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SUMMARY

The cross talk between adipose tissue and the heart has an increasing importance
for cardiac function under physiological and pathological conditions. This study
characterizes the role of fat body lipolysis for cardiac function in Drosophila mela-
nogaster. Perturbation of the function of the key lipolytic enzyme, brummer
(bmm), an ortholog of themammalianATGL (adipose triglyceride lipase) exclusively
in the fly’s fat body, protected the heart against starvation-induced dysfunction.
We further provide evidence that this protection is caused by the preservation of
glycerolipid stores, resulting in a starvation-resistantmaintenance of energy supply
and adequate cardiac ATP synthesis. Finally, we suggest that alterations of lipolysis
are tightly coupled to lipogenic processes, participating in the preservation of lipid
energy substrates during starvation. Thus, we identified the inhibition of adipose
tissue lipolysis and subsequent energy preservation as a protective mechanism
against cardiac dysfunction during catabolic stress.

INTRODUCTION

Lipolysis is the enzymatic hydrolysis of triacylglycerol (TAG) to glycerol and fatty acids (FAs) (Zechner, 2015). The

release of FAs from TAG storage provides a major energy source in situations of energy depletion or increased

energy demand, and therefore, lipolysis represents a crucial determinant of energy homeostasis (Zechner, 2015).

Adipose tissue is the central lipid storage organ with the highest lipolytic activity, thereby providing a large pro-

portion of substrates for energy production in other organs (Ahmadian et al., 2011; Dube et al., 2015). Neutral

lipolysis is catalyzed by different lipases among which adipose triglyceride lipase (ATGL) has been characterized

as the key lipolytic enzyme in adipose tissue (Ahmadian et al., 2011; Haemmerle et al., 2006).

The heart is an organ that likely profits from adipose-derived energy supply, since it mainly relies on noncar-

diac energy substrates in order to generate adequate amounts of ATP for proper excitation and contrac-

tion (Bertero and Maack, 2018). This may become specifically significant under conditions characterized by

energy deficits such as starvation. So far many interactions between adipose tissue and heart have been

identified that can significantly affect cardiac function, but the focus of these studies was primarily on circu-

lating mediators secreted from adipose tissue acting on the heart, such as the adipokines adiponectin, or

leptin (Shibata et al., 2005; Sweeney, 2010). Much less is known, however, whether the adipose tissue en-

ergy storage controls cardiac energy metabolism and cardiac function by providing high-energy sub-

strates, particularly during starvation.

The Drosophila ortholog of the mammalian ATGL is the gene brummer (bmm CG5295), the key lipolytic

enzyme also in the fly’s adipose tissue, the fat body (Gronke et al., 2005). Loss of bmm activity in flies re-

sulted in progressively increased lipid storage and impaired TAG mobilization (Gronke et al., 2005). In

this study we used Drosophila melanogaster as a model organism to investigate the relevance of lipolysis,

in particular adipose tissue lipolysis, as an energy providing process, which determines cardiac function un-

der energy-deprived conditions. We provide evidence that reducing lipolysis by knocking down bmm gene

expression, specifically inDrosophila fat body, protects against starvation-induced cardiac dysfunction and

significantly prolongs lifespan. Cardiac dysfunction was apparently caused by an exhaustion of high-energy
iScience 24, 102288, April 23, 2021 ª 2021 The Author(s).
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substrates during starvation, whereas perturbation of fat body lipolysis led to enlarged TAG energy stores,

higher levels of whole-body energy substrates and maintenance of myocardial energy supply. This is the

first study showing that inhibition of bmm-mediated adipose lipolysis protects against cardiac dysfunction

induced by energy depletion, a beneficial intervention that prolongs lifespan under these conditions. This

protective action likely results from the preservation of adequate energy supply for proper cardiac function.
RESULTS

Bmm-mediated fat body lipolysis and heart function

To investigate the effects of fat body-specific lipolysis on heart function, bmm mRNA expression was reduced

using the binary UAS-GAL4 system in combination with an RNA interference (RNAi) construct. To achieve a

consistent and strong knockdown of bmm in the fat body, two different bmm-RNAi constructs were combined

and expressed using the fat body-specific ppl-Gal4 driver (ppl > bmmRNAi2). Fat body-specific bmm knock-

down (ppl > bmmRNAi2 (fbbmmKD)) led to significantly diminished abdominal bmm mRNA levels in 2-week-

old adult male flies compared with driver control flies (ppl/+) (Figure 1A). Consequently, whole-body TAG levels

were significantly elevated in fbbmmKD flies (Figure 1B). This is in accordance with data from bmmmutant flies

showing progressively increased lipid storage and impaired TAG mobilization (Gronke et al., 2005).

We next determined cardiac function in fbbmmKD and driver control flies under basal conditions in the fed

state using the semi-automated optical heartbeat analysis (SOHA) (Figures S1A and S1B). fbbmmKD flies

had normal cardiac function with respect to contractility, determined as fractional shortening, heart rate, or

rhythmicity compared with controls (Figure S1B). There was a moderate but significant reduction in dia-

stolic diameter in fbbmmKD flies (Figure S1B); however, this did not affect functional parameters like frac-

tional shortening (Figure S1B). All in all, reduced bmm-mediated fat body lipolysis seems to have no major

impact on cardiac function under basal conditions.
Starvation-induced cardiac dysfunction is rescued in fbbmmKD flies

To understand the relevance of adipose tissue lipolysis as an energy-providing process for adequate cardiac

function, we next asked whether impaired lipolysis and TAG mobilization due to reduced bmm-mediated fat

body lipolysis would affect cardiac function during times of energy deprivation. For this, flies were starved

and both starvation resistance and cardiac function were analyzed. Stimulation of lipolysis under these condi-

tionswas indirectly documentedby amarked increase ofbmmmRNAexpression in control flies under starvation

(Figure 1C). This starvation-induced up-regulation was significantly attenuated in fbbmmKD flies (Figure 1C).

