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Alterations in peroxisome-mitochondria
interplay in skeletal muscle accelerate
muscle dysfunction
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Skeletal muscles, which constitute 40-50% of body mass, regulate whole-body
energy expenditure and glucose and lipid metabolism. Peroxisomes are
dynamic organelles that play a crucial role in lipid metabolism and clearance of
reactive oxygen species, however their role in skeletal muscle remains poorly
understood. To clarify this issue, we generated a muscle-specific transgenic
mouse line with peroxisome import deficiency through the deletion of per-
oxisomal biogenesis factor 5 (Pex5). Here, we show that Pex5 inhibition results
in impaired lipid metabolism, reduced muscle force and exercise perfor-
mance. Moreover, mitochondrial structure, content, and function are also
altered, accelerating the onset of age-related structural defects, neuromus-
cular junction degeneration, and muscle atrophy. Consistent with these
observations, we observe a decline in peroxisomal content in the muscles of
control mice undergoing natural aging. Altogether, our findings show the
importance of preserving peroxisomal function and their interplay with
mitochondria to maintain muscle health during aging.

Skeletal muscle, the body’s largest tissue, plays a critical role in organs during catabolic states. As such, precise adjustments in muscle
maintaining systemic metabolic balance through intricate interorgan mass and metabolic demands become indispensable for meeting
communication. As a central hub for metabolic activities, it governs overall metabolic needs and ensuring whole-body homeostasis'.
glucose and lipid balance and serves as the primary protein reservoir, However, excessive catabolism during illness can exceed muscle
supplying essential amino acids to fuel energy production in other plasticity, resulting in atrophy, and depleted metabolic reserves,
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leading to harmful functional limitations that impact disease onset and
progression’.

Muscle atrophy and weakness represent significant clinical chal-
lenges observed in conditions such as cancer, diabetes, obesity, and
cardiac failure, as well as unhealthy aging and infections like COVID-19.
Muscle loss serves as a negative prognostic factor, causing respiratory
insufficiency, loss of independence, and metabolic disruptions,
thereby compromising life quality and elevating morbidity and mor-
tality rates™”. On the other hand, maintaining a healthy skeletal muscle
mass is associated with a reduced risk of mortality**, underscoring the
critical role of muscle health in overall body homeostasis.

Our understanding of pathways regulating muscle mass has
greatly improved in the last years. However, the lack of effective
therapeutic approaches for muscle wasting highlights our limited
comprehension of the mechanistic insights involved in muscle atro-
phy. Molecular dissection of these mechanisms is crucial for paving the
way toward successful drug development and intervention strategies.

Peroxisomes are ubiquitous dynamic metabolic organelles,
adjusting their number and protein content to cellular metabolic
needs. In mammals, they harbor over 50 anabolic and catabolic matrix
enzymes involved in essential metabolic pathways, such as fatty acid
oxidation, biosynthesis of plasmalogen and bile acids, and reactive
oxygen species detoxification (ROS)’. As non-autonomous organelles,
peroxisomes closely interact with other organelles’, particularly
mitochondria, through physical and functional connections like
membrane contact sites (MCS), mitochondrial-derived vesicles, and
biological messengers like ROS or lipids®®. Thus, in light of the close
interaction between the two organelles, it is not surprising that the
functional impairment of either organelle is likely to induce dysfunc-
tion to the other’. Despite the clear interplay between peroxisomes
and mitochondria, their specific contributions to pathology are not
fully understood’. While the impact of mitochondrial metabolic
activity on muscle function has been extensively explored™, peroxi-
somes in skeletal muscle have been poorly investigated. The regulation
of peroxisomes and their potential contribution to muscle function
remain unknown, representing a critical gap in our understanding,
particularly considering the significant metabolic role of these
organelles.

Peroxisome biogenesis relies on the coordinated activity of sev-
eral peroxins (Pex) proteins to assemble and maintain functional per-
oxisomes. Mutations in at least 14 different Pex genes result in rare
autosomal recessive Peroxisomal Biogenesis Disorders (PBD), also
known as Zellweger Spectrum Disorders”. The inability to form func-
tional peroxisomes in PBD leads to the loss of essential peroxisomal
metabolic functions and subsequent multisystem tissue pathology.
PBD are a heterogeneous group of disorders ranging from severe to
relatively milder phenotypes, with severity inversely related to age of
onset. The most severe presentation is lethal within the first year of life,
characterized by craniofacial dysmorphism, neuronal dysfunction,
hepatorenal failure, and profound muscular hypotonia'.

Biochemically, PBD are characterized by the accumulation of very-
long-chain (VLCFA) and branched-chain fatty acids, bile acid inter-
mediates, pipecolic acid, and severe depletion of plasmalogens and
docosahexaenoic acid".

In line with the intense metabolic activity of skeletal muscle,
peroxisome absence or dysfunction severely impacts muscle tissue in
PBD patients. Muscle biopsies from individuals with mutations in Pex12
and Pexl16 reveal a secondary mitochondrial myopathy characterized
by enlarged mitochondria, reduced mitochondrial respiratory chain
activity, lipid accumulation, and muscle atrophy. These pathological
features likely contribute to clinical manifestations such as generalized
hypotonia, respiratory issues, and sucking difficulties’”. Pex5, an
essential receptor protein crucial for importing most peroxisomal
enzymes into the peroxisomal lumen, holds particular significance. In
humans, mutations in the Pex5 gene result in PBD", and the total

deletion of Pex5 in mice recapitulates PBD, resulting in early postnatal
mortality'. Importantly, in these mice, the diaphragm is the most
severely affected muscle, exhibiting several mitochondrial abnormal-
ities, including disrupted mitochondrial ultrastructure and altered
expression and activities of mitochondrial respiratory chain
complexes®. This observation suggests that respiratory failure may, at
least in part, contribute to the mortality observed in some patients®.
Similarly, liver-specific and pancreatic cells-specific deletion of Pex5
results in both structural and functional mitochondrial defects’®”,
closely resembling the mitochondrial abnormalities reported in PBD
patients"*", In these PexS deletion models, the defects include twis-
ted or irregular cristae, a dense matrix, and crystalline inclusions.
Moreover, these structural changes are accompanied by reduced
mitochondrial DNA content, decreased activities of the respiratory
chain complexes, and increased oxidative stress'®”. Importantly,
mitochondrial dysfunction is not limited to PBD but is also observed in
patients with defects in peroxisomal fatty acid metabolism (e.g.,
X-ALD)*.

Additionally, peroxisomal dysfunction is associated with aging,
and age-related diseases such as diabetes, obesity, cancer, and neu-
rodegenerative disorders*?2. Notably, these conditions share muscle
atrophy and dysregulated muscle function as common features.
However, the role of peroxisomes in muscle function remains largely
unexplored, and the physiological significance of peroxisomal-
mitochondrial cooperation in muscle health and disease remains
unclear.

In this study, we show that muscle-specific deletion of the per-
oxisomal biogenesis factor Pex5 in mice triggers early changes in lipid
and amino acid metabolism resulting in a detrimental effect on muscle
force and exercise performance. These disruptions progressively
contribute to a decline in mitochondrial structure, content and func-
tion, together with sarcomere and neuromuscular junction degen-
eration, accumulation of aggregates, which altogether lead to muscle
atrophy and induce the premature onset of muscle aging. Consistent
with these findings, we also observed a decline in peroxisomal content
in the muscles of control mice undergoing natural aging.

Results
Muscle-specific ablation of Pex5 results in the impairment of
peroxisome assembly, protein import, and pexophagy flux
The physiological role of peroxisomes in skeletal muscle remains sig-
nificantly underexplored. To investigate their relevance in maintaining
skeletal muscle metabolism and mass, we generated a mouse model to
induce peroxisomal dysfunction specifically within the muscle tissue.
We crossed Pex5 floxed mice?® with a transgenic line expressing Cre
recombinase under the control of the Myosin Light Chain 1 fast
(MLCIf) promoter?, thereby generating mice lacking Pexs in skeletal
muscle from birth (MLCIf-Pex57"). The deletion of PexS in muscle tis-
sue was validated through Real-Time PCR (Fig. 1A) and western blot
analyses (Fig. 1B) in tibialis anterior (TA), demonstrating a significant
reduction in both Pex5 transcript and protein levels. Muscle-specific
Pex57 knockout animals (hereafter referred to as KO) were born at the
expected Mendelian ratio and exhibited full viability, fertility, and
physical appearance indistinguishable from their Pex5"" littermates
(hereafter referred to as “Control”). Accordingly, the postnatal chan-
ges in body weight gain, and the lean and fat mass body composition
were similar in both control and KO groups (Supplementary Fig. 1A-C).
To visualize muscle peroxisomes, we performed an immunos-
taining against the peroxisomal membrane protein PMP70 (ABCD3), a
well-established marker of peroxisomes, in longitudinal sections of TA
fibers at 3 months of age (Fig. 1C). Because the peroxisomal size is near
the diffraction limit, we used super-resolution STED microscopy, as its
enhanced spatial resolution enables more precise morphological and
quantitative assessments. Interestingly, we observed a slight increase
in the number of PMP70-positive puncta in KO fibers compared to
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controls, although this did not reach statistical significance (Fig. 1D).
Additionally, the overall quantification of the peroxisomal size indi-
cated a significant increase in KO fibers, however not all peroxisomes
in KO muscle exhibited enlarged dimensions revealing heterogeneity
in peroxisomal size (Fig. 1E). SKL is the peroxisomal targeting signal 1
(PTSI1) recognized by Pex5 to import the peroxisomal proteins from
the cytosol to the peroxisomal matrix. To investigate the protein
import capacity of PMP70-positive structures in the KO muscle, we
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conducted in vivo transfection of flexor digitorum brevis (FDB) fibers
in 3-month-old mice with a sSfGFP-Peroxisomes-2 plasmid encoding a
GFP-SKL fusion protein, in which the SKL peroxisomal targeting
sequence is fused to the C-terminus of GFP. The control fibers dis-
played a punctate distribution, while KO fibers exhibited a cytosolic
distribution (Fig. 1F), reflecting an impairment in the peroxisomal
protein matrix import. The import defect was further supported by the
colocalization of PMP70 with catalase in control fibers, whereas KO
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Fig. 1| Impaired peroxisome assembly, protein import and pexophagy flux in
Pex5 KO skeletal muscle. Pex5 mRNA (A) and protein levels (B) in tibialis anterior
(TA) muscles of KO mice. GAPDH, glyceraldehyde-3 phosphatedehydrogenase.
Each dot represents a single muscle (A: n=7 Ctrl/KO; B: Ctrl n=2; KO n=3).

C Representative STED images of longitudinal TA fibers showing endogenous
peroxisomes, immunostained with anti-PMP70, from 3mo control and KO mice.
The square corresponds to the magnification shown on the right. Quantification of
PMP70-positive puncta number normalized to fiber area (D), and size (E). Each dot
represents a single TA fiber analyzed (Ctrl n=70; KO n=57). F Representative
images of GFP-SKL transfection into FDB fibers. Left: GFP-positive puncta in control
fibers; right: GFP cytosolic distribution in KO fibers. G Representative images of
PMP70 and catalase immunostaining in isolated FDB fibers. Arrowheads indicate
PMP70-positive structures containing catalase in control fibers; arrows show
PMP70-positive structures in KO muscle without catalase signaling.

H Representative images showing PMP70 and ACAAl immunostaining in FDB

fibers. Arrowheads indicate PMP70-positive structures containing ACAAL in control
fibers; arrows show PMP70-positive structures with reduced ACAAL in KO fibers.
1 Fold increase, expressed as the ratio between colchicine-treated and untreated
samples, of PMP70 and Pex16 protein levels normalized to GAPDH. J Fold increase
of PMP70-positive puncta following colchicine treatment. K Fold increase of
PMP70-positive puncta colocalizing with NBR1 or p62 after colchicine treatment.
L Fold increase of PMP70-positive puncta colocalizing with LC3 following colchi-
cine treatment. J-L All data were normalized to muscle fiber area. M Fold increase
of LC3 Il protein levels normalized to GAPDH after colchicine treatment. I-M Each
dot represents a single TA muscle (n =4 Ctrl/KO; values calculated as the ratio of
colchicine-treated to untreated samples from the same genotype). All data were
obtained from the analysis of 3-month-old mice muscles. Data shown as violin plots
(with individual data points). Data were analyzed with unpaired two-sided Welch’s
t tests (A, D, E, I-M). Source data are provided as a source data file.

fibers displayed cytosolic staining of catalase, highlighting the
impairment in peroxisomal protein import (Fig. 1G). To further explore
peroxisomal protein import in skeletal muscle, we used the
PeroxoTag-IP method which enables the isolation of intact and func-
tional peroxisomes through the expression of a tagged peroxisomal
membrane protein”. We injected the gastrocnemius muscles of 3-
month-old control and KO mice with adeno-associated virus serotype
9 (AAV9) to deliver the PeroxoTag vector. PeroxoTag expression was
driven by the human skeletal actin (HSA) promoter to restrict its
tropism to mature muscle fibers; moreover, this construct encodes
three HA epitopes fused to the N-terminus of monomeric EGFP, along
with a C-terminal fragment of PEX26, which ensures correct targeting
and integration into the peroxisomal membrane of myofiber-specific
peroxisomes. Notably, this genetic approach has previously been
shown not to alter the peroxisomal interactome in other cellular
models®. Four weeks post-infection, peroxisomes were immunopur-
ified from fresh skeletal muscle homogenates using anti-HA magnetic
beads. Immunoblot analysis of the fractions confirmed enrichment of
the peroxisomal membrane protein PMP70, with minimal contamina-
tion from cytosolic (GAPDH) and lysosomal (Cathepsin B, CTSB)
markers. Moreover, Tom20 detection suggests that the workflow may
also recover mitochondrial proteins interacting with peroxisomes
(Supplementary Fig. 1D). To evaluate peroxisomal matrix protein
import, we examined the localization and processing of three key
peroxisomal enzymes: catalase, acetyl-CoA acyltransferase 1 (ACAAL),
and D-specific multifunctional protein 2 (MFP2), all of which are syn-
thesized in the cytosol and must be imported into the peroxisomal
matrix to perform their respective functions. ACAA1 and MFP2 are
central to the [-oxidation of very-long-chain fatty acids and require
processing within the peroxisome to become functionally active.
Catalase was readily detected in immunopurified peroxisomes from
control muscle but was nearly undetectable in KO samples. Similarly,
ACAAL1 processing was impaired in KO peroxisomes, with the mature
41kDa form absent. The 45kDa processed form of MFP2, which
migrates at approximately 43 kDa on the polyacrylamide gel, was also
undetectable in KO peroxisomes (Supplementary Fig. 1E). These find-
ings strongly support a defect in peroxisomal matrix protein import in
our muscle-specific Pex5 KO model. Due to potential variability in
immunoprecipitation efficiency and the use of fixed sample volumes,
these findings are qualitative. While catalase accumulation was clearly
observed in whole-muscle lysates from KO animals, differences in
ACAA1 and MFP2 processing were more difficult to detect under these
conditions. To overcome this limitation, we performed Western blot
analysis using equal amounts of total protein from whole-muscle
lysates, which confirmed impaired processing of MFP2 in KO muscle
(Supplementary Fig. 1F). In addition, immunohistochemistry revealed
reduced co-localization of ACAA1 with PMP70 in KO muscle fibers,
further supporting a defect in matrix protein import (Fig. 1H). Collec-
tively, these observations confirm that the residual PMP70-positive

peroxisomal structures in KO muscle are import deficient. As a result,
PMP70-positive structures in KO fibers resemble peroxisomal ghosts,
import-deficient residual peroxisomal membranes resulting from
aberrant peroxisome assembly, with little or no matrix content.
Importantly, such structures are well-documented hallmarks of PBD
patients with PexS mutations®®*” as well as a distinctive feature of the
total Pex5 KO animal model™.

