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NHR-85 modulates mitochondrial and lipid homeostasis to protect
against α-synuclein aggregation in C. elegans
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ABSTRACT
Peroxisome proliferator-activated receptors (PPARs), such as PPARδ,
are transcription factors that play a pivotal role in energy and fat
metabolism. PPARδ activates genes involved in lipid and glucose
metabolism and is expressed in various human tissues, including
all brain regions and especially neurons, where it regulates lipid
homeostasis and contributes to neuroprotection. However, the precise
molecular mechanisms underlying these protective effects remain
poorly understood. Here, we identify the Caenorhabditis elegans
nuclear hormone receptor NHR-85 as a putative orthologue of
human PPARδ. Furthermore, we show that NHR-85 functions as an
essential regulator of fat and energy metabolism, with significant
impact on mitochondrial homeostasis, at least in part through
modulation of mitophagy. Finally, we find that NHR-85 prevents
α-synuclein aggregation in a nematode model of Parkinson’s disease,
suggesting that it might play a protective role in neurodegenerative
diseases. Our results indicate that NHR-85 is a functional orthologue
of PPARδ and support the use of C. elegans as a powerful in vivo
model for dissecting PPARδ-related metabolic and neurodegenerative
processes.
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INTRODUCTION
Peroxisome proliferator-activated receptors (PPARs) are ligand-
activated transcription factors that play a crucial role in the
regulation of systemic metabolism. Of the three isoforms – PPARα,
PPARγ and PPARδ (also known as PPARβ) – PPARδ is
predominantly expressed in the brain, particularly in neurons, but
also in oligodendrocytes and microglia (Strosznajder et al., 2021).
Structurally, PPARδ consists of an autonomous transactivation
domain (AF-1), a DNA-binding domain and a ligand-binding
domain (Montaigne et al., 2021), similar to the other PPAR
isoforms. Functionally, PPARδ is a key regulator of lipid and
glucose metabolism, mediating a metabolic shift from glycolysis to
oxidative phosphorylation and modulating the expression of specific
target genes in response to environmental stimuli (Magadum and
Engel, 2018; Strosznajder et al., 2021). Activation of PPARδ by
natural ligands, such as polyunsaturated fatty acids (PUFAs) or

synthetic agonists, has been shown to alter brain lipid composition,
including regulation of phospholipid content and cholesterol release,
thereby contributing to lipid homeostasis (Strosznajder et al., 2021).
Despite this knowledge, the precise molecular mechanisms and
signalling cascades by which PPARδ contributes to the maintenance
of lipid homeostasis remain poorly understood.

Over the past years, agonists against PPARs have attracted
considerable attention as therapeutic agents for neurodegenerative
diseases. Notably, knockdown of PPARδ in the brain has been
associated with neuronal loss, mitochondrial dysfunction and
widespread alterations in target gene expression (Dickey et al.,
2016). Conversely, activation of PPARδ has been shown to be
neuroprotective, mitigating neurodegeneration and mitochondrial
damage in a mouse model of Huntington’s disease (HD) (Dickey
et al., 2016). Among natural PPARδ ligands, the ω9 fatty acid, erucic
acid, has emerged as candidate for further investigation in animal
models of HD (Altinoz et al., 2020). These findings suggest that
PPARδ activation might be a viable strategy to address mitochondrial
dysfunction and neuronal loss in the context of disease.

Caenorhabditis elegans is an ideal and genetically tractable
model to study fat and energy regulation by PPARδ, as the
mammalian pathways of lipid metabolism are conserved in the
nematode (Lemieux and Ashrafi, 2015). However, the orthologue of
PPARδ inC. elegans remains uncharacterised. Here, we identify the
nematode NHR-85 as a putative orthologue of PPARδ. Functional
characterisation of this nuclear hormone receptor shows that it
regulates both fat and energy metabolism. In addition, we find that
NHR-85 exerts a protective effect against α-synuclein aggregation
in a nematode model of Parkinson’s disease (PD), through its
essential role in mitochondrial homeostasis.