Of importance, fbbmmKD flies had significantly prolonged starvation survival compared with both driver

and RNAi control flies (ppl/+ and bmmRNAi/+) (Figure 1D). Next, flies were starved or received normal

food for 72 h followed by analysis of cardiac function using SOHA. In accordance with the starvation-medi-

ated decrease of survival in control flies (ppl/+ and bmmRNAi/+), starvation of these flies caused a pro-

nounced deterioration of cardiac function characterized by a marked reduction of contractility (fractional

shortening) (Figures 1E and 1F). This alteration is indicative of primarily systolic dysfunction, i.e., an insuf-

ficiency in contractile ability, and was accompanied by enlarged systolic and, to a lesser degree, diastolic

cardiac diameters (Figures 1E and 1F). Noteworthy, starvation-induced cardiac dysfunction was rescued in

fbbmmKD flies including a preservation of fractional shortening andmaintenance of normal systolic dimen-

sions relative to ad-lib fed flies (Figures 1E and 1F).
Lack of fat body bmm preserves cardiac ATP-linked respiration

Cardiac dysfunction under catabolic stress may result from structural damage, a process called cardiac

wasting (Springer et al., 2014). To understand whether starvation-induced cardiac structural defects are

responsible for cardiac dysfunction in our model, we investigated the circumferential myofibril structure

in cardiac tubes. No irregularities or degradation of myofibril structures were observed using a phalloidin

stain (Figure 2A), suggesting that starvation-induced impairment of cardiac contractility in controls was not

caused by structural defects of the heart tube.

To further understand preserved cardiac function upon starvation in fbbmmKD flies, we next investigated

cardiac energy metabolism in fed and starved flies (Figures 2B–2D). For this, we established a novel, repro-

ducible technique to assess mitochondrial function in adult Drosophila hearts. In particular, oxygen con-

sumption rate was quantified directly in fly hearts using the Seahorse XFe Analyzer. The heart tubes of
2 iScience 24, 102288, April 23, 2021
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Figure 1. Starvation-induced cardiac dysfunction is rescued in fbbmmKD flies

(A) Relative bmmmRNA expression in abdomen of control (ppl/+) and fbbmmKD (ppl > bmmRNAi2) flies under fed basal conditions (N = 3, n = 2–3 each 8–11

abdomen).

(B) Whole-body triacylglycerol level normalized to fly weight (N = 3, each n = 24 flies, mean +SEM).

(C) Relative bmm mRNA expression in whole flies under fed (F) and starved (S, 72 h) conditions (N = 3, n = 3 each 10 flies).

(D) Kaplan-Meier curve of starvation survival. About 90–110 flies per group were starved and survival was examined every 3 h during daytime.

(E) Representative M-modes from SOHA recordings from fed and starved (72 h) flies. DD, diastolic diameter; SD, systolic diameter.

(F) Heart function parameters determined using SOHA of fed (F) and starved (72 h) (S) flies (N = 3, n = 10–23, mean).

(A and B) Unpaired t test, **p < 0.01, ****p < 0.0001. (D) Log rank test, ****p < 0.0001. (C + F) Two-way ANOVA, Bonferroni post hoc test, arrhythmia index:

Kruskal-Wallis test, Dunn’s post hoc test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 2. Lack of fat body bmm preserves cardiac ATP-linked respiration

(A) Representative pictures of stained F-actin (green) in cardiac tubes from control and fbbmmKD flies under fed and starved (72 h) conditions. Images were

taken at the abdominal segment 2–3, where the third pair of ostial cells is located. Scale bar, 50 mm.

(B and C) (B) Analysis of the oxygen consumption rate and (C) quantification of basal, maximal, and ATP-linked respiration, and coupling efficiency (% of basal

respiration used to drive ATP synthesis) from starved beating heart tubes of control (ppl/+) and fbbmmKD (ppl > bmmRNAi2) flies. (N = 3, n = 36,

mean +SEM, unpaired t test, **p < 0.01, ****p < 0.0001).

(D) Fractional shortening from SOHA analysis of (ppl/+)-control flies in the presence of oligomycin (2.5 mM, blue symbols) or vehicle control (DMSO) for

10 min prior to heart function analysis. (N = 3, n = 31–39, mean, two-way ANOVA, Bonferroni post hoc test, ****p < 0.0001).

(E) Fractional shortening from SOHA analysis of fbbmmKD (ppl > bmmRNAi2) flies under fed and starved conditions in the presence of oligomycin (2.5 mM,

blue symbols) or vehicle control (DMSO) for 10 min prior to heart function analysis. (N = 4, n = 23–31, mean, two-way ANOVA, Bonferroni post hoc test,

****p < 0.0001). OCR, oxygen consumption rate; oligo, oligomycin; FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; rot/anti, rotenone/

antimycin (A).
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starved fbbmmKD flies showed markedly higher rates of basal respiration and ATP-linked respiration

accompanied by an improved coupling efficiency when compared with control flies (Figures 2B and 2C).