Pex5 has been reported as a target for ubiquitination that pro-
motes in mammals, the selective autophagic degradation of peroxi-
somes, known as pexophagy®*~°. To further investigate the dynamics
of PMP70-positive structures, we examined peroxisome turnover
through pexophagy, conducting in vivo experiments by administering
either vehicle or colchicine to 3-month-old mice. Colchicine blocks the
fusion of autophagosomes with lysosomes, thereby inhibiting autop-
hagic flux and allowing the assessment of the protein levels of interest
in the absence of degradation. We first performed Western blot ana-
lysis of TA muscle samples to assess the levels of the peroxisomal
membrane proteins PMP70 and Pex16. To evaluate pexophagy flux, we
quantified the fold increase in the abundance of these proteins fol-
lowing autophagy inhibition, calculated as the ratio of colchicine-
treated samples to untreated samples. Notably, whereas control
muscles showed a clear accumulation of PMP70 and Pex16 upon col-
chicine treatment, reflecting active degradation, KO muscles displayed
a markedly reduced fold increase, suggesting diminished turnover of
both proteins and, consequently, a reduced pexophagy flux (Fig. 1l and
Supplementary Fig. 2A). Under basal conditions, KO muscle displayed
only a modest, non-significant increase in peroxisome number
(Fig. 1D); however, basal measurements provide only a static snapshot,
highlighting the need for inhibitors to capture dynamic autophagic
flux. To address this, we performed immunostaining for PMP70 in TA
muscle sections from mice treated with either vehicle or colchicine to
quantify changes in peroxisome number. Consistent with the results
from western blot analysis (Fig. 11 and Supplementary Fig. 2A), the fold
increase in peroxisome number following colchicine treatment was
significantly lower in KO muscles (Fig. 1)). In the same samples, we then
conducted double immunostaining for PMP70 together with either
NBR1 or p62, two ubiquitin-binding autophagic receptors implicated in
peroxisomal clearance®*, to quantify the number of PMP70-positive
peroxisome structures colocalizing with these autophagy receptors.
Notably, colchicine treatment in control muscle led to greater per-
oxisome colocalization with NBR1 than with p62, suggesting pre-
ferential recruitment of NBR1 (Fig. 1K and Supplementary Fig. 2B-E). In
contrast, in KO muscle, peroxisome association with NBR1, but not
p62, was already significantly elevated under basal conditions, and
colchicine treatment did not further affect PMP70 colocalization with
either receptor (Supplementary Fig. 2B-E). Accordingly, the fold
increase in peroxisomes colocalizing with both receptors was sig-
nificantly reduced, with the reduction being more pronounced for
NBR1 than for p62 (Fig. 1K).
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Furthermore, we assessed the fold increase in structures positive
for both PMP70 and LC3 using immunostaining, revealing a significant
reduction in KO muscle (Fig. 1L and Supplementary Fig. 2F). Alto-
gether, these findings indicate a clear impairment in pexophagy flux in
the absence of Pex5. Finally, we quantified LC3 Il by Western blot
analysis to assess general autophagy (Fig. IM and Supplementary
Fig. 2A). Importantly, Pex5 deletion results in reduced peroxisome
turnover without affecting the general autophagy flux, in line with
previous observations®. Altogether, our data emphasize the muscle-
specific Pex5 KO mouse as a suitable model for unraveling the con-
sequences of peroxisomal dysfunction in skeletal muscle.

Pex5 deletion in skeletal muscle induces early alterations in lipid
metabolism

Peroxisomes perform crucial roles in lipid metabolism, including fatty
acid oxidation of very long chain fatty acids (VLCFA) and ether lipids
biosynthesis such as plasmalogens. To gain deeper insights into per-
oxisomal function, we performed untargeted lipidomics on gastro-
cnemius muscle (GNM) from control and KO mice at an early
(3 months) and late time points (18 months) (Supplementary Data 1, 2).
This approach allowed us to track the dynamic changes in lipid
metabolism over time. We identified more than 2000 lipids covering
multiple lipid classes. Muscle tissue from Pex5-deleted mice exhibited
significant alterations in their lipid profiles at both 3 and 18-month-old,
as shown by principal component analysis (PCA) (Supplementary
Fig. 3A). Consistent with the disruption of peroxisomal lipid metabo-
lism, KO muscles showed a reduction in ether lipids and increased
levels of VLCFA containing lipid species at all ages (Fig. 2A and Sup-
plementary Fig. 3B). Specifically, the total levels of plasmalogen spe-
cies, phosphatidylcholine (PC[P]) and phosphatidylethanolamine
(PE[P]), as well ether-linked phosphatidylcholine (PC[O]) and phos-
phatidylethanolamine (PE[O]), were already diminished in KO muscle
tissue at the 3-month time point (Fig. 2B and Supplementary Fig. 3C).
Furthermore, we observed increased levels of phosphatidylcholine
(PC), phosphatidylethanolamine (PE), and triglycerides (TG) contain-
ing VLCFA with a tendency toward longer unsaturated fatty acid (FA)
chains (Fig. 2C). More specifically, PC and PE species exhibited a shift
towards longer acyl chain lengths, while species with acyl chains
shorter than C40 were reduced (indicated by a dashed line in Fig. 2C).
However, the total levels of PC, PE, diacylglycerol (DG), and TG
remained unaltered in KO muscle compared to control muscle across
all age groups, with exceptions noted for PE, cholesteryl ester (CE), and
sphingomyelin (SM), which exhibited increases at 18 months (Sup-
plementary Fig. 3D). Quantitative targeted lipidomic analyses on 9-
month-old muscle confirmed no change in total phospholipids, DG
and TG between genotypes also at this age (Supplementary Fig. 3E).
While total ceramide levels (Cer d) showed no significant differences
between control and KO at both timepoints (Supplementary Fig. 3D),
specific species within the ceramide lipid class, such as Cer d31:0, Cer
d41.0, Cer d43.2, exhibited significant increases in muscles from
18 months KO mice (Supplementary Fig. 3F). Additionally, Cer d38.1
was consistently induced in both KO muscles at 3 and 18 months
(Supplementary Fig. 3F).

Cardiolipin (CL) is a phospholipid synthesized in the inner mito-
chondrial membrane, crucial for maintaining proper cristae folding,
respiratory chain integrity, and ATP synthase function®. We observed
asignificant reduction of total levels of cardiolipin (CL) at 3-month old.
By 18 months, cardiolipin level remains stable in KO muscle, whereas it
declines in control muscle, resulting in no significant difference at 18-
month old (Fig. 2D). Moreover, the composition of CL species was
altered across all age groups, showing a tendency toward very long
unsaturated fatty acid (FA) chains, while acyl chains below C72 were
reduced (indicated by a dashed line in Fig. 2E). This shift is consistent
with the VLCFA accumulation resulting from peroxisomal dysfunction.
A similar shift toward longer acyl chains, leading to an overall increase

in the summed fatty acid chain length of lipids, was observed in the
lipidomic profile of fibroblasts from PBD patients®*.

Mitochondrial content undergoes age-dependent down-
regulation in Pex5-deficient muscle

To investigate the network of genes controlled by Pex5, we used an
unbiased approach, performing bulk RNA sequencing (RNA-seq) ana-
lysis on the gastrocnemius muscle of 3-, 9- and 18-month-old KO
mice and their age-matched control littermates.

Despite substantial alterations in the lipidomic profile of KO
muscle already at 3 months (Supplementary Fig. 3A), the most sig-
nificant metabolic changes emerged in the muscle transcriptome at 9
and 18 months. We performed both Gene Ontology Enrichment Ana-
lysis (GOEA) within the “biological process” and cellular components
categories and Gene set enrichment analysis (GSEA) restricting the
output to biological processes (BP) and cell components (CC) and
KEGG pathway gene sets. Moreover, a custom GSEA was performed to
verify the significant modulation of the mitochondrial respiration
process. These analyses consistently associated Pex5 deletion with the
downregulation of genes involved in mitochondrial respiration,
mitochondrial ATP synthesis, fatty acid oxidation, and the generation
of precursor metabolites and energy (Fig. 3A, B, Supplementary
Fig. 4A, and Supplementary Data 3, 4). Accordingly, a cluster of 25
Differentially Expressed Genes (DEGs) closely associated with mito-
chondrial functions, particularly mitochondrial respiration, and fatty
acid oxidation, exhibited downregulation exclusively at the 9- and 18-
month timepoints (Fig. 3C, and Supplementary Data 5). Importantly,
the age-dependent decline in mitochondrial transcripts in KO muscle
is associated with progressive changes in mitochondrial DNA (mtDNA)
(Fig. 3D) and citrate synthase activity (Fig. 3E), two commonly used
markers of mitochondrial content®?°. In line with this, quantitative
analysis of mitochondrial number through electron microscopy
reveals a progressive reduction in KO muscle from 9 to
18 months (Fig. 3F).

Mitochondrial content depends on the balance between mito-
chondrial degradation and mitochondrial biogenesis. To analyze if the
reduction in mitochondrial content depends on the degradation of
damaged and dysfunctional mitochondria through mitophagy, we
employed mitochondrial-targeted Keima probe (mt-Keima) transfec-
tion to assess the mitophagy flux in FDB fibers. We observed an
induction of mitophagy flux in KO muscle fibers at 9 months (Fig. 3G
and Supplementary Fig. 4B) along with a progressive reduction in the
protein levels of the master regulators of mitochondrial biogenesis
PGCla and PGCIB at both 9 and 18 months, thereby resulting in
decreased mitochondrial content at this age (Fig. 3H, and Supple-
mentary Fig. 4C).

Overall, these data indicate that Pex5 ablation in skeletal muscle
results in a gradual decrease in mitochondrial content due to increased
turnover of mitochondria by mitophagy, which is not counteracted by
mitochondrial biogenesis. This likely exerts a substantial impact on
metabolic signatures over time.

Progressive mitochondrial ultrastructural and functional
alterations in Pex5-null skeletal muscle

To explore whether the alterations in mitochondrial signatures
resulting from Pex5 loss in skeletal muscle affect mitochondrial
integrity, we analyze mitochondrial ultrastructure in the extensor
digitorum longus (EDL) muscle using electron microscopy. This ana-
lysis reveals significant changes over time. At 3 months, the KO muscle
closely resembles that of the control group, displaying a mitochondrial
electron-dense matrix, parallel internal cristae, and mitochondria
positioned at the | band near the Z lines (Fig. 4A). However, an early
reduction in cristae number is already evident by 3 months and
becomes more pronounced by 9 months (Fig. 4B). Moreover, by
9 months, some sporadic mitochondria in KO muscle exhibit swelling
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and disrupted cristae structures (Fig. 4A). In contrast, at 18 months, no
evident defects are observed in the mitochondrial ultrastructure
(Fig. 4A), and cristae number remains similar to 9 months in KO muscle
but declines in control muscle, eliminating any significant difference
between the groups at this stage (Fig. 4B). This is paralleled with a
progressive increase in mitochondrial size in KO muscle from 3 to
18 months (Fig. 4B). Accordingly, the mitochondrial aspect ratio,
defined as the length of the long axis relative to the short axis, pro-
gressively increases in KO muscle from 9 to 18 months (Fig. 4B). This

Total chain unsaturation

Total chain unsaturation

suggests that peroxisomal dysfunction induces mitochondrial adap-
tations, leading to elongated mitochondria.

In line with these structural and morphological changes, the
oxygen consumption rate (OCR), normalized by the fluorescence of
total fiber calcein protein content, remained unchanged at 3 months
but showed a gradual decline in KO muscles from 9 to 18 months. This
decline affected the basal, ATP-linked, and maximal respiration
(Fig. 4C). Additionally, measurement of the electron transport chain
(ETC) mitochondrial respiratory complexes activity showed an age-
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Fig. 2| Alterations in Pex5-null muscle lipidomic profile. A Volcano plot based on
untargeted lipidomics analysis performed in 3mo gastrocnemius muscles com-
paring Ctrl vs. KO. Significantly increased lipids (p < 0.01) are shown in red and
significantly decreased lipids in blue. Labels were added automatically for lipids
exceeding the significance threshold (p < 0.01), based on spatial constraints to
avoid overlap. B Skeletal muscle concentration of total phosphatidylcholine
(PC[P]), and phosphatidyletanolamine (PE[P]) plasmalogen species is reduced in
KO muscle. Each dot represents a single muscle (3mo: Ctrln=4; KO n=7).

