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SUMMARY

Excessive iron accumulation or deficiency leads to a variety of pathologies in
humans and developmental arrest in the nematode Caenorhabditis elegans.
Instead, sub-lethal iron depletion extends C. elegans lifespan. Hypoxia precondi-
tioning protects against severe hypoxia-induced neuromuscular damage across
species but it has low feasible application. In this study, we assessed the potential
beneficial effects of genetic and chemical interventions acting via mild iron
instead of oxygen depletion. We show that limiting iron availability in C. elegans
through frataxin silencing or the iron chelator bipyridine, similar to hypoxia
preconditioning, protects against hypoxia-, age-, and proteotoxicity-induced
neuromuscular deficits. Mechanistically, our data suggest that the beneficial
effects elicited by frataxin silencing are in part mediated by counteracting ferrop-
tosis, a form of non-apoptotic cell death mediated by iron-induced lipid peroxida-
tion. This is achieved by impacting on different key ferroptosis players and likely
via gpx-independent redox systems. We thus point to ferroptosis inhibition as a
novel potential strategy to promote healthy aging.

INTRODUCTION

Iron is one of themost abundant components on our planet and it is essential for every living organism on Earth.

Iron is indeed necessary as a cofactor for several biological processes, ranging from, just to name some, oxygen

transport primarily as a component of hemoglobin,1 DNA synthesis and repair,2 mitochondrial respiration,3 and

cell death.4 It is therefore, not surprising that iron homeostasis must be finely tuned and that either severe iron

deprivation or its excessive accumulation has evolutionarily conserved detrimental effects.5 Interestingly, altered

iron homeostasis appears to differentially affect organismal health throughout lifespan. On the one hand iron

deficiency is especially detrimental during early development and childhood,6,7 and its severe deficiency leads

to developmental arrest in the nematode Caenorhabditis elegans (C. elegans).8 On the other hand, iron excess

has primary undesirable effects later in life: its progressive accumulation during aging concurs to the pathogen-

esis of age-associated neuronal pathologies such asAlzheimer’s or Parkinson’s diseases, thereby shortening life-

span in the nematodeC. elegans.9,10 Aging is a complex biological process characterizedby the deterioration of

different cellular and organismal structures and functions. Accumulation of iron and of dysfunctional mitochon-

dria are two of the typical hallmarks of aging11 leading to a vicious cycle that promotes cell and tissue damage,

which ultimately contribute to organismal aging.

Similar to iron deficiency also severe mitochondrial dysfunction is primarily associated with neurodevelop-

mental disorders, such as Friedreich’s ataxia (FRDA) or Leigh syndrome.12 FRDA, is the most frequent in-

herited recessive ataxia, and it is ascribed to severe deficiency of frataxin; a nuclear encoded mitochondrial

protein involved in iron-sulfur-cluster (ISC) proteins biogenesis and iron homeostasis. Accumulation of iron

within mitochondria, with consequent alteration of ISC formation and induction of a cytosolic iron-starva-

tion response has been recognized as consequences of frataxin deficiency involved in disease pathogen-

esis.13 In line with the disease state, severe or complete frataxin deficiency also induces detrimental effects

across species leading to lethality in mice and to developmental arrest in C. elegans.14,15

Severe hypoxia also has evolutionarily conserved and widely described deleterious consequences, ranging

from ischemic stroke and myocardial infarction in mammals to developmental arrest and neuromuscular
iScience 26, 106448, April 21, 2023 ª 2023 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:natascia.ventura@uni-duesseldorf.de
mailto:natascia.ventura@uni-duesseldorf.de
https://doi.org/10.1016/j.isci.2023.106448
https://doi.org/10.1016/j.isci.2023.106448
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106448&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


B

A

DC

E

GF

ll
OPEN ACCESS

2 iScience 26, 106448, April 21, 2023

iScience
Article



Figure 1. Iron and frataxin depletion protect against hypoxia-induced neuromuscular damage

(A) Schematic representation and pictures of the exposure scenario. Embryos fed bacteria transformed with empty-vector (con) were left untreated or

pretreated as L1 with hypoxic preconditioning (HP, i.e., 4 h at 26�C) and left recovering for 20 h before exposure as L3 to severe hypoxia (SH, i.e., 48 h at 26�C).
Alternatively, embryos fed bacteria transformed with either empty-vector (con) or vector-expressing dsRNA against frh-1 (frh-1 RNAi) or treated with 10 mM

of iron chelator 2,20-dipyridyl (BP), were left untreated or treated with severe hypoxia.

(B) Representative pictures of single nuclear myocytes (myo-3p::GFP, upper panels) and single axon (mec-4p::GFP, lower panels) of C. elegans reporter

strains, fed and treated as in (A). SH-, animals left untreated; SH+, animals treated with severe hypoxia. Arrows indicate fragmented myocytes and damaged

axon. Pictures were acquired immediately after severe hypoxia treatment. Scale bars are 3.5 mm for myo-3p::GFP and 3 mm for mec-4p::GFP.

(C and D) Quantification of damaged myocytes per worm in myo-3::GFP and of damaged axons in mec-4::GFP (C) fed and treated as in (A). Damage was

scored after 0, 6, 10, and 24 h after the severe hypoxia treatment. Each time point representsmeanG SEM from n = 3 independent replicas with an average of

N = 20 worms; ***p value < 0.001, ****p value < 0.0001 versus control untreated. #p value < 0.05, ##p value < 0.01 ####p value < 0.0001 versus control treated

with SH, colors represent the comparison of the corresponding conditions, black hashtags represent the p value of all the conditions (i.e., frh-1 RNAi, BP, and

HP) versus control treated with SH. two-way ANOVA (Tukey’s multiple comparison test) E) Representative pictures of unc-54p::Q40::YFP (upper panels) and

unc-54p::a-syn::GFP (bottom panels) C. elegans strains, fed and treated as in (A). Images were acquired 24 h after the severe hypoxia treatment. Scale bars

are 0.2 mm for unc-54p::Q40::YFP and 0.1 mm for unc-54p::a-syn::GFP.

(F and G) Quantification of fluorescent foci number in unc-54p::Q40::YFP (F) and in unc-54p::a-syn::GFP (G) strains, fed and treated as in (E). Foci number

were scored 24 h after SH. Bar graphs represent mean G SEM (n = 2, N = 20); dashed lines represent untreated control (green) and untreated frh-1 RNAi

(yellow). *p value < 0.05, ****p value < 0.0001, versus control untreated (green dashed line), **p value < 0.01 versus frh-1 RNAi untreated (yellow dashed line),

####p value < 0.0001 versus control treated with SH. two-way ANOVA (Tukey’s multiple comparison test.
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degeneration in the nematode C. elegans.16,17 However, exposure to non-lethal levels of hypoxia or hyp-

oxia preconditioning (HP) has been shown to prevent the detrimental effects of severe hypoxia-induced

neuronal degeneration in an evolutionarily conserved manner.18,19 Of note, also non-toxic levels of iron

depletion achieved with the iron chelator BP or through frataxin (frh-1) silencing, extends C. elegans life-

span through hypoxia like-induction of mitophagy.8 While the potential beneficial health effects of HP

are obvious, its actual exploitation is hampered by the low feasibility of its practical application. In this

study, we thus asked whether non-toxic preconditioning interventions acting on iron instead of oxygen

availability may also elicit beneficial responses.

We found that, similar to HP, limiting iron availability at sub-lethal doses through chemical (iron chelators)

or genetic (frh-1 silencing) interventions has protective effects against hypoxia- and age-induced damage.

In search of a common mechanistic denominator for the beneficial effects of the iron depleting interven-

tions we sought to investigate the possible impact of ferroptosis, a form of non-apoptotic cell death spe-

cifically mediated by iron-induced lipid peroxidation.20 We found that fatty acids (FA) and glutathione

(GSH) homeostasis play a specific role in frh-1-control of lifespan, which, along with our previous work, sup-

port frh-1 depletion impacts on different key players of the ferroptosis machinery. Moreover, a combined

omics analysis comparing wild-type and frh-1-depleted animals throughout life, pointed toward important

changes in redox reaction activities and lipid homeostasis, two processes critically involved in ferroptosis.

