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Unbalanced lipolysis results in lipotoxicity and 
mitochondrial damage in peroxisome-deficient 
Pex19 mutants

ABSTRACT Inherited peroxisomal biogenesis disorders (PBDs) are characterized by the ab-
sence of functional peroxisomes. They are caused by mutations of peroxisomal biogenesis 
factors encoded by Pex genes, and result in childhood lethality. Owing to the many metabolic 
functions fulfilled by peroxisomes, PBD pathology is complex and incompletely understood. 
Besides accumulation of peroxisomal educts (like very-long-chain fatty acids [VLCFAs] or 
branched-chain fatty acids) and lack of products (like bile acids or plasmalogens), many per-
oxisomal defects lead to detrimental mitochondrial abnormalities for unknown reasons. We 
generated Pex19 Drosophila mutants, which recapitulate the hallmarks of PBDs, like absence 
of peroxisomes, reduced viability, neurodegeneration, mitochondrial abnormalities, and ac-
cumulation of VLCFAs. We present a model of hepatocyte nuclear factor 4 (Hnf4)-induced 
lipotoxicity and accumulation of free fatty acids as the cause for mitochondrial damage in 
consequence of peroxisome loss in Pex19 mutants. Hyperactive Hnf4 signaling leads to up-
regulation of lipase 3 and enzymes for mitochondrial β-oxidation. This results in enhanced 
lipolysis, elevated concentrations of free fatty acids, maximal β-oxidation, and mitochondrial 
abnormalities. Increased acid lipase expression and accumulation of free fatty acids are also 
present in a Pex19-deficient patient skin fibroblast line, suggesting the conservation of key 
aspects of our findings.

INTRODUCTION
Peroxisomes, while rather simply structured organelles delimited by 
a single membrane, harbor complex metabolic functions, which are 
still incompletely understood. In mammalian cells, they are involved 
in the β-oxidation of very-long-chain fatty acids (VLCFAs), the forma-
tion of ether phospholipids (like plasmalogens), the catabolism of 

branched-chain fatty acids, the production of bile acids, polyamine 
oxidation, and amino acid catabolism (Lodhi and Semenkovich, 
2014). Consequently, inherited peroxisomal defects lead to com-
plex metabolic alterations. For example, peroxisomal biogenesis 
disorders (PBDs) of the Zellweger syndrome spectrum, which are 
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tant, which recapitulates all major hallmarks of Zellweger syndrome, 
such as absence of peroxisomes, VLCFA accumulation, mitochon-
drial defects, neurodegeneration, and early lethality, therefore serv-
ing as a model for PBDs. This efficient and genetically tractable 
model system was used in order to identify metabolic abnormalities 
downstream from peroxisomal loss. We were able to identify se-
verely increased lipolysis in Pex19 mutants driven by hyperactive 
Hnf4 signaling, which promotes mitochondrial damage by increas-
ing mitotoxic free fatty acid levels. Our data thereby contribute to 
the current efforts in the field aiming at unraveling pathological cas-
cades causing mitochondrial damage in PBDs.

RESULTS
Generation of a Drosophila Peroxin19 mutant as a model 
for the human disease class of PBDs
The single Pex19 orthologue in D. melanogaster is well conserved 
on the sequence and structural level. It contains the typical Pex19 
core domain (Figure 1A; Sato et al., 2010) and a highly conserved 
Pex3 binding domain, both required in vertebrate Pex19 for its ac-
tivity. Deletion of one of the ∼15 peroxins leads to the disruption of 
peroxisome assembly and prevents the formation of functional per-
oxisomes, resulting in humans in PBDs. When Pex19 is affected, the 
consequence is the severest form of PBDs, Zellweger syndrome, 
consistent with a dual function of Pex19 in de novo formation of 
peroxisomal vesicles together with Pex3, and its role in the import of 
PMPs. We generated a deletion of the coding region of the gene by 
imprecise excision (Figure 1B), and molecularly characterized and 
identified the resulting Pex19ΔF7 flies as transcript null mutants (Sup-
plemental Figure S1; subsequently referred to as Pex19 mutants). 
Because Drosophila deposits maternal-derived mRNAs and proteins 
in the zygote, we also generated maternal-zygotic Pex19 mutants 
using FRT40A recombinase-driven germline mutation to ensure the 
absence of maternal Pex19. The resulting Pex19−/− (m–/z–) mu-
tants, lacking both maternal and zygotic components of Pex19, die 
at the end of embryogenesis, and ultrastructural analysis revealed 
the absence of peroxisomes (Figure 1, C and D). In contrast, the 
zygotic mutants survive longer and lose peroxisomes during larval 
development (Figure 1, E and F). Most larvae develop to pupae 
(∼70%), but only 20% adults develop and most of them die during 
the first 24 h (Figure 1G).

A common feature of PBDs is neurodegeneration. We analyzed 
apoptosis in the CNS of adult Pex19 mutant escapers by AnnexinV-
FITC staining, and found that the number of apoptotic cells is highly 
increased compared with age-matched wild types (Figure 1, H and I). 
A reliable readout for neurodegeneration in Drosophila is the nega-
tive geotaxis assay or climbing assay. We found that adult Pex19 
mutants are weak, do not inflate their wings properly, are unable to 
fly, and show low performance in the climbing assay (Figure 1J).

Pex19 mutants show aberrant lipid metabolism
A genetic rescue with a Pex19 expression construct could be 
achieved with the ubiquitous tubulin-Gal4 driver and with pump-
less-Gal4, which drives expression in the fatbody and gut. Expres-
sion with neuronal (elav-Gal4) or glia (repo-Gal4) drivers failed to 
rescue the lethality of Pex19 mutants, which highlights an important 
role for Pex19 in metabolic organs rather than the CNS (Table 1).

To assess the consequences of peroxisome loss in metabolic or-
gans, we stained neutral lipids (such as triacylglycerols) in larval tis-
sue, and found that storage fat in the gut is depleted (Figure 2, A 
and C) and oenocytes (hepatocyte-like cells; Gutierrez et al., 2007) 
are lipid-filled, which indicates up-regulated lipolysis and lipid mo-
bilization in Pex19 mutants (Figure 2, B and D). Peroxisome loss is 

caused by the complete loss of functional peroxisomes due to mu-
tation of one of the ∼15 Pex genes, are characterized by distinctive 
facial features, hypotonia, feeding problems, neurodegenerative 
symptoms, and defects in the liver, heart, and kidneys. Zellweger 
syndrome, the most severe form of PBDs, typically leads to lethality 
within the first year of life (Steinberg et al., 2006). PBDs can be dis-
tinguished from single enzyme deficiencies of the peroxisomal β-
oxidation machinery, which also lead to VLCFA accumulation, al-
though other peroxisomal functions are preserved. However, more 
severe forms, like bifunctional protein deficiency, closely resemble 
Zellweger syndrome, suggesting that VLCFA accumulation is an im-
portant factor in the pathology of PBDs (Ferdinandusse et al., 2006).

