibit a substantial increase in mean whole fly C14:1  ceramides 

(Figure S2B) relative to controls. While C14:0 ceramide levels were unaffected 

(Figure S2A), these flies exhibit a significant increase in C14:2 ceramides 
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(Figure S2C).  Hence, prima facie, we attribute the elevation in C14:2 ceramide 

levels observed in ifc4 mutants to downregulation of Sk1 mRNA expression. 

Previous studies in our lab have shown that heart autonomous 

ceramide accumulation is sufficient to induce classic hallmarks of lipotoxic 

cardiomyopathy in flies.  However, we were unable to determine if systemic 

ceramide accumulation could also induce these phenotypes.  Here, we were 

able to take advantage of two observations in ifc and Sk1 deficient flies.  First, 

the loss of ifc mRNA induces downregulation of Sk1 expression (Figure S1B).  

Second, while ifc is expressed in the heart, Sk1 is not [21].  This allows us to 

determine directly through a series of genetic experiments whether ceramides 

can systemically contribute to induction of lipotoxic cardiomyopathy in flies. 

 

Differential effects of global vs. heart specific knockdown of ifc and Sk1 

Here, we utilize a GAL4/UAS system of RNAi-mediated knockdown 

[22].  For global knockdown, we utilized the BL4414-driver line where GAL4 

expression was under the control of the globally expressed Actin5c promoter. 

For heart autonomous knockdown, we utilized the heart-specific driver, Hand-

Gal4 [23]. RNAi-mediated knockdown efficiency was quantified using qPCR 

(Figure SF1D,E).  RNAi-mediated knockdown of ifc and Sk1 genes was 

sufficient to suppress transcript expression of target genes in the heart.   
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Cardiac function was characterized using high speed digital imaging of 

surgically exposed beating fly hearts [11-13]. M-mode traces were generated 

from single pixel slices of these movies using analytical software, representing 

the position of the heart wall over time [11-13]. Multiple heart function 

parameters were measured including: heart rate & period, diastolic and 

systolic diameters & intervals, fractional shortening and relative rhythmicity 

[11-13].  Comparative analysis with control flies was thus used to determine 

classic hallmarks of lipotoxic cardiomyopathy including: heart chamber 

dilation, diastolic dysfunction, systolic dysfunction, and arrhythmicity.   

Heart Chamber Size and Structure: Three week old female w1118 flies 

display a mean end-diastolic diameter of 65.4±1.3 µm (Figure 1A) and mean 

end-systolic diameter of 41.3±1.1 µm (Figure 1B). By comparison, 4414-gal4/+ 

driver control lines and heart-specific Hand-gal4/+ driver control lines exhibit 

slight increases in mean end-diastolic and mean end-systolic diameter relative 

to w1118 flies (Figure 1A-B). Typical wild-type fly hearts exhibit well-organized 

and intact F-actin microfilaments, as seen in a representative Z-stack apotome 

image (Figure 1C), as do slightly larger 4414-gal4/+ (Figure 1D) and Hand-

gal4/+ (Figure 1G) driver control lines [24]. Here, we utilized respective driver 

controls when performing statistical comparisons to control for driver 

contributions.  

Global knockdown 4414-gal4/UAS-ifc RNAi flies exhibit dilated heart 

chambers. These flies exhibit a mean end-diastolic diameter of 87.5±3.0 µm 
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(Figure 1A) and a mean end-systolic diameter of 55.0±2.9 µm (Figure 1B), an 

increase of 25% and 34% respectively. Furthermore, the ventral longitudinal 

layer surrounding the heart exhibit larger areas of phalloidin positive staining 

with noticeable degrees of myofibrillar disorganization (Figure 1E) compared 

to both wt (Figure 1C) and 4414-G4/+ control flies (Figure 1D)[24]. 