Accordingly, when we blocked ATP-synthase by oligomycin in control flies and analyzed cardiac contrac-

tility, inhibition of ATP synthesis clearly mimicked the impairment of contractility observed under starvation

(Figure 2D). Blockade of the ATP synthase by oligomycin also reduced contractility in fbbmmKD flies under

fed and starved conditions (Figure 2E).
4 iScience 24, 102288, April 23, 2021
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Figure 3. Starved fbbmmKD flies have elevated whole-body energy substrates

(A and B) Analysis of control (ppl/+ and bmmRNAi/+) and fbbmmKD (ppl > bmmRNAi2) flies under fed and starved (72 h) conditions. Polar metabolite

profiling using GC-MS of whole flies. (A) Principal component analysis, dashed ellipses indicate 95% confidence interval. (B) Heatmap and hierarchical

clustering of 42 metabolites that were significantly regulated (two-way ANOVA, diet-genotype interaction, adjusted p < 0.05).

(C) GC-MS-based analysis of 2-week-old male bcat mut10115 and w1118 control flies. Isoleucine, leucine and valine were significantly elevated in bcat mut10115

compared with w1118. Unpaired t test, **p < 0.01.

(D) Fractional shortening from SOHA analysis of bcat mut10115. Flies were starved for 37–41 h (S) or received normal food (F). (N = 2, n = 20/18, mean). Unpaired

t test, *p < 0.05.

(E) Fractional shortening from SOHA analysis of fed (F) and starved (72 h) (S) ppl/+ flies. Flies received branched-chain amino acids (BCAA) (BCAAs +: 10 mM

Ile, 10 mM Leu, 10 mM Val) or H2O (BCAAs) as control (F: N = 3, n = 23, S: N = 3, n = 38/41, mean). Furthermore, fractional shortening from SOHA analysis of

starved ppl/+ flies receiving lipid-rich BSA in saline (FA-mix) was determined. (N = 3, n = 46/44, mean). One-way ANOVA, Bonferroni post hoc test, **p <

0.01, ****p < 0.0001 (BCAA). Unpaired t test, ***p < 0.001 (FA-mix).
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Together these data suggest that the preservation of cardiac function under starvation in fbbmmKD flies may

have been caused by a starvation-resistant maintenance of adequate cardiac ATP synthesis. We next asked

the question whether this improved cardiac ATP-linked respiration may have resulted from an enhanced sys-

temic energy substrate supply under starvation. This would be consistent with observations in bmmmutant flies

under starvation, which, due to their increased TAG stores, are able to maintain systemic metabolism for a pro-

longed period of time through sustained supply of energy substrates (Gronke et al., 2005).

Starved fbbmmKD flies have elevated whole-body energy substrates

To investigate the metabolic status and systemic energy metabolism in fed and starved flies, we first car-

ried out metabolite profiling using mass spectrometry (Figures 3A and 3B). Principal component analysis

was performed to simplify the dataset and visualize patterns (Figure 3A). The largest variance of the

metabolite profile was caused by dietary intervention, i.e., food versus starvation (Figure 3A). In addition,

starved fbbmmKD flies had a distinctly different metabolite profile compared with that of starved con-

trols (Figure 3A). Hierarchical clustering of significantly regulated metabolites revealed a clear distinction

between fed and starved flies independent of the genotype (Figure 3B). Of more importance, fbbmmKD

flies carried significantly higher levels of metabolites involved in energy metabolism compared with

starved control groups (Figure 3B). Of note, branched-chain amino acids (BCAAs) including isoleucine,

leucine, and valine and distinct lipid intermediates such as glycerol myristate and oleoyl-glycerol were

markedly higher in starved fbbmmKD flies, even than in fed fbbmmKD flies (Figure 3B). These data pro-

vide evidence that during starvation fbbmmKD flies are capable of maintaining higher systemic energy

substrate/metabolite levels, a process likely involved in their preserved cardiac function and prolonged

starvation survival.

To clarify whether increased systemic metabolite levels mediate cardioprotection in starved fbbmmKD

flies, we first started to investigate the role of BCAAs. For this we utilized aDrosophilamodel with increased

systemic BCAA levels. The branched-chain amino acid transferase (BCAT) mediates the initial step in BCAA

catabolism and regulates BCAA levels (Neinast et al., 2019). Accordingly, bcatmut10115 flies exhibit

increased systemic BCAA levels (Figure 3C) similarly to starved fbbmmKD flies. When we challenged these

flies with prolonged starvation, cardiac systolic function (fractional shortening) was still significantly

impaired (Figures 3D and S2A), despite the high levels of BCAAs (Figure 3C). Likewise, addition of BCAAs

did not improve fractional shortening of starved control flies (ppl/+) (Figures 3E and S2B, left). These data

make it unlikely that BCAAs are involved in the protection against starvation-induced cardiac dysfunction,

even in fbbmmKD flies.