Although fatty acids up to a chain length of C20 can be used by 
the mitochondrial β-oxidation machinery for energy gain, VLCFAs of 
C22 and more are not substrates for the mitochondrial transporter 
carnitine palmitoyltransferase (CPT-I), and thus cannot enter mito-
chondria for β-oxidation. Instead, VLCFAs are exclusively catabo-
lized in peroxisomes, where they are shortened by the peroxisomal 
β-oxidation machinery. The resulting short- or medium-chain fatty 
acids (typically C8) are transported out of the peroxisome via spe-
cialized carnitine shuttles and then can enter the mitochondria, 
where they are further oxidized to acetyl-CoA while feeding the tri-
carboxylic acid (TCA) cycle and the electron transport chain 
(Wanders, 2014). It is unclear whether and to what extent the short-
ened peroxisomal products contribute to mitochondrial energy 
production, but overall the energy gain from VLCFAs is minor in 
comparison to shorter fatty acids due to their low abundance and 
the fact that they fuel mitochondria only after substantial shortening 
in peroxisomes (Wanders et al., 2001).

Peroxisomes exhibit a functional interplay with mitochondria by 
employing shared metabolic pathways and coordination of activity 
(Thoms et al., 2009; Wanders et al., 2009; Mohanty and McBride, 
2013). They interact via mitochondria-derived vesicles (MDVs), 
which allow for the exchange of lipid as well as protein content be-
tween the two compartments (Neuspiel et al., 2008), and they share 
regulators controlling organelle biogenesis (Bagattin et al., 2010) 
and fission (Pan and Hu, 2001; Koch et al., 2005). Recently, it has 
been described that mitochondria are important for peroxisome de 
novo biogenesis by forming preperoxisomes (Sugiura et al., 2017). 
The interplay between peroxisomes and mitochondria is illustrated 
by the fact that loss of peroxisomes leads to defects in mitochon-
drial metabolism and structure (Baes et al., 1997; Peeters et al., 
2011, 2015; Salpietro et al., 2015), highlighting a role of mitochon-
drial dysfunction in PBD pathology. The mechanism behind these 
defects, however, remains elusive in spite of some major efforts in 
the field.

The machinery involved in the inheritance, assembly, division, 
and maintenance of peroxisomes is encoded by peroxin (Pex) 
genes, which are highly conserved in evolution from yeast to mam-
mals (Pieuchot and Jedd, 2012). Pex19 is a predominantly cytoplas-
mic peroxisomal core factor and essential for both the import of 
peroxisomal membrane proteins (PMPs) and the de novo formation 
of peroxisomes (Léon et al., 2006; Brown and Baker, 2008). Together 
with Pex3 and Pex16, it is responsible for the translocation of mem-
brane proteins and membrane vesicle assembly (Fujiki et al., 2014). 
Mutations in Pex genes lead to the loss of peroxisomes and cause 
PBDs, and Pex19 loss of function specifically leads to Zellweger syn-
drome, the severest form of PBDs (Braverman et al., 2016).

The peroxisomal biogenesis and assembly machinery as well as 
metabolic functions are well conserved in Drosophila melanogaster 
(Mast et al., 2011; Faust et al., 2012, 2014; Sivachenko et al., 2016). 
We therefore generated and characterized a Drosophila Pex19 mu-
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often associated with lipid imbalance, like 
accumulation of peroxisomal educts such 
as VLCFAs (>C20). To analyze the lipid pro-
file of Pex19 mutants, we determined the 
fatty acid chain lengths of fatty acid methy-
lesters (FAMEs) by gas chromatography/
mass spectrometry (GC/MS). FAMEs repre-
sent the sum of all fatty acids from all lipid 
classes, such as, for example, triglycerides, 
phospholipids, acyl-CoAs, and free fatty ac-
ids. Consistent with a loss of peroxisomal 
function, GC/MS analysis of FAMEs pre-
pared from larvae shows that lipids contain-
ing VLCFAs are present at increased levels 
in flies lacking peroxisomes, similar to the 
situation in PBD patients. In addition, we 
found that lipids containing MCFAs (≤C12) 
and LCFAs (C14–C20) are reduced (Figure 
2E). Also, the total amount of FAMEs per 
milligram of tissue is lowered (Figure 1F), in-
dicating reduced amounts of lipids. VLCFAs 
are present at ∼0.01–0.2 nmol/mg tissue 
and their potential contribution to energy 
gain is therefore negligible, whereas M- 
and LCFAs are present at ∼1−40 nmol/mg 
tissue (depending on length; Supplemental 
Figure S1, B and C) and can provide fuel for 
energy gain by the mitochondria.

Formation of ROS/RNS in Pex19 
mutants
Peroxisomes have an important role in the 
cellular redox system, and peroxisome defi-
ciency is characterized by increased levels of 
reactive oxygen species (ROS). We visual-
ized ROS levels by staining Malpighian tu-
bules of third instar larvae with MitoTracker 
Red CM-H2XRos, a dye which emits fluores-
cence only upon oxidation in the cell before 

FIGURE 1: (A) Protein structure and sequence of Pex19 from human (HsPex19) and Drosophila 
melanogaster (DmPex19) and their conservation (ClustalOmega alignment; * indicates identical 
amino acids; : indicates conservation between groups of strongly similar properties—scoring 
>0.5 in the Gonnet PAM 250 matrix; . indicates conservation between groups of weakly similar 
properties—scoring ≤0.5 in the Gonnet PAM 250 matrix). (B) Schematic representation of the 
Pex19 gene locus and the deletion in the Pex19ΔF7 mutant. (C, D) Ultrastructural analysis of 

diaminobenzidine (DAB) stained peroxisomes 
of w- and maternal-zygotic Pex19−/− (m–/z–) 
mutant embryos reveals electron dense 
DAB-positive peroxisomes (white arrows in C) 
only in w- but not in Pex19−/− (m–/z–) 
embryos. m, mitochondria; n, nucleus; ld, 
lipid droplets; ER, endoplasmatic reticulum. 
(E, F) Zygotic Pex19−/− larvae do not have 
peroxisomes, as shown by the absence of a 
punctate pattern of SKL-GFP–positive 
peroxisomes in mutants (F) as compared with 
w- larvae (E). (G) Lethality profile of Pex19−/− 
mutants, indicating the number of pupae, 
adults including pharates, and viable adults 
which survived for more than 24 h. n = 20 in 
groups of 25 individuals. (H, I) Pex19 mutant 
adult escapers show high numbers of 
apoptotic cells in the optic lobe of the brain. 
(J) Climbing speed of Pex19−/−shows low 
performance in the negative geotaxis assay 
as a readout for neurodegeneration. Scale 
bars as indicated. Error bars represent SD. 
*, p < 0.05; ***, p < 0.001.
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entering the mitochondrion. It thus detects cellular oxidative capac-
ity. We found that cells of Pex19 mutants show increased staining 
with MitoTracker Red CM-H2XRos compared with wild types (Figure 
2, G and H). The dye MitoSOX enters the mitochondrion and emits 
fluorescence in the presence of superoxide anions. It thus detects 
mitochondrial production of this ROS species. We could not detect 
MitoSOX staining in wild-type mitochondria, while the large, swol-
len mitochondria in Pex19 mutants are positive for MitoSOX, indi-
cating increased mitochondrial superoxide production (Figure 2, I 
and J).