C Phosphatidylcholine (PC), phosphatidylethanolamine (PE) and triglycerides (TG)
with longer unsaturated acyl chains increase in 3mo KO muscle. Heatmaps show

log, fold changes (logFC) for PC, PE, and TG species, plotted by total acyl chain
length (sum of all fatty acyl chains, y-axis) and total unsaturation (x-axis). Color
indicates logFC, red: increases, blue: decreases. The dashed line indicates C40 acyl
chains. D Total cardiolipin (CL) muscle concentration in skeletal muscle at 3 and
18mo. Each dot represents a single muscle (3mo: Ctrl n=4; KO n=7;18mo: n=7
Ctrl/KO). E CL chain length over C72 and unsaturation increases in KO muscle at
both ages. Dashed line indicates C72. All lipidomics data were normalized to dry
tissue weight. 3mo and 18mo refer to samples from 3- and 18-month-old mice. Data
shown as violin plots (with individual data points). Unpaired two-sided Welch ¢ test
was used in (A, B, and D). Source data are provided as a source data file.

dependent decrease. Normalization of the complex activities by citrate
synthase activity, a marker of mitochondrial content, showed sig-
nificant changes only at 18 months (Fig. 4D). This indicates that the
reduction in mitochondrial content, already evident at 9 months,
precedes the onset of mitochondrial dysfunction at 18 months. Con-
sistent with the observed mitochondrial dysfunction, the expression of
genes involved in antioxidant defense, critical for regulating ROS levels
in skeletal muscle, is altered in KO muscle (Fig. 4E). Notably, catalase is
already downregulated at 3 months and remains reduced up to
18 months, while SOD1 and SOD2 show reductions specifically at
9 months, coinciding with the decrease in mtDNA (Fig. 3D) prior to the
onset of significative mitochondrial dysfunction (Fig. 4D). In addition,
a set of DEGs related to fatty acid catabolism, displayed down-
regulation specifically at 9 and 18 months, with no such changes
observed at 3 months (Supplementary Fig. 5A and Supplementary
Data 6). Consistent with these findings, real-time PCR showed the
downregulation of genes associated with mitochondrial 3 oxidation in
KO muscles. Specifically, ACADM was downregulated at 9 and
18 months, while CPT1, CPT2, and ACADL were downregulated at
18 months, with no significant changes observed at 3 months. These
results suggest potential alterations in mitochondrial lipid catabolism
(Supplementary Fig. 5B).

Peroxisomes and mitochondria function synergistically, and
their close association is thought to be essential for efficient meta-
bolic cooperation. Although the mechanisms underlying their com-
munication remain largely unclear, current evidence suggests that
diffusion processes, vesicular transport, and physical connections at
membrane contact sites (MCS) facilitate the transfer of metabolic
intermediates necessary for key metabolic processes”*. Our data
regarding changes in Pex5-null muscles in peroxisomal function, lipid
metabolism, and mitochondrial content point to alterations in the
peroxisome- mitochondria metabolic interaction. However, it
remains unclear whether these changes are a cause or consequence
of physical contact disruption between the two organelles. To
explore whether peroxisome-mitochondria MCS can be remodeled
under conditions of peroxisomal dysfunction, we employed the split-
GFP-based contact site sensor (SPLICS PO-MT)*, which detects
organelle interactions occurring within a range of 8-10 nm. This
reporter is engineered to express equimolar amounts of the two
organelle-targeted non-fluorescent GFP components -strand 11 and
GFP1-10 of the superfolded GFP protein variant within a single vector.
These two GFP portions reconstitute fluorescence when their
respective opposing targeted membranes come into close
proximity*. Specifically, the peroxisome-mitochondria SPLICS
(SPLICS PO-MT) reporter contains the C-terminal domain of the
human ACBDS protein as the peroxisomal targeting sequence in the
B-strand 11, and the outer mitochondrial membrane Tom20 N33
targeting sequence in the GFP1-10 moiety****, By overexpressing the
SPLICS PO-MT probe in vivo in FDB muscle fibers we observed a
significant reduction in the number of peroxisome-mitochondria
contact sites in KO muscle fibers at 3 months of age (Fig. 4F). Given
that skeletal muscle is a unique tissue with densely packed con-
tractile proteins and restricted cytoplasmic space, assessing orga-
nelle interactions can be constrained by these structural features. To

address this, we validated our findings in a cellular model by
employing the SPLICS PO-MT fluorescent reporter in both control
and Pex5 KO HEK293 cells, where we similarly detected a marked
decrease in peroxisome-mitochondria MCS in KO cells (Fig. 4G and
Supplementary Fig. 4C). To overcome the spatial resolution limita-
tions of conventional confocal microscopy and to examine organelle
proximity in greater detail, we employed super-resolution stimulated
emission depletion (STED) microscopy combined with immunos-
taining for the endogenous peroxisomal and mitochondrial markers
PMP70 and Tom20, respectively. This high-resolution approach
confirmed a significant reduction in peroxisomes-mitochondria
proximity in Pex5 KO HEK293 cells (Fig. 4H and Supplementary
Fig. 5D), further supporting the observations obtained with the
SPLICS probe. Peroxisome-mitochondria MCS have been suggested
to facilitate the exchange of metabolic intermediates between these
organelles® . However, our observations in both Pex5 KO muscle
tissue and HEK293 cells are insufficient to establish a causal rela-
tionship between disrupted physical contacts and the progressive
metabolic alterations affecting mitochondrial ultrastructure and
function. It should be noted that, the altered proximity between
these two organelles may either be a consequence of their structural
and functional changes or, conversely, a contributing factor driving
organelle dysfunction. Further studies are required to elucidate the
directionality and underlying mechanisms of these associations.

Pex5 deletion in muscle results in early muscle dysfunction

To explore the physiological role of Pex5 in controlling skeletal muscle
mass, we focused on our mRNA sequencing data analysis, which
revealed a clear association between Pex5 deletion, and the down-
regulation of transcripts associated with myofibril organization, mus-
cle contraction, and muscle structure development at 3 months of age
(Fig. 5A, and Supplementary Data 7). Notably, twelve genes involved in
these processes exhibited significant downregulation (Fig. 5B, and
Supplementary Data 8). Additionally, untargeted metabolomics ana-
lysis revealed significant differences in the intramuscular levels of
amino acids in 3-month-old KO mice. Interestingly, KO muscle exhib-
ited increased levels of glutamate, glutamine, asparagine, valine,
aspartate, proline, phosphoserine, serine, histidine, tryptophan, and
phenylalanine compared to controls (Fig. 5C and Supplementary
Fig. 6A). The accumulation of these amino acids has been associated
with enhanced protein breakdown in conditions characterized by
metabolic dysregulation, muscle weakness, and muscle loss**¢. To
investigate if the transcriptomic and metabolic alterations correlate
with functional defects, we assessed hindlimb muscle force in live 3-
month-old animals subjected to contractions after electrical stimula-
tion at increasing frequencies until tetanus was reached. The
force-frequency curve (Fig. 5D) and maximal tetanic force (100 Hz)
(Fig. SE), normalized for gastrocnemius muscle mass (Supplementary
Fig. 6B), revealed reductions at 3 months and 18 months. Notably,
muscle weakness was not associated with muscle mass loss, as cross-
sectional area measurements of TA fibers at 3 months indicated no
differences in size distribution between control and KO fibers (Fig. 5F).
However, by 9 months, there was a significant reduction in the number
of fibers, with cross-sectional areas ranging from 2500 to 3000 pm?
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(Fig. 5G). By 18 months, KO muscle fibers showed an increased pre-
valence of smaller sizes, ranging from 1000 to 1500 pm?, accompanied
by a decrease in the number of fibers ranging from 3000 to 4000 pm?
(Fig. 5H). The alterations in fiber size were unrelated to changes in fiber
type distribution, which remained consistent across all ages in both
control and KO muscles (Supplementary Fig. 6C).

To explore the signaling pathways that contribute to muscle
atrophy, we analyzed the levels of atrogenes, which are genes

14
°

KO

Ctrl

commonly altered in catabolic conditions*’. At 9 months, the ubiquitin
ligase MUSAI was significantly upregulated in the KO muscle, while the
upregulation of Atroginl, MuRFI, Fox0O3, and Fox0O4 in KO muscle was
nearly significant (Fig. 5I). Additionally, the expression of the
mitophagy-related gene Bnip3 increased in the KO muscle, consistent
with the enhanced mitophagy flux observed at this age (Fig. 3G, and
Supplementary Fig. 4B). Moreover, transcripts associated with the
Unfolded Protein Response (UPR), including GADD34 and XBP1, were
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Fig. 3 | Pex5 ablation in skeletal muscle results in progressive mitochondrial
content decline. A, B Transcriptomic RNA-seq Gene Ontology Enrichment Analysis
(GOEA) showing downregulation of metabolic pathways-related genes. A Biological
processes (BP) significantly inhibited at 9 months. Enrichment Score of each BP
term is plotted. B BP significantly inhibited at 18mo. Enrichment Score of each BP
term is plotted. C Heatmap of 25 mitochondria-related genes inhibited in KO vs
CTRL at 9mo. Heatmap showing the expression of these transcripts at 3, 9 and
18mo. DEGs: Differentially Expressed Genes. Mitochondrial DNA copy number (D)
and citrate synthase activity quantification (E) in TA muscle at 3,9, and 18mo.

D Each dot represents a single muscle analyzed (3mo: Ctrl n=4; KO n=7; 9mo and
18mo: n =7 Ctrl/KO). Data are normalized to controls. E Each dot represents a single
muscle analyzed (3mo: n =4 Ctrl/KO; 9mo: n = 6 Ctrl/KO; 18mo: n =7 Ctrl/KO). Data
are normalized to controls. F Mitochondrial number quantified from muscle fibers
obtained from 4 muscles per genotype at 3, 9, and 18mo. Each dot in the graph

represents the quantification from a single muscle fiber (n =30 per group for all
ages). G Mitophagy flux analyzed by electroporation of mt-mKEIMA into flexor
digitorum brevis (FDB) muscles of 9mo Ctrl and KO mice. Changes in the fluor-
escent spectra were used to calculate the mitophagy/area index, normalized to the
myofiber area. Each dot represents a single FDB fiber isolated from 4 mice for each
genotype (9mo: Ctrl n=41; KO n =49). H Densitometric quantification of PGClo/f3
by WB, normalized to GAPDH, in muscles at 9 and 18 months. Each dot represents a
single muscle analyzed (9mo and 18mo: n =7 Ctrl/KO). Unless otherwise stated,
data are presented as violin plots (with individual data points). 3mo, 9mo and 18mo
refer to samples from 3-, 9-, and 18-month-old mice. Unpaired two-sided Welch’s ¢
tests (D, E (lower panel), F, and H) and Mann-Whitney test (upper and middle
panels of E and G) were used for experiments comparing two groups. Source data
are provided as a source data file.

induced in KO muscle (Fig.5I). However, by 18 months, mRNA levels of
atrogenes related to ubiquitin-proteasome, autophagy, and UPR were
similar to those in control muscle, except for FoxO1, which was upre-
gulated in the KO muscle (Supplementary Fig. 6D). This shift from
induction to normalization of atrogenes between 9 and 18 months
suggests that the activation of these genes precedes the onset of
muscle loss in the KO mice. In addition, our RNA-seq data highlighted
the induction of the novel F-box E3 ubiquitin ligase Fbx[22 in KO
muscle at 18-month-old (Supplementary Fig. 6E). Prior studies have
demonstrated that FbxI22 overexpression is sufficient to induce
muscle atrophy*®. Consistent with the gradual changes observed in the
cross-sectional area of KO muscles (Fig. 5SF-H), real-time PCR analysis
showed the increase of Fbx[22 mRNA levels from 9 to 18 months in
Pex5-deleted muscle (Fig. 5)).

To further evaluate the consequences of Pex5 ablation on muscle
performance in vivo, we subjected mice to treadmill exercise until
exhaustion. Interestingly, 3-month-old KO mice covered approxi-
mately 30% less distance before reaching exhaustion compared to
controls (Fig. 5K). This suggests that peroxisomes play a crucial role in
sustaining endurance during exercise, a role that becomes apparent
even at this early stage, coinciding with initial changes in lipid meta-
bolism. It’s noteworthy that the reduced exercise capacity observed in
3-month-old KO mice mirrors the age-related decline seen in both
control and KO mice at 18 months (Fig. 5K).

Collectively, these findings indicate that the alterations in tran-
scriptomic, lipidomic, and metabolic profiles triggered by peroxisomal
dysfunction in the skeletal muscle of 3-month-old KO mice trigger
premature muscle weakness, preceding the progressive muscle atro-
phy observed between 9 and 18 months. Moreover, the similarity in
running capacity between young KO mice and 18-month-old control
mice suggests an accelerated decline in exercise performance likely
driven by peroxisomal deficiency and early mitochondrial cristae
alterations observed at 3 months. These findings position young
knockout mice at a performance level comparable to that of older
control mice.