The anti-aging effects of frh-1 depletion are likely achieved through novel GSH peroxidase (gpx)-indepen-

dent mechanism, which we propose as potential new strategy to delay aging and associated neuromus-

cular pathologies.

RESULTS

Iron depletion protects against hypoxia-induced neuromuscular damage

In normoxic conditions, the hypoxia-inducible-factor (HIF1a) is hydroxylated by enzymes requiring oxygen,

iron, and 2-oxoglutarate. This leads to the subsequent ubiquitination and degradation of HIF1a via the pro-

teasome. Low oxygen and iron concentrations diminish hydroxylase activities and prevent HIF1a degrada-

tion in turn promoting its translocation into the nucleus, and its transcriptional modulation of a variety of

downstream genes containing hypoxia response elements (HRE).21,22 Accordingly, iron chelators such as

deferoxamine (DFO) or bipyridine (BP), as well as iron competing-metals such as cobalt chloride (CoCl2)

or nickel chloride (NiCl2), have been shown to work as hypoxia mimetics by inactivating HIF1 hydroxy-

lases.23 Opposite to its severe deficiency sub-lethal level of iron depletion extends C. elegans lifespan,8

and we now assessed whether it could—similar to HP—protect against hypoxia-induced neuromuscular

damage (Figure 1A). As previously described by others,18 we observed that severe hypoxia (SH) in the

L3 larvae (< 1% O2 at 26
�C for 48h) induces a dramatic accumulation of fragmented nuclei in the muscle

of the myo-3p::GFP transgenic reporter strain, as well as the characteristic axonal beading in the touch re-

ceptor neuron of the mec-4p::GFP expressing strain (Figure 1B; Figures 1C and 1D—dark green at t0;

Figures S1A and S1B). The SH-induced neuromuscular damage is followed by time-dependent recovery

after return to normoxic conditions (Figures 1C and 1D—dark green from 6 to 24 h; Figures S1A and
iScience 26, 106448, April 21, 2023 3
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S1B). Recovery is more or less pronounced likely depending on initial amount of damage, yet being always

significant and reproducible in this experimental setting. Moreover, according to the literature,18 HP in the

L1 larvae (< 1%O2 at 26
�C) significantly prevented SH-induced nuclei fragmentation and axonal beading at

each of the observed time point (Figure 1B; Figures 1C and 1D—light vs dark green lines; Figures S1A and

S1B). Our previous work revealed that mild mitochondrial stress (or mitochondria hormesis), via depletion

of the nuclear encodedmitochondrial protein FRH-1, extends lifespan via iron depletion.8 Strikingly, similar

to HP, frh-1 RNAi significantly prevented SH-induced nuclei fragmentation and axonal beading at each of

the observed time point (Figure 1B; Figures 1C and 1D—yellow vs dark green lines; Figures S1A and S1B).

To support the beneficial effects of iron-depletion against SH with a chemical intervention, we then took

advantage of the iron chelator BP.8 Of note, similar to frh-1 RNAi and HP, pro-longevity doses of BP

from hatchlings also significantly prevented SH-induced neuromuscular defects at each of the observed

time point (Figures 1C and 1D—orange vs dark green lines; Figures S1A–S1C).

As a result of the neuromuscular damage, we expected SH to be accompanied by detrimental effects in

different health-related parameters. Indeed, SH significantly reduced animals’ fertility (eggs laid in 4 h),

locomotion (body bends per minute), and pharyngeal muscle activity (pumping per minute) compared

to untreated controls in both myo-3p::GFP and mec-4p::GFP strains (Figures S1D–S1I—dark green bars

vs dark green lines). Of note, the detrimental effects on these parameters were prevented by HP, frh-1

RNAi, or BP pretreatments (Figures S1D–S1I), although not always completely (Figures S1G and S1H).

Thus, reducing iron availability via genetic or chemical interventions mimics the beneficial effects of HP

against hypoxia-induced neuromuscular damage.

Pro-longevity frataxin depletion protects against hypoxia- and age-induced proteotoxicity

Excessive iron amount is a widely established mediator of age-associated neurodegenerative disorders

(NDD)5,24 and progressive accumulation and toxicity of aggregation-prone proteins in these diseases is

worsened by excessive iron levels.5 Thus, we wondered whether frh-1 silencing could also promote bene-

ficial effects inC. elegans strains expressing human aggregation-prone proteins, poly-Q40 and a-synuclein

(under a muscle specific promoter, unc-54), and widely exploited as model systems to respectively study

Huntington’s and Parkinson’s diseases.25–27 SH in C. elegans negatively impacts on protein homeostasis

with consequent proteotoxicity.28 Accordingly, we observed that 48 h hypoxia in the L3 larvae induces a

dramatic accumulation of poly-Q40 and a-synuclein aggregates (Figure 1E; Figures 1F and 1G—dark green

bars vs dark green lines). Of note, similar to the protective effect provided against neuromuscular damage,

HP and frh-1 RNAi also significantly prevented SH-induced aggregation of these two pathogenetic pro-

teins (Figure 1E; Figure F, G—light green and yellow bars vs dark green bars).

Interestingly, HP and frh-1 RNAi decreased the amount of SH-induced protein aggregation, i.e., poly-Q40

and a-synuclein respectively, less than in their respective untreated controls (green and yellow lines,

respectively), clearly reminiscent of a hormetic effect. In further support of a typical hormetic effect, frh-1

RNAi in basal conditions already increased the number a-synuclein aggregates (Figure 1E bottom panels;

Figure G—yellow line vs dark green line).

In basal conditions, the accumulation of poly-Q40 and a-synuclein aggregates also increases in age-

dependent manner (Figures 2A–2D). Remarkably, and in further support of a protective effect against pro-

teotoxicity, we found that frh-1 RNAi significantly reduced age-dependent accumulation of both poly-Q40

and a-synuclein aggregates (Figures 2A–2D). Moreover, frh-1 RNAi extended lifespan (Figures 2E and 2F;

Table 1) and ameliorated health-related parameters (Figures S2A and S2B) in the two age-associated NDD

models. To strengthen the protective role of frataxin depletion against age-associated NDD, we then took

advantage of one of the most commonly used C. elegans strain to study Alzheimer’s disease, which ex-

presses human toxic Ab under a muscle specific promoter.29,30 As expected, control animals undergo

accelerated time-dependent paralysis induced by Ab overexpression after temperature upshift and,

most notably, frh-1 RNAi drastically prevented it (Figure S2C). Thus, mitochondria preconditioning

achieved through frataxin depletion not only promotes life- and health-span in wild-type animals, but

also protects against hypoxia-, age-, and proteotoxic diseases-induced neuromuscular deficits.

DGLA prevents frataxin silencing extension of lifespan

Ferroptosis is a regulated form of non-apoptotic cell death initiated by iron-dependent peroxidation of

lipids, especially of FA,4,20,31 which is emergingly being implicated in the pathogenesis of iron-mediated
4 iScience 26, 106448, April 21, 2023
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Figure 2. Frataxin depletion protects against hypoxia- and age-induced proteotoxicity

(A and B) Representative pictures of unc-54p::Q40::YFP (A) and unc-54p::a-syn::GFP (B) reporter strains acquired at 3-, 7-, and 10-day after hatching and fed

bacteria transformed with either empty-vector (con) or vector-expressing dsRNA against frh-1 (frh-1 RNAi). Scale bars are 0.2 mm for unc-54p::Q40::YFP and

0.1 mm for unc-54p::a-syn::GFP.