Reactive nitrogen species (RNS) arise from a reaction of nitric 
oxide (NO) with ROS to form peroxynitrite (O2− + NO). We there-
fore measured nitrite concentrations in larval lysates, as nitrite is an 

Driver line Expression Rescue Phenotype

Tubulin-Gal4 Ubiquitous Yes Male sterile

cg-Gal4 Fatbody, hemocytes No –

repo-Gal4 Glia No –

elav-Gal4 Neurons No –

pumpless-
Gal4

Metabolic organs: 
Fatbody, gut, salivary 
glands, proventriculus, 
Malpighian tubes

Yes Fertile

TABLE 1: Driver lines used to express UAS-Pex19: expression in 
metabolic organs, but not in the CNS, rescues Pex19 mutants.

FIGURE 2: (A, C) OilRed O staining of neutral lipids in anterior midguts of third instar larvae shows depleted fat stores in 
Pex19 mutants. (B, D) OilRed O staining of neutral lipids in larval oenocytes shows increased lipid content in Pex19 
mutants’ oenocytes. (E) Fatty acid methyl esters (FAMEs) from Pex19−/− larvae, normalized to w- control. n = 6 in groups 
of 20 individuals. VLCFAs are enriched, whereas shorter fatty acids (C12–C20) are depleted in Pex19 mutants. (F) Sum of 
FAMEs measured in Pex19 mutants and w-, corresponding to overall lipid content, shows lipid depletion in Pex19 mutants 
(for a detailed FAME profile, see Supplemental Figure S1, B and C). Error bars represent SD. *, p < 0.05. (G, H) Staining of 
third instar larval Malpighian tubes with MitoTracker Red CM-H2XRos to detect ROS. (I, J) Staining of third instar larval 
Malpighian tubes with MitoSOX to detect production of superoxide anions by mitochondria. Scale bars as indicated.
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indirect measure for NO (oxidation product of NO). NO is produced 
by nitric oxide synthases (NOS) and serves as a signaling molecule 
and in immune defense (Thomas, 2015). We measured reduced 
amounts of nitrite in Pex19 larvae (Supplemental Figure S1D), which 
is consistent with increased oxidation of NO to peroxynitrite in the 
presence of increased amounts of ROS, but could also hint at re-
duced production of NO, fitting to the fact of peroxisomal NOS 
being an important source for NO production (Fransen et al., 2012). 
Taking the results together, while ROS production is clearly in-
creased in Pex19 mutants (Figure 2, E–H), we cannot draw clear 
conclusions with regard to RNS production.

Gene expression of metabolic enzymes is altered 
in Pex19 mutants
To further characterize the lipid imbalance and metabolic state of 
Pex19 mutants, we analyzed the expression of several genes en-
coding for metabolic enzymes reportedly regulated on the tran-
script level (Chambers et al., 2012), as well as other enzymes of 
interest (summarized in Figure 3 and Supplemental Table S1). We 
suspected that Pex19 mutants are in a state of starvation (as indi-
cated by the lack of M/LCFAs and lipid mobilization in gut/oeno-
cytes) and therefore low insulin signaling levels, but instead found 
that insulin signaling is elevated, as indicated by reduced expres-
sion of 4E-BP and the insulin receptor (InR; Supplemental Table 
S1). We next analyzed the expression of lipases, which could be 
involved in the observed lipid mobilization. Surprisingly, the major-
ity of lipases analyzed, including lipase 4 (Vihervaara and Puig, 
2008) and the ATGL homologue brummer (Grönke et al., 2005), 
are reduced in Pex19 mutants (Supplemental Table S1). By con-
trast, expression levels of lipase 3 were strongly elevated (∼250-
fold compared with wt control; Figure 3 and Supplemental Table 
S1). Of note, lipase 4 and brummer are negative targets of insulin 
signaling and therefore up-regulated under starvation to allow li-
polysis for energy gain. lipase 3, on the other hand, is also up-
regulated in starved animals, but not as a direct target of insulin 
signaling (Becker et al., 2010). It is instead regulated by the hepatic 
nuclear factor Hnf4 (Palanker et al., 2009). Increased lipase3 ex-
pression (indicative of starvation) while insulin signaling is high is 
therefore a surprising contradiction and raises the question 
whether lipid sensing is impaired in Pex19 mutants, because lipoly-
sis is up-regulated in spite of high insulin signaling. Among the 
glycolytic and gluconeogenic enzymes, we found hexokinase c, 
which catalyzes the initial step of glycolysis (conversion of glucose 
to glucose-6-phosphate), ∼30-fold up-regulated. We analyzed 
three genes involved in mitochondrial acyl-CoA import, carnitine-
O-octanoyltransferase (CROT) and the carnitine-palmitoyltransfer-
ases 1 (CPT1) and 2 (colt), and found all of them up-regulated in 
Pex19 mutants (Figure 3 and Supplemental Table S1). Other genes 
for enzymes involved in lipid catabolism (mitochondrial β-oxidation, 
fatty acid activation, TCA cycle, etc.), most prominently the acetyl-
CoA acyltransferase yip2 (yippee interacting protein 2, ∼20-fold) 
and the long-chain fatty acid CoA ligase (Acsl, ∼15-fold), were also 
up-regulated. Strikingly, most of the up-regulated genes in Pex19 
mutants, including lip3, are targets of the hepatocyte nuclear fac-
tor 4 (Hnf4), a transcription factor that regulates metabolic pro-
cesses such as lipolysis and mitochondrial fatty acid β-oxidation in 
response to starvation (summarized in Figure 3; Palanker et al., 
2009), and stimulates insulin secretion (Barry and Thummel, 2016). 
This prompted us to investigate Hnf4 in the context of peroxisome 
deficiency.