Of interest, adding a fatty acid (FA) mixture containing distinct FAs (C16:0; C18:0, C18:1, C18:2, C18:3),

instead of BCAAs, led to a significantly improved fractional shortening and partial rescue in starved

ppl/+ flies (Figures 3E and S2B, right), compared with saline alone. Together with the increased levels

of lipid intermediates (Figure 3B), such as glycerol-myristate or oleoyl-glycerol, these results point toward

a possible role of lipids in fbbmmKD flies as the rescuing high-energy substrate for the starved

myocardium.

fbbmmKD flies maintain high levels of glycerolipids and phosphatidylcholines under starvation

In order to gain more precise insights into the regulation and relevance of lipids in starved-fbbmmKD flies,

we conducted an LC-MS-based lipidomics analysis in fed and starved flies. In the principal component anal-

ysis, a marked variance of the lipid profile was caused by diet in control flies, which was absent in fbbmmKD
6 iScience 24, 102288, April 23, 2021
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Figure 4. fbbmmKD flies maintain high levels of glycerolipids and phosphatidylcholines under starvation

Analysis of control (ppl/+ and bmmRNAi/+) and fbbmmKD (ppl > bmmRNAi2) flies under fed (F) and starved (72 h) (S)

conditions. Lipid samples from whole flies were analyzed by LC-MS.

(A) Principal component analysis, dashed ellipses indicate 95% confidence interval.

(B) Overall lipid abundance as percent of lipid concentration in fed control (ppl/+) flies.

(C) Abundance of distinct lipid groups: fatty acyls, glycerolipids, glycerophospholipids, and sphingolipids as percent of

lipid concentration in fed control (ppl/+) flies.

(D) Abundance of distinct lipid classes: CAR, acylcarnitines; FA, fatty acids; DG, diacylglycerol; TG, triacylglycerol; PC,

phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS,

phosphatidylserine; SM, sphingomyelin, as percent of lipid concentration in fed control (ppl/+) flies. (B-D) Tukey post hoc

test was used to determine significant differences between groups. Different letters were used to indicate significant (p <

0.05) differences between groups.
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flies (Figure 4A). Overall lipid abundance was significantly decreased in starved control flies (Figure 4B). In

contrast, starved fbbmmKD fliesmaintained their whole-body lipid abundance on the pre-starved, fed level

(Figure 4B). A closer look at distinct lipid groups revealed that the strongest regulation was present in the

group of glycerolipids (Figure 4C). Here, fed and starved fbbmmKD flies had dramatically higher levels than

both groups of control flies, whereas in other lipid groups significant regulation was only detectable in

comparison with either driver or RNAi control flies (Figure 4C). Next, a detailed lipid class analysis showed

that the observed glycerolipid increase in fbbmmKD flies was mainly caused by the maintenance of high

diacylglycerol (DAG) and TAG levels under starvation (Figure 4D). In addition, phosphatidylcholine levels

were preserved on the fed level in fbbmmKD flies (Figure 4D).

These data show that perturbation of fat body lipolysis in Drosophila results in the preservation of lipid

stores, a process that is likely to lead to improved compensation for the energy deficit caused by

starvation.
fbbmmKD flies preserve high levels of saturated short fatty acyl chains under starvation

In contrast to the TAG increase in starved fbbmmKD flies, higher DAG levels remained unexplained. Pertur-

bation of TAG hydrolysis should actually result in higher TAG levels and reduced DAGs, as previously

described by Ahmadian and colleagues in adipose tissue-specific ATGL-deficient mice (Ahmadian et al.,

2011). Thus, the question arose whether in addition to defective lipolysis the lack of bmm regulates other

lipidmetabolic pathways. High DAG levels in starved fbbmmKD flies could also be the result of a stimulated

new synthesis or de novo lipogenesis. It has recently been shown that a lipogenic phenotype is character-

ized by the increased occurrence of short fatty acyl chains with increased lipid saturation (Lee et al., 2020;

Rysman et al., 2010). Detailed analysis of fatty acyl chain length and their degree of saturation revealed that,

in contrast to control flies, fbbmmKD flies maintain high levels of saturated short-chain fatty acids under

starvation (Figure 5A). Further analysis of key lipogenic genes inDrosophila such as dLipin, a phosphatidate

phosphatase converting phosphatidate to DAG (Donkor et al., 2007; Ugrankar et al., 2011), dTorsin, a

repressor of dLipin (Heier and Kuhnlein, 2018), Acetyl-CoA-Carboxylase (ACC), and Midway (mdy), a

DAG acyltransferase converting DAG to TAG (Buszczak et al., 2002; Heier and Kuhnlein, 2018), showed

that some of these genes are differentially regulated in control and fbbmmKD flies, among which mdy

wasmost strikingly up-regulated in starved fbbmmKD flies (Figure 5B). Finally, fat body-specific knockdown

of mdy in fbbmmKD flies reversed the protective cardiac phenotype of fbbmmKD flies under starvation

(Figure 5C).

In summary, these results suggest that the observed higher lipid abundance in starved fbbmmKD flies

may not only result from defective lipolysis but also may involve the stimulation of lipogenesis under

starvation.
DISCUSSION

The role of adipose tissue lipolysis as an energy-providing process for other organs of high-energy de-

mand, such as the heart, is only incompletely understood. This may become particularly important during

situations of energy deprivation. Here, we show inDrosophila melanogaster that blockade of fat body lipol-

ysis during starvation maintains local lipid stores, likely resulting from the regulation of lipolytic and poten-

tially lipogenic pathways. Together, these processes mediate higher systemic energy substrate levels,
8 iScience 24, 102288, April 23, 2021
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Figure 5. fbbmmKD flies preserve high levels of saturated short fatty acyl chains under starvation

(A) Relative abundance of fatty acyl chain length and average degree of saturation as median composition (%) by sample

group (see methods for further details).