(C and D) Quantification of foci number in unc-54p::Q40::YFP (C) and unc-54p::a-syn::GFP (D) strains in the head region of worms fed and acquire as in (A-B).

Bar graph represents mean G SD (n = 3, N = 20). Black ‘‘*’’ indicate p values versus control (3 days) and yellow ‘‘*’’ versus frh-1 RNAi (3 days): *p value < 0.05,

***p value < 0.001, ****p value < 0.0001. ‘‘#’’ indicate p values versus control at the same time point: ####p value < 0.0001. two-way ANOVA (Tukey’s multiple

comparison test) (E-F) Kaplan-Meier survival curves of wild-type (WT) animals, unc-54p::Q40::YFP (E), unc-54p:a-syn::YFP (NL5901) (F) strains fed as in A.

Comparison between curves was done using the log-rank test (Table 1).
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NDD.32,33 In C. elegans, frataxin silencing decreases the amount of iron of reactive oxygen species (ROS)

and within different metabolic pathways, it specifically reduces the expression of FAmetabolism regulatory

enzymes (e.g., gpdh-2, lipl-4, acs-17, and fasn-1), as well as the overall animal content of lipids.8,34 Thus, we

wondered whether frh-1 RNAi, impacting on the two core players of the ferroptosis machinery (i.e., iron and

lipid content) may promote life- and health-span ultimately via ferroptosis inhibition. To start assessing this
iScience 26, 106448, April 21, 2023 5



Table 1. Summary of survival analysis

Genotype Treatment

Mean Lifespan

(days)

Standard

Error ap vs con ap vs WT

Age at 100%

mortality (days) Total/Censor N

Figure 2E Wild-type (N2) PL4440 (con) 22,2 0.4 33 160/20 2

frh-1 RNAi 26.6 0.6 < 0.0001 42 160/27 2

AM141 (unc-54p::Q40::YFP) PL4440 (con) 17.2 0.4 < 0.0001 31 160/47 2

frh-1 RNAi 27.5 0.6 < 0.0001 ns 45 160/11 2

Figure 2F Wild-type (N2) PL4440 (con) 21.3 0.4 33 160/7 2

frh-1 RNAi 25.4 0.7 < 0.0001 45 160/30 2

NL5901 (unc-54p::asyn::YFP) PL4440 (con) 20.2 0.5 ns 35 160/33 2

frh-1 RNAi 26.4 0.6 < 0.0001 ns 47 160/35 2

Figure 3H Wild-type (N2) PL4440 (con) 19.6 0.5 34 120/14 2

frh-1 RNAi 22.8 0.8 0.0004 39 120/44 2

PL4440 DGLA 10mM 19.7 0.5 1 30 120/14 2

frh-1 RNAi DGLA 10mM 17.2 0.5 0.0055 < 0.0001 34 120/46 2

Figure 3I Wild-type (N2) con 20.6 0.3 31 195/9 3

DGLA 10mM 20.1 0.4 Ns 30 195/13 3

CoCl2 500 mM 34.6 0.8 < 0.0001 < 0.0001b 50 195/72 3

CoCl2 500 mM / DGLA 10mM 25.4 0.7 < 0.0001 < 0.0001b 37 195/67 3

Figures 4C and 4D Wild-type (N2) PL4440 (con) 21.2 0.5 35 140/13 2

frh-1 RNAi 26.8 0.6 < 0.0001 45 140/20 2

PL4440 (con) DEM 1.5 mM 12.5 0.2 < 0.0001 17 140/10 2

frh-1 RNAi DEM 1.5 mM 23.0 0.6 0.0092 40 140/23 2

PL4440 (con) Lip-1 200 mM 21.4 0.5 Ns 38 140/12 2

KPJ2 (GPx4) PL4440 (con) 19.1 0.4 < 0.0001 33 140/12 2

frh-1 RNAi 24.0 0.7 < 0.0001 ns 45 140/10 2

PL4440 (con) Lip-1 200 mM 20.7 0.4 Ns ns 33 138/5 2

(Continued on next page)
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Table 1. Continued

Genotype Treatment

Mean Lifespan

(days)

Standard

Error ap vs con ap vs WT

Age at 100%

mortality (days) Total/Censor N

Figures S3B and S3C Wild-type (N2) PL4440 (con) 19.6 0.5 34 120/14 2

frh-1 RNAi 22.8 0.8 0.0004 39 120/44 2

PL4440 OA 10mM 18.6 0.4 Ns 28 120/14 2

frh-1 RNAi OA 10mM 18.6 0.6 Ns nsc 32 120/51 2

PL4440 LA 10mM 19.2 0.5 Ns 34 120/11 2

frh-1 RNAi LA 10mM 18.7 0.6 Ns nsd 36 120/58 2

Genotype Treatment Mean Survival (hours) Standard Error ap vs con Age at 100%

mortality (hours)

Total/Censor N

Figure 4B Wild-type (N2) con DEM 1.5 mM 31.2 1.1 48 205/51 4

frh-1 RNAi DEM 1.5 mM 56.2 1.1 < 0.0001 72 194/23 4

Lip-1 200 mM DEM 1.5 mM 37.1 1.1 0.002 72 199/29 4

aPairwise comparisons using Log-Rank test, P adjusted using the Bonferroni method.
bp value vs DGLA 10mM
cp value vs PL4440 OA 10mM
dp value vs PL4440 LA 10mM
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hypothesis, we first carried out a targeted lipidomic analysis in 1-day-old animals left untreated or treated

with frh-1 RNAi and specifically measured the amounts of FA and eicosanoids previously shown to regulate

C. elegans lifespan and response to hypoxia.35,36 We found that frh-1 depletion significantly affects the

content of specific FA (Figure 3A) but not that of eicosanoids (Figure S3A). Namely, upon frh-1 RNAi,

the amount of myristoleic acid (MA or 14:1, n-5), oleic acid (OA or 18:1, n-9 trans), and linoleic acid (LA

or 18:3, n-6) were significantly increased while the content of di-gamma-linoleic acid (DGLA, 20:3, n-6)

was significantly decreased. In line with the changes in the FA content, the expression of two critical pro-

teins involved in polyunsaturated fatty acids (PUFA) biosynthesis, FAT-6 and FAT-7 was decreased upon

frh-1 RNAi (Figures 3B and 3C).

PUFA and in particular DGLA, play a critical role in lipid peroxidation-mediated ferroptosis in both

mammalian cells and inC. elegans.31We thus interrogated whether the reduced production of DGLA could

be causally involved in the specification of frh-1 depleted animals’ features. To address this, we supple-

mented DGLA in the worm diet through the entire lifespan in animals left untreated or subjected to

frh-1 RNAi. DGLA supplementation did not affected the expression of typical mitochondrial stress re-

sponses genes neither in basal conditions nor upon frh-1 RNAi (hsp-6 and gst-4, Figures 3D and 3E).