FIGURE 3: (A) Schematic representation of metabolic enzymes 
analyzed in this study. Enzymes depicted in red are transcriptionally 
regulated by Hnf4. (B) Transcriptional regulation of Hnf4 target genes 
in Pex19 mutants upon ligand activation of Hnf4. Values represent 
fold change, normalized to w-, determined by real-time reverse 
transcriptase (RT)-PCR analysis. n ≥ 5 in groups of five individuals.
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Hnf4 is hyperactive in Pex19 mutants
Hnf4 is an important regulator of mitochon-
drial β-oxidation and lipolysis. Upon starva-
tion, insulin-responsive lipases (like the 
ATGL homologue brummer) release free 
fatty acids from storage fat, which bind Hnf4 
as activating ligands. Hnf4 then translocates 
to the nucleus and induces a transcriptional 
program to up-regulate β-oxidation for en-
ergy gain (compare Figure 3 for an overview 
of Hnf4 targets). The striking transcriptional 
up-regulation of several Hnf4 target genes 
prompted us to determine the ligand-de-
pendent activation of Hnf4 in Pex19 mu-
tants. To this end, we used a LacZ reporter 
under the control of a heat shock–inducible 
Hnf4:Gal4 fusion protein that expresses 
LacZ in the presence of Hnf4-specific li-
gands (Palanker et al., 2009). We did not 
observe Hnf4 activity in fatbodies of third 
instar wild-type larvae, but high levels of 
Hnf4 reporter induction in Pex19 mutants, 
confirming that Hnf4 is hyperactive in Pex19 
mutants (Figure 4A).

Nonesterified fatty acids accumulate in 
Pex19 mutants
Fatty acids occur in lipids mainly esterified 
to glycerol (in TAGs or phospholipids), or to 
coenzyme A (CoA) in their activated form as 
acyl-CoAs. In contrast, free fatty acids are 
not esterified and therefore often referred 
to as nonesterified fatty acids (NEFAs), and 
occur upon lipolysis of storage fat (triacyl-
glycerols) under starvation. In order for 
them to be used by metabolic pathways/in 
enzymatic reactions, they must be activated 
subsequently by acyl-CoA synthetases (for 
summary, see Figure 3). Free fatty acids/
NEFAs act as ligands for Hnf4, which as a 
reaction starts a lipid catabolic transcrip-
tional program of increased mitochondrial 
β-oxidation and further lipolysis (Palanker 
et al., 2009). Because increased Hnf4 activ-
ity from the Hnf4 ligand-binding reporter 
line (Figure 4, A and B) indicates increased 

FIGURE 4: (A, B) An Hnf4 reporter, inducible by heat shock, which expresses LacZ under the 
control of the Hnf4 ligand-binding domain in the presence of ligands (Palanker et al., 2009), was 
crossed into the Pex19 mutant background. The reporter indicates Hnf4 induction in fatbodies 
of third instar larvae in Pex19 mutants. (C) Amount of nonesterified fatty acids (NEFAs) in whole 
third instar larvae. Dots represent single experiments in groups of three larvae; black bars 
represent median. (D) Determination of de novo lipid synthesis as the amount of incorporated 
1-14C-acetate in lipid extracts of w- and Pex19 third instar larvae. (E) Percentage of de novo 
synthesized lipids contributing to the free fatty acid pool. (F) Lethality profile of Hnf4+/−, 
Pex19−/− mutants, indicating the number of pupae, adults including pharates, and viable adults 
that survived for more than 24 h. n ≥ 10 in groups of 25 individuals. (G) Representation of 
putative Hnf4 target gene expression levels: all of the measured Hnf4 target genes are 

up-regulated in Pex19 mutants (fold change 
normalized to w- in black), but less so in 
Hnf4+/−, Pex19−/− mutants (fold change 
normalized to w- in red). n ≥ 5 in groups of 
five individuals. (H–J) OilRed O staining of 
neutral lipids in anterior midguts of third 
instar larvae indicates restored lipid storage 
in Hnf4+/−, Pex19−/− guts (compare H to G). 
(K–M) Apoptotic cells in the optic lobes of 
adult brains stained with AnnexinV-FITC 
indicates reduction of neurodegeneration in 
Hnf4+/−, Pex19−/− (compare K to J). Scale 
bars as indicated. Error bars indicate SD. 
*, p < 0.05; ***, p < 0.001.
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CNS of adult Hnf4, Pex19 mutants by staining apoptotic cells with 
AnnexinV-FITC, we found that neurodegeneration is also reduced 
(Figure 4, K–M).

Elevated levels of mitochondrial β-oxidation in Pex19 
mutants
Hyperactive Hnf4 not only provokes further lipolysis, but also in-
creases mitochondrial β-oxidation. Therefore, we first measured ci-
trate synthase activity and mitochondrial DNA to analyze mitochon-
drial abundance, and found that both were unchanged in Pex19 
mutants (Figure 5, A and B). Next, we measured mitochondrial β-
oxidation in control and Pex19 mutant larvae by direct quantifica-
tion of permeabilized tissue with a Clark electrode (Oxygraph). β-
oxidation levels were measured as the amount of oxygen 
consumption (in the presence of palmitoyl-CoA substrate, the nec-
essary TCA cycle intermediates, and ADP, i.e., state 3 respiration) 
that is sensitive to etomoxir, a standard carnitine palmitoyl transfer-
ase (CPT-I) inhibitor (Kuznetsov et al., 2008; Xu et al., 2012). We 
found that Pex19 mutants have elevated levels of etomoxir-sensitive 
oxygen consumption and therefore increased mitochondrial β-
oxidation rates compared with control animals (Figure 5C and Sup-
plemental Figure S2A). These findings suggest that Pex19 mutants 
display a shortage in M- and LCFAs as a result of their degradation 
at high rates in mitochondrial β-oxidation, consistent with hyperac-
tive Hnf4 signaling and increased lipolysis.

Hnf4 hyperactivity induces mitochondrial alterations 
and promotes excess free fatty acids
In most peroxisomal diseases, mitochondrial abnormalities are re-
ported. We therefore analyzed mitochondrial morphology using 
mitotracker green (Supplemental Figure S2B; stains all mitochon-
dria) and tetramethylrhodamine ethylester (TMRE; incorporated 
into active mitochondria as a measure for membrane potential) to 
stain mitochondria in live tissue samples. We found that mitochon-
dria are small and more tubular in wild types (Figure 5D), whereas 
they are increased in size and balloon-shaped in Pex19 mutants 
(Figure 5, E and H). To test whether this phenotype is dependent on 
Hnf4 hyperactivity, we analyzed tissue of Hnf4, Pex19 double mu-
tants and found that here, mitochondria are smaller and resemble 
more the wild-typic mitochondria (Figure 5F). Restored mitochon-
drial shape in Hnf4, Pex19 mutants is concomitant with lowered lev-
els of free fatty acids (Figure 5I). These results show that hyperactive 
Hnf4 is responsible for accumulating free fatty acids and mitochon-
drial alterations in Pex19 mutants.