(B) Relative mRNA expression in whole flies under fed (F) and starved (72 h) (S) conditions. dACC, acetyl-CoA carboxylase;

mdy, midway. Two-way ANOVA, Bonferroni post hoc test, ****p < 0.0001.

(C) Fractional shortening from SOHA analysis of fbbmmKD (ppl > bmmRNAi2) and ppl > bmmRNAi2;mdy RNAi flies under

starved conditions. (N = 3, n = 36–42, mean, unpaired t test, ****p < 0.0001).
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which protected the fly heart against starvation-induced ATP deprivation accompanied by an improvement

of contractile function and life-prolonging effects during starvation.

First, we investigated the cardiac phenotype of fbbmmKD flies under basal conditions. No major differ-

ences were detected between control and fbbmmKD flies. This is in contrast to the previously observed

contractile deficits in bmm heterozygotes (Diop et al., 2015). The systemic and/or cardiac loss of bmm/

ATGL-mediated lipolysis as observed in bmm heterozygotes seems to be deleterious for heart function

and must be distinguished from the specific loss in adipose tissue/fat body. This is in line with data from

mice showing that systemic loss of ATGL results in severe cardiac dysfunction and premature death
iScience 24, 102288, April 23, 2021 9
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(Haemmerle et al., 2006). On the contrary, adipose tissue-specific deletion of ATGL protects the heart

against pressure-induced heart failure (Kintscher et al., 2020; Salatzki et al., 2018).

Under fooddeprivation control flies exhibited a reduced lifespan and clear contractile deficits in the heart, a phe-

nomenon previously described in rodents after prolonged starvation (Lee et al., 2015). Perturbation of fat body

lipolysis during starvation in fbbmmKD flies resulted in a significant lifespan extension and maintenance of reg-

ular cardiac function. Starvation resistancewith lifespan extension has been previously described inbmmmutant

flies by Grönke and colleagues (2005).Bmmmutants exhibited increased storage fat andmarkedly outlived con-

trol flies under food-deprived conditions (Gronke et al., 2005). Our data now demonstrate that this previously

observed improved starvation resistancewith lifespan extension ismediated by the reductionofbmm-mediated

lipolysis specifically in the fat body. Since adult starvation resistance in Drosophila mainly depends on total

stored calories (Djawdan et al., 1998; Kezos et al., 2017), this study may suggest that reduced fat body lipolysis

and subsequent decelerated TAG mobilization results in a gain of caloric storage, sustained energy fueling,

maintenance of cardiac function and prolonged survival under starvation (Gronke et al., 2005).

Maintenance of normal cardiac function under starvation in fbbmmKDflies was associatedwith a distinctmetab-

olomicand lipidomicprofile comparedwith control flies. Profiles in control flies appear tocorrespond toa stateof

advanced starvation (McCue, 2010). The fbbmmKD flies, on the other hand, seem to be protected from fast con-

sumption of energy substrates and exhibit ametabolite/lipid pattern recently described for earlier stages of star-

vation (Holeceketal., 2001).A closer lookat themetaboliteprofile showedsignificantly increased levelsofBCAAs

and lipid intermediates in fbbmmKD flies. However, genetically increased BCAAs in bcatmutant flies or exoge-

nous re-supplyof BCAAswerenot able to rescue contractile function in control flies, in contrast to apartial rescue

by re-supply of FAs. Further MS-based lipidomics revealed the maintenance of high glycerolipid levels in

fbbmmKD fliesmaking it likely that lipid energy substrates compensate for the starvation-induced energy deficit

and maintain cardiac contractile function.

Thequestionnowarises how lipid energy substrates for the rescueof the starvedmyocardiumcanbeprovidedat

all in the absence of TAG hydrolysis. One explanationwould be that bmm knockdown in fat body leads to decel-

eration of lipolysis but TAG hydrolysis still occurs at low level providing energy substrates for cardiac energy pro-

duction. This maintenance of lipolysis in fbbmmKD flies could be mediated by alternative fat body lipases

including hormone-sensitive lipase (dHSL) or doppelganger von brummer (dob) (Gronke et al., 2005; Heier

andKuhnlein, 2018). Another explanation couldbe the regulationof other lipidmetabolic pathways in fbbmmKD

flies. Previous reports documented that adipose tissue lipolysis is tightly coupled to lipogenesis (Mottillo et al.,

2014; Schreiber et al., 2015). In contrast to our data, in these studies pharmacological induction of adipose tissue

lipolysis in mice fed a normal chow diet induced lipogenesis and absence of adipose tissue lipolysis decreased

lipogenesis under high-fat diet feeding (Mottillo et al., 2014; Schreiber et al., 2015). In our study, a lipogenic lipid

andgeneexpressionprofilewas induced in fbbmmKDflies under starvation. Thesedataare consistentwith apre-

viouslyobservedup-regulationof the fattyacid synthasegeneexpression inbmmmutant flies (Diopetal., 2015). It

appears that, under conditionsofenergydepletion, perturbationof lipolysismaybeable to induce lipogenesis to

rescue systemic energy supply, whereas under conditions of energy excess the shutdown of lipolysis also stops

lipogenesis. At first glance, the simultaneous occurrence of lipogenesis and energy production via fatty acid

oxidation seemsparadoxical.However, previous studiesdescribed the simultaneous inductionof bothprocesses

in skeletalmuscle,memoryTcells, and inbrownadipose tissue (O’Sullivanetal., 2014; Solinasetal., 2004; Yuetal.,

2002).Onecould therefore speculate that the improvedcardiacenergysupplyduring starvation in fbbmmKDflies

is mediated by decelerated lipolysis and simultaneously elevated lipogenesis, which together result in the

continued supply of lipid-based energy substrates.