RESULTS AND DISCUSSION
NHR-85 is a putative orthologue of PPARδ
In this study, we sought to identify the C. elegans orthologue of
human PPARδ. We first performed a BLASTp analysis, using the
human PPARδ protein sequence (NCBI ID: Q03181.1) against the
C. elegans proteome, which identified NHR-85 as the top candidate
protein (query cover 53%, e-value=4e−34). However, a reverse
BLASTp search, using the NHR-85 protein sequence (NCBI ID:
Q9XUK7.2) against the human proteome, ranked PPARδ only as
the fifteenth hit (query cover 8%, e-value=2e−33). To assess the
validity of the initial BLASTp, we performed a multiple sequence
alignment using CLUSTAL (Fig. S1A). We found that the
sequences of PPARδ and NHR-85 share a high percentage of
identical or functionally similar amino acids, suggesting that they
have similar roles. We also performed a motif alignment for both
proteins to identify whether their annotated domains are
functionally conserved (Fig. S1B). Alignment of the zinc-finger
domain (zf-C4) revealed a low e-value for both proteins, indicating
that the match between the query proteins and the motif is
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statistically significant. However, for the ligand-binding domain,
the e-value was low only for PPARδ, whereas for NHR-85 it
was higher than 0.01 (not significant). Thus, the DNA-binding
domain appears to be conserved, suggesting that its function is the
same or similar between the two proteins, but the ligand-binding
domain has either evolved to lose its functional role or has acquired
different binding specificities in C. elegans. It is worth noting that
orthology does not necessarily imply complete conservation of
domain architecture (Koonin et al., 2000, 2004). To identify further
functional and evolutionary relationships between the two proteins,
we also performed FATCAT flexible alignment (Fig. S2A) which
showed that PPARδ and NHR-85 are significantly similar
(P-value=3.94e−07, raw FATCAT score=652.89). The chaining
result from the alignment revealed 425 equivalent positions with an
RMSD of 6.98Å (1 Å=0.1 nm) and four twists (Fig. S2B), and
alignment of their structures in 3D (Fig. S2C) suggested that the
folding of the two proteins is highly and significantly similar.
Finally, we created a phylogenetic tree (Fig. S2D) to place NHR-85
and PPARδ in an evolutionary framework. The tree suggests an
evolutionary common ancestor that then diverged into vertebrates
and invertebrates, with vertebrate sequences clustering together at a
relatively higher internal resolution compared to invertebrates,
reflecting greater complexity and isoform diversity.
NHR-85 is one of 284 NHRs in C. elegans, many of which

are known to be involved in fat metabolism (Ashrafi et al., 2003;
Liang et al., 2010). Despite the functional roles of other NHRs in
metabolic regulation, NHR-85 remains largely unexplored in this

context. Recent studies have provided the first insights into NHR-85
function, revealing its role in regulating the timing and dosage of
gene expression during larval development, particularly for the
temporal regulation of the microRNA lin-4, in co-operation with
NHR-23 (Kinney et al., 2023; Myles et al., 2023). This emerging
evidence highlights the potential for NHR-85 to have broader
biological roles and warrants further investigation to elucidate its
functions and mechanisms that govern them.

Depletion of nhr-85 affects food intake and neutral lipid
accumulation
Previous studies have demonstrated that the expression of nhr-85
is enhanced upon calorie restriction and is required for mediating
stress signals in C. elegans during metabolic stress (Ludewig
et al., 2014). We examined food intake in nhr-85(ok2051) mutants
to assess possible changes compared to wild-type (N2) animals.
We fed 1-day-old adult animals with HT115 bacteria expressing
an isopropylthiogalactoside (IPTG)-inducible monomeric red
fluorescent protein (mRFP) (Fig. 1A) and found that nhr-
85(ok2051) mutants exhibited significantly increased food intake
compared to age-matchedwild-typeworms (Fig. 1B). To confirm this
finding, we also assessed pharyngeal pumping in 1-day-old adult
wild-type animals treated with control or nhr-85 RNAi, after
validating the efficiency of the RNAi construct (Fig. S3A). Indeed,
downregulation of nhr-85 increased pharyngeal pumping (Fig. S3B).
We next investigatedwhether the elevated food intake led to increased
lipid accumulation. To test this, we performed Oil Red O staining,