To further characterize the observed mitochondrial alterations, 
we analyzed embryos of Pex19 mutants lacking both maternal and 
zygotic Pex19 (termed Pex19(m-z-), as described above) by trans-
mission electron microscopy (TEM) to observe mitochondrial ultra-
structure. Although the majority of mitochondria in wild-typic em-
bryos show intact cristae and tubular shapes (Figure 5J, black 
arrows), with only a few looking slightly swollen with distorted cris-
tae morphology, most mitochondria in Pex19 (m-z-) embryos display 
round shapes and cristae abnormalities (Figure 5K, arrowheads), 
with some swollen mitochondria completely devoid of recognizable 
cristae structures (Figure 5K, asterisks).

Lipase 3 overexpression phenocopies some aspects 
of Pex19 deletion
Because we argue that increased levels of free fatty acids are a con-
sequence of high transcript levels of lip3, we induced lip3 expres-
sion in a wild-typic background using the Gal4/UAS system. We first 
tested our overexpression system and found that with the fatbody 

free fatty acid levels, we wanted to analyze the free fatty acid con-
tent of tissue of Pex19 mutant larvae. To this end, we developed an 
adapted protocol of the copper-triethanolamine method (Tinnikov 
and Boonstra, 1999) suitable for D. melanogaster tissue. We found 
that the free fatty acid content is indeed significantly elevated in 
Pex19 samples compared with control (Figure 4C). We considered 
if elevated VLCFA levels associated with the loss of peroxisomes 
might contribute to the observed free fatty acid levels. However, we 
ruled this explanation out, because, as FAMEs, they account for 
only 0.34 nmol/mg tissue (C20:0–C26:0) in control larvae, and 0.43 
nmol/mg tissue in Pex19 mutants (C24:0–C26:0: 0.028 and 0.046 
nmol/mg tissue in control and Pex19 mutant larvae, respectively), 
whereas the free fatty acid content is ∼4 nmol/mg tissue on average 
in control and ∼6 nmol/mg tissue in Pex19 mutant larvae (see Sup-
plemental Figure S1E for comparison and summary). These num-
bers mean that, even if one would assume that all VLCFAs mea-
sured as FAMEs in the mutant were actually free fatty acids, they 
could only account for a small fraction of the observed increase of 
∼2 nmol/mg tissue. Thus, lipolysis of medium- and long-chain fatty 
acid–containing lipids contributes to the elevated free fatty acid 
levels, consistent with highly increased lipase3 levels as a lipolytic 
enzyme.

Increased fatty acid synthesis in Pex19 mutants
Although Pex19 mutants are clearly in a state of high lipolysis, indi-
cated by increased lip3 expression and empty lipid stores, we 
wanted to determine fatty acid synthesis, because this process is 
also regulated by Hnf4 via the target genes Fas (fatty acid synthase) 
and ACC (acetyl-CoA carboxylase), which are up-regulated in Pex19 
mutants. We measured lipogenesis as the incorporation of 1-14C-
acetate and found that it is increased in lipid extracts of Pex19 mu-
tants compared with wild types (Figure 4D). The percentage of radio-
activity incorporated into newly synthesized free fatty acids is the 
same in wild types and Pex19 mutants (Figure 4E). The total free fatty 
acid pool is thus supplied by both lipolysis and lipogenesis. These 
results indicate that lipolysis rates surpass increased lipogenesis, 
consistent with extremely high lip3 expression levels. The result is 
also consistent with highly increased expression levels of HexC, 
which could funnel glucose into the lipogenesis pathway.

Genetic reduction of Hnf4 rescues Pex19 mutants 
to adulthood
To test the impact of Hnf4 hyperactivity on the lethality of Pex19 
mutants, we generated double knockouts of Hnf4 and Pex19 by ge-
netic recombination of Pex19ΔF7 with the Hnf4Δ33 allele (Palanker 
et al., 2009). We found that mutation of one copy of Hnf4 is sufficient 
to rescue Pex19 mutants to adulthood (Figure 4F). The resulting 
Hnf4+/−, Pex19−/− (from now on referred to as Hnf4, Pex19) mu-
tants showed a rate of hatched adults of >60%. Adult Hnf4, Pex19 
mutants were viable and fertile, but died 2–3 wk after hatching from 
the pupa. This result indicates that elevated Hnf4 signaling indeed 
contributes substantially to the lethality of Pex19 mutants.

Hnf4 mutation rescues gut lipid storage and 
neurodegeneration
To analyze the effect of reduced Hnf4 activity on the Pex19 pheno-
type, we stained neutral lipids in Hnf4, Pex19 mutant larval midguts 
with OilRed O and found that gut lipid storage is restored in Hnf4, 
Pex19 mutants, suggesting reduced lipolysis (Figure 4, H–J). In ad-
dition, we found that expression of lip3, as well as most other target 
genes of Hnf4, is reduced, suggesting normalized lipid metabolic 
processes (Figure 4G). When we analyzed neurodegeneration in the 
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drivers pumpless (ppl-) and combgap (cg-) 
Gal4 as well as the ubiquitous, steroid-in-
ducible driver Tubulin-GeneSwitch (TubGS), 
we were able to increase the transcript lev-
els of lip3 ~100- to 150-fold compared with 
wild type (Supplemental Figure S3, A and 
B). We decided to use the fatbody driver cg-
Gal4 to overexpress lip3 and analyzed mito-
chondrial morphology. We found that in a 
wild-typic background, overexpression of 
lip3 induces mitochondrial alterations: mito-
chondria are fragmented and balloon-
shaped (Figure 5, G and H, and Supplemen-
tal Figure 3C), resembling the situation in 
Pex19 mutants. Furthermore, we found that 
free fatty acids accumulate (Figure 5I) and 
that overexpression of lip3 leads to reduced 
survival rates both with the fatbody driver 
cg-Gal4 (Figure 5L) and the ubiquitous 
driver TubGS upon expression induction 
with mifepristone/RU486 (Supplemental 
Figure 3D). Therefore, inducing lipolysis by 
overexpressing lip3 alone can phenocopy 
key aspects of Pex19 mutants, which high-
lights the role of increased lipolysis by lip3 in 
their pathology.