This also excluded a non-specific effect of DGLA on the RNAi potency. Instead, DGLA suppressed the small

size (Figure 3F), and the reduced fertility (Figure 3G) of frh-1-depleted animals, and, most notably, it

completely abolished their extended lifespan (Figure 3H; Table 1). DGLA supplementation also partially

suppressed the lifespan extension induced by the iron competing agents CoCl2
37 (Figure 3I; Table 1). Inter-

estingly, feeding with other fatty acids, namely OA and LA, whose content was increased by frh-1 RNAi did

not affect lifespan in wild-type but prevented frh-1 RNAi extension of lifespan (Figures S3B and S3C), sup-

porting a specific role for FA homeostasis in frataxin regulated longevity.
Frataxin depletion extends lifespan via GSH/GPx-dependent and -independent mechanisms

We then sought to investigate the relationship between frataxin depletion and additional key players of the

ferroptosis machinery. FA represent a core substrate for iron-induced lipid peroxidation,38,39 and we thus

wondered whether the effects of frataxin silencing on FA imbalance, and especially on DGLA depletion

translates into altered lipid peroxidation. We specifically focused on GSH-regulated processes since in

C. elegans, frh-1 RNAi also increases the pool of reduced GSH34 and, in mammals, ferroptosis can be

induced by depletion of the GSH-Peroxidase-4 (GPX4), an enzyme which help maintaining appropriate

levels of reduced GSH.40,41 Consistent with the detrimental effect of imbalanced GSH homeostasis, high

doses of the GSH-conjugating reagent diethyl-maleate (DEM) have toxic effects in C. elegans—in part sup-

pressed by the specific ferroptosis inhibitor liproxstatin (Lip-1)42 —and shortens animals’ lifespan.43 In line

with the pro-ferroptotic role of GSH depletion, acute treatment of C. elegans with high doses of the GSH-

conjugating reagent diethyl-maleate (DEM), increased lipid peroxidation revealed by the oxidation of the

fluorescent FA analog BODIPY-C11 in vivo (Figure 4A). Interestingly, pro-longevity frh-1 RNAi increased

probe oxidation to a similar extent, yet prevented DEM-induced lipid peroxidation (Figure 4A), indicative

of a typical hormetic effect. To validate the effect of frataxin depletion on lipid peroxidation, we turned to a

more classical biochemical approach and measured the production of malondialdehyde (MDA), an end-

product of lipid peroxidation reaction.44,45 Of note, DEM treatment increased the amount of produced

MDA and this was also prevented by frh-1 RNAi, which nonetheless did not per se increased MDA produc-

tion (Figure S3D).

According to previous findings,42 we observed that high doses of DEM in C. elegans exhibit acute toxicity

with 50% of the population dying within 18 h. DEM toxicity was in part suppressed by Lip-1 with 50% of the

population still alive after 24h (Figure 4B). Remarkably, we also found that frh-1 RNAi suppressed acute

DEM toxicity much more efficiently than Lip-1 with 50% of the population being still alive after 48h (Fig-

ure 4B). Moreover, frataxin depletion significantly rescued the short lifespan induced by chronic supple-

mentation of sub-lethal doses of DEM (Figure 4C; Table 1). Thus, pro-longevity frh-1 suppression provides

protection against acute and chronic GSH depletion, possibly via inhibition of ferroptosis.

To further address the role of ferroptosis in the aging process via genetic rather than chemical interventions,

we turned to a C. elegans strain with a concurrent deletion of four GPx genes (gpx-1, -2, -6, -7, or GPx4),

includingorthologsofmammalianGPX4,whichhasbeen shown to shorten animals lifespan.46Notably, consis-

tent with the DEM data, and in further support of anti-ferroptotic effect, frh-1 RNAi significantly rescued the

short lifespan of the GPx4 quadruple mutant (Figure 4D; Table 1). However, the lifespan shortening effects
8 iScience 26, 106448, April 21, 2023
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Figure 3. DGLA prevents frataxin silencing extension of lifespan

(A) Quantification of polyunsaturated fatty acid in 4 days old wild-type worms fed bacteria transformed with either empty-vector (con) or vector-expressing

dsRNA against frh-1 (frh-1 RNAi). Bar graph represent mean G SEM (n = 3); *p value < 0.05 versus control. Multiple unpaired t-test Holm-�Sı́dák method.

(B and C) Relative fluorescence intensity (RFI) and representative pictures of FAT-7::GFP (B), FAT-6::GFP (C) reporter strains fed as A. Lines in the scatterplot

represent means G SD (n = 3, N = 10–15). ****p value < 0.0001 versus control, unpaired T-test. Scale bar on the representative pictures is 200 mm. Yellow

dashed lines represent worm’s perimeter.

(D and E) Relative fluorescence intensity (RFI) quantification of hsp-6p::GFP (D), gst-4p::GFP (C) reporter strains fed as in A and left untreated (�) or treated

(+) with Dihomo-g-linolenic acid (DGLA 10 mM). Lines in the scatterplot represent means G SD (n = 3, N = 10–15), two-way ANOVA (Tukey’s multiple

comparison test), ****p value < 0.0001 versus control left untreated, ####p value < 0.0001 versus control treated with DGLA.

(F) Quantification of relative worms’ length in 4 days old wild-type animals fed and treated as (D-E). Lines in the scatterplot represent means G SD (n = 4,

N = 15). Black ‘‘*’’ versus control untreated, yellow ‘‘*’’ versus frh-1 RNAi untreated, ****p value < 0.0001, #p value < 0.05 versus control treated, two-way

ANOVA (Tukey’s multiple comparison test).

(G) Quantification of number of eggs from 4 days old worms released in 4 h and normalized against the not treated control worms. Animals were fed and

treated as in (D-E). Lines in the scatterplot represent means G SD (n = 3, N = 3–5). **p value < 0.01 versus untreated control, two-way ANOVA (Tukey’s

multiple comparison test).

(H) Kaplan-Meier survival curves of wild-type strain fed bacteria transformed with either empty-vector (con) or vector-expressing dsRNA against frh-1 (frh-1

RNAi) and left untreated or treated with DGLA (DGLA 10 mM). Comparison between curves was done using the log-rank test (Table 1).

(I) Kaplan-Meier survival curves of wild-type strain left untreated (con) or treated with CoCl2 (CoCl2 500 mM) with or without DGLA (DGLA 10 mM). Comparison

between curves was done using the log-rank test (Table 1).
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Figure 4. Frataxin depletion extends lifespan via GSH/GPx-dependent and -independent mechanisms

(A) Lipid peroxidation quantified as the amount of oxidized bodipy-C11 in 3 days old-type worms fed bacteria

transformed with either empty-vector (con) or vector-expressing dsRNA against frh-1 (frh-1 RNAi) and left untreated (�) or

treated (+) with diethyl maleate for 6 h (DEM 20 mM). Lines in the scatterplot represent means G SD (n = 3). *p

value < 0.05, two-way ANOVA (Tukey’s multiple comparison test).

(B) Survival curves of wild-type worms treated with 15mMDEM starting from day 5 of adulthood.Worms were fed bacteria

transformed with either empty-vector (con) or vector-expressing dsRNA against frh-1 (frh-1 RNAi) or treated with

liproxstatin (Lip-1 200 mM) starting from L4. The average survival time GSD for each condition is shown as a bar graph on

the right side of the survival curves. Comparison between curves was done using the log-rank test (Table 1). Addionally,

mean survival time was tested using one-way ANOVA (Tukey’s multiple comparison test), **p value < 0.01, ****p

value < 0.0001 versus control.

(C) Kaplan-Meier survival curves of wild-type strain fed bacteria transformed with either empty-vector (con) or vector-

expressing dsRNA against frh-1 (frh-1 RNAi) and left untreated or treated with 1.5 mMDEM from L4. Comparison between

curves was done using the log-rank test (Table 1).

(D) Kaplan-Meier survival curves of wild-type (WT) and GPx4 (GPx4) strains fed bacteria transformed with either empty-

vector (con) or vector-expressing dsRNA against frh-1 (frh-1 RNAi). Comparison between curves was done using the log-

rank test (Table 1).
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of GSH andGPx4 depletions were not fully suppressed by frh-1 silencing indicating GSH/GPx regulated path-

ways indeed play a role in frataxin-control of lifespan. Data collected so far suggest frh-1 RNAi promotes life-

span via GSH/GPx(4)-dependent and -independent mechanisms that most likely compensate for the detri-

mental effects of GSH depletion-induced lipid peroxidation and ferroptosis.