Fig. 1. NHR-85 regulates food intake and neutral lipid accumulation. (A) Representative images of wild-type (N2) and nhr-85(ok2051) mutants fed with
mRFP bacteria. Images were acquired using a 4× objective lens. (B) Quantification of the mean pixel intensity of mRFP as shown in A (n=40 animals in
total). **P<0.01 (two-tailed unpaired t-test). (C) Representative images of wild-type (N2) animals treated with empty vector or nhr-85 RNAi and stained with
Oil Red O. Images were acquired using a 4× objective lens. (D) Quantification of integrated density in the Oil Red O staining as shown in C (n=90 animals in
total). ***P<0.001 (two-tailed unpaired t-test). (E) Representative images of transgenic pdhs-3DHS-3::GFP animals treated with empty vector or nhr-85 RNAi
showing intestinal lipid droplets. Images were acquired using a 4× objective lens. (F) Quantification of the mean pixel intensity as shown in E (n=120 animals
in total). ****P<0.0001 (Mann–Whitney unpaired test). (G) Expression analysis of the desaturase genes fat-5 and fat-7, the β-oxidation genes acs-2, acdh-11
and cpt-5, the lipolysis genes atgl-1 and lid-1 and the lipogenesis genes dgat-2 and dgtr-1 by RT-qPCR in wild-type (N2) animals treated with empty vector or
nhr-85 RNAi (n=3 independent experiments). *P<0.05 (two-tailed unpaired t-test). All error bars show mean±s.d. a.u., arbitrary units.
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which labels neutral lipids, on wild-type animals treated with control
or nhr-85 RNAi (Fig. 1C). Quantification of the Oil Red O staining
revealed a significant increase in neutral lipid accumulation in
animals treated with nhr-85 RNAi compared to control (Fig. 1D).
Taken together, these results show that downregulation of nhr-85
increases food intake, leading to an increase in neutral lipids.
This finding was further supported by using transgenic

animals expressing the intestinal lipid droplet membrane protein
dehydrogenase-3 (DHS-3) fused to GFP (Na et al., 2015) (Fig. 1E).
Quantification of GFP fluorescence intensity in DHS-3::GFP animals
showed a marked increase in animals treated with nhr-85 RNAi
compared to controls (Fig. 1F). To explore the potential mechanisms
underlying this lipid accumulation, we quantified the expression of
key genes involved in fatty acid desaturation, β-oxidation, lipolysis
and lipogenesis in animals treated with control or nhr-85 RNAi
(Fig. 1G). No significant differences were observed between the
groups, except for the acyl-CoA synthetase gene (acs-2), which
was significantly upregulated in nhr-85 RNAi-treated animals
(Fig. 1G). This upregulation is likely a compensatory response to
the increased fat storage phenotype as well as the high food intake of
NHR-85-depleted animals, as ACS-2 is a key enzyme in lipid
metabolism that appears to promote the utilization of stored fat in
response to the energy requirements of the animals (Van Gilst et al.,
2005). Given that acs-2 encodes a mitochondrial acyl-CoA
synthetase involved in fatty acid β-oxidation, we next sought to
investigate whether NHR-85 plays a role in regulating mitochondrial
abundance and function.

NHR-85 might modulate mitochondrial mass and function
through mitophagy
We assessed the effect of nhr-85 knockdown on mitochondrial
mass, using a body wall muscle (BWM) mitochondrial marker
(Fig. 2A). Downregulation of nhr-85 significantly increased
mitochondrial mass in 1-day-old adult animals expressing
mitochondria-targeted GFP in BWM compared to age-matched
controls (Fig. 2B), suggesting that NHR-85 has a role in balancing
mitochondrial content. We also employed super resolution confocal
microscopy to assess mitochondrial morphology upon
downregulation of nhr-85 (Fig. 2C) and observed that genetic
inhibition of nhr-85 resulted in mitochondrial network disruption
and mitochondrial fragmentation (Fig. 2C,D). To determine
whether NHR-85 also affects mitochondrial function, we stained
1-day-old adult wild-type animals treated with control or nhr-85
RNAi with tetramethylrhodamine, ethyl ester (TMRE), a dye
that accumulates only in functional mitochondria due to their
negative membrane potential (Fig. 2E). Downregulation of nhr-85
resulted in decreased TMRE accumulation, as measured by
fluorescence intensity, suggesting mitochondrial dysfunction
(Fig. 2F). To further assess mitochondrial function, we stained 1-
day-old adult wild-type animals with Mitotracker CMXRos
(Fig. 2G). As expected, mitochondrial reactive oxygen species
(ROS) levels were significantly elevated in nhr-85 RNAi-treated
animals compared to those seen in controls, confirming that
mitochondrial dysfunction is associated with nhr-85 depletion
(Fig. 2H).