Age-associated myopathy and neuromuscular junction degen-
eration occurs earlier in Pex5 KO mice
To assess the impact of Pex5 deletion on muscle health, we performed
a histological analysis of the TA muscle through H&E staining in both
control and KO mice. At 3 months, the H&E staining revealed no signs
of muscle degeneration, regeneration, or inflammation in KO muscle
sections (Fig. 6A). However, at both 9 and 18 months, KO muscle
exhibited a similar increase in the number of center-nucleated muscle
fibers compared to age-matched controls (Fig. 6A). The mispositioning
of myonuclei is a common hallmark of myofiber degeneration and
regeneration observed in human myopathies and aging sarcopenia*.
Therefore, to investigate myofiber integrity, we monitored the
muscle ultrastructure of the EDL muscle by electron microscopy. We
observed a consistent accumulation of ultrastructure defects over

time. At 3 months, muscle ultrastructure in KO is like controls,
exhibiting a regular sarcomeric structure (Supplementary Fig. 7A,
upper panel). By 9 months, KO muscles presented sporadic dis-
organized sarcomere arrangements (Supplementary Fig. 7A, lower
panel). However, at 18 months KO muscles exhibited a higher fre-
quency of sarcomere alterations (Fig. 6Ba), including Z-line smear-
ing (Fig. 6Bb), and the presence of tubular aggregates (Fig. 6Bc).
Tubular aggregates, derive from sarcoplasmic reticulum (SR)
expansion and are associated with several skeletal muscle disorders,
as well as normal and accelerated aging®. In light of this, we use
modified GOmori trichrome staining to examine 18-month-old
muscles (Fig. 6C). We quantified both the number of fibers pre-
senting the tubular aggregates and the area occupied by these
aggregates within each fiber, which appeared as bright red sub-
sarcolemmal inclusions within the TA sections. KO muscles show a
significant increase in the percentage of fibers displaying tubular
aggregates, with a corresponding increase in the area occupied
within the fibers (Fig. 6D).

To better understand why sarcomere integrity is affected by Pex5
deletion we focused on the novel F-box E3 ubiquitin ligase Fbx[22,
which is upregulated in KO muscle at 18-month old (Fig. 5) and Sup-
plementary Fig. 6E). FbxI22 has been reported to promote sarcomeric
turnover by targeting Z-line proteins, including filamin-C and a-actinin,
for proteasomal degradation in cardiomyocytes®, while in skeletal
muscle, only a-actinin has been demonstrated as an FbxI22 target
substrate for ubiquitination so far*s. Immunoblot analysis of Z-line
proteins revealed a reduction of ~40% in a-actinin and 35% in MyoZ
protein levels within the KO muscle at 18 month (Fig. 6E), while filamin-
C and CapZ protein levels remained unchanged (Supplementary
Fig. 7B). Therefore, Fbx[22 induction likely leads to progressive dis-
assembly of the sarcomere structure, potentially contributing to the
observed muscle atrophy in the KO muscle (Fig. 5SF-H). Moreover,
Fbx([22 is early induced during muscle denervation, and its knockdown
partially protects against denervation-induced muscle loss*®. Because
FoxO1 gene was upregulated in 18-month-old KO mice and FoxOs play
a critical role in atrogenes regulation®’, we hypothesized that also
Fbx[22 is under FoxO regulation. Notably, several putative FoxO-
binding elements in the promoter region of FbxI22 have been identi-
fied by bioinformatic analysis. To investigate whether FoxOs control
FbxI22 expression, we used a 3-month-old muscle-specific mouse
model lacking FoxOl1, Fox03, and FoxO4, which we have previously
characterized”. Our findings further support this correlation by
revealing a significantly upregulation of Fbx[22 in the muscles of con-
trol mice after 3 days of denervation. Conversely, Fbx[22 upregulation
was blunted in denervated FoxOs-deficient mice, suggesting FbxI22’s
dependence on FoxO signaling (Supplementary Fig. 7C). Since Fbx[22
is upregulated during denervation, and we observed increased Fbx[22
transcripts levels in 18-month-old KO muscle (Fig. 5) and Supplemen-
tary Fig. 6E), we investigated whether loss of myofiber innervation
could occur in Pex5 deficient muscle. Real time PCR analysis at
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18 months showed the significant upregulation of established dener-
vation markers such as muscle-associated receptor tyrosine kinase
(MUSK) and runt-related transcription factor 1 (RUNX)**** (Supple-
mentary Fig. 7D). The expression of the neural cell adhesion molecule
(NCAM), which is typically enriched in the postsynaptic endplates of
the neuromuscular junction (NMJ) and transiently redistributed on
muscle fibers upon denervation, was significantly increased in the 18-
month KO muscle (Fig. 6F). Next, we analyzed the NMJ morphology by

immunostaining the presynaptic side for the synaptic vesicle protein
VAMP1 and the post-synaptic NMJ component with fluorescently
labeled a-bungarotoxin, which tightly binds to acetylcholine receptors
(AChRs). Innervated fibers were identified by the complete overlap
observed by confocal microscopy between the pre- and post-synaptic
components. Partial and complete denervation were recognized by
the partial or complete mismatch between the two signals. EDL muscle
from control mice exhibited an almost complete colocalization of
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Fig. 4 | Progressive mitochondrial ultrastructural and functional alterations in
Pex5-null muscle. A Representative EDL muscles electron micrographs of Ctrl and
KO mice. B EDL muscle quantification of left: cristae number normalized to mito-
chondrial area; middle: mitochondrial area normalized to fiber area (m?); right:
mitochondrial aspect ratio. Each dot represents a single mitochondrion analyzed,
considering 10 mitochondria from 4 muscles per genotype at 3, 9 and 18mo.

C Respiratory capacity in KO FDB myofibers compared to controls. Upper panel:
representative traces, data shown as mean + SEM. Lower panel: OCR quantification.
Each dot represents a single FDB fiber analyzed (3mo: Ctrl n=9, KO n = 8; 9mo: Ctrl
n=17, KO n=16; 18mo: n =12 Ctrl/KO). D Respiratory complex single enzyme
activity normalized to citrate synthase activity. Each dot represents a single muscle
analyzed (3mo: n =4 Ctrl/KO; 9mo: n = 6 Ctrl/KO; 18mo: n=7 Ctrl/KO).

E Antioxidant enzymes mRNA levels in TA of 3, 9 and 18mo Ctrl and KO mice. PRX1
peroxiredoxin 1, GR1 glutathione reductase, CAT catalase, SOD1 and

SOD2 superoxide dismutase 1 and 2. Each dot represents a single muscle analyzed

(Bmo: Ctrl n=4; KO n=7; 9mo and 18mo: n="7 Ctrl/KO). F Left: Representative
images of 3mo Ctrl and KO FDB fibers expressing SPLICS;-P2A**MT probe. Co-
localization of GFP fluorescent dots (SPLICS PO-MT) with anti-PMP70, labeling
peroxisomes (PO), and anti-Tom20, labeling mitochondria (MT). Right: quantifi-
cation of SPLICS PO-MT signal. Each dot represents a single FDB fiber analyzed (Ctrl
n=10; KO n=15). G Number of PO-MT contacts in Ctrl and Pex5 KO HEK293 cells
transfected with the SPLICS PO-MT probe. Each dot represents a single cell ana-
lyzed (Ctrl n=48; KO n=37). n=3 replicates. H STED microscopy quantification of
PMP70 and Tom20 colocalizing pixels per cell. Each point represents a single cell
(Ctrl n=55; KO n=38). n=3 replicates. Data are presented as violin plots (with
individual data points). 3mo, 9mo and 18mo refer to samples from 3-, 9-, and 18-
month-old mice. Two-sided Mann-Whitney test (B, F, G, and H), and multiple
unpaired two-sided Welch’s ¢ tests (C-E) were used when comparing two groups.
Source data are provided as a source data file.

synaptic vesicle VAMPI and postsynaptic AChRs signals. Conversely,
18-month-old KO mice exhibited a variable degree of mismatch
between pre- and post-synaptic structures, with an increased propor-
tion of partial and complete denervated NMJs and a reduction of the
innervated NMJs compared to control EDL muscle (Fig. 6G, H).

In conclusion, peroxisome assembly deficiency in skeletal muscle
triggers metabolic alterations in lipid and amino acid homeostasis,
along with early alterations in mitochondrial cristae content, nega-
tively affecting muscle force and exercise performance. Gradually,
these changes first affect mitochondrial content, subsequently
impairing mitochondrial function. Over time, the cumulative effects
lead to muscle atrophy and the development of a myopathic pheno-
type, characterized by the accumulation of tubular aggregates, pro-
teolytic breakdown of sarcomeres, and degeneration of the
neuromuscular junction. Together, these processes contribute to the
accelerated progression of aging-associated sarcopenia, as summar-
ized in (Fig. 7).

Peroxisomal content declines progressively with age

To further investigate the role of functional peroxisomes in main-
taining muscle mass and force during aging, we analyzed TA muscles
from C57BL/6) (control) mice across different life stages, including
both adult and sarcopenic phases. As expected, 26-month-old sar-
copenic mice, exhibited significantly reduced muscle force and mass
compared to 3-month-old mice (Fig. 8A). We first evaluated the
transcriptional levels of genes involved in peroxisomal biogenesis
(Pex1, Pex5, and PexI2), peroxisomal B-oxidation (ACOXI), ROS
detoxification (catalase (CAT)). Among these, Pex5, Pex12, and cat-
alase were significantly downregulated in sarcopenic muscle
(Fig. 8B). To determine whether peroxisomal changes occurred
progressively with age, we analyzed peroxisomal protein levels in TA
muscles from control mice at 3, 9, 18 and 26 months of age. We
observed an age-dependent reduction in the levels of Pex5, PMP70,
and both the 79kDa cytosolic full-length and the 45kDa
peroxisomal-processed forms of MFP2, with statistically significant
reductions becoming evident at 18 months of age (Fig. 8C). Con-
sistent with these findings, the number of peroxisomes, assessed by
PMP70 immunostaining and visualized using super-resolution STED
microscopy, declined significantly at 18 months and was further
reduced by 26 months of age (Fig. 8D, E). Altogether, these find-
ings in control muscle demonstrate progressive, age-dependent
alterations in peroxisomal content, with significant changes emer-
ging before the decline in muscle force and mass characteristic of
sarcopenia (Fig. 7, upper panel).

Discussion

Peroxisomal dysfunction has been implicated in the pathogenesis of
age-related metabolic disorders, including diabetes, obesity, cancer,
and aging sarcopenia, all characterized by muscle atrophy and

impaired muscle function®*%. Here, we show that Pex5 is a novel player
in the regulation of skeletal muscle homeostasis, playing a critical role
in maintaining muscle health during aging. Using mice with muscle-
specific deletion of Pex5, we demonstrate that the disruption of per-
oxisomal protein import results in abnormal peroxisome assembly,
and decreased pexophagy flux within skeletal muscle, suggesting that
Pex5 plays a crucial role in the quality control mechanisms that elim-
inate peroxisomes®~!, Moreover, under our experimental conditions,
peroxisome turnover in control skeletal muscles is primarily mediated
by the autophagy receptor NBR1, whereas p62 appears to play a sec-
ondary role. A report from the Kim lab demonstrated that NBR1
functions as a specific pexophagy receptor, whereas p62 enhances the
efficiency of NBR1-mediated pexophagy®. Furthermore, Kim’s findings
suggest that ubiquitylated PexS5 is required for the efficient recruit-
ment of NBRI to the peroxisomal surface. Consistent with this, they
showed that blocking Pex5 recruitment to the peroxisomal membrane
via PexI4 deletion was shown to decrease NBR1 binding to peroxi-
somes, significantly impairing pexophagy. In line with these observa-
tions, we found that in the absence of Pex5, the binding of both
receptors to peroxisomes is reduced, indicating impaired pexophagy
flux in KO muscle, with a more pronounced reduction in NBR1 binding
compared to p62.

However, reports quantifying peroxisomal ghosts in Pex5-defi-
cient contexts have been inconsistent. For example, cultured HEK and
HeLa cells show no change®¢, whereas patient fibroblasts with PexS
mutations”, Pex5 KO mouse models'*’, and adult zebrafish exhibit
reduced peroxisomes, which in zebrafish occurs in an age-dependent
manner®®, Moreover, a study in a knock-in human lens epithelial cell
line carrying a missense mutation in Pex5 reported no changes in
peroxisome abundance or p62 levels under basal conditions. However,
upon H202 treatment, both peroxisome number and p62 levels
increased, indicating impaired pexophagy in response to oxidative
stress®’. These findings suggest that the abundance of peroxisomal
ghosts could be context-dependent, influenced by cell type, age, and
cellular stress, and that specific stressors may be required to unmask
functional defects.

In parallel with changes in peroxisomal turnover, KO muscle
exhibit alterations in lipid metabolism, characterized by a shift in the
fatty acid composition of phospholipid species, such as phosphati-
dylcholine (PC), phosphatidylethanolamine (PE), and cardiolipins (CL),
towards very long-chain unsaturated fatty acids, while simultaneously
reducing phospholipid species with shorter fatty acid chains. Fur-
thermore, there is a decrease in ether lipid species such as plasmalo-
gens. Importantly, the overall lipidomic profile of Pex5-null muscles
mirrors the observations made in PBD patient skin fibroblasts®.