Accumulating free fatty acids and 
mitochondrial swelling are also present 
in human fibroblasts lacking PEX19
To elucidate the relevance of our findings in 
a mammalian system, we analyzed mito-
chondrial morphology in a human skin fibro-
blast line (Δ19T) derived from a patient with 
a PEX19 mutation (Muntau et al., 2003) and 
compared it to a fibroblast line from a 
healthy person. We performed immunos-
taining using an antibody against the mito-
chondrial marker TOMM-20 (translocase of 
outer membrane). Although the mitochon-
dria are organized in filamentous, network-
like structures in control cells, they resemble 
the mitochondria from our Pex19 fly mutant 
and appear swollen in Δ19T cells (Figure 6, 
A and B). Because we argue that increased 
lipolysis and high free fatty acid levels as a 
consequence of peroxisome loss have an 
impact on mitochondrial morphology and 
induce swelling, we also analyzed free fatty 
acid concentration in Δ19T. We found that 
free fatty acid levels are indeed elevated in 
Δ19T cells to a comparable extent as in 
Drosophila mutant larvae (Figure 6C). We 
also found that the mammalian lip3 homo-
logue acid lipase LIPA is slightly up-regu-
lated (Figure 6D). Interestingly, the insulin 
signaling regulated lipase ATGL, as well as 
other acid lipases, are down-regulated in 
Δ19T cells, which is a surprising similarity to 
our Drosophila model, in which all other 
lipases (ATGL homologue brummer, gastric 
and acid lipases) except for lip3 are 

FIGURE 5: (A) Determination of citrate synthase activity. (B) Mitochondrial DNA relative to 
genomic DNA in w- and Pex19−/−. (C) Etomoxir-sensitive mitochondrial β-oxidation rate. n = 4 in 
groups of 10 individuals. (D–G) TMRE staining to visualize active mitochondria in Malpighian 
tubules of third instar larvae. Scale bars represent 20 µm. (H) Quantification of mitochondrial 
particle size. (I) Concentra tion of nonesterified fatty acids (NEFAs) in whole third instar larvae. 
Dots represent single experiments; black bars represent median. (J, K) Ultrastructural analysis of 
maternal-zygotic Pex19−/− mutant embryos (K) shows mitochondrial swelling as compared with 
normal mitochondrial morphology in w- embryos (J). ld, lipid droplet; n, nucleus. Black arrows 
point to normal mitochondria with intact cristae, arrowheads indicate mitochondria with altered 
cristae morphology, asterisks indicate swollen mitochondria with lost cristae structure. White 
arrows indicate DAB-positive peroxisomes. (L) Percentage of adult survivors upon lipase 3 
overexpression compared to controls. Dots represent single experiments (group of 25 
individuals); black bars represent median. Error bars represent SD. *, p < 0.05; **, p < 0.01.
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lethality (Figure 7). High β-oxidation rates 
and increased mitochondrial flux, as well as 
accumulating free fatty acids, cause stress 
for mitochondria for a number of reasons. 
First, β-oxidation produces superoxide an-
ions, thereby increasing oxidative damage 
of mitochondria. Second, increased mito-
chondrial flux/β-oxidation rates induce mito-
chondrial fragmentation, which is, for exam-
ple, observed in metabolic syndrome when 
constant overfeeding leads to a metabolic 
shift in mitochondria, resulting in preferen-
tial oxidation of fatty acids as energy sub-
strates at all times. As a result, mitochondrial 
quality control by mitophagy is impaired, 
because it depends on mitochondrial dy-
namics of fusion and fission cycles (Liesa and 
Shirihai, 2013). Third, increased free fatty 
acid levels can harm mitochondria for a 
number of reasons, among them their effect 
on membrane permeability with mitochon-
drial swelling as a possible result (Sultan and 
Sokolove, 2001; Schönfeld and Reiser, 
2013).

Although our study provides an explana-
tion for mitochondrial damage upon peroxi-
some loss and characterizes increased lipo-
lysis and free fatty acid accumulation as a 

novel feature of the pathophysiology of PBDs, it remains unclear 
how this aberrant metabolic program is induced, because Hnf4-
driven lipid catabolism seems to be a consequence of free fatty acid 
accumulation (via their activity as Hnf4-ligands), although lip3 is also 
a transcriptional target of Hnf4. However, lip3 expression is not re-
duced to wild-type levels in Hnf4, Pex19 double mutants; thus, 
other factors might be involved in transcriptional lip3 (dys-)regula-
tion. One candidate is the ceramide synthase Schlank, which has 
been shown very recently to function as an unusual transcription 
factor, with lip3 as a negative target gene (Sociale et al., 2018). Fur-
thermore, Schlank exerts its function as a transcription factor in re-
sponse to fatty acids. Future studies will exploit possible links be-
tween Pex19, Hnf4, and Schlank.

Although lipase 3 overexpression alone leads to accumulation of 
toxic free fatty acids and mitochondrial swelling, which we consider 
a major contribution to the lethality of the mutant, it does not phe-
nocopy the lethality of Pex19 mutants fully (although it does reduce 
viability to some extent). One explanation could be that peroxi-
somes, which are still present in lipase 3 overexpressing animals, 
but not in Pex19 mutants, play a role in free fatty acid clearance or 
mitochondrial turnover rate, thereby counteracting the detrimental 
effects of dysregulated lipolysis. This hypothesis fits to the observa-
tion that peroxisomes and mitochondria share fission and fusion 
factors and thereby might influence each other’s quality control. 
Additionally, other Hnf4 target genes might contribute to lipotoxic-
ity; for example, Acsl and yip2. Our preliminary data (not shown) 
indicate that Acsl overexpression reduces the free fatty acid con-
centration in wild-typic flies and rescues Pex19 mutants to 
adulthood.

Taking the results together, we show that loss of peroxisomes in 
flies as well as a human cell line leads to increased lipolysis and ac-
cumulated mitotoxic free fatty acids, which results in mitochondrial 
swelling and dysfunction. We discover a pathological mechanism 
driven by the lipid sensor Hnf4 in Pex19 deficient flies and thereby 

down-regulated. Taking the results together, we conclude that in-
creased lipolysis and accumulation of free fatty acids and their dam-
age to mitochondria upon peroxisome loss is conserved between 
flies and mammals.

DISCUSSION
The tight interconnection of peroxisomes and mitochondria has 
long been established, and an impact of peroxisome loss on mito-
chondria has been proposed before. However, the reason for mito-
chondrial damage as a result of peroxisome deficiency has remained 
elusive. Here we propose a mechanism by which peroxisome loss 
due to Pex19 mutation leads to mitochondrial swelling through dys-
regulated lipolysis. We show that peroxisome loss leads not only to 
VLCFA accumulation, but also depletion of shorter fatty acids, prob-
ably provoked by enhanced lipolysis by massively increased expres-
sion of lipase3, and their subsequent degradation in mitochondria. 
Pex19 mutants therefore are in a constant state of lipid catabolism, 
with highly increased fatty acid release from fat stores and their sub-
sequent β-oxidation in mitochondria. However, in spite of increased 
mitochondrial flux, free fatty acids accumulate in Pex19 mutants, 
suggesting that their availability surpasses the turnover rate by the 
subsequent lipid catabolic steps (from activation with CoA by acyl-
CoA synthetases to their shortening in β-oxidation). Free fatty acids 
are activating ligands for the lipid sensor Hnf4, which accounts for 
further up-regulation of lipase3 and induction of enzymes for mito-
chondrial acyl-CoA import and β-oxidation. Subsequently, a vicious 
cycle of Hnf4-driven increased lipolysis/high free fatty acid amounts 
ensues, which in turn can further activate Hnf4 as its ligands. This 
spiral results in extreme up-regulation of lip3, depletion of the lipid 
stores, and free fatty acid accumulation, whereas mitochondrial β-
oxidation runs at maximal capacity. At the same time, Hnf4 hyperac-
tivity also drives increased lipogenesis, further contributing to the 
free fatty acid load. Ultimately, the described effects cause mito-
chondrial swelling and damage, leading to energy deficiency and 