Fig. 2. Downregulation of nhr-85 leads to accumulation of dysfunctional mitochondria. (A) Representative images of transgenic animals expressing
pmyo-3mtGFP after treatment with empty vector or nhr-85 RNAi showing GFP-tagged mitochondria in BWM cells. Images were acquired using a 4× objective
lens. (B) Quantification of the mean pixel intensity of GFP-tagged mitochondria as shown in A (n=90 animals in total). ****P<0.0001 (two-tailed unpaired
t-test). (C) Representative confocal images of transgenic animals expressing pmyo-3mtGFP after treatment with empty vector or nhr-85 RNAi showing
GFP-tagged mitochondria in BWM cells. Images were acquired using a ×40 objective lens. (D) Quantification of the mean mitochondrial network branches as
shown in C (n=24 animals in total). ****P<0.0001 (two-tailed unpaired t-test). (E) Representative images of wild-type (N2) animals treated with empty vector
or nhr-85 RNAi and stained with TMRE. Images were acquired using a 4× objective lens. (F) Quantification of the mean pixel intensity of TMRE as shown in
E (n=90 animals in total). ****P<0.0001 (two-tailed unpaired t-test). (G) Representative images of wild-type (N2) animals treated with empty vector or nhr-85
RNAi and stained with Mitotracker Red CM-H2X ROS (images were acquired using a 4× objective lens). Quantification of the mean pixel intensity of
Mitotracker Red CM-H2X ROS as shown in G (n=90 animals in total) **P<0.01 (Mann–Whitney test). All error bars show mean±s.d. a.u., arbitrary units.
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To gain insight into themechanismsmediating the accumulation of
dysfunctional mitochondria upon nhr-85 downregulation, we used
the mitochondria-targeted Rosella (mtRosella) biosensor to monitor
mitophagy in vivo (Palikaras et al., 2015). We treated animals
expressingmtRosella in BWMcells with control or nhr-85RNAi and
quantified mitophagy during ageing. At day 1 of adulthood, we did
not detect any change in mitophagy between treated and untreated
animals (Fig. 3A; Fig. S4A), although we detected changes in the
expression of certain mitophagy genes upon downregulation of
nhr-85 (Fig. S4B). Interestingly, further temporal analysis revealed a
significant reduction in mitophagy in nhr-85 RNAi-treated animals
compared to controls at day 3 (Fig. 3A; Fig. S4C) and day 7 of
adulthood (Fig. 3A; Fig. S4D). To confirm these findings, we also
treated transgenic animals expressing GFP-tagged mitochondria and
the autophagosomemarker LGG-1 fused to DsRed in the BWMwith
control or nhr-85 RNAi. Increased colocalization indicated the
induction of mitophagy. Consistent with the mtRosella results, there
was no induction of mitophagy at day 1 of adulthood (Fig. 3B,C),
whereas therewere fewer colocalization events in animals treatedwith
nhr-85 RNAi compared to empty vector at both day 3 and day 7 of
adulthood (Fig. 3B,C). Thus, NHR-85 is important for maintaining a
healthymitochondrial population, as its downregulation leads to early

mitochondrial dysfunction and failure of mitophagy, which becomes
more severe as the organism ages.

NHR-85 exerts a protective effect against α-synuclein
aggregation
Accumulation of dysfunctional mitochondria and impaired
mitophagy are well-established pathophysiological features of
several neurodegenerative diseases, such as PD, Alzheimer’s
disease (AD) and HD (Dickey et al., 2016; Fang et al., 2019; Mor
et al., 2020). To investigate whether NHR-85 plays a role in α-
synuclein aggregation, we used fluorescence microscopy to analyse a
transgenic nematode strain overexpressing α-synuclein in the BWM,
after treatment with control or nhr-85RNAi (Fig. 4A). We observed a
significant increase in the accumulation of α-synuclein aggregates
with age, upon nhr-85 downregulation, suggesting that NHR-85
might play a protective role against α-synuclein toxicity (Fig. 4B).
Previous work has shown that aggregated α-synuclein inhibits
mitochondrial function, resulting in decreased adenosine
triphosphate (ATP) production and increased ROS generation in
neurons (Reeve et al., 2015). Consistent with this, we found increased
mitochondrial ROS production with age in transgenic animals
overexpressing α-synuclein in BWM cells after staining with