Finally, our data point toward mdy as a potential target gene under lipolytic regulation. Mdy encodes an

acyl coenzyme A, structurally related to mammalian DAG-acyltransferase-1 (DGAT-1), with a crucial func-

tion in TAG formation (Buszczak et al., 2002; Heier and Kuhnlein, 2018). We show that mdy is involved in

the protective cardiac phenotype of fbbmmKD flies. Whether other lipogenic genes are involved in these

processes, and how the lack of bmm mediates mdy up-regulation, requires further investigations.

Energy depletion not only occurs in situations of exogenous shortage of food resources (McCue, 2010) but also

plays a crucial role in the clinical setting of catabolic stress during cachexia (Petruzzelli and Wagner, 2016). Of

more importance, it is now well established that cancer-mediated cachexia is closely accompanied by cardiac

dysfunction and heart failure (Springer et al., 2014). Here, we show in Drosophila melanogaster that blockade
10 iScience 24, 102288, April 23, 2021
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of fat body lipolysis during starvation maintains local energy stores and higher systemic energy substrate levels.

This protects the fly heart against starvation-induced ATP deprivation associated with an improvement of con-

tractile function and life-prolonging effects during starvation. These results may be also used to expand future

studies toward protective new approaches in cachexia-associated cardiac dysfunction.

Limitations of the study

Our study has distinct limitations. Inhibition of lipolysis fbbmmKD flies likely results in multiple metabolic

changes during starvation. Our data only provides an indirect link between the metabolic profile of

fbbmmKD flies and the cardiac phenotype. Further mechanistic proof, e.g., that lipogenesis is involved,

would require additional experiments. Second, metabolomics and lipidomic analyses were performed in

whole flies and not on the tissue level. Third, by focusing on bmm we did not clarify whether other inter-

ventions that increase lipid stores in flies would result in similar phenotypes.
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Supplemental Information 
 
Figure S1. Basal cardiac phenotype in two-week-old fbbmmKD flies.  
Related to Figure 1 
 

 
 
(A) Representative M-modes from SOHA recordings. DD: diastolic diameter, SD: systolic 
diameter. (B) Heart function parameters determined using SOHA. (N = 4, n = 65/81, mean). 
Unpaired t-test, ** p < 0.01, arrhythmia index: Mann-Whitney test. 
 
  



	

Figure S2. Cardiac phenotypes of bcat mutant flies and BCAA/ FA-mix 
supplementation. Related to Figure 3. 
 

 
(A) Heart function parameters determined using SOHA of fed (F) and starved (37-41 h) (S) 
bcat mutant flies (BDSC # 10115). (N = 2, F: n = 20, S: n = 18, mean). bcat = branched-chain 
amino acid transaminase. Unpaired t-test, ** p < 0.01, arrhythmia index: Mann-Whitney test, 
** p < 0.01. (B) Heart function parameters determined using SOHA of fed (F) and starved (72 
h) (S) ppl/+ flies. During starvation, flies received branched chain amino acid (BCAA) 
supplementation (BCAAs +: 10 mM Ile, 10 mM Leu, 10 mM Val) or H2O (BCAAs -) as control. 
BCAA supplemented group also received BCAA mix during heart function analysis. (F: N = 3, 
n = 23, S: N = 3, n = 38/41, mean) Furthermore, heart function parameters from SOHA 
analysis of starved ppl/+ flies receiving lipid-rich BSA in saline (FA-mix) were determined. (N 
= 3, n = 46/44, mean). One-way ANOVA, Bonferroni post-hoc test, * p < 0.05, *** p < 0.001, 
**** p < 0.0001, arrhythmia index: Kruskal-Wallis test, Dunn’s post-hoc test, * p < 0.05 
(BCAA). Unpaired t-test, *** p < 0.001, arrhythmia index: Mann-Whitney test, * p < 0.05, ** p 
< 0.01, *** p < 0.001 (FA-mix). 
  



	

 
Supplemental Table S1. List of Drosophila strains used in this study.  
Related to Figure 1 - 5. 
 