Frataxin depletion impacts on neuroimmune, detoxification, metabolic, and redox regulatory

processes across lifespan

To identify new anti-aging mechanisms possibly counteracting the ferroptotic machinery, we then carried

out a combined transcriptomic and proteomic analysis upon pro-longevity frh-1 silencing. Gene expression

analysis displayed a great reproducibility within the samples and a striking separation between wild-type

and frataxin depleted animals during aging (4,7,14 days old, Figure 5A). Cluster analysis of age-dependent

changes in gene expression in wild-type animals (Figure S4) showed that roughly half of the genes had a net

upregulation (3817) while half were downregulated (4308) during aging. Downregulated clusters, as ex-

pected, are enriched in genes involved in cell cycle and reproduction (cluster 1, 899 genes), mitochondria

and metabolic activities especially regulating carbon, amino acids, nucleotide, and glucose metabolism

(cluster 7, 496 genes), as well as in genes regulating cellular differentiation, developmental, transcriptional,

and biosynthetic processes (cluster 8, 425 genes). Not surprisingly, these clusters decrease during aging
10 iScience 26, 106448, April 21, 2023
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Figure 5. Frataxin depletion impacts on neuroimmune, detoxification, metabolic, and redox regulatory processes across lifespan

(A) Wild-type worms fed bacteria transformed with either empty-vector (con) or vector-expressing dsRNA against frh-1 (frh-1) were collected for gene and

protein expression analysis at 4, 7, and 14 days of age. Principal component analysis plot based on the normalized microarray expression matrix. Each circle

represents one microarray sample, and the colors correspond to the treatment as indicated in the figure legend. The same microarray time points are

highlighted with a light-gray balloon (n = 5).

(B) Venn diagram showing differentially expressed genes (DEG) between wild-type worms fed bacteria transformed with either empty-vector or vector-

expressing dsRNA against frh-1. The number of unique and commonDEG (FCR 1.5 and with a Padj% 0.05) are dived in up-(green) and down-regulated(red)

and grouped according to the respective time points, 4 days (D4), 7 days (D), and 14 days (D14).

(C) Volcano plots of normalized microarray expression matrix showing the gene expression values for worms fed with dsRNA against frh-1 relative to empty

vector and collected at different time point, 4 days (D4), 7 days (D), and 14 days (D14).

(D) Gene ontology and KEGG analysis plots of the differentially expressed genes across lifespan (3-,7-,14-days-old worms).

(E) Enrichment map created using the enrichment map plugin in cystoscape with the following parameters: q-value < 0.05 and edge-cut-off 0.4. The gene-set

was created in https://biit.cs.ut.ee/gprofiler/gost using the differentially expressed genes over time as in D.

(F) GO comparison between the transcriptomic and proteomic differentially expressed genes and proteins across lifespan (3-,7-,14-days-old worms). The

heatmap shows the -log10(p value) of enrichment test for each comparison.
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with different trajectories; genes belonging to cluster 1 (cell cycle) mainly decrease after day 7; genes

belonging to cluster 7 (carboxylic metabolic processes) linearly decrease from 4 to 14 days; while genes

belonging to cluster 8 (system development) display the strongest drop between 4 and 7 days. Instead,

surprisingly, two clusters with a small fraction of genes primarily involved in the regulation of neuronal

differentiation, development, morphogenesis, neurotransmission (cluster 2, 193 genes and cluster 3, 161

genes) had a slightly net upregulation throughout lifespan. Moreover, other two small clusters (cluster 5,

223 genes and cluster 6, 173 genes) containing mainly genes regulating stress response against pathogens

and insults were strongly (cluster 5) or mildly (cluster 6) induced between 4 and 7 days and then slightly

reduced with the net results of being upregulated (cluster 5) or downregulated (cluster 6) at 14 days old.

Finally, two big clusters displayed the highest upregulation with continuous increase through lifespan:

the biggest cluster (cluster 4, 984 genes) contains all genes involved in response to stress, pathogens

and insults, with many genes belonging kinases signaling (especially MAPK); while the last cluster (cluster

9, 441 genes) contains a variety of genes involved in cell-cell communication processes e.g., secretion,

transport, exocytosis, cell junctions, and synapses.

A total of 7639 genes (4337 up and 3302 down) were instead differentially expressed between age-synchro-

nized populations of wild-type and long-lived frh-1-depleted animals (Figures 5B and 5C). Perhaps not

surprisingly given the role of frataxin in mitochondrial functions, the expression of genes regulating mito-

chondrial activities, carbon and lipid metabolism and redox homeostasis were significantly changed by

frh-1 depletion (Figures 5D and 5E). A closer look to clusters of the differentially expressed genes

throughout animals’ lifespan (Figure S5), revealed that processes involved in small molecules homeostasis

(e.g., metabolites, ions, iron, NAD precursors), neuropeptide and synaptic functions, as well as defense

mechanisms are also significantly affected by frh-1 depletion. These changes are in agreement with previ-

ous studies indicating a role for mitochondria-regulated molecules,8,47,48 neurons49,50 and detoxification

responses51,51,52 in mitochondrial-stress extension of C. elegans lifespan.

When coupled to the changes in animals’ proteome at the same ages, what primarily stood out in our anal-

ysis are redox and lipid homeostasis regulatory processes (Figure 5F; Figure S6A), key players in the regu-

lation of ferroptosis. The gene and protein expression profiles are in agreement with the lipidomic analysis

with fat-6 and fat-7 expression also being reduced at gene level (Figures 6A and 6B). Of note, most of the

same processes affected across lifespan are already modulated when comparing the results in 4-day-old

animals (Figure S6B), when the frail period has not yet started. This indicates early changes in gene/protein

expression are induced early in life in frataxin depleted animals andmaintained throughout life to promote

longevity. Most importantly, our analysis revealed a vast number of redox and lipid regulatory genesmodu-

lated by pro-longevity frh-1 RNAi (Figure 6C), suggesting novel potential anti-aging mechanisms that may

act by counteracting ferroptosis (graphical abstract).

DISCUSSION

Our work provides evidence that limiting iron availability, via genetic (frh-1 silencing) or chemical (BP) in-

terventions, delays aging and protects against hypoxia-, age-, and proteotoxicity-induced neuromuscular

damage and functional decline. Moreover, we identify inhibition of ferroptosis as a possible molecular

mechanism mediating the beneficial effects of frh-1 silencing, clearly suggesting a common mechanistic
12 iScience 26, 106448, April 21, 2023
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Figure 6. Frataxin depletion impacts on lipids and redox regulatory processes already in young animals

(A) Schematic representation of polyunsaturated fatty acids synthesis pathway summarizing genes, proteins, and fatty acids changes induced by frataxin

silencing in wild-type 4 days old animals. Light blue color indicates upregulation, purple downregulation, and gray indicates no modulation.

(B) Scatterplot of fat-6 and fat-7 genes normalized expression from day 4 of microarray analysis of worms fed with dsRNA against frh-1 (frh-1 RNAi) relative to

worms fed with empty vector (con). ***p value < 0.001 versus con unpaired t-test, lines in the scatterplot represent meansG SD (n = 5). (Adjusted p value from

the microarray analysis are < 0.05 for fat-6 and < 0.0001 for fat-7).

(C) Heatmaps of genes (from day 4 of microarray) enriched in selected and aggregated gene ontology terms for Redox related processes and fatty acid (FA)

and lipid regulatory terms. Aggregated redox GO terms are: GO:0016491, GO:0016705, GO:0016712, GO:0016717, GO:0016620, and GO:0016903.

Aggregate FA and lipid GO terms are: GO:0006631, GO:0044242, GO:0016042, and GO:0006629.
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determinant for treatments limiting iron availability. These finding have important repercussion in light of

the emerging role of ferroptosis in the pathogenesis of different NDD.53,54 Indeed, the beneficial effects of

mild oxygen depletion (or HP) or of mild mitochondria stress (mitohormesis) have been shown and sug-

gested as potential therapeutic strategies.55–60 However, it is not trivial to fine-tune oxygen levels or mito-

chondrial activity to trigger beneficial effects without surpassing the critical threshold leading to detri-

mental consequences. The bottleneck in the exploitation of these preconditioning approaches as

therapeutic interventions in fact relies on the low feasibility of their practical application. The identification

of more finely tunable interventions mimicking hypoxia or mitochondria preconditioning, such as iron

chelators already used in the clinic or undergoing clinical trials,61,61–63 or of modulators of downstream

molecular players (e.g., GSH, FA) mediating their beneficial effects, may thus suggest more feasible pre-

ventive or therapeutic approaches to interfere with neuropathological processes.