Fig. 3. NHR-85 is required for the maintenance of mitophagy during ageing. (A) Quantification of the ratio of pH-sensitive GFP to pH-insensitive DsRed
in empty vector and nhr-85 RNAi-treated animals, at day 1, 3 and 7 of adulthood. Mitophagy stimulation is indicated by a decrease in the GFP/DsRed ratio
(n=90 animals in total for each age). *P<0.05, ***P<0.001, ****P<0.0001 (Mann–Whitney unpaired test). (B) Representative confocal images of transgenic
animals expressing a mitochondria-targeted GFP together with the autophagosomal marker LGG-1 fused to DsRed in BWM cells at day 1, 3 and 7 of
adulthood after treatment with empty vector or nhr-85 RNAi. Images were acquired using a 40× objective lens. (C) Quantification of the Pearson’s correlation
coefficient (PCC) values after measuring colocalization events between mitochondria (GFP) and lysosomes (DsRed) in transgenic animals shown in
B. Mitophagy stimulation is indicated by increased PCC values (n=25 animals in total for each age). *P<0.05, **P<0.01 (two-tailed unpaired t-test). All error
bars show mean±s.d. a.u., arbitrary units.
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Mitotracker ROS (Fig. 4C,D). Interestingly, knockdown of nhr-85
resulted in a marked further increase in ROS production at day 7 of
adulthood (Fig. 4C,D), which could well be related to the significantly
increased aggregation of α-synuclein at this age (Fig. 4A).
In conclusion, our findings indicate that NHR-85 is a putative

orthologue of PPARδ, although further experimental validation is
required to strengthen this orthology. Functionally, NHR-85, akin to
PPARδ, appears to regulate fundamental biological processes, such
as food intake, fat accumulation and energy metabolism. Notably,
our results also demonstrate a protective role of NHR-85 against α-
synuclein aggregation, as nhr-85 downregulation increases the
number of aggregates and leads to accumulation of dysfunctional
mitochondria and increased ROS generation in a PD nematode
model of α-synuclein, at least in part due to impaired mitophagy
(Fig. 4E). Future research should aim to elucidate the specific
mechanisms by which NHR-85 mediates neuroprotection in
other PD models, potentially providing new insights into early
intervention strategies against this neurodegenerative disease.

MATERIALS AND METHODS
C. elegans strains
Standard procedures were followed for maintainingC. elegans strains. All the
animals were maintained at 20°C and grown on nematode growth medium
plates seeded with OP50 Escherichia coli (a uracil-requiring E. coli strain
derived from E. coli strain B; Brenner, 1974; Couillault and Ewbank, 2002).

The following strains used in this study are available from theCaenorhabditis
Genetics Center (CGC): N2, wild-type Bristol isolate; RB1661, nhr-
85(ok2051), eat-2(ad465); LIU1, ldrIs1 [pdhs-3DHS-3::GFP + unc-76(+)];
and SJ4103: N2; Is[pmyo-3mtGFP]. The strain UA49, baInl2 [punc-54α::syn::
GFP+rol-6(su1006)] was generously provided byGuy Cardwell (Department
of Biological Sciences, University of Alabama, Alabama, USA), the strain
IR253: unc-119(ed3); Ex[pmyo-3mtRosella; unc-119(+)] was generously
provided by Konstantinos Palikaras (IMBB-FORTH, Greece) and the strain
pmyo-3mtGFP;pmyo-3DsRed::LGG-1 was generously provided by Nikos
Charmpilas (IMBB-FORTH, Greece).

Food intake
To measure food intake, we fed synchronized animals on day 1 of adulthood
with HT115 bacteria transformed with an isopropylthiogalactoside (IPTG)-
inducible RFP-expressing plasmid for 5 min, as described previously
(Charmpilas et al., 2020). The experiment was repeated twice. For each
experiment, 20 animals were examined per condition. Pharyngeal pumping
was measured as previously described (Charmpilas et al., 2020). Briefly,
grinder movements of free-moving animals were measured under the
stereoscope in three independent experiments and the number of pumps per
animal was recorded using a clicker. For each experiment, 20 animals were
examined per condition.