Interestingly, heart specific Hand-gal4/UAS-ifc RNAi flies exhibit slightly 

restricted heart chambers. These flies exhibit a mean end-diastolic diameter of 

64.7 ±2.9 µm (Figure 1A) and a mean end-systolic diameter of 39.2±2.0 µm 

(Figure 1B), a decrease of 12% and 11% respectively. The ventral longitudinal 

layer surrounding the hearts exhibit smaller areas of phalloidin positive 

staining, but again, noticeable degrees of myofibrillar disorganization (Figure 

1E) compared to both wt (Figure 1C) and Hand-G4/+ control flies (Figure 1G). 

Global knockdown 4414-gal4/UAS-Sk1 RNAi flies exhibit severely 

dilated heart chambers. These flies exhibit a mean end-diastolic diameter of 

94.9±4.4 µm (Figure 1A) and a mean end-systolic diameter of 58.1±4.0 µm 

(Figure 1B), an increase of 35% and 38% respectively. Furthermore, their 

hearts exhibit larger areas of phalloidin positive staining with visible myofibrillar 

disorganization (Figure 1F) compared to both wt (Figure 1C) and 4414-G4/+ 

control flies in the ventral longitudinal layer (Figure 1D). 

Heart specific Hand-gal4/UAS-Sk1 RNAi flies exhibit not statistically 

significant change in either mean end-diastolic (Figure 1A) or mean end-
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systolic (Figure 2A) diameters.  The ventral longitudinal muscle cells were also 

structurally intact with highly organized myofibrils (Figure 1H), as is observed 

in comparative control flies (Figure 1C,1G). These results were expected 

since, as previously mentioned, Sk1 is not expressed in the Drosophila heart 

[21].  

 Contractile Function: Global knockdown 4414-gal4/UAS-ifc RNAi flies 

exhibit diastolic contractile dysfunction.  Knockdown flies hearts were 

tachycardic, with a mean heart rate of 2.3 beats/sec, a 44% increase relative 

to control 4414-gal4/+ flies (Figure 2A).  Decrease in mean heart period 

(Figure 2B) was due primarily to a 41% shortening in mean diastolic interval 

(Figure 2C).  Mean systolic interval was slightly but significantly decreased 

~10% (Figure 2D).  Arrhythmicity, as measured by the mean heart period 

standard deviation, was increased slightly 1.6-fold relative to control flies 

(Figure 2E), and was due primarily to an increase in diastolic interval standard 

deviation.  In spite of these dysfunctions, fractional shortening remained 

statistically unchanged (Figure 2F). 

 Heart specific knockdown Hand-gal4/UAS-ifc RNAi flies exhibit diastolic 

contractile dysfunction. As observed in global knockdowns, the hearts were 

tachycardic, with a mean heart rate of 2.00 beats/sec, a ~23% increase 

relative to control Hand-gal4/+ flies (Figure 2A).  Decrease in mean heart 

period (Figure 2B) was due primarily to a 20% shortening in mean diastolic 

interval (Figure 2C).  Mean systolic interval was slightly but significantly 
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decreased ~10% (Figure 2D).  Arrhythmicity, as measured by the mean heart 

period standard deviation, was increased 2.7-fold relative to control flies 

(Figure 2E), and was due primarily to an increase in diastolic interval standard 

deviation.  In spite of these dysfunctions, fractional shortening remained 

statistically unchanged (Figure 2F). 

 Global knockdown 4414-gal4/UAS-Sk1 RNAi flies exhibit diastolic 

contractile dysfunction.  Knockdown flies hearts were tachycardic, with a mean 

heart rate of 2.3 beats/sec, a 34% increase relative to control 4414-gal4/+ flies 

(Figure 2A).  Decrease in mean heart period (Figure 2B) was due primarily to 

a 33% shortening in mean diastolic interval (Figure 2C).  Mean systolic interval 

was slightly but significantly decreased ~11% (Figure 2D).  Arrhythmicity, as 

measured by the mean heart period standard deviation, was increased 2.0-

fold relative to control flies (Figure 2E), and was due primarily to an increase in 

diastolic interval standard deviation.  In spite of these dysfunctions, fractional 

shortening remained statistically unchanged (Figure 2F).   