HP has known beneficial effects against severe hypoxia-induced neuromuscular damage across species,18

and we show here that mildmitochondrial stress (via frh-1 silencing) and iron depletion (via the iron chelator

BP) may similarly provide protection against neuromuscular degeneration induced by hypoxia, aging, or

accumulation of proteotoxic proteins. It is worth noting that the beneficial effect of the iron chelator is

dose dependent, and, similar to mitochondria stress,59,64 it is elicited only when the interventions are

applied at sub-lethal doses already during animal development. This clearly indicates that the metabolic

remodeling associated with mitohormesis and iron depletionmust occur early in life to promote protection

against aging and age-associated features.65

Different phenotypic features are concurrently associated with the pro-longevity effect induced by mito-

chondria stress such as reduced animals’ size and egg-lay rate, prolonged fertility period, and delay neuro-

muscular functional decline during aging.49,59 Interestingly, while decline in C. elegans motility is often

regarded as a health-related parameter, our data suggest that rather than locomotion activity, pharyngeal

pumping is a very sensitive parameter affected by severe hypoxia and ameliorated by the different pro-

longevity interventions. This is remarkable considering that C. elegans pharynx is considered an ancestral

mammalian heart, sharing genetic regulation with hearth embryonic development and recapitulating its

electrophysiological properties, pointing to convergent evolution between two autonomous muscular

pumps.66 Of note, pharyngeal pumping is often used as sensitive readout for age-modulating interven-

tions, as well as to monitor neuromuscular (including heart)-associated pathologies.67–70

In search of common molecular mechanisms mediating the beneficial effects of iron-depleting interven-

tions, we sought to investigate whether ferroptosis may play a role. Indeed, ferroptosis is a form of

GSH-regulated non-apoptotic cell death mediated by iron-induced lipid (PUFA) peroxidation20 and our

work indicate frataxin depletion impact on different key ferroptosis players. Namely, frh-1 RNAi in

C. elegans increases the pool of reduced GSH and decreases iron ROS and lipid content,8,34 all factors

which can clearly concur to limit ferroptosis cell death. Our data strongly point toward regulation of lipid

metabolic processes modulated by frataxin to suppress ferroptosis. Most notably, DGLA a central ferrop-

tosis mediator71 suppresses lifespan extension induced by frataxin and CoCl2 and frh-1 RNAi prevented

DEM-induced lipid peroxidation. However, we also found that frh-1 RNAi in basal condition increased lipid

peroxidation revealed by oxidation of the FA analog BODIPY, but did not increase the production of MDA,

an end-product of lipid peroxidation. These discrepancies may be ascribed to technical differences in the

sensitivity and reproducibility of the two assays.44 If one considers the TBARS assay as being less sensi-

tive,44 the increased lipid peroxidation induced by frh-1 RNAi in basal conditions revealed by BODIPY,

clearly resemble a typical hormetic effect. Moreover, it is still possible that frataxin regulation of FA meta-

bolism impacts on ferroptosis via alternative routes. Yet, interestingly, the intrinsic differences of the two

assays i.e., one revealing the initial step (oxidation) the other measuring a final product (MDA) of lipid

peroxidation, may in fact also disclose real biological effects modulated by frataxin silencing.

We have previously shown that frh-1 RNAi significantly reduces animals’ lipid content, which could be

ascribed to reduced lipid droplets formation/accumulation. Interestingly, a decreased content of lipid

droplets has been shown to protect against ferroptosis.72 Moreover, we found frataxin depletion activates

hlh-30/TFEB, a central mediator of lipid metabolism and of autophagy and different evidence indicates

that molecular components of the autophagic process regulate ferroptotic cell death.73,74 Of note, similar

to the bimodal effects on lifespan elicited bymitochondrial hormesis and iron depletion,8,59,75 also the GSH

conjugating agent used in our study (DEM) was shown to influence C. elegans lifespan in a non-linear
14 iScience 26, 106448, April 21, 2023
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response.43 Moreover, according to a beneficial role of GSH-regulated pathways, loss of GSH-redox bal-

ance induces proteotoxicity by inhibiting autophagy in C. elegans NDD models.76 We showed in the

past that frh-1 silencing in C. elegans not only impacts GSH levels but also increases autophagy, which

is casually involved in the specification of frataxin-depleted animals’ longevity.34 It will be thus very inter-

esting to establish whether reduced iron availability and lipid remodeling impact ferroptosis through

the same or parallel mechanisms and whether a crosstalk between the autophagy and ferroptosis machin-

ery actually plays a role in regulating health span upon iron and/or frataxin depletion.

Furthermore, although GPx4 quadruple mutant partially suppresses frataxin silencing extension of life-

span, our data suggest ferroptosis suppression by frataxin depletion likely occurs via the induction of

compensatory GPx4-independent pathway, which remain to be identified. Two enzymes suppressing fer-

roptosis have been originally described, namely GSH-reductase-4 (GPX4) and CoQ-regulated migration

inhibitory factor (MIF).41,77,78 More recently, dihydroorotate dehydrogenase (DHODH)79 and G3P-depden-

tent dehydrogenase 2 (GPD2)80 were also implicated in ferroptosis suppression, and the list of players

regulating this non-apoptotic form of cell death is expected to grow as clearly indicated by the number

of publications on ferroptosis (PubMed search in the title) raising from 900, from its discovery to 2020, to

2800 between 2021 and 2022. In C. elegans gpx other than GPx4 or other enzymes may therefore, over-

come the loss of the four depleted gpx-genes and yet to be disclosed enzymes may concur in regulating

ferroptosis upon pro-longevity mitochondrial stress. In this direction our combined transcriptomic and pro-

teomic analysis may help to shed light on the temporal dynamic of aging regulation. Our initial analysis

pointed toward a central role for redox reaction activities and lipid homeostasis, two processes critically

involved in ferroptosis. Interestingly, these processes are already affected early in life (4-days-old animals),

further indicating metabolic remodeling must occur during development to promote health span.64,65

Additional bioinformatic analysis, such as identification of shared regulatory elements or temporal expres-

sion patterns in the transcriptomic/proteomic signature, will be required to fully exploit the potential of our

omics approach and uncover new genes and signaling modulating aging in wild-type and in response to

mitochondrial stress.

Of note, different redox-regulatory genes are suggested by the transcriptomic profile, and it will be inter-

esting to investigate their role in frataxin regulated ferroptosis and more generally in iron depletion- and

mitochondrial stress-promoted health effects. Indeed, while the observed beneficial effect of limiting fer-

roptosis may be specifically ascribed to frataxin depletion, it is still possible that this is a more general effect

of reducing iron availability (via mitochondrial hormesis or downstream regulatory pathways). As ferropto-

sis is emerging as an important mechanism that concur to the pathogenesis of different age-associated

neurodegenerative disorders such as Parkinson or Alzheimer disorders,33,53,54 identification of strategies

to counteract ferroptosis may be relevant to fight a variety of NDD. One paradigmatic example is repre-

sented by FRDA, ascribed to severe deficiency of frataxin. Reduced oxygen levels were indeed show to

ameliorate detrimental outcomes in different FRDA diseases models including the developmental arrest

in a C. elegans frh-1 knockout strain via a compensatory induction of ISC-proteins.81 Moreover, we

observed that in the poly-Q compromised background, frh-1 RNAi is protective only within two genera-

tions, the second being long lived yet sterile. This clearly implies a threshold effect typical of a neuronal

hormetic paradigm induced by mild mitochondrial stress.49 Accordingly, we also observed a basal increase

in a-synuclein aggregates induced by frh-1 RNAi in young animals. The beneficial endpoints on health and

lifespan induced by frh-1 RNAi clearly implies the activation of downstream molecular players that help

compensating for the primary genetic defect (frh-1 suppression), as well as counteracting additional ge-

netic (protein aggregation) or environmental (age, hypoxia) stressors. Our data suggest that additional

mechanisms, likely GPx4-independent redox-dependent reactions, may also help counteracting FRDA

and more generally different mitochondrio- or neuronal-pathologies. Interestingly, activation of the redox

transcription factor Nrf2 prevents ferroptosis in mammalian FRDAmodels,82 and we have shown in the past

that pro-longevity frh-1 silencing in C. elegans activates the Nrf2 homolog, skn-1, and overcome the short

lifespan of the skn-1 depleted animals.75 Nrf2 may be also activated by hypoxia and hypoxia mimetics like