Experimental Models: Organisms/Strains 

Drosophila melanogaster: 

UAS-bmm RNAi (II) 

Vienna Drosophila 

Resource Center (VDRC) 
VDRC 37877 

Drosophila melanogaster: 

UAS-bmm RNAi (III) 
VDRC VDRC 37880 

Drosophila melanogaster: 

GD control 
VDRC VDRC 60000 

Drosophila melanogaster: 

ppl-Gal4 

Bloomington Drosophila 

Stock Center (BDSC) 
BDSC 58768 

Drosophila melanogaster: 

w1118 
BDSC BDSC 5905 

Drosophila melanogaster: 

UAS- bmm RNAi (II); UAS- 

bmm RNAi (III) 

This paper. N/A 

Drosophila melanogaster: 

ppl>bmmRNAi2 
This paper. N/A 

Drosophila melanogaster: 

bcat mut10115 
BDSC BDSC 10115 

Drosophila melanogaster: 

UAS-mdy RNAi (III) 
VDRC VDRC 6367 

  



	

Transparent Methods 

Contact for Reagent and Resource Sharing 

Dr. Anna Foryst-Ludwig: anna.foryst@charite.de 

 

Deposited Data 

Mendeley data: http://dx.doi.org/10.17632/jpnds6gr9d.1 

 

Experimental Model and Subject Details 

Drosophila melanogaster were kept at room temperature in a 12 h light-dark cycle receiving 

standardized food (Formula 4-24®). For experiments, two-week-old males were used. 

 

Method Details 

• Starvation experiments 

For starvation experiments, two-week-old male flies were kept in starvation vials containing 

1% agar at 18°C for 3 days. To determine starvation resistance, 10 starvation vials with 10 

flies each were monitored. Survival was visually examined every three hours during daytime 

until all flies were dead. 

 

• Semi-automated optical heart beat analysis 

Analysis of cardiac function was performed according to Fink et al., Ocorr et al. and Vogler et 

al. (Fink et al., 2009; Ocorr et al., 2009; Vogler and Ocorr, 2009). For the semi-intact 

Drosophila heart tube dissection, flies were anesthetized using FlyNap® (Carolina Biological 

Supply Company) and heart tube was carefully exposed by removal of head, ventral nerve 

cord, ventral abdominal cuticle and internal organs. During the dissection, flies were bathed 

in oxygenated artificial hemolymph or saline (artificial hemolymph without carbohydrates) 

according to Fink (Fink et al., 2009). Moreover, heart tube was cleared from surrounding fat 



	

body at abdominal segment 2 and 3 using suction from fine glass micropipettes. Heart tubes 

were allowed to equilibrate for 20 min until recording.  

Using an upright light microscope (DM6B, Leica), a 10x water immersion lens (W N-

Achroplan 10x/0,3 M27, Leica), and a digital CMOS camera (ORCA-Flash 4.0 V2 camera, 

Hamamatsu) beating heart tubes were recorded at the 3rd abdominal segment. HCImage 

Acquisition software (Hamamatsu) was used to record the movies, with exposure time set to 

7 ms, frame rate of 128 fps and 30 s total movie length. Movies of beating heart tubes were 

analyzed using the semi-automated optical heartbeat analysis (SOHA) software. 

For oligomycin experiment, prepared hearts equilibrated for 15 min and were then incubated 

with artificial hemolymph containing 2.5 µM oligomycin (Sigma-Aldrich) or dimethyl sulfoxide 

(Sigma-Aldrich) as vehicle for 10 min. Afterwards, heartbeats were recorded as described. 

For rescue experiments, BCAAs (10 mM isoleucine, 10 mM leucine, 10 mM valine) or lipid-

rich BSA (1 mg/ml; AlbuMAX II, ThermoFisher) were added to saline and heart function 

measured as described. 

 

• TAG measurement 

Based on a protocol published by Diop et al. (Diop et al., 2017) whole-body triacylglycerol 

(TAG) levels were measured. Briefly, flies were weighed for normalization and frozen at -

20°C. Three flies were pooled for one sample and homogenized in PBST (PBS + 0.05 % 

Triton X-100) using ceramic beads and the SpeedMill Plus system (Analytik Jena). After 

centrifugation, TAG levels were determined in the supernatant using the Triglyceride FS kit 

(DiaSys) and normalized to fly weight. 

 

• Gene expression analysis 

For gene expression analyses mRNA was isolated from whole flies (10 flies/sample) or 

abdomen (8-11 abdomen/sample). Whole flies or abdomen were frozen and homogenized in 

300 µl QIAzol lysis reagent (Qiagen) using a pellet pestle cordless motor (Kimble). After 



	

centrifugation, chloroform was added for nucleic acid extraction. Next, isopropanol was 

added for RNA precipitation, samples incubated at 31°C for 10 min and subsequently 

centrifuged. Finally, RNA pellet was washed multiple times with 75% ethanol, dried and 

dissolved in RNAse-free H2O. cDNA was synthesized from RNA using reverse transcriptase, 

RNAsin and dNTPs (Promega) according to manufacturers’ protocol. Using quantitative RT-

PCR, gene expression was analyzed. For this, SYBR Green (Applied Biosystems) was 

added as DNA-intercalating fluorescent dye. Expression levels of two reference genes, 

namely Drosophila actin (act5c) and ribosomal protein L32 (RpL32), were used to normalize 

the data using the 2-∆∆ct method (Livak and Schmittgen, 2001). 

 

 

• Immunohistochemistry 

Heart tubes were carefully exposed in oxygenated artificial hemolymph and all remaining fat 

was removed (Alayari et al., 2009; Vogler and Ocorr, 2009). Artificial hemolymph was 

replaced with relaxing buffer (5 mM EGTA in artificial hemolymph) and hearts fixed with 4% 

paraformaldehyde for 20 min. After several washing steps with PBSTx (PBS + 0.3% Triton-X 

100), hearts were blocked with 10% normal goat serum at room temperature for 1 hr. Next, 

heart tubes were incubated with Alexa Fluor 488 Phalloidin (1:500, Thermo Fisher Scientific) 

to stain F-actin at 4°C overnight with continual shaking. Afterwards, hearts were washed 

again with PBS and finally mounted using Dako mounting medium (Agilent). Hearts were 

imaged using a 63x oil immersion objective on a Leica SPE confocal microscope. 