Conversely, Heart specific knockdown Hand-gal4/UAS-Sk1 RNAi flies 

exhibit no change in contractile performance relative to control flies. These 

flies’ hearts exhibit no statistically significant change in mean heart rate 

(Figure 2A).  Mean heart period (Figure 2B), mean diastolic interval (Figure 

2C) and mean systolic interval were normal (Figure 2D).  A minor increase in 

arrhythmicity was observed but was statistically insignificant relative to control 

flies (Figure 2E). Fractional shortening also remained unchanged (Figure 2F). 
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Heart Specific Rescue of Systemically Induced Lipotoxic 

Cardiomyopathy 

 Next, we wanted to design a system in which we could test for genetic 

rescue of systemically induced lipotoxic cardiomyopathy.  Global ifc and Sk1 

knockdowns shared similar heart size, structure and functional properties 

including classic hallmarks of lipotoxic cardiomyopathy: dilated heart chamber, 

diastolic contractile dysfunction with or without systolic dysfunction, and 

arrhythmia. No Sk1 mutant is currently available, so we focused on ifc4 

mutants for our experiments.  Since ifc is on the 2nd chromosome, we 

performed genetic crosses using 3rd chromosome Gal4/UAS lines, to generate 

expression systems in an ifc4 mutant background. Furthermore, we used 

Canton-S as wildtype flies since these mutants are in a wildtype eye color 

background.  

Heart size and function parameters in ifc4 mutant flies’ phenocopy ifc 

global knockdowns relative to controls.    Mutant ifc4 flies exhibit dilated heart 

chambers. Their hearts exhibited a mean end-diastolic diameter of 96.1±4.0 

µm (Figure 3A) and a mean end-systolic diameter of 65.3±4.6 µm (Figure 1B), 

an increase of 27% and 33% relative to controls. Mutant ifc4 flies also exhibit 

diastolic contractile dysfunction.  Their hearts were tachycardic, with a mean 

heart rate of 2.5 beats/sec, a 34% increase relative to control flies (Figure 3C).  

Decrease in mean heart period (Figure 3D) was due primarily to a ~33% 

shortening in mean diastolic interval (Figure 3E).  Mean systolic interval was 
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slightly but significantly decreased ~9% (Figure 3F).  Arrhythmicity, as 

measured by the mean heart period standard deviation, was increased ~2.0-

fold relative to control flies (Figure 3G), and was due primarily to an increase 

in diastolic interval standard deviation.  Interestingly, fractional shortening was 

reduced a slightly but significantly, from 35% to 32%, indicating a loss of 

pumping power in these flies (Figure 2F). 

Next, we looked at the effects of heart specific ectopic expression of 

Sk1 in an ifc4 mutant background.   To perform these experiments, we 

generated ifc4;TinCΔ4-Gal4/UAS-Sk1 flies.  These flies exhibit rescue of the 

dilated heart phenotype but only partially rescue contractile dysfunction.  Mean 

end-diastolic (Figure 3A) and end-systolic diameter (Figure 3B) were 

statistically unchanged relative to controls. However, ifc4;TinCΔ4-Gal4/UAS-

Sk1 flies exhibit diastolic contractile dysfunction.  While the tachycardia 

observed in ifc4 mutants was muted (Figure 3C-E), arrhythmicity as measured 

by the mean heart period standard deviation, was increased ~2.3-fold relative 

to control flies (Figure 3G). Again, this was due primarily to an increase in 

diastolic interval standard deviation.  Unexpectedly, fractional shortening 

increased from 35% to 41%, indicating a significant gain in pumping power in 

these flies, relative to both control and ifc4 mutant flies (Figure 2F). 