CoCl2
83,84 and can in turn regulate ferroptosis thus, possibly impacting different NDD.85 Our omics analysis

will help identifying additional redox regulatory genes modulated in response to sub-lethal frataxin defi-

ciency, which may then in turn point toward targeted therapeutic approaches for FRDA and possibly other

mitochondriopathies or NDD. This may especially be true for genes, which will be found to regulate ferrop-

tosis. Indeed, while cells from frataxin knock-in/knock-out mouse display different hallmarks of ferroptosis

(e.g., increased lipid peroxidation and reduced GPx4 expression), they are less sensitive to cell death
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induced by GSH depletion upon buthionine sulfoximine treatment86 clearly indicating frataxin depleted

cells induce compensatory genes, which may help counteracting ferroptosis cell death.

In conclusion, frataxin depletion limits different critical ferroptosis player, and we thus suggest inhibition of

ferroptosis (via GPx-independent signaling, yet to be identified) as a new possible mechanism induced by

mild mitochondrial stress to promote health span, opening the door to novel potential preventive and ther-

apeutic strategies for age-associated NDD.

Limitations of the study

Severe vs mild depletion of different mitochondrial electron transport chain (ETC) regulatory subunits,

including frh-1, has opposite outcomes on C. elegans health span. This mitohormetic effect resembles

that observed upon different degrees of oxygen deprivation, and we describe a similar dual effect also

for different degrees of iron depletion. Limiting iron availability clearly dampens ferroptosis. We have pre-

viously shown that frh-1 silencing promotes lifespan via iron-depletion and now provide evidence that it

also impacts other key ferroptosis players. Based on previous studies revealing similar health span out-

comes upon suppression of different ETC regulatory subunits, we assumed here that the anti-ferroptotic

role observed with frh-1 RNAi can be more generally achieved with mild suppression of the ETC. However,

this hypothesis requires further investigation (e.g., using pharmacological or genetic suppression of

different ETC components), and we cannot currently exclude that the observed protection against ferrop-

tosis is specific of mild frataxin depletion rather than a general effect promoted by mild mitochondrial

stress.
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Natascia Ventura (natascia.ventura@uni-duesseldorf.de).
Material availability

This study did not generate any new reagents.

Data and code availability

d Microarray data have been deposited at GEO while the mass spectrometry proteomics data have been

deposited to the ProteomeXchange Consortium via the PRIDE,87 and data are publicly available as of the

date of publication. Accession numbers are listed in the key resources table.

d This paper does not report original code

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans strains and culture conditions

The following strainswere used in this study:N2wild type,AM141: rmIs133 [unc-54p:Q40:YFP],NL5901: pkIs2386

[unc-54p:a-syn:gfp:YFP + unc-119(+)], SK4005: zdIs5[mec-4p:GFP], UA49: [baInl2; unc-54p:a-syn:GFP, rol-6

(su1006)], CL2166: dvIs19[pAF15(gst-4:GFP:NLS)], SJ4100: zcIs13[hsp-6p:GFP], BX113: lin-15B&lin-15A(n765)X;

waEx15 [fat-7:GFP + lin15(+)], BX115: lin-15B&lin-15A(n765)X; waEx16 [fat-6:GFP + lin15(+)], KJP2: gpx-

1(tm2100)I; gpx-2(tm2895)II; gpx-6(tm2535)IV; gpx-7(ksu1)X; GMC101 dvIs100 [unc-54p:A-beta-1-42::unc-54

30-UTR +mtl-2p:GFP].

All strains were maintained and kept synchronized by egg lay at 20�C on Nematode Growth Media (NGM)

agar supplemented with Escherichia coli (OP50 or transformed HT115), unless otherwise indicated.

METHOD DETAILS

RNA-mediated interference (RNAi)

Genes of interest were silenced by feeding E. coli HT115(DE3) expressing plasmids transformed with frh-1

dsRNA.14 Worms were treated with RNAi expressing bacteria from eggs until the end of the experiment.

Chemical treatments

Cobalt chloride (CoCl2 C8661, Sigma Aldrich), was dissolved at 0.1 M stock solution in ddH2O, sterilized

using a 0.22 mM filter and supplemented to the NGM after autoclaving at the concentration of interest.

2,20 dipyridyl (BP, 4153 Carl Roth) was dissolved in ddH2O and added to NGM to the indicated

concentrations.

Fatty acids were supplied as previously described by others.88 Briefly, NGMmedia was supplemented with

Tergitol (NP40S Sigma) and dihomo-gamma-linolenic acid (DGLA, 20:3n-6) (90230 Cayman) or linolenic

acid (LA, 18:2 n-6) (90150, Cayman) were added at the indicated concentrations. Worms were treated

from eggs until the end of the experiments.

Liproxtatin (Lip-1 B4987, Gentaur GmbH) and Diethyl maleate (DEM D97703, Sigma-Aldrich) treatment

were carried out as previously described by others.42 Briefly, Lip-1 was dissolved in DMSO then added

to molten NGM (55�C) to a final concentration of 200 mM Lip-1 (0.5% DMSO), worms were transfer on

Lip-1 plates as L4/Young Adults.

DEMwas diluted in DMSO then added directly to molten NGM (55�C) to a final concentration of 15 mM

DEM (0.5% DMSO) for the survival assay, 1.5 mM DEM (0.5% DMSO) for the life span assay, or to 20 mM

(0.5% DMSO) for the lipid peroxidation assay. Plates were seeded with bacteria, dried under a laminar

flow hood, and used within 24 h.

For the survival assay, nematodes were transferred on 15 mM DEM plates starting on day 5 of adulthood

and survival was scored at 12, 24, 48 and 72 h after treatment.

For the life span assay nematodes were transfer on 1.5 mM plates as L4/Young Adults. Plates containing

DMSO 0.5% were used as control. All experiment with DEM were conducted at 20�C.

Hypoxia treatment

Worms were placed into a hypoxia plexiglass chamber (Billups-Rothenberg). The oxygen was exchanged and

removed inside the hypoxia chamber by flushing a gas mixture (95% N2, 5% CO2) for 10 min (flux 15 L/min).

Then worms were left in the hypoxia chamber for 4 (preconditioning) or 48 h (severe hypoxia) at 26�C.

After the preconditioning treatment worms were allowed to recover at 20�C for 20 h prior further treatment

with Hypoxia.

Life span

Survival analysis were carried out with standard procedure in the field as routinely carried out in our labo-

ratory.89 Briefly, synchronized population of 60–80 worms were used to start the life span analysis. Animals
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were transfer on fresh plates every day during the fertile phase and at the end of the fertile period worms

were transferred every other day. Animals not able to move upon prodding and with no pharyngeal pump-

ing were scored as dead Animals were scored as not moving when no sinusoid locomotory activity was

observed anymore upon prodding. Survival analysis was performed in OASIS 290 using the Kaplan Meier

estimator. Statistical different were evaluated using the log rank test between the pooled population or

worms and p values were adjusted for multiple comparisons by Bonferoni method.