Plasmalogens and phospholipids such as cardiolipin are impor-
tant components of mitochondrial membranes® %, Previous studies
have highlighted their critical role in the maintenance of mitochondrial
membrane structure, fluidity and integrity®®®***. In fact, both
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plasmalogens and cardiolipin have a critical role in maintaining proper
cristae folding and mitochondrial respiratory supercomplex assembly
in the inner mitochondrial membrane® contributing to mitochondrial
respiration efficiency. Recent findings also highlight the role of
peroxisomal-derived plasmalogens in maintaining mitochondrial
homeostasis®. Peroxisomal dysfunction resulting from adipose-tissue
specific Pex16 deletion or the inhibition of plasmalogen synthesis
due to glyceronephosphate O-acyltransferase (GNPAT) knockdown

Age (months)

leads to a reduction in mitochondrial content and the formation of
elongated, dysfunctional mitochondria. Importantly, plasmalogen
supplementation rescues these defects, underscoring their potential
therapeutic significance®. In parallel with changes in plasmalogen and
cardiolipin levels, we observed early mitochondrial alterations in KO
muscle, such as a reduction in cristae number appearing as early as
3 months of age, followed by a gradual decline in mitochondrial con-
tent from 9 to 18 months. The mitochondrial content reduction is
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Fig. 5 | Pex5 deletion in skeletal muscle results in early-onset muscle weakness,
preceding muscle atrophy. A Biological Processes (BP) and Cellular Components
(CC) inhibited at 3mo. The Enrichment Score of each term is plotted. B Heatmap of
12 muscle contraction-related genes significantly inhibited in KO vs Ctrl GNM
muscles at 3mo. C Amino acids concentration in GNM muscles from 3mo mice.
Each dot represents a single muscle analyzed (Ctrl n=4; KO n=7). D Normalized
force-frequency curve of Ctrl and KO mice at 3 and 18mo. Data shown as mean +
SEM. E Normalized maximal tetanic force. D, E Each dot represents a single muscle
analyzed (3mo: Ctrl n=7; KO n=13; 18mo: Ctrl n = 6; KO n = 8). Fiber size dis-
tribution of control and KO TA muscle at 3 (F), 9 (G), and 18mo (H). Data shown as
mean + SEM in columns. 3mo: n=4 Ctrl, n=3 KO (F); 9mo: n=7 Ctrl, n=7 KO mice
(G); 18mo: n =6 Ctrl/KO mice (H). G p-value a=0.0058, b=0.0044, c = 0.0028.

H p-value a=0.0085, b=0.0013, c=0.0329, d =0.0279, e =0.0288, f=0.0118.

I mRNA levels of atrophy-related genes in TA muscle of 9mo control and KO mice.
Left: ubiquitin-proteasome-related genes; middle: autophagy-related genes; right:
ER stress-related genes. Each dot represents a single muscle (Ctrl n=6; KO n=5).
J Fbx122 mRNA levels in TA muscles at 3, 9, and 18 months. Each dot represents a
single muscle (3mo: Ctrl n=4; KO n=7; 9mo: Ctrl n=6; KO n=5; 18mo: Ctrln=6,
KO n=7). K Running distance until exhaustion of Ctrl and KO mice at 3 and

18 months. Each dot represents a single mouse (3mo: Ctrl n=5; KO n = 3; 18mo: Ctrl
n=>5;KO n=7).3mo, 9mo and 18mo refer to samples from 3-, 9-, and 18-month-old
mice. Unpaired two-sided Welch's ¢ tests (C, E lower panel, J), Mann-Whitney test
(E upper panel), or multiple unpaired two-sided Welch'’s ¢ test (F-I) used when
comparing two groups. A two-way ANOVA with Sidak’s multiple comparisons test
performed when comparing more than two groups (K). Source data are provided as
a source data file.

caused by the inhibition of PGC1-dependent mitochondrial biogenesis
pathways at both 9 and 18 months of age, together with activation of
mitophagy at 9 months. The activation of mitophagy likely serves as a
beneficial mechanism. It helps to clear organelles affected by altera-
tions in mitochondrial membrane lipid composition, thus maintaining
a healthy mitochondrial population in KO muscle tissue at this age.
Conversely, by the time KO mice reach 18 months of age, mitochon-
drial function and mitochondrial lipid metabolism are compromised.
In line with these alterations, KO muscles display a reduction in anti-
oxidant enzymes, paralleling the decrease in mtDNA content at
9 months, a critical point, as mtDNA is highly vulnerable to oxidative
damage®, and occurs prior to the development of mitochondrial
dysfunction. Moreover, between 9 and 18 months, there is a pro-
gressive and dynamic morphological adaptation in mitochondrial size
characterized by elongation, likely serving as a tentative mechanism to
enhance metabolic efficiency®* %, Importantly, several structural and
functional mitochondrial alterations are common features observed in
both PBD patients and in other Pex5-deficient models™'¢™",

Furthermore, lipid biosynthetic pathways are highly inter-
connected and rely on the coordinated activity of different organelles,
including peroxisomes, ER and mitochondria®. Disruptions in lipid
metabolisms can impair the communication between peroxisomes
and mitochondria®. Although the mechanisms and functional sig-
nificance of inter-organelle communication remain to be fully eluci-
dated, current evidence suggests that diffusion, vesicular transport,
and direct physical contacts at MCS sites facilitate the exchange of
metabolic intermediates essential for key metabolic processes® . Our
data, obtained using the SPLICS PO-MT probe and super-resolution
STED microscopy, reveal a decrease proximity between peroxisomes
and mitochondria in both skeletal muscle and HEK293 cells KO for
Pex5. Although our observations of altered lipid metabolism
and mitochondrial structure and function in Pex5 KO muscle
suggest disruptions in the metabolic interactions between these
organelles, we did not explore the physiological consequences of
this altered tethering. Moreover, our work has several limitations
that warrant consideration. First, while we observed decreased
peroxisomes-mitochondria proximity in the absence of Pex5, these
findings are insufficient to determine the metabolic impact of reduced
tethering. Second, it remains unclear whether the disruption of con-
tacts arise directly from Pex5 loss or indirectly from the resulting
structural and functional defects on both organelles. Third, although
our data suggest a correlation between Pex5 and organelle proximity,
we did not evaluate whether PexS5 itself functions as a physical tether,
whether it is enriched at peroxisomes-mitochondria contact sites, or
whether it plays a mechanistic role in facilitating metabolite exchange,
as suggested in ref. 69. Therefore, further studies are needed to define
both the molecular mechanisms and physiological relevance of
peroxisome-mitochondria contact sites in the context of Pex5 defi-
ciency, both in vitro and in vivo.

Concomitant with alterations in lipid metabolism, amino acid
metabolism is also perturbed in KO muscle, suggesting a coordinated

impairment of metabolic processes at this early stage. Increased levels
of free amino acids such as glutamine, glutamate, asparagine, and
aspartate have been linked to increased protein breakdown in condi-
tions characterized by metabolic dysregulation, muscle weakness, and
muscle loss***¢. Furthermore, the levels of arginine and lysine, whose
reduction has been identified as a metabolic signature of unhealthy
aging’®, were decreased in the KO muscle. The changes on lipid and
amino acid metabolism parallel the decline in muscle force and exer-
cise performance, occurring simultaneously with a reduction in cristae
number but preceding the decreases in mitochondrial content, mito-
chondrial function, as well as muscle atrophy. Notably, in conditions
such as aging sarcopenia and cancer cachexia, muscle weakness pre-
cedes muscle atrophy*”"”? indicating that age-related muscle dys-
function depends not only on muscle size but also on muscle quality”.
Therefore, muscle weakness and exercise intolerance may result from
impaired peroxisomal function and the consequent metabolic
uncoupling from mitochondria, leading to disruptions in lipid and
amino acid metabolism as well as a reduction in cristae number.
Importantly, the progression of muscle loss reflects the cumulative,
time-dependent deterioration of mitochondrial content, morphology,
and function, underscoring the long-term consequences of the dis-
rupted peroxisome-mitochondria synergy. Accordingly, we and oth-
ers have consistently demonstrated that alterations in mitochondrial
content, shape, or function have detrimental consequences for the
maintenance of muscle mass and function'*®®. Moreover, oxidative
stress is a major contributor to muscle loss*’; accordingly, the anti-
oxidant response progressively declines with age in KO muscle, with a
more pronounced reduction observed at 18 months. Additionally,
several atrogenes are upregulated in KO muscle at 9 months. These
cumulative defects, driven by peroxisomal dysfunction, ultimately
result in muscle atrophy and the early onset of a sarcopenic phenotype
by 18 months of age. This phenotype is characterized by increased
center-nucleated fibers, myofiber damage due to tubular aggregate
accumulation, FbxI22-dependent proteolytic breakdown of sarco-
meres impacting structural integrity and sarcomeric Z line function,
and neuromuscular junction degeneration. The fact that specific
inhibition of Pex5 in skeletal muscle can induce muscle denervation
without directly impacting the motor neuron was unexpected. This
finding contrasts with the traditional belief in the context of PBD,
where muscle alterations are typically considered secondary to neu-
rological defects. However, our findings, along with other reports'>>7,
indicate that peroxisomal metabolic activity is required for muscle
innervation and function independently of neurological involvement.

NMJs are critical regions where muscle and nerve communicate,
influencing each other. In fact, skeletal muscle has a critical role in
determining neuron survival, nerve integrity and functional NMJ
maintenance. Numerous observations suggest the significant role of
retrograde muscle-to-nerve signaling in NMJ maintenance”. For
example, mitochondrial dysfunction, specifically in skeletal muscle
fibers, correlates with a marked increase in fiber denervation” 7%, In
addition, plasmalogen deficiency in mice leads to alterations in NMJ
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formation and decreased muscle force’. Notably, plasmalogens,
enriched in healthy muscles®, are reduced in skeletal muscle from PBD
patients®, which are characterized by mitochondrial myopathy, mus-
cle weakness, and muscle atrophy'>*5-84,

The close association between peroxisomal defects and muscle
dysfunction is demonstrated also in a muscle-specific Pex3 knockdown
in a Drosophila model where the disruption of peroxisome biogenesis
results in the impairment of various processes reliant on muscle
function, including eclosion, wing expansion, and climbing’*.

Lipid profiling of 18-month-old Pex5 KO muscle provides further
evidence for accelerated age-related skeletal muscle decline, as it mir-
rors alterations observed in sarcopenia including increased PE, SM, and
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long- and very long-chain ceramides® . Notably, in aged mice and
humans, PE negatively correlates with muscle mass and function® and,
ceramide synthesis inhibition preserves age- and cancer-cachexia-
dependent muscle decline®®**°. Furthermore, the relevance of perox-
isomal function in the regulation of skeletal muscle during aging is
highlighted by our results in control mice undergoing natural aging. We
observed a progressive, age-dependent decline in the levels of PMP70,
Pex5 and MFP2 peroxisomal proteins. Consistent with these findings,
peroxisomal content assessed by PMP70 immunostaining and super-
resolution STED microscopy showed a reduction beginning at 18 months
and progressing further with age. Notably, these alterations precede the
decline in muscle force and mass characteristic of sarcopenia. In line
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Fig. 6 | Pex5-null muscles exhibit an early development of sarcopenic features.
A Left: representative Hematoxylin & Eosin staining of TA. Arrowheads: center
nuclei in 9- and 18mo KO mice. Right. Quantification of fibers with center nuclei
over total fiber number in muscle section. Each dot represents one single muscle
(9mo: n=7 Ctrl/KO; 18mo: Ctrl n=8, KO n=10). B Electron micrographs repre-
sentative images showing ultrastructural defects in 18mo KO EDL muscle.

C Representative images of modified Gomori trichrome staining of TA muscle from
18mo control and KO mice. D Left: Quantification of fibers with tubular aggregates
(stained in red in (C)) relative to the total fiber number in muscle section of 18mo
mice. Right: Quantification of aggregate area normalized to fiber area. Each dot
represents one single muscle (Ctrl n=6; KO n=>5). E Upper panel: immunoblot of
total protein extracts from TA muscles of 18mo mice. Lower panel: Densitometric
analysis. Data normalized to GAPDH. Each dot represents one single muscle (n=7
Ctrl/KO). F Left: Representative image showing NCAM positive fibers in TA KO
muscles at 18mo. Right: Quantification of NCAM-positive fibers relative to the total

fiber number in the muscle section. Each dot represents one single muscle (Ctrl
n=8; KO n=11). G Indirect immunofluorescence on EDL muscles. Magenta: post-
synaptic AChRs stained with a-BTx; cyan: pre-synaptic compartment identified with
anti-VAMP1 antibody. Asterisks identify denervated NMJs, arrows partial dener-
vated ones. Scale bar: 50 um. Magnification of innervated, partial denervated and
denervated NMJs shown in the right panel (10 um). H Quantification of innervated,
partial denervated, and denervated NMJs in EDL of 18mo mice. Each dot represents
one muscle (n =3 Ctrl/KO), 30 NMJs analyzed/muscle. Unless otherwise stated, all
data in this figure were obtained from the analysis of 18mo mice muscles. Data
presented as violin plots (with individual data points). 3mo, 9mo and 18mo refer to
samples from 3-, 9-, and 18-month-old mice. Unpaired two-sided Welch'’s ¢ tests
(A, E, F), Two-sided Mann-Whitney test (D), and multiple unpaired two-sided
Welch'’s ¢t tests (H) were used when comparing two groups). Source data are pro-
vided as a source data file.
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Fig. 7 | Schematic overview of the phenotypical alterations observed in the
muscle-specific Pex5 KO mouse model. Upper panel: In control mice, a reduction
in peroxisomal content, early mitochondrial alterations such as decreased mito-
chondrial cristae number, and reduced exercise performance are already evident
by 18 months of age. These precede the age-related defects typically observed after
24 months, including further peroxisome loss, progressive mitochondrial dys-
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metabolism, reduced mitochondria cristae number, early decline in muscle force,
and reduced exercise performance by 3 months of age. Moreover, at this stage,
peroxisome (PO)-mitochondria (MT) proximity is reduced, however, the causal or
consequential nature of this relationship remains unclear. By 9 months, mito-
chondrial content is affected, characterized by reduced mitochondrial biogenesis
and increased mitophagy. At 18 months, KO muscles exhibit mitochondrial dys-
function and an accelerated onset of age-related muscle atrophy and impairment,
marked by the accumulation of tubular aggregates, proteolytic sarcomere break-
down, and neuromuscular junction degeneration. The alterations occurring earlier
in KO mice compared to control mice are highlighted in red. Created in BioRender.
DAVIGO, 1. (2025) https://BioRender.com/bp2gfbd.

with our findings, Pex5 transcript and protein levels are reduced in the
cortical neurons of aged mice™. Consistently, studies in C. elegans have
shown that Pex5, along with nearly other 30 peroxisomal proteins
decline with age, thereby impairing protein import”. Comparable
defects are also observed in accelerated aging models like Hutchinson-
Gilford Progeria Syndrome®>®>. We did not directly investigate perox-
isomal import efficiency during aging, however, the concomitant
decrease in both the full-length and processed forms of MFP2 suggests a
general decline in peroxisomal content, potentially complicating the
interpretation of peroxisomal import capacity.