RNA interference and molecular cloning
For gene knockdown by RNAi, we used HT115 (DE3) E. coli bacteria
transformed with the L4440 plasmid vector expressing double-stranded
RNA against the gene of interest. As a control, we used the empty vector

Fig. 4. NHR-85 shows a protective effect against α-synuclein aggregation and ROS accumulation in a Parkinson’s disease model.
(A) Representative images of 7-day-old adults expressing GFP-tagged α-synuclein in BWM cells upon treatment with empty vector or nhr-85 RNAi. Images
were acquired using a 40× objective lens. (B) Quantification of the number of aggregates in the head of each worm in empty vector and nhr-85 RNAi-treated
animals at day 1, 3, 5 and 7 of adulthood (n=90 animals in total). *P<0.05; **P<0.01; ****P<0.0001 (two-tailed unpaired t-test). (C) Representative images of
7-day-old adults expressing GFP-tagged α-synuclein in BWM cells treated with empty vector or nhr-85 RNAi and stained with Mitotracker Red CM-H2X ROS.
Images were acquired using a 4× objective lens. (D) Quantification of the mean pixel intensity of Mitotracker Red CM-H2X ROS in empty vector and nhr-85
RNAi-treated animals at day 1, 3, 5 and 7 of adulthood (n=60 animals in total). *P<0.05, **P<0.01, ****P<0.0001 (Mann–Whitney test). All error bars show
mean±s.d. a.u., arbitrary units. (E) Schematic of the proposed model of how NHR-85 affects systemic metabolism and α-synuclein aggregation.
Downregulation of nhr-85 leads to a metabolic dysregulation, increased food intake and accumulation of lipid droplets. It also decreases mitophagy with age
and leads to changes in the expression of certain mitophagy genes such as dct-1 and pdr-1, resulting in the accumulation of dysfunctional mitochondria and
increased production of ROS. Conversely, the protective role of NHR-85 against α-synuclein aggregation might be due, at least in part, to the maintenance of
mitophagy. Created in BioRender by Tavernarakis, N., 2025. https://BioRender.com/j53z222. This figure was sublicensed under CC-BY 4.0 terms.
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L4440. The nhr-85 RNAi construct was generated by PCR amplification of
a gene-specific region using C. elegans genomic DNA as a template and
the following primer sets: 5′-GTGCCAAAACGTGAGAAAGC-3′ and 5′-
TGCTCATCAGAATCCACGTC-3′. The resulting construct was then
inserted into the TOPO-pCRII vector (Invitrogen) by TA cloning
and subcloned into the final L4440 vector at the BamHI/AvaI sites.
Positive clones were transformed into HT115 bacteria to allow knockdown
through feeding (Fire et al., 1998). For each RNAi experiment, a single
bacterial colony was inoculated into LB medium (10 g Bacto-tryptone, 5 g
Bacto-yeast extract, 10 g NaCL, H2O to 1 l, pH 7.0) containing 100 µg/ml
ampicillin (AppliChem IWM Reagents, A0839) and 10 µg/ml tetracycline
(AppliChem IWM Reagents, A2228) overnight at 37°C on a shaker with
150 rpm for 16 h. Thereafter, 250 µl of overnight culture were inoculated in
LB medium containing 100 µg/ml ampicillin for 3–4 h, and RNAi plates
were seeded with 250 µl of bacterial culture containing IPTG (Apollo
Scientific, BIMB1008) at a final concentration of 2 mM.

mRNA quantification and qPCR
To quantify gene expression, total RNA was extracted using the TRIzol
reagent (Invitrogen) from wild-type animals treated with empty vector or
nhr-85 RNAi. All the primers used are summarized in Table S1, and actin-1
was used as the housekeeping gene. For cDNA synthesis, mRNA was
reverse transcribed using an iScriptTM cDNA Synthesis Kit (Bio-Rad).
Quantitative (q)PCR was performed in triplicate with the Eva Green qPCR
Kit (Biotium) in a Bio-Rad CFX96 Real-Time PCR system (Bio-Rad),
according to the manufacturer’s instructions. For each experiment, 150
animals were used for RNA extraction per condition.