FIGURE 6: (A) Immunostaining with an α-TOMM-20 antibody to visualize mitochondria in 
human skin fibroblasts from a healthy person (control) and (B) a patient with a Pex19 mutation 
(Δ19T). (C) Concentration of nonesterified fatty acids (NEFAs) in human skin fibroblasts. 
(D) Transcript levels of human lipases in Δ19T fibroblasts, normalized to control cells. Scale bars 
represent 20 µm. ***, p < 0.001.
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homozygous animals, they were crossed with 
a CyO-twi-GFP marker. To generate mutants 
that lack both the zygotic and the maternal 
component of Pex19, we recombined the 
Pex19ΔF7 locus on an FRT chromosome and 
crossed it to a line carrying ovoD, FRT. Prog-
eny of ovoD FRT40A/Pex19ΔF7 FRT40A flies 
lack the maternal component of Pex19. 
As control flies we used the strain w1118 
(Bloomington stock #3605). Wild-type and 
heterozygous Pex19ΔF7 flies were reared on 
standard fly food. Hnf4Δ33 and hs-Gal4: Hnf4, 
UAS LacZ flies were kindly provided by 
Carl Thummel, University of Utah, Salt Lake 
City. Hnf4Δ33 Pex19ΔF7 double mutants were 
generated by genomic recombination, and 
Hnf4Δ33/+ Pex19ΔF7/ΔF7 mutants by crossing the 
double mutant with Pex19ΔF7. The hs-
Gal4;;Act5C>CD2>Gal4, UAS GFP line for 
clones was described previously (Bülow et al., 
2014). For survival assays, larvae were col-
lected as first instars and transferred to fresh 
apple juice agar plates (2 g Agar Kobe I [Roth], 
2.5 g sucrose, 25 ml apple juice, 75 ml water) 
with yeast paste (1 cube [42 g] fresh yeast with 
10 ml water). 25 larvae were collected for 
each condition, and at least five independent 
experiments were conducted. The number of 
surviving pupae, adults including pharates 
and viable adults (survivors), which were able 
to move and lived at least 24 h, was counted.

Cell culture
Human fibroblast control and Δ19T cells 
were kept in DMEM (Life Technologies) 
with 10% fetal bovine serum, 10,000 U of 
penicillin, and 10 mg streptomycin per ml. 
For NEFA measurement, 1 × 105 cells were 
seeded in six well plates and harvested af-
ter 48 h. Cells were pelleted and cell pellets 
were treated like larval tissue (see Free 
fatty acids section). For stainings, cells were 
seeded into eight-well slides for micros-
copy and immunostained after 48 h with 
α-TOMM20 (Sigma-Aldrich).

Imaging
Antibodies used were α-GFP (Sigma), α-
spectrin (Developmental Studies Hybridoma 
Bank), and α-Tomm20 (Sigma-Aldrich). Sec-
ondary antibodies coupled to Alexa dyes 

were from Molecular Probes, and 4’,6-diamidin-2-phenylindol (DAPI) 
from Sigma-Aldrich. Stainings were analyzed using a Zeiss LSM 710 
confocal microscope. For immunohistochemistry, we dissected tis-
sue of interest from third instar larvae. Tissue was fixed for 30 min in 
3.7% formaldehyde and washed with phosphate-buffered saline 
(PBS) with 0.1% Tween-20 (PBT) before and after incubation with 
primary antibody and Alexa dye-coupled secondary antibody. Tis-
sue was mounted in Fluoromont G and analyzed using a Zeiss LSM 
710 confocal microscope. For stainings of neutral lipids with OilRed 
O, larval tissue was dissected in PBS by inverting the cuticle to pro-
vide access to the oenocytes. Tissue was fixed for 20 min in 3.7% 

unravel a novel cascade from peroxisome deficiency to mitochon-
drial damage, which can be ameliorated by genetic intervention 
targeting Hnf4. Our results thereby shed light on mitochondrial phe-
notype development in the absence of peroxisomes and promote 
our understanding of metabolic defects in peroxisome deficiency.

MATERIALS AND METHODS
Flywork
The Pex19 mutant was generated by transposase-induced P-element 
mobilization and imprecise excision. The line Pex19ΔF7 was chosen 
from a jump-out screen and tested as a transcript null. To detect 

FIGURE 7: Summary of the role of Hnf4 in the pathology of Pex19 mutants. Our data indicate 
that massively increased expression of lipase3 (∼250-fold up-regulation) leads to the release of 
nonesterified fatty acids (NEFAs), which are toxic for mitochondria and can cause mitochondrial 
swelling. Additionally, NEFAs act as ligands for Hnf4, which as a result enters the nucleus to start 
a lipid catabolic program (compare Figure 3 for an overview of relevant Hnf4 target genes). Of 
note, lipase3 itself is a target gene of Hnf4, resulting in even higher amounts of lipase3 activity 
and further increase of NEFA levels, starting a detrimental cycle of Hnf4 hyperactivity. Hnf4 also 
regulates enzymes involved in the degradation of NEFAs, among them Acsl and mitochondrial 
enzymes (compare Figure 3 for details), leading to increased mitochondrial flux and increased 
ROS production with potentially harmful effects on mitochondria. However, increased NEFA 
levels indicate that their production surpasses the degradation capacity of mitochondria in 
Pex19 mutants. Besides lipolysis, increased amounts of acetyl-CoA from glycolysis (HexC 
up-regulation as a result of Hnf4 hyperactivation) feed into NEFA production via lipogenesis 
(Hnf4-dependent up-regulation of ACC and FAS). Green indicates pathways contributing to free 
fatty acid production. Red indicates pathways that potentially reduce free fatty acids by 
esterification to CoA by Acsl and subsequent degradation in mitochondria (red arrows).