In summary, our muscle-specific peroxisomal deficient mouse
model underscores the importance of preserving peroxisomal func-
tion and their interplay with mitochondria to maintain muscle force,
integrity, and innervation during the aging process. These findings
may constitute the basis for identifying novel mechanisms funda-
mental to developing drug therapies aimed at preserving muscle

function and enhancing the quality of life for individuals affected by
peroxisomal disorders and age-related metabolic conditions.

Methods

Ethical approval for experiments involving animals, generation
of muscle-specific Pex5 knockout mice, and housing conditions
All procedures are specified in the projects approved by the Italian
Ministero della Salute, Ufficio VI (authorization number 328/2021 PR
and 572/2021 PR) and are in compliance with the National Institutes of
Health Guidelines for Use and care of Laboratory Animals and with the
1964 Declaration of Helsinki and its later amendments. To generate
constitutive muscle-specific Pex5 knockout animals, mice bearing Pex5
floxed alleles® (Pex5”) (provided by Myriam Baes) were crossed with
transgenic mice expressing Cre recombinase under the control of a
Myosin Light Chain 1 fast promoter (MLCIf-Cre)**. Mice were main-
tained on a 12-h light/12-h dark schedule and were fed standard rodent
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food chow and water ad libitum. Animals were handled by specialized
personnel under the control of inspectors of the Veterinary Service of
the Local Sanitary Service (ASL 16 - Padova), the local officers of the
Ministry of Health. Denervation was performed by cutting the sciatic
nerve of the left limb, while the right limb was used as control. Surgical
procedures, including sciatic nerve cutting and muscle electropora-
tion, were performed under inhalation of isoflurane in medical oxygen
with post-operative analgesia administered using carprofen or
meloxicam. Mice were sacrificed by cervical dislocation, and the

T
3mo

different tissues were weighed and then frozen in liquid nitrogen, and
utilized for histological experiments, immunohistochemistry or gene
expression studies. A mixed pool of both males and females were used
in all the experiments. Experiments were performed on 3, 9,18 and 26-
month-old adult mice. Cre-negative littermates were used as controls.

Body composition analyses
Quantitative magnetic resonance was utilized to measure lean and fat
mass in live mice using the EChoMRITM-100 system (EchoMRI LLC).
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Fig. 8 | Progressive age-dependent alterations in peroxisomal content and size.
A Left: Muscle force assessed by grip test; right: TA fiber size assessed by CSA
analysis. Each dot represents one mouse (left) or muscle (right) (n =35 Ctrl/KO).

B mRNA levels of peroxisomal genes involved in peroxisomal biogenesis (Pexl,
Pex5, and Pex12), peroxisomal -oxidation (ACOX1), and ROS detoxification (cat-
alase (CAT)) in TA muscles from 3, and 26mo control mice. Each dot represents one
muscle (3mo: n =3 mice; 26mo: n =4). C Upper panel: Imnmunoblot images of total
TA muscle lysates from 3, 9, 18, and 26mo control mice, probed with anti-Pex5,
PMP70, and MFP2, normalized to GAPDH levels. Lower panel: Densitometric
quantification of Pex5, PMP70, and both the cytosolic 79 kDa and peroxisomal-
processed 45 kDa (indicated at 43 kDa) forms of MFP2. Each dot represents one

muscle (n =4 per group). D Representative STED microscopy images of long-
itudinal sections of TA showing endogenous peroxisomes, immunostained with
anti-PMP70, from 3, 18, and 26mo control mice. The 26 months panel shows two
muscle fibers positioned side by side. E Quantification of the number of PMP70-
positive structures normalized to muscle fiber area. Each dot represents a single TA
muscle fiber analyzed (3mo: n=69; 18mo: n=73; 26mo: n = 54). Three muscles for
each age were analyzed. Data are presented as violin plots (with individual data
points). 3mo, 9mo,18mo, and 26mo refer to samples from 3-, 9-, 18-, and 26-month-
old mice. Statistical tests: Unpaired two-sided Welch'’s ¢ tests (A); multiple unpaired
two-sided Welch’s ¢ tests (B); Brown-Forsythe and Welch ANOVA test (C); and non-
parametric Kruskal-Wallis test (E). Source data are provided as a source data file.

Exercise studies

Mice aged 3 and 18-month old were acclimated to and trained on a
treadmill with no inclination (Biological Instruments, LE 8710 Panlab
Technology 2B) over a period of three days. During these 3 consecutive
days preceding the test, mice ran for 5 min at 10 m/min. On the fourth
day, mice underwent a single bout of running starting a speed of
10 m/min. Forty minutes later, the treadmill speed was increased by
1m/min every 10 min for a total of 30 min, followed by an increase
of 1m/min every 5min until mice were exhausted. Exhaustion was
defined as the point at which mice spent more than 5s on the electric
shocker without attempting to resume running. Total running distance
was calculated for each mouse.

Rapid PeroxoTag peroxisome purification

Gastrocnemius (GNM) muscles from control and KO mice were injec-
ted with AAV9 carrying the PeroxoTag vector”, which encodes an HA-
tagged EGFP-PEX26 construct, at a dose of 5x101° vector genomes.
PeroxoTag expression was driven by the human skeletal actin (HSA)
promoter to ensure its selective expression in mature muscle fibers.
Four weeks post-infection, peroxisomes were immunopurified starting
from freshly isolated mouse GNM muscles exploiting PeroxoTag
overexpression®. For every PeroxoTag infected muscle, the empty
vector infected contralateral muscle was used in mock purifications to
establish nonspecific background.

Briefly, GNM was dissected, separated from soleus muscle and
minced with scissors on an ice-cold metal block; subsequently, tissue
disruption was performed in 1ml ice-cold PBS additioned with pro-
tease and phosphatase inhibitors (cOmplete EDTA-free and PhosSTOP,
Roche) using a 2 ml borosilicate glass tissue grinder with a ground-
glass pestle (Kimble Kontes, 885500-0021). 25 stokes were used for
optimal cellular homogenization.

Tissue homogenate was then centrifuged at 1000 x g for 2 min at
4°C; subsequently, for whole cell lysate analysis, 25 | of cleared
homogenate was removed and protein extracted with 225 | of Triton
Lysis Buffer (50 mM HEPES, pH7.4, 40 mM NaCl, 1% Triton X-100,
2 mM EDTA) with protease and phosphatase inhibitors. The remaining
supernatant was incubated with 100 pL of pre-washed anti-HA mag-
netic beads (88837 Pierce™ Anti-HA Magnetic Beads) on a rotating
nutator at 4 °C for 8 min. After binding, beads were washed three times
with 1 mL of ice-cold PBS; a magnetic rack was used immobilize beads
on the tube and remove the supernatant.

After the final wash, beads were resuspended in 80 pL of Triton
Lysis Buffer with protease and phosphatase inhibitors. Whole muscle
and peroxisomal fractions (PeroxolP) were then incubated in a nutator
for at least 10 min at 4 °C. WC fractions were centrifuged at 21,000 x g,
4 °C for 10 min and supernatant collected. PeroxolP fractions are col-
lected by magnetic beads separation. Protein lysates were then used
for subsequent western blot analyses.

Gene expression analyses

Total RNA was prepared from tibialis anterior muscles using TRIzol
(Life Technologies). Complementary DNA was generated from 1 pg of
RNA reverse-transcribed with SuperScript Ill Reverse Transcriptase

(Invitrogen). Duplicates of cDNA samples were then amplified on the
7900HT Fast Real-Time PCR System (Applied Biosystems, MA, U.S.)
using the Power SYBR Green RT-PCR kit (Applied Biosystems). The
relative expression ratio of target gene was calculated based on PCR
efficiency and quantification cycle deviation (ACq) of an unknown
sample versus a control, and expressed in comparison to the reference
gene. All data were normalized to GAPDH or HPRT expression,
of which abundance did not change under any of the experimental
conditions, and plotted in arbitrary units as mean+SEM. The
sequences of the oligonucleotide primers used are listed in Supple-
mentary Table S1.

RNA sequencing and analysis

Total RNA was isolated from gastrocnemius muscle using TRIzol
reagent (Life Technologies) according to the manufacturer’s instruc-
tions. The isolated RNA was initially assessed for purity using a Qubit
fluorometer (Thermo Fisher Scientific) and it was then submitted to
the Biology Department at the University of Padua. The RNA was
assessed for integrity using the TapeStation 4150 (Agilent). Subse-
quently, the QuantSeq 3' mRNA-seq Library Prep kit (Lexogen) was
employed for library construction. The library generation process is
initiated with oligo(dT) priming, where the primer already contained
lllumina-compatible linker sequences. After first strand synthesis the
RNA was removed, and second strand synthesis was initiated by ran-
dom priming and a DNA polymerase. The random primer also contains
lllumina-compatible linker sequences. Second strand synthesis was
followed by a magnetic bead-based purification step. The library was
then amplified, introducing the sequences required for cluster gen-
eration. External barcodes were introduced during the PCR amplifi-
cation step. Library quantification was performed by fluorometer
(Qubit) and TapeStation 4150 (Agilent). QuantSeq Forward contains
the Read 1 linker sequence in the second strand synthesis primer,
hence NGS reads were generated towards the poly(A) tail and directly
corresponded to the mRNA sequence. QuantSeq FWD maintains
strand-specificity and allows mapping of reads to their corresponding
strand on the genome, enabling the discovery and quantification of
antisense transcripts and overlapping genes. Sequencing was per-
formed on NextSeq500 ILLUMINA instrument to produce at least 10
millions of reads (75 bp SE) for sample.

For transcriptomics data analysis raw counts for each sample were
assembled in a count matrix for the subsequent analyses. First, low
counts genes with less than 10 counts across all the samples were
prefiltered, and gene symbols associated with the Ensembl ids con-
sidering the genome GRCm39 for Mus musculus were annotated. Then,
normalized raw counts with the regularized-logarithm algorithm were
normalized to the exploratory data analysis, which helped in per-
forming a quality control on the samples. Finally, differential expres-
sion analysis among the conditions in the experimental design was
computed applying the Wald’s test with Benjamini-Hochberg correc-
tion for multiple testing to assess the statistical significance per gene.
These steps were performed in R environment (ver. 4.3.2), especially
using ‘biomaRt’ package (ver. 2.58.2) for the annotation, and ‘DESeq2’
package (ver. 1.42.0) for the normalization of the raw counts and the
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extraction of differentially expressed genes. False Discovery Rate
(FDR) < 0.05 was considered as statistically significant.

Gene set enrichment analysis (GSEA) was performed by restricting
the output to the C5 collection of biological processes (BP) and cell
components (CC), sets of the Molecular Signatures Database (MSigDB
v7.0). The threshold for statistical significance chosen in the GSEA was
False Discovery Rate (FDR) < 0.25.

Gene Ontology Enrichment Analysis (GOEA) was performed on
inhibited genes at 3 and 9 months of age (GSE263106) by using the
DAVID online tool (DAVID Bioinformatics Resources 6.8, restricting
the output to Biological Process terms (BP_FAT, refer to Supplemen-
tary Data 3, 4, and 7) and Cellular Compartment terms (CC_FAT, refer
to Supplementary Data 7). The GOEA analysis was performed on 58
inhibited genes at 9 months of age and on 30 inhibited genes at
3 months of age. The threshold of GOEA was FDR <10% and Enrich-
ment score >1.5.

Immunohistochemistry and stainings

Cryosections of adult tibialis anterior muscle were stained for Hema-
toxylin & Eosin (H&E), Succinate dehydrogenase (SDH), and modified
Gomori trichrome staining. For fiber typing, TA slides were incubated
with the following monoclonal antibody combination: BA-D5 (1:100)
(Developmental Studies Hybridoma Bank) for the type 1 MyHC iso-
form, SC-71 (1:100) (Developmental Studies Hybridoma Bank) for the
type 2A MyHC isoform and anti-Dystrophin (1:100) (ab15277, Abcam.
Cambridge, VK) for the sarcolemma. Fibers negative for BA-D5 and SC-
71 were identified as Type 2X and 2B. Images were captured using a
Leica DFC300-FX digital charge-coupled device camera and the Leica
DC Viewer software. Cross-sectional area (CSA) was calculated mea-
suring the cross-sectional area of all individual fibers from entire
muscle cross-section from tibialis anterior muscles based on assem-
bled mosaic image (20x magnification). The morphometric analyses
were made using MATLAB Semi-Automatic Muscle Analysis using
Segmentation of Histology (SMASH) software. The specific antibodies
used for immunostaining are listed in Supplementary Table S2.

NMJ measurements

EDL muscles from 18-month-old control and KO mice were dissected
and fixed in 4% PFA in PBS for 30 min at room temperature. Subse-
quently, muscle fiber bundles were teased by mechanical manipulation
in PBS with the aid of a stereomicroscope and then quenched in 0.24%
NH,CI PBS for 20 min. Following permeabilization and a 2-h saturation
period in blocking solution (15% goat serum, 2% BSA, 0.25% gelatine,
0.20% glycine, 0.5% Triton-X100 in PBS), samples were incubated with a
primary antibody against VAMPI (1:200) in blocking solution at 4 °C for
72 h. Muscle fibers were then washed and incubated with secondary
antibodies and a-BTx AlexaFluor-555 (1:200) (ThermoFisher B35451) to
label post-synaptic acetylcholine receptors (AChRs). Images were
acquired using a Zeiss LSM 900 Confocal microscope equipped with a
40x HCX PL APO NA 1.4 oil immersion objective. To minimize crosstalk,
laser excitation line, power intensity, and emission range were optimized
for eachs specific fluorophore of interest. Recovery extent was assessed
by determining the proportion of denervated, partially denervated, and
innervated NMJs through analysis of fluorescence signal overlap
between pre-synaptic and post-synaptic staining, employing Fiji's plugin
called ColocThreshold. Arbitrary thresholds were set to evaluate NMJ
innervation status: NMJs with an overlap range of 0-40%, indicating
absent or reduced pre-synaptic staining, were classified as completely
denervated, those with a range of 40-80% were considered partially
denervated, while those above 80% were classified as innervated.