Oil Red O staining
To assess fat accumulation, synchronized animals at day one of adulthood
were stainedwith Oil RedO, which stains only neutral lipids (O’Rourke et al.,
2009). Briefly, for each experiment, 100 worms (for each condition) were
washed three times withM9 (3 gKH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 ml 1 M
MgSO4, H2O to 1 l) and allowed to settle at the bottom of the tube. The
supernatant was removed, and worms were fixed with 1% paraformaldehyde
(PFA), dissolved in M9 at a 1:1 ratio. The samples were rotated for 30 min at
room temperature and then freeze-thawed three times in an ethanol-dry ice
bath. Animals were allowed to settle by gravity and washed three times with
M9 to remove PFA. The worms were then resuspended in 60% isopropanol
and incubated for 15 min at room temperature. After the worms were allowed
to settle, the isopropanol was removed, 1 ml of 60% Oil Red O stain was
added, and the animals were incubated at room temperature for 4 h. The stain
was removed by washing three times with M9. Animals were mounted and
imaged using an EVOS FL Auto 2 imaging system (AMAFD2000; Thermo
Fisher Scientific). The experiment was repeated at least three times.

TMRE staining
To assess mitochondrial function, we stained synchronized 1-day-old adult
animals with TMRE (a dye that accumulates in intact mitochondria;
Molecular Probes, Invitrogen, T669). For each experiment, 30 animals per
condition were transferred at the L4 stage to plates containing heat-inactivated
RNAi bacteria (UV, 15 min) and 100 µl of TMRE at a final concentration of
0.05 µM. Animals were incubated overnight at 20°C before immobilization
with levamisole (Sigma‐Aldrich, 196142) and mounting for microscopic
examination using an EVOS FL Auto 2 imaging system (AMAFD2000;
Thermo Fisher Scientific). The experiment was repeated at least three times.

MitoTracker CM-H2X ROS staining
To assess ROS production, we stained synchronized 1-day-old adult animals
with MitoTracker Red CM-H2X ROS (Molecular Probes, Invitrogen,
M7513). For each experiment, 30 animals per condition were transferred at
the L4 stage on plates with heat-inactivated RNAi bacteria (UV, 15 min) and
100 µl of MitoTracker Red CM-H2X ROS, a dye that is highly sensitive to
alterations in mitochondrial membrane potential, at a final concentration of
0.1 µM. Animals were incubated overnight at 20°C before immobilization
with levamisole and mounting for microscopic examination using an EVOS
FL Auto 2 imaging system (AMAFD2000; Thermo Fisher Scientific). The
experiment was repeated at least three times.

Imaging
For live imaging, we used synchronized transgenic animals such as
pmyo-3mtGFP, carrying the indicated somatic fluorescence reporters. Briefly,
worms were paralyzed on microscope slides with 20 mM levamisole and
mounted. Microscopic examination of all worms was performed using an
EVOS FL Auto 2 imaging system (AMAFD2000; Thermo Fisher
Scientific). The mean pixel intensity or the number of particles was then
calculated for each animal using the ImageJ software. For each experiment,
at least 30 animals were examined per condition and each experiment was
repeated at least three times.

Mitochondrial imaging
To analyse the mitochondrial network, we employed super resolution confocal
imaging with ZEISS LSM 900 with Airyscan and acquired z-stack images
using a 40× objective lens for the SJ4103 strain. We then used the ImageJ
plugin MINA (https://imagej.net/plugins/mina) to analyse the mitochondrial
branches of the network. All images were processed with the same settings:
median filter at a radius of 1 pixel, Contrast Limited Adaptive Histogram
Equalization (CLAHE) with block size at 10 and histogram Bins at 256
and otsu thresholding for consistent and robust segmentation. In each
experiment, ten animals were examined per condition and each experiment
was repeated at least three times.

Mitophagy monitoring
To monitor mitophagy, we used the reporter pmyo-3mtRosella, which
expresses a dual fluorescent probe composed of a pH-sensitive GFP and a
pH-insensitive DsRed protein (Palikaras et al., 2019). Mitophagy activity
events were calculated as the ratio between the number of pixels of GFP and
DsRed (GFP/DsRed). Thus, a reduction in the ratio correlates with increased
mitophagy. For each experiment, 30 animals were examined per condition
for each age and each experiment was repeated at least three times.
Moreover, we employed super resolution confocal microscopy with ZEISS
LSM 900 with Airyscan and acquired z-stack images with a 40× objective
lens on transgenic animals expressing a mitochondria-targeted GFP,
together with the autophagosomal marker LGG-1 fused with DsRed in
BWM cells. Mitophagy stimulation is indicated as increased colocalization
events. For each experiment, at least eight animals were examined per
condition at each age and each experiment was repeated at least three times.

Statistical analysis
We used the Prism software package (GraphPad Software 8) for statistical
analysis. The statistical tests applied for each experiment are specified in the
figure legends.
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