Finally, we wanted to use the same system to determine if heart 

specific ectopic expression of Drosophila inhibitor of apoptosis 1 (dIAP) could 

rescue any hallmarks of lipotoxic cardiomyopathy observed in ifc4 mutants.  
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Ceramides are known to be potent inducers of the caspase-dependent 

apoptotic pathway. Previous studies in other models have shown that 

caspases target contractile proteins in the heart for degradation.  Hence, we 

wanted to determine if ectopic expression of dIAP, a known inhibitor of 

drosophila caspases Dronc and Drice, could improve heart size and function.  

Hence, we generated ifc4;TinCΔ4-Gal4/UAS-dIAP1 flies. 

These flies exhibit restricted heart chambers but rescue contractile 

dysfunction observed in ifc4 mutant flies.  Mean end-diastolic (Figure 3A) and 

end-systolic diameter (Figure 3B) were reduced ~17% and ~20% relative to 

controls. However, ifc4;TinCΔ4-Gal4/UAS-dIAP1 flies exhibit normal contractile 

function.  Mean heart rate is comparable to control flies and significantly 

reduced compared to ifc4 mutants (Figure 3A).   Mean heart period (Figure 

3B), diastolic interval (Figure 3C) and systolic interval (Figure 3C) were similar 

to controls, with no diastolic dysfunction as is observed in ifc4 mutants. No 

increase in arrhythmicity, as measured by the mean heart period standard 

deviation, was observed relative to control flies (Figure 3G). Loss of fractional 

shortening observed in ifc4 mutants was also rescued (Figure 2F). 
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Discussion 

 Here we showed that ifc mutants accumulate ceramide diene 

subspecies via downregulation of Sk1 mRNA expression.  These ceramide 

dienes are also elevated in Sk1 global knockdowns.  Both global knockdown 

of ifc and Sk1 was sufficient to induce classic hallmarks of lipotoxic 

cardiomyopathy.  However, heart autonomous knockdown of ifc induced a 

restricted cardiomyopathy phenotype, similar to that observed in heart specific 

lace knockdowns.  We attribute this to the inability of heart-specific ifc 

knockdown to induce tissue specific downregulation of Sk1, since Sk1 is not 

expressed in the heart. Heart autonomous knockdown of Sk1 showed no 

effects, again due to a lack of expression of Sk1 in the fly heart.  These results 

lead us to conclude that systemic accumulation of ceramide dienes is 

sufficient to induce lipotoxic cardiomyopathy. Previous studies in our lab have 

shown that ceramide accumulation by heart specific SL defects was sufficient 

to induce classic hallmarks of lipotoxic cardiomyopathy [1].  Furthermore, 

sphingosine kinase activation and production of S1P have been shown to be 

cardioprotective (Recently reviewed in [24]). 

 Additionally, we showed that ifc4 mutants’ phenocopy the classic 

hallmarks of lipotoxic cardiomyopathy observed in ifc global knockdowns.  This 

allowed us to design experiments where we tested the effect of heart specific, 

ectopic expression of Sk1 and dIAP1 in preventing hallmarks of the lipotoxic 

cardiomyopathy phenotype.  Our results showed that heart-specific ectopic 
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expression of Sk1 in ifc4 mutants prevented heart chamber dilation and 

tachycardia, but not diastolic dysfunction or arrhythmia. Hence, we attribute 

increased downstream processing of ceramides into S1P to preventing heart 

chamber dilation and remodeling.  A similar effect was previously observed in 

S1P accumulating Sply mutants, where heart size but not contractile function 

was rescued. 

 Interestingly, heart specific ectopic expression of dIAP1 in ifc4 mutants 

induced a restricted heart chamber size, but rescued tachycardia, diastolic 

dysfunction and arrhythmicity.  Ceramide is known upstream inducer of the 

caspase dependent intrinsic apoptotic pathway.  Caspases have been shown 

to target important structural and contractile proteins in cardiomyocytes, and 

their inhibition may serve as useful therapeutic targets in preventing heart 

failure (Recently reviewed in [25]).  Since ectopic expression of dIAP1 would 

be predicted to inhibit caspase activity induced by ceramide accumulation, our 

results suggest that cardiac remodeling and contractile function might be 

regulated by this pathway.  Specifically, ceramide accumulation in the heart 

might induce classic hallmarks of lipotoxic cardiomyopathy through activation 

of caspases in the intrinsic apoptotic pathway. 