 

• Polar metabolite profiling 

For metabolomics analysis, flies were flash-frozen in liquid nitrogen and homogenized in 

groups of three in 300 µl ice-cold 75% methanol using a pellet pestle motor (Kimble). Next, 

750 µl methyl tert-butyl ether (Biosolve) was added, samples shaken for 10 min at room 

temperature and 175 µl UPLC-H2O added. After incubation for 10 min at room temperature, 



	

samples were thoroughly mixed and centrifuged. In this study, polar and semipolar 

metabolites from the (lower) polar phase were investigated. Finally, 100 µl were taken from 

the lower phase and dried in a vacuum centrifuge. 

Metabolites were separated using gas-chromatography (7890B, Agilent), and ionization of 

metabolites was achieved using atmospheric-pressure chemical ionization. Mass-to-charge 

ratio of ionized metabolites was determined with the Impact II quadrupole time-of-flight 

(QqTOF) mass spectrometer (Bruker) (Jaeger et al., 2016). 

Both retention time and mass-to-charge ratio were used for identification of metabolites. For 

this, the MRMPROBS (Multiple Reaction Monitoring based PROBabilistic System for widely 

targeted metabolomics) and an in-house compound library of approximately 400 primary 

metabolites were used. Intensities were normalized to the sum of all detected peak 

intensities, and data finally corrected for run order effects (Jaeger and Lisec, 2018). In total, 

193 metabolites were identified. 

 

• Lipidomics 

Lipid samples from above were reconstituted and separated by liquid chromatography (Lisec 

et al., 2019). Each sample was analyzed in positive and negative mode electrospray 

ionization (ESI+/-) using a DuoSpray ion source (SCIEX) operated at 320 °C and at capillary 

voltages of 5500 V and 4500 V, respectively. For detection, a TripleTOF mass spectrometer 

(SCIEX) was used in full-scan mode with an m/z range 100-1200 and a scan rate of 4 s-1. 

MS/MS spectra were recorded in data-dependent mode (DDA Top-4). For identification and 

quantification, data was processed with MS-DIAL (Tsugawa et al., 2015), as described (Lisec 

et al., 2019). A custom R script was used to remove duplicate, ambiguously identified as well 

as ‘sparse’ lipids, i.e. compounds not detected in 20% or more of the samples of a group. 

The final lipid list consisted of 399 species. For these, intensities were corrected for run order 

effects as above. Signals were otherwise kept unnormalized to preserve starving-induced 

changes to total lipid contents (which were reduced up to five-fold). Principal component 

analysis was carried out on log-transformed, Pareto-scaled data using the NIPALS algorithm. 



	

Analysis of variance (ANOVA) was similarly calculated on log-transformed data. The Tukey 

post-hoc test was used to determine significant differences between groups. Different letters 

were used to indicate significant (p < 0.05) differences between groups. For estimation of 

average chain length and average unsaturation index, the lipid list was narrowed down to 

those lipids with full MS/MS information, i.e. those spectra that allowed precise determination 

of lengths and double bond numbers of all fatty acid residues (n = 296). Intensities of intact 

lipids were divided by the number of fatty acid residues (e.g. 2 for phospholipids, 3 for 

triacylglycerols). These derived intensities were summed by fatty acid species (e.g. 16:0, 

16:1) per sample and summarized as median composition (%) by sample group. 

 

 

• Oxygen consumption measurements 

To determine oxygen consumption of Drosophila hearts, hearts were prepared in saline as 

described for SOHA, except for the additional removal of entire fat body using careful 

suction. Moreover, thorax was completely removed, and final abdominal cuticle containing 

the attached beating heart tube was transferred to a XF96 microplate (Agilent). To assure 

permanent attachment, vaseline (Fagron) was used to adhere the specimen to the well. After 

addition of 175 µl DMEM (2 mM glucose, 2 mM L-glutamine, pH 7.4; Sigma-Aldrich) to the 

well, restraints (Neville et al., 2018) were placed above the specimen to prevent any 

movement during the measurement. Oxygen consumption measurements were performed 

using the Seahorse XFe96 Analyzer (Agilent). Mitochondrial respiratory function was 

assessed using specific inhibitors: 10 µM oligomycin A (Sigma-Aldrich), 5 µM FCCP: 

Carbonyl Cyanide-p-trifluoromethoxyphenylhydrazone (Sigma-Aldrich), 2.5 µM antimycin 

A/2.5 µM rotenone (Sigma-Aldrich).  

 

 

 

 



	

• Statistical analysis 

Statistical analysis was performed using GraphPad Prism 6, if not otherwise indicated. To 

compare differences between groups, one- or two-way ANOVA (Bonferroni pots-hoc test), 

Kruskal Wallis test (Dunn´s post-hoc test), student t-test, or Mann-Whitney test was used, as 

appropriate (Salatzki et al., 2018). Statistical significance was assumed at p<0.05. 
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