Body bends

The movement of adult worms (3 days after egg-lay) was scored on bacteria-free NGM plates. Worms after

transferring were left recover for 50-60 s before starting the counting. Afterward the body bends were

counted for 1 min.
Pharyngeal pumping

Pharyngeal pumping was scored using a stereomicroscope (Leica MZ10 F). The pumping of each single

adult worms was counted for 1 min and the mean were used for the analysis. Body bends were checked

in at least 10 single worms in 3 independent trials for each experimental condition.

Fecundity

The Fecundity of animals was estimated counting the eggs laid in a period of 4 h from 3 worms on 4

different plates in each condition and repeated in 3 independent trials.

Quantification of polyQ aggregates

PolyQ40 aggregates were visualized by fluorescence microscopy (2503 magnification) in worms anesthe-

tized with 10 mM sodium azide (Sigma, S2002). The number of the aggregates in the head region was quan-

tified in Fiji.91
Quantification of a-synuclein aggregates

a-synuclein aggregates in the head muscles at the indicated age were visualized by fluorescence micro-

scopy (4003 magnification) in worms anesthetized with 10 mM sodium azide (Sigma, S2002). The number

of aggregates was scored using a threshold mask to segment the aggregates, then the number of aggre-

gates was measured with the embedded Fiji91 plugin ‘‘Analyze Particles’’ and the setting were kept the

same for each set of experiments.

Quantification of neuromuscular damage (axonal-beading and muscle nuclei fragmentation)

Mechanosensory neurons were visualized using the mec-4p:GFP strain, image were acquire by fluores-

cence microscopy (6303magnification). The number of beads per axon were counted and averaged. Mus-

cle nuclei were visualized using a fluorescence microscope (630 magnification) in the myo-3p:GFP strain.

Fragmented or missing nuclei were scored as damaged.
Quantification of GFP-transgene expression by fluorescence microscopy

The nematodes were placed in a 15 mL S-Basal plus levamisole 10 mM drop on a microscope glass slide,

covered with a cover slide and immediately imaged. Pictures were acquired with an Imager2 Zeiss fluores-

cence microscope, magnification 25-fold. The images were analyzed with the software ImageJ (http://

imagej.nih.gov/ij/). The brightfield images were used to generate the mask to select each single worm

pictured and consequently for measure the fluorescence in the correspondent fluorescent filter.
Quantification of lipid peroxidation

BODIPY-C11 (no. 27086 Caymann chemical) staining

3-days old worms (70-80) left untreated or treated for 6 h on 20 mMDEMNGMplates, were washed 3 times

with M9 and stained with 500 mL of BODIPY-C11 10 mM solution for 30 min. An additional control group was

left unstained. Stained and not stained worms were washed 3 times with M9 before measurement. 125 mL of

stained and unstained worms were acquired in triplicate with a microplate reader (Tecan Infinite 200 PRO).

Oxidized BODIPY-C11 wasmeasured using 488 nm for the excitation and 530 nm for the emission, while the

not-oxidized BODIPY-C11 was measured using 568 nm for the excitation and 590 for the emission.
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Background fluorescence of not stained worms was subtracted to each sample. Background corrected

fluorescence intensity was used to calculate the ratio of oxidized versus non-oxidized BODIPY-C11.

TBARS (TCA method) assay kit (no. 700870 Caymann chemical)

Proteins were extracted from 3-days old worms (around 300-400 worms) left untreated or treated for 6 h on

20 mM DEM NGM plates. Animals were collected and washed 3 times with M9 and 1 time with double-

distilled water and immediately snap-frozen in liquid nitrogen and store at �80�C until needed. Worm

proteins were extracted by sonication in RIPA buffer (Millipore cat. 20-188) and protease inhibitor cocktail

(Roche cat. 04693132001). 25 mg of protein were used to perform the assay as described in the kit manual.

Using a Tecan infinite 200 PRO the fluorescence intensities for each sample, and for the Malondialdehyde

(MDA) standard provided with the kit, were measured using 530 nm for the excitation and 556 nm for the

emission wavelength.
RNA and proteins extraction for -omics analysis

For RNA and protein extraction, nematodes were collected at day 4, 7 and 14 of adulthood from 3 big NGM

plates seeded with bacteria expressing empty-vector (pL4440) or vector-expressing dsRNA against frh-1.

For each time point/condition around 2000 worms were collected for RNA extraction. Worms were trans-

ferred daily on fresh plates to avoid starvation and separate the progenies from the population of interest.

For each time point, worms were collected into nuclease-free water and frozen at �80�C for further

processing. Worms lysates were prepared using the TissueLyser II (Qiagen), briefly 2 stainless-steel beads

(6 mm) were added to the worm�s pellet containing the lysis buffer 1:1 v/v then 2 cycles of shaking (2 min at

30 Hz) were performed on each samples. Total RNA was extracted using the RNeasy Mini Kit and QIAsh-

redder according to the manufacturer’s instructions (Qiagen-74104 and 79654). 5 different biological

replicas were used for each condition. For proteins extraction around 4000 worms were collected from

5-6 big NGM plates, time point, feeding and maintenance were done as described for the RNA extraction.
Proteomic analysis

The proteomics raw data was processed through the use of Scaf-fold software (http://www.

proteomesoftware.com/). The exclusive unique peptide count data were exported using a ‘‘protein

threshold identification’’ of 99.9%, a ‘‘peptide threshold identification’’ of 95% and a ‘‘minimum number

of peptides’’ of 4 in order to identified a protein, the data were then normalized over the maximun number

of protein identifiable using a value of 1 for the ‘‘minimum number of peptides’’, consequently the normal-

ized data was processed using the open source tool Bioconductor (http://www.bioconductor.org). We

compared the different experimental conditions using Limma Package, which allows the use of Empirical

Bayesian methods to find the differential expressed gene/proteins between the conditions of interest.

Briefly, we estimated the fold changes and standard errors by fitting a linear model for each protein,

then we applied empirical Bayes smoothing to the standard errors.
Transcriptomic analysis

The RNA was processed by the Center for Biological and Medical Research (BMFZ), Facility of the Heinrich

Heine University of Düsseldorf. cDNA synthesis and quality control, hybridization and AffymetrixC. elegans

Gene 1.0 ST Microarrays scanning were performed. Obtained raw data (Affymetrix.cel-files) were used for

further analysis using R version 4.0.3 (2020-10-10)

First, a quality control of the array was performed using the package arrayQualityMetrics_3.46.0, no single

array was excluded from the analysis. The data were normalized using Robust Multiple-array Average

(RMA) by the oligo package and annotated using pd.elegene.1.0.st package. The extracted expressionma-

trix was analyzed using the limma package to find the differentially expressed genes (DEGs) (with FDR

correction using a cut-off of adjusted p value<0.05.)

The list of unfiltered differentially expressed genes was plotted using the package EnhancedVolcano as

volcano plots Statistical enrichment analysis of differentially expressed gene lists was performed using

the gprofiler2 (0.2.0) package in R. ViSEAGO (1.4.0) Bioconductor package for clustering biological func-

tions using Gene Ontology and semantic similarity was used to generate the heatmaps.
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Lipidomic analysis

For the PUFA and eicosanoid analysis, 4-days olds worms grown on either the empty vector or frh-1 RNAi

for three generations were used. For this, approximately 3,000 worms (con RNAi) or 6,000 worms (frh-1

RNAi) were collected in ice-cold S-basal on day 4 after egg-lay. After 3 washing steps with ice-cold

S-basal, an almost dry worm pellet was obtained by placing the worms on a 10 mm gauze membrane filter.

Resulting worm filter cake masses of 84G 2 mg were gained for animals raised on con RNAi and 40G 8 mg

for worms on frh-1 RNAi, respectively. The collected worm samples were analyzed for the abundance of

PUFA and eicosanoids using HPLC-MS/MS as described previously.92 The service was provided by the

Lipidomix GmbH (Berlin, Germany).
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