Collectively, our model suggests that sphingolipid metabolism and 

metabolites in the heart, along with systemic pools of sphingolipid metabolites, 

play important roles in regulating heart size, structure and contractile function.  

Ceramide has been shown to be elevated in the blood and in various tissues 
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in a variety of obesity and diabetes models [26-29].  Since de novo synthesis 

of ceramide is dependent specifically upon the availability of saturated fats, 

bioactive sphingolipids are likely key intermediaries, mechanistically linking 

dietary metabolic diseases with the pathogenesis of related lipotoxic 

cardiomyopathies.   

Chapter Four, in full, is currently being prepared for submission for 

publication of the material.  Walls, Stan; Cammarato, Anthony; Chatfield, Dale; 

Ocorr, Karen; Bodmer, Rolf; Harris, Greg “Systemically-Induced Lipotoxic 

Cardiomyopathy in Drosophila”.  The dissertation author was the primary 

researcher and author of this material. 
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Supplemental Figure 1. Sphingolipid mutant model. (A) Sphingolipid metabolism- The 
gene infertile crescent (ifc) encodes for the enzyme sphingolipid Δ-4 desaturase, which 
converts dihydroceramide (C14:0) into ceramide (C14:1) in flies. The gene Sk1 is downstream of 
ifc, and encodes for the enzyme Sphingosine Kinase 1, which phosphorylates sphingosine 
into sphingosine 1-phosphate. (B) Loss of ifc mRNA in ifc4 mutants. (C) Loss of Sk1 mRNA in 
ifc4 mutants (D) Loss of Sk1 mRNA in global Sk1 knockdowns (E) Loss of ifc mRNA in global 
ifc4 knockdowns. Error bars represent S.E.M. p-values *<0.05, **<0.01, ***<0.001 
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Supplemental Figure 2. Sphingolipidomic measurements. (A) Mean total C14:0 ceramide 
(pmol/mg) (B) Mean total C14:1 ceramide (pmol/mg) (C) Mean total C14:2 ceramide levels 
were measured in wildtype, ifc

4 
mutants and global Sk1 knockdown flies using LC/ESI/MS/MS.  

Error bars represent S.E.M. p-values *<0.05, **<0.01, ***<0.001 
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Chapter 5 

Summary and Future Directions 

 

The experiments discussed in this dissertation attempt to establish a 

novel link between obesity and lipotoxic cardiomyopathy via sphingolipid 

intermediates, specifically ceramide and S1P.  In Chapter 2, we establish that 

sphingolipid modulation is sufficient to induce classic hallmarks of obesity 

phenotypes by caloric intake independent and dependent mechanisms.  In 

Chapters 3 and 4, we establish that sphingolipid modulation is sufficient to 

induce classic hallmarks of lipotoxic cardiomyopathy, both in a heart 

autonomous and systemic manner.  Collectively, these data suggest that the 

lipogenic and cardiotoxic effects of ceramide might serve as a novel link 

between obesity and lipotoxic cardiomyopathy, two major components of 

metabolic syndrome.   

Future Directions 

In a previous study by Cho, et. al,[1], six different Drosophila histone 

deacetylases (HDACs), including HDAC1(Rpd3), were characterized by 

developmental expression pattern, transcriptional profiles of target genes and 

sensitivity to HDAC inhibitors.  A substantial increase in dNepYr mRNA 

expression was observed in HDAC1 overexpressing S2 cells [1]. CG40733, 

which encodes for dRYamide 1&2, was only recently discovered and was not 

included in this report.  It has also recently been reported that histone 
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deacetylases (HDAC) 1 and 2 are direct targets of S1P, which inhibits their 

enzymatic activity [2].    