Transmission Electron Microscopy (EM) and mitochondria
ultrastructure analysis

For EM, Extensor Digitorum Longus (EDL) muscles were dissected
from sacrificed animals, pinned on a Sylgard dish, fixed at room

temperature with 3.5% glutaraldehyde in a 0.1M NaCaCO buffer (pH
7.4), and stored in the fixative solution at 4 °C. Fixed muscles were then
post-fixed in a mixture of 2% 0sO4 and 0.8% K3Fe(CN)6 for 1-2h,
rinsed with a 0.1 M sodium cacodylate buffer with 75 mM CaCl2, en-
bloc stained with saturated uranyl acetate, and embedded for EM in
epoxy resin (Epon 812). Ultrathin sections (-40 nm) were cut in a Leica
Ultracut R microtome (Leica Microsystem, Austria) using a Diatome
diamond knife (Diatome Ltd, CH-2501 Biel, Switzerland) and examined
at 60 kV after double-staining with uranyl acetate and lead citrate, with
an FP 505 Morgagni Series 268D electron microscope (FEI Company,
Brno, Czech Republic), equipped with Megaview Il digital camera
(Munster, Germany) and Soft Imaging System (Germany). EM images
were acquired in a randomized, systematic manner. Images for mito-
chondrial number quantification were taken at a magnification of
20,000x, while images for mitochondrial area, cristae quantification,
and aspect ratio measurements were taken at 46,000x. All images
were analyzed using ImageJ software. Only mitochondria which were
entirely visualized in the micrograph were included in the analysis.
TEM data were available for n =4 control and n = 4 centri KO mice at 3,
9, and 18 months of age. For mitochondrial number quantification, 7 to
8 fibers were imaged per mouse, resulting in a total of 30 fibers per
genotype. Mitochondria were manually counted and the values nor-
malized to the total fiber area, expressed as the number of mito-
chondria per um2. For morphological analyses, 10 mitochondria per
muscle were selected. Mitochondrial area (in um?) was determined by
manually tracing the outer mitochondrial membrane. Cristae number
was quantified manually and normalized to mitochondrial area. Addi-
tionally, the aspect ratio, defined as the ratio of the length of the long
axis to the short axis, was calculated.

HEK 293 cell culture

HEK 293 cells (both control and Pex5 KO) were cultured in Dulbecco’s
Modified Eagle Medium with Glutamax (Thermo Fisher, 10569010),
supplemented with 10% Fetal Bovine Serum (Thermo Fisher) and 1%
penicillin/streptomycin. Cells were cultivated at 37 °C, 5% CO,, until they
reached appropriate confluency for immunostaining or transfection.

STED image analysis

Images were obtained by using a Leica Stellaris 8TauSTED microscope,
equipped with a 100%/1.4 N.A. Plan Apochromat objective, a WLL, HyD
detectors and a pulsed 775 nm STED laser. a-mouse STAR 580 and a-
rabbit STAR 635P (Abberior) were used as secondary antibodies (1:250
in 1% Bovine serum albumin diluted in PBS, 0.3% Triton and PBS) to
stain TOM20-positive (only in the experiments with HEK 293 cells)
(TOM20 Santa Cruz scl7764) or PMP70-positive structures (PMP70
Abcam ab85550), respectively. Sequential acquisition of the two
channels was performed, by setting the WLL at respectively 570 nm
and 635 nm and by activating (30%) the 775 nm pulsed depletion-laser.
Excitation/emission parameters were kept constant, avoiding signal
saturation and by setting pixel size at 25 nm/pixel.

Images were analyzed using Image] (National Institute of Health
(NIH)). Raw data images were first converted into 8-bit image format,
and then the BG subtraction plugin was used to subtract the
background.

To assess peroxisomal count, the STAR 580 channel only was
considered. An intensity threshold was set and kept constant for all the
images analyzed regardless the condition (e.g., control/KO, 3, 18 or
26 months of age). Regions of interest (ROI) were used to set the area
of each fiber.

Both the peroxisomal count and size were assessed through the
Analyze Particles function implemented in Image). Namely, perox-
isomal count was measured as the number of PMP70-positive struc-
tures normalized by its respective fiber area.

For the colocalization analysis (Fig.4H), images were first con-
verted into 8-bit format and then the background was subtracted using
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the specific BG subtraction plugin. Subsequently, an appropriate
threshold, chosen to maintain organelle staining while minimizing
background, was set for both the green and red channels, and kept
constant for all the images analyzed regardless the condition.

By using the Colocalization highlighter plugin, the image of the
colocalized pixels was generated by the software and their number was
calculated for each cell, taking advantage of the histogram function.

Force measurements

To perform in vivo gastrocnemius force measurements, mice were
anesthetized, and stainless-steel electrodes wires were placed on
either side of the sciatic nerve. Torque production of the plantar
flexors was measured using a muscle lever system (Model 305¢; Aurora
Scientific, Aurora ON, Canada). The force-frequency curves were
determined by increasing the stimulation frequency in a stepwise
manner, pausing for 30 s between stimuli to avoid effects due to fati-
gue. Following force measurements, animals were sacrificed by cervi-
cal dislocation and muscles were dissected and weighted. Force was
normalized to the gastrocnemius muscle mass as an estimate of
specific force.

In vivo muscle grip strength test

Grip strength was measured on forelimbs in 26-month-old control
mice using a commercially available calibrated grip strength tester
(Bioseb Grip Test device) (Bioseb) The results of the grip strength
analysis are represented as means of at least three repetitions.

Measurement of mitochondrial DNA copy number

The total tibialis anterior DNA was isolated using Puregene Cell and

Tissue Kit (Qiagen). The content of mtDNA was calculated using real-

time quantitative PCR (qRT-PCR) by measuring the threshold cycle

ratio (ACt) of the mitochondrial-encoded gene Coxl versus the

nuclear-encoded gene RNaseP. The following primers were used:
Cox1_fw:5-TGCTAGCCCGACAGGCATTACT-3’
Cox1_rv:5-CTGACCACACGAGCTGGTAGAA-3
RNaseP_fw:5’-GCCTACACTGGAGTCGTGCTACT-3’
RNaseP_rv:5-CGGGATCAAAGAAAGTTGTGTTT-3

OCR (oxygen consumption rate) measurements

Single isolated FDB fibers, plated on laminin-coated XF24 microplate
wells and cultured in DMEM (D5030 Sigma-Aldrich), supplemented
with 1 mM NaPyr, 5 mM glucose, 33 mM Nacl, 15 mg phenol red, 25 mM
HEPES, and 1 mM of L-Glu. Fibers were maintained in culture for 2 h at
37 °C in 5% CO,. The rate of oxygen consumption was assessed in real-
time with the XF24 Extracellular Flux Analyzer (Agilent), which allows
to measure OCR changes following up to four sequential additions of
compounds. A titration with the uncoupler CCCP was performed to
determine the optimal CCCP concentration (0.6 pM) that maximally
increases OCR. To calculate basal and maximal respiration, non-
mitochondrial 02 consumption was substracted from absolute values.
ATP-linked respiration was calculated as the difference between basal
and oligomycin-insensitive O2 consumption. The results were nor-
malized to the fluorescence of Calcein (Sigma-Aldrich). Fibers were
loaded with 2uM Calcein for 30 min. Fluorescence was measured
using a Perkin Elmer EnVision plate reader in well scan mode using a
480/20 nm filter for excitation and 535/20 nm filter for emission.

Mitochondrial respiratory chain enzymatic activity

Assessment of mitochondrial respiratory chain enzymatic activities on
muscles was determined spectrophotometrically’. Results were nor-
malized to citrate synthase enzymatic activity or to total protein content.

Immunoblotting
To obtain whole skeletal muscle lysates, samples were homogenized in
lysis buffer containing 50 mM Tris (pH 7.5), 150 mM NacCl, 5 mM MgCl2,

10% glycerol, 1% SDS, 1% Triton X-100, and inhibitors for phosphatase
(P5726, Sigma) and protease (P8340, Sigma). Protein fractions were
resolved by SDS-PAGE using pre-cast 4-12% Bis-Tris gels (Thermo Fisher
Scientific), blotted onto nitrocellulose membranes (BioRad), and incu-
bated with the appropriate primary antibody overnight. Blots were
stripped 10 min in mild stripping buffer containing 0.2 M Glycine, 0.1%
SDS, 1% Tween- 20 (pH 2.2) and reprobed if necessary. The membranes
were visualized with the ImageQuant LAS 4000 and quantified by den-
sitometric analysis using Image] software (https://imagej.nih.gov/ij/).
Protein expression was normalized to GAPDH as loading control. The list
of the antibodies used is provided in Supplementary Table S2. For an
example of presentation of full scan blots, see the Source data file.

Autophagic flux and pexophagy quantification

We monitored autophagic flux in basal conditions using colchicine
(Sigma-Aldrich Chemie, C9754). 3-month-old mice received intraper-
itoneal injections of colchicine at 0.4 mg/kg or vehicle control. Treat-
ments were administered twice, at 24 and 12h prior to muscle
dissection. Western blot and immunostaining analyses were con-
ducted to evaluate general autophagy and pexophagy flux. For Wes-
tern blotting, total TA muscle homogenates were separated by SDS-
PAGE, transferred to nitrocellulose membranes, and probed with
antibodies against PMP70, Pex16, and LC3. For immunostaining,
transverse cryosections of TA muscles were stained with antibodies
against PMP70, NBR1, p62, and LC3. Images were captured using a
Leica DFC300-FX digital CCD camera and Leica DC Viewer software. All
imaging settings and quantification parameters were kept consistent
throughout the study. Peroxisome abundance was quantified by
counting PMP70-positive structures within individual muscle fibers.
Colocalization of PMP70 with NBR1, p62, or LC3 was determined by
counting yellow, fluorescent puncta indicating overlap within each
muscle fiber. Fluorescent puncta were manually counted and nor-
malized to muscle fiber cross-sectional area using ImageJ software.
Quantification was independently performed by two blinded obser-
vers to ensure reliability. For each muscle, at least three randomly
selected fields were analyzed, encompassing all visible muscle fibers.
Data are expressed as fold increase, calculated as the ratio of
colchicine-treated samples relative to untreated controls. A complete
list of antibodies used is provided in Supplementary Table S2.

In vivo FDB electroporation

Electroporation experiments were performed on FDB muscles from
control and knockout animals. The animals were anesthetized by inha-
lation of isoflurane in medical oxygen. Ten microliters of Hyaluronidase
(2mg/mL) (Sigma-Aldrich, St. Louis, MO, USA) were injected in the
feet of anesthetized mice to soften muscle tissue underneath the epi-
dermis. After 50 min, we injected 10 pg of plasmid DNA such as GFP-SKL
(sfGFP-Peroxisomes-2 was a gift from Michael Davidson (Addgene
plasmid # 54601; http://n2t.net/addgene:54601; RRID:Addgene_54601)
or mitochondria-targeted mKeima (mt-mKeima) or SPLICS-P2A PO-MT),
and after 10 min, electric pulses were applied by two stainless needles
placed at 1cm from each other (100 Volts/cm, 20 pulses, 1s intervals).
Muscles were analyzed 10 days later. FDB muscles were collected in
1% P/S DMEM. No evidence of necrosis or inflammation was observed
after the transfection procedure. FDBs were digested in type I col-
lagenase at 37 °C for 1.5-2 h. The fibers were dissociated by creating
mechanical forces using a pipette. The single isolated fibers were then
plated on glass coverslips coated with 10% Matrigel in Tyrode’s salt
solution (pH 7.4) and were used to monitor mitophagy and peroxisome-
mitochondria contact sites in transfected FDB single fibers.

Transient transfection of SPLICS-P2A PO-MT probe in HEK293
cells and immunofluorescence

Control and KO HEK293 cells were plated into 24-wells and transfected
using FUGENE® 6 Transfection Reagent (E269A, Promega) in
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accordance with the manufacturer’s instructions. Briefly, for one
13mm coverslip, 600 ng of the SPLICS-P2A PO-MT plasmid were
incubated for 15 min with the FUGENE® 6 Transfection Reagent at a 3:1
FuGENE® 6 Transfection Reagent:DNA ratio. The mix was then added
to each well, each containing 500 pl of growth medium, and cells were
fixed after 24 h with a 3.7% (vol/vol) formaldehyde solution (Sigma-
Aldrich; Cat# F8775) for 10 min. Cells were permeabilized with Triton
0.3% in PBS for 10 min. Blocking was performed with Bovine serum
albumin (Sigma) 5% for 1-2 h at RT. The coverslips were then incubated
with primary antibodies against Tom20 (sc17764, mouse, Santa Cruz)
and PMP70 (ab855500, 1:200, Abcam) diluted in PBS containing 2%
Goat serum and 0.5% BSA over night at 4 °C. Staining was revealed by
the incubation with specific secondary antibodies (Cy3 anti-mouse and
Alexa fluor 647 anti-rabbit,1:150) diluted in PBS containing 2% goat
serum and 0.5% BSA for 1-2 h at RT. After another round of washing,
incubation with Dapi 4X was done for 2-4 min at RT. Finally, after one
PBS washing, coverslips were mounted with Dako.