406 | M. H. Bülow et al. Molecular Biology of the Cell

imidazole, 0.5 mM dithiothreitol [DTT], and 50 mM 2-(N-morpho-
lino)ethanesulfonic acid [MES]) containing 100 μg/ml saponin (fresh) 
at 4°C with gentle rocking for 10 mins. Then the larvae were equili-
brated in respiration medium (MiR05, 0.5 mM EGTA, 3 mM 
MgCl2∙6H2O, 60 mM K-lactobionate [lactobionic acid is dissolved in 
H2O and pH is adjusted to pH 7.4 with KOH], 20 mM taurine, 10 mM 
KH2PO4, 20 mM HEPES, 110 mM sucrose, and 1 g/l fatty acid–free 
BSA) supplemented with 0.5 mM carnitine. The larvae were added 
into the oxygraph chambers and oxygen concentration was brought 
to around 500 μM by using catalase and H2O2. After basal respira-
tion was recorded, 5 μM palmitoyl CoA was added to the chamber. 
Fatty acid β-oxidation was induced by adding complex I substrates, 
ETF (electron transfer flavoprotein) substrates, and ADP (10 mM 
proline, 10 mM pyruvate, 5 mM malate, 5 mM glutamate, 2 mM 
ADP, and 15 mM glycerol-3-phosphate). After that, etomoxir was 
added at the indicated concentrations to block fatty acid transfer 
into mitochondria via CPT1, thereby blocking β-oxidation and leav-
ing complex I–dependent respiration. Finally, residual oxygen con-
sumption (ROX) was measured by inhibiting complex III with antimy-
cin A. All values were corrected for ROX. β-Oxidation was calculated 
by subtracting etomoxir-resistant respiration from respiration in the 
presence of all substrates.

Fatty acid synthesis measurement
For metabolic labeling, third instar w- and Pex19−/− larvae were fed 
with [1–14C] sodium acetate (61 Ci/mol; Amersham, Braunschweig, 
Germany) in heat-inactivated yeast (10 μCi/agar dish containing 150 
larvae) for 6 h. Afterward, larvae were homogenized and extracted 
as described for adult Drosophila in Sellin et al. (2017). The incorpo-
rated radioactivity was determined in the resulting lipid extract.

The same amounts of radioactivity were applied to each lane on 
TLC plates. The chromatograms were developed in hexane/diethyl 
ether/glacial acetic acid (70:30:1) for fatty acids. Radioactive bands 
were visualized with a Typhoon FLA 7000 (GE Healthcare), and quan-
tification was performed with ImageQuant TL software (GE Health-
care). Lipids were identified using commercially available standards.

Real-time qPCR
Whole RNA of five third instar larvae was isolated using TriFast re-
agent (Peqlab). Tissue was homogenized using a Precellys 24 ho-
mogenizer (Peqlab). Transcription to cDNA was performed using 
the Quantitect Reverse Transcription Kit (Qiagen). Quantitative PCR 
was performed with a CFX Connect cycler (Bio-Rad). Each experi-
ment was repeated at least five times.

Statistics
Bar graphs represent average and SD. Scatter plots represent single 
data points and median. We used the statistics software GraphPad 
InStat for our statistical analyses. The Kolmogorov–Smirnov test was 
applied to test normality. Two-sided Student’s t test was applied 
for normally distributed data in single comparisons. Asterisk repre-
sentations are as follows: * = p < 0.05, ** = p < 0.01, and *** = p < 
0.001. The number of replicates indicated by n represents biological 
replicates.

formaldehyde and washed with PBS. Before and after staining with 
an OilRed O solution containing 60% isopropanol for 30 min, tissue 
was incubated for 5 min with 60% isopropanol. Tissue was washed 
with PBS, mounted in glycerol, and immediately analyzed using an 
Olympus AX70 microscope. For visualization of ROS production with 
MitoTracker CM-H2XRos and MitoSOX (ThermoFisher), 96-h-old lar-
vae were dissected in PBS and their Malpighian tubules were stained 
at room temperature for 30 and 10 min, respectively, according to 
the manufacturer’s protocol. For staining of mitochondria, 96-h-old 
L3 larvae were dissected in ice-cold PBS, and their Malpighian tu-
bules were stained for 20 min at room temperature (RT) with 50 nM 
TMRE (Sigma- Aldrich) or MitoTracker Green (ThermoFisher) in PBS 
according to the manufacturer’s protocol. The Malpighian tubules 
were then directly mounted in Fluoromount G and analyzed with a 
Zeiss LSM 710 confocal microscope. Picture analysis and quantifica-
tion was done using ImageJ. Each staining was done at least five 
times.

TEM analysis
For ultrastructural analysis by TEM, embryos were dechorionated 
and fixed in 50% Karnovsky fixative. Embryos were then devitelli-
nized and postfixed with 5% glutaraldehyde for 2 h at RT. After being 
washed with 0.01 M Teorell Stenhagen buffer, embryos were stained 
with diaminobenzidine (DAB) to reveal peroxisomes. Embryos were 
incubated in 1% osmium tetroxide as contrasting agent and post-
fixed in 1% uranylacetate. Then they were dehydrated with an 
ethanol series and embedded in Durcupan. Ultrathin sections were 
prepared and analyzed using a Zeiss Libra 120 electron microscope.

Lipid profile
For quantification of FAMEs, 15 third instar larvae were homoge-
nized in 1N MeHCl in a Precellys 24 homogenizer (Peqlab). A mini-
mum of n = 7 were analyzed for each condition. C15:0 and C27:0 
standards were added and samples were incubated for 45 min at 
80°C. Methylesters were collected by addition of hexane and a 
0.9% NaCl solution. The hexane phase was collected in a new glass 
vial and concentrated by vaporization. Samples were analyzed by 
gas chromatography/mass spectrometry using an Agilent HP 6890 
with a HP-5MS column.

Free fatty acids
NEFAs were measured by an adaptation of the copper-soap method 
(Tinnikov and Boonstra, 1999). In brief, three third instar larvae were 
weighed and homogenized in 20 μl of 1 M phosphate buffer per mg 
tissue. Supernatant (25 μl) was transferred to 500 μl of chloroform/
heptane 4:3, and lipids were extracted by shaking the vial for 5 min. 
Unspecific background provoked by phospholipids was circum-
vented by the addition of 23 mg of activated silicic acid. Chloroform 
phase (300 μl) was transferred to 250 μl of Cu-TEA (copper-trietha-
nolamine). After shaking and centrifuging, 150 μl of the organic 
phase was transferred to fresh cups. Liquid was evaporated in a 60°C 
heat block, and lipids were dissolved in 100 μl of 100% ethanol. 
Copper was detected by complexation with a mixture of dicarba-
zone-dicarbazide, and the color intensity was measured in a 96-well 
plate at 550 nm in a TECAN plate reader.

β-Oxidation measurements
Six larvae per genotype were washed with PBS and their weight was 
recorded for normalization purposes. The larvae were inverted in 
ice-cold PBS and permeabilized in ice-cold BIOPS buffer (2.77 mM 
CaK2EGTA, 7.23 mM K2EGTA, 5.77 mM Na2ATP, 6.56 mM 
MgCl2∙6H2O, 20 mM taurine, 15 mM Na2∙phosphocreatine, 20 mM 
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