Since HDACs are known repressors of gene expression, this suggests 

that HDAC1 might repress a negative regulator of dNepYr expression. We 

know from our findings that administration of dRYamide 1&2 represses 

dNepYr expression in flies and induces satiety.  Furthermore, our experiments 

have shown that dNepYr mRNA expression is enhanced in S1P depleted Sk2 

mutants and repressed in S1P accumulating Sply mutants.  Additionally, we 

show that administration of the S1P analog, FTY720P, also repressed dNepYr 

mRNA expression and induced satiety in flies.   Therefore, we hypothesize 

that CG40733 expression is negatively regulated by HDAC1, whose enzymatic 

activity is inhibited by S1P.  We propose that S1P induces satiety via HDAC1 

regulated expression of the known dNepYr ligands, dRYamide 1&2.  This 

hypothesis can be tested in future studies using knockdown and ectopic 

expression models in a variety of SL mutant backgrounds.   

A proposed experimental approach would first involve establishing 

expression patterns in the digestive system for both CG40733 and dNepYr.  

This could be performed using GAL4/UAS system with a GFP reporter. It will 

be important to establish whether S1P is acting upstream and regulating the 

levels of CG40733. A key experiment will be testing the effects of 

administration of S1P in CG40733 knockout flies.  If S1P administration abates 

increased caloric intake and downregulates dNepYr expression, S1P might be 
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working by directly activating dNepYr in the hindgut.  Additional experiments 

using internalization assays as a measure of activation [3] could be performed 

to determine binding affinity relative to known dNepYr ligands, dRYamide 1&2.   

However, if S1P administration is ineffective in inhibiting increased 

caloric intake and dNepYr expression observed in these lines, its’ likely that 

S1P is acting upstream of CG40733, and might be regulating its expression 

through HDAC1.  This could further be tested by HDAC1 knockdown in 

CG40733 and dNepYr expressing cells.  To accomplish this, CG40733 GAL4 

driver lines will be crossed with a HDAC1 RNAi line under control of the UAS 

promoter.  If S1P administration is ineffective in regulating feeding behavior, 

CG40733 mRNA expression and dNepYr mRNA expression, then S1P 

modulation of satiety is likely acting via HDAC1.  Furthermore, we would 

expect that HDAC1 knockdown in CG40733 expressing cells should cause 

increased CG40733 mRNA expression, as HDAC1 is hypothesized to inhibit 

its expression. 

S1P has also been shown to induce Ca2+-dependent contraction, 

followed by a sustained Ca2+-independent, RhoA-mediated contraction, in 

gastric smooth muscle cells [3].  We speculate that S1P could also induce 

gastric muscle contraction in flies.  It is possible that induction of gut muscle 

contraction contributes to satiety by inhibiting gastric meal motility, thus 

inducing the mechanical feeling of being full.  This would represent a 

coordinated system of digestion, where S1P regulates pancreatic TAG lipase 
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mediated dietary fat digestion,  dRYamide/NepYr mediated satiety signaling 

and gastric smooth muscle contraction mediated inhibition of gut motility.  

A variety of experimental approaches could be used to determine 

whether S1P also plays a role in gut contraction and motility.  A preliminary in 

vivo study will be to measure gut motility using dyed food containing S1P. Gut 

motility will be measured as the mean time from initial meal uptake to 

excretion.  Additionally, a semi-intact preparation of digestive tissue could be 

employed to determine if S1P administration induces contraction of cells in 

these tissues.     

Understanding heart autonomous versus systemic contributions of SL 

intermediates in the heart is ultimately dependent upon our ability to perform 

sphingolipidomic measurements of these intermediates in isolated heart 

tissue.  While preliminary results measuring ceramide subspecies in fruit fly 

heart extracts has been promising, measuring less abundant species such as 

sphingosines, and especially sphingosine 1-phosphates has not. Further 

development of accurate sphingolipidomic techniques to perform these 

measurements will be necessary to determine which intermediates (and to 

what extent) enter the heart from pools of systemically accumulated SLs. 
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