Imaging and quantification of peroxisome-mitochondria
contact sites

SPLICS-P2A PO-MT probe*, was used to investigate peroxisome-
mitochondria contact sites in both transfected HEK293 cells and FDB
single fibers. Specifically, we employed the SPLICS PO-MT short plas-
mid, designed to detect inter-organelle interactions occurring within
an -8-10nm range. This construct was developed using a single
bicistronic vector that enables equimolar expression of the organelle-
targeted GFP fragments through the insertion of the P2A peptide
sequence, which acts as a linker (SPLICSshort-P2A). A schematic
representation, and the complete plasmid sequence is provided in
ref. 43. In brief, the plasmid contains the C-terminal transmembrane
domain of human ACBDS5 (residues 498-534) as the peroxisomal tar-
geting sequence fused to f-strand 11, and the outer mitochondrial
membrane targeting sequence Tom20 N33 (the first 33 amino acids of
the TOM20 N-terminal tail, which contains the mitochondrial
anchoring signal) fused to the GFP1-10 moiety.

HEK cells were imaged using a Leica TSC SP5 inverted confocal
microscope, with a HCX PL APO x100/numerical aperture 1.4 oil-
immersion objective. A complete z-stack of cells was acquired, every
step of 0.29 um. Contacts in cells were measured as number of con-
tacts per cell.

Muscle fibers were imaged with a using a Zeiss LSM900 upright
confocal using a Plan-Neofluar 40x%/1.3 oil-immersion objective (Carl
Zeiss). Images were acquired by using the Zeiss software. The SPLICS
signal is acquired at lasers wavelength of 488 nm. Z-stack of the muscle
sections were acquired every 0.5 um, then processed using ImageJ
(National Institutes of Health (NIH)). Contacts in muscle fibers were
measured as number of contacts normalized to fiber area (con-
tacts/m?).

For both cells and FDB fibers, images were first convolved and
selected by freehand selection of Image) in the drawing/selection
polygon tool and then processed using the “Quantification 1” plugin
(https://github.com/titocalil/Quantification-Plugins). A 3D recon-
struction of the resulting image was obtained using the Volume]J plugin
(https://github.com/titocalil/Quantification-Plugins). A selected face
of the 3D rendering was then thresholded and used to count short
contact sites through the “Quantification 2” plugin (https://github.
com/titocalil/Quantification-Plugins).

Mito-mKeima mitophagy assay

To monitor mitophagy, FDB muscle fibers were transfected by elec-
troporation with a plasmid encoding the mitochondrial-targeted
Keima (mt-mKeima) probe. Twelve days post-transfection, FDB fibers
were isolated as described in the In Vivo FDB Electroporation section
and incubated in DMEM medium. Mt-mKeima is a coral-derived, pH-
sensitive fluorescent protein that is resistant to lysosomal degradation,

allowing discrimination between mitochondria residing in a neutral
environment and those that have been delivered to the acidic lysoso-
mal compartment.

Myofibers were then imaged using an Olympus IMT-2 inverted
microscope (Melville, NY) equipped with a CellR imaging system.
Fluorescence was captured in two channels using sequential excitation
at 458 nm (green, neutral pH) and 561 nm (red, acidic pH) with a 20x
0.5 NA UPLANSAPO objective (Olympus). Emissions were collected at
500-550 nm for the green channel and 575-625 nm for the red chan-
nel. All imaging settings and quantification parameters were kept
consistent throughout the study.

In this system, mt-mKeima fluoresces green in mitochondria at
neutral pH and red in lysosomes at acidic pH, enabling the distinction
between intact mitochondria and mitolysosomes. Due to partial
overlap in the emission spectra, representative images appear yellow,
indicating regions undergoing mitophagy.

Quantification was performed using ImageJ software (NIH). Indi-
vidual red and green channels were analyzed on a pixel-by-pixel basis,
and the mitophagy/area index was calculated as the ratio of red pixels
to the total number of pixels (red + green), normalized to the area of
the myofiber.

Metabolomics

Metabolomics was performed as previously described, with minor
adjustments”. In a 2 mL tube, the following amounts of internal stan-
dard dissolved in water were added to each sample of freeze-dried
gastrocnemius muscle: adenosine-“Ns-monophosphate (5 nmol),
adenosine-SNs-triphosphate (5 nmol), D4-alanine (0.5 nmol), D,-argi-
nine (0.5 nmol), Ds-aspartic acid (0.5 nmol), Dz-carnitine (0.5 nmol),
D,-citric acid (0.5 nmol), 2C;-citrulline (0.5nmol), BCe-fructose-1,6-
diphosphate (1 nmol), C,-glycine (5 nmol), guanosine-*Ns-monopho-
sphate (5nmol), guanosine-®Ns-triphosphate (5nmol), ®Cg-glucose
(10 nmol), Cg-glucose-6-phosphate (1nmol), Ds-glutamic acid
(0.5 nmol), Ds-glutamine (0.5 nmol), Ds-glutathione (1nmol), BCg-iso-
leucine (0.5 nmol), Ds-lactic acid (1 nmol), Ds-leucine (0.5 nmol), D4-
lysine (0.5 nmol), Ds-methionine (0.5 nmol), Dg-ornithine (0.5 nmol),
Ds-phenylalanine (0.5nmol), D,-proline (0.5nmol), Cs-pyruvate
(0.5 nmol), Ds-serine (0.5 nmol), D¢-succinic acid (0.5 nmol), D4-thy-
mine (1nmol), Ds-tryptophan (0.5 nmol), D4-tyrosine (0.5 nmol), Dg-
valine (0.5 nmol). Subsequently, solvents were added to achieve a total
volume of 500 uL methanol and 500 uL water. A 5mm stainless steel
bead was added and a Qiagen TissueLyser Il was used for 5 min at 30
times/s to homogenize each sample, before the addition of 1mL
chloroform. After thorough mixing, samples were centrifuged for
10 min at 14.000 rpm. The polar top layer was transferred to a new
1.5mL tube and dried using a vacuum concentrator at 60 °C. Dried
samples were reconstituted in 100 uL 6:4 (v/v) methanol:water. Meta-
bolites were analyzed using a Waters Acquity ultra-high performance
liquid chromatography system coupled to a Bruker Impact II™ Ultra-
High Resolution Qqg-Time-Of-Flight mass spectrometer. Samples were
kept at 12 °C during analysis and 5uL of each sample was injected.
Chromatographic separation was achieved using a Merck Millipore
SeQuant ZIC-cHILIC column (PEEK 100 x2.1 mm, 3 um particle size).
Column temperature was held at 30 °C. Mobile phase consisted of (A)
1:9 (v/v) acetonitrile:water and (B) 9:1 (v/v) acetonitrile:water, both
containing 5 mmol/L ammonium acetate. Using a flow rate of 0.25 mL/
min, the LC gradient consisted of: Dwell at 100% Solvent B, 0-2 min;
Ramp to 54% Solvent B at 13.5 min; Ramp to 0% Solvent B at 13.51 min;
Dwell at 0% Solvent B, 13.51-19 min; Ramp to 100% B at 19.01 min;
Dwell at 100% Solvent B, 19.01-19.5 min. Column was equilibrated by
increasing flow rate to 0.4 mL/min at 100% B for 19.5-21 min. MS data
were acquired using negative and positive ionization in full scan mode
over the range of m/z 50-1200. Data were analyzed using Bruker TASQ
software version 2021.1.2.452. All reported metabolite intensities were
normalized to the sum of all adenosine nucleotides, as well as to
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internal standards with comparable retention times and response in
the MS. Metabolite identification has been based on a combination of
accurate mass, (relative) retention times, ion mobility data and frag-
mentation spectra, compared to the analysis of a library of standards.

Lipidomics

Lipidomics analysis was performed as previously described®. In a 2 ml
tube freeze-dried gastrocnemius muscle was added and mixed with a
mix of internal standards for different lipid classes, including 0.1 nmol of
cardiolipin CL(14:0/14:0/14:0/14:0), 2.0 nmol of phosphatidylcholine
PC(14:0/14:0), 0.1 nmol of phosphatidylglycerol PG(14:0/14:0), 5.0 nmol
of phosphatidylserine PS(14:0/14:0), 0.5 nmol of phosphatidylethanola-
mine PE(14:0/14:0), 0.5nmol of phosphatidic acid PA(14:0/14:0),
2.125nmol of sphingomyelin SM(d18:1/12:0), 0.02nmol of lysopho-
sphatidylglycerol LPG(14:0), 0.1 nmol of lysophosphatidylethanolamine
LPE(14:0), 0.5 nmol of lysophosphatidylchloline LPC(14:0), 0.1 nmol of
lysophosphatidic acid LPA(14:0), 0.5nmol of phosphatidylinositol
PI(8:0/8:0), 0.5 nmol diglycerides DG(14:0/14:0), 0.5 nmol triglycerides
TG(14:0/14:0/14:0), 2.5 nmol cholesterol ester D7-CE(16:0), 0.125 nmol of
sphingosine and ceramide mix (Avanti Polar Lipids) dissolved in 1:1 (v/v)
methanol:chloroform. Next, 1.5ml 1:1 (v/v) methanol:chloroform was
added to each sample. The mixture was sonicated in a water bath (5 min)
and centrifuged (4 °C, (16,000 x g, 10 min). The supernatant was trans-
ferred to a 1.5 ml glass auto sampler vial and evaporated under a stream
of nitrogen at 45 °C. The dried lipids were reconstituted in 100 pl of 1:1
(v/v) chloroform:methanol. Chromatographic separation of lipids was
done using a Thermo Fisher Scientific Ultimate 3000 binary UPLC using
a normal phase and a reverse phase column in separate runs. Normal-
phase separation was done using a Phenomenex® LUNA silica,
250 x 2 mm, 5 um 100 A column. Column temperature was held constant
at 25 °C. The composition of the mobile phase A consisted of 85:15 (v/v)
methanol:water containing 0.0125% formic acid and 3.35 mmol/l
ammonia and the composition of mobile phase B consisted of 97:3 (v/v)
chloroform:methanol containing 0.0125% formic acid. The LC gradient
started at of 10% A for 0-1 min, 20% A at 4 min, 85% A at 12 min, 100% A at
12.1min, 100% A for 12.1-14 min, 10% A at 14.1 min, 10% A for 14.1-15 min
using a flow rate of 0.3 ml/min. Reversed-phase separation was done
using a Waters HSS T3 column (150 x 2.1 mm, 1.8 um particle size). The
composition of the mobile phase A consisted of 4:6 (v/v) methanol:water
and B 1.9 (v/v) methanol:isopropanol, both containing 0.1% formic acid
and 10 mmol/l ammonia. The gradient started at 100% A going to 80% A
at 1 min and 0% A at 16 min, 0% A for 16-20 min, 100% A at 20.1 min and
100% A for 20.1-21 min. The column temperature was held constant at
60 °C and a flow rate of 0.4 ml/min was used. After LC separation, lipids
were detected using a Q Exactive Plus Orbitrap mass spectrometer
(Thermo Scientific) operated in full-scan mode using negative and
positive ionization. The spray voltage was 2500 V and nitrogen was used
as the nebulizing gas. A resolution of 280.000 was used in a mass range
of m/z 150 to m/z 2.000.

Bioinformatics lipidomics

The raw LC/MS data were converted to mzXML format using MSCon-
vert. Lipidomics data processing and analysis was done as described
earlier”. Briefly, lipidomics data were analyzed using an in-house
developed lipidomics pipeline based on the R programming language
(http://ww.r-project.org) and MATLAB. Preprocessing was done using
the R package XCMS with minor changes to some functions to better
suit the Q Exactive™ data; notably, the definition of noise level in
centWave was adjusted and the stepsize in fillPeaks’®. Lipid identifi-
cation and quantification were carried out using an in-house devel-
oped bioinformatics pipeline. This pipeline is based on accurate mass,
retention time data, the injection of class-specific standards, analysis of
samples with known metabolic defects, and characteristic lipid class-
specific elution and mass patterns. Identification was performed at the
sum composition level. Lipid classes in our lipidomics pipeline were

defined by their generic chemical formulas, where ‘R’ denotes the radyl
group. Upon importing the lipid database into the annotation pipeline,
the generic chemical formula for each lipid class was expanded by
replacing the ‘R’ element with a range of potential radyl group lengths
and degrees of unsaturation. This expanded list of chemical formulas
was then used to calculate the neutral monoisotopic mass of each
species. The monoisotopic mass was then converted into a set of m/z
values corresponding to each adduct and charge combination, allow-
ing reliable measurement and annotation of the lipid species. The
reported lipid abundances are semi-quantitative, calculated by divid-
ing the analyte response (peak area) by that of the corresponding
internal standard, with the result further adjusted for the concentra-
tion of the internal standard, and expressed in arbitrary units (A.U.).
Total levels for each lipid class were obtained by summing the inten-
sities of all lipid species within that class. Lipid saturation and chain
length plots were generated using the R package lipidr version 2.15.1%°.
In lipidr, chain length plots are created by plotting a regression line
(LOESS curve) of the (log2) fold changes and the total chain lengths of
lipids within a specific lipid class.

Supplementary Data 1and 2 contain individual and summed lipid
class data, respectively.

Targeted lipidomics

Around 30 mg of muscle tissue from 9 months-old mice for each
condition was diluted in 300 pL PBS 1X and tissue homogenized with
precellys®. Lipids of supernatant were extracted using the method of
Folch-Lees {Folch, 1957 #59}. The extracts were filtered, and lipids
recovered in the methanol-chloroform phase. TAG and DAG were
isolated using thin layer chromatography on silica glass plates (E.
Merck, Darmstadt, Germany) developed in petroleum ether, ethyl
ether, acetic acid (80:20:1) and visualized by fluorescein (2,7 -
dichlorofluoresceine (Fluka) 0.2% in ethanol). The TAG and DAG bands
were scraped from the plate and transmethylated using 5% acetyl
chloride/95 % methanol. The methylated fatty acids were extracted
with isooctane and analyzed by gas chromatography using a gas
chromatograph GC30 equipped with flame ionization detectors (Shi-
matzu), and CP-Wax 58 capillary column, 50 m in length,0.25 mm
external diameter, 0.2 pm thickness of the stationary phase (Varian
Inc., Les Ulis, France)). Helium was used as a carrier gas. The oven
temperature was: initial temperature of 60-110°C at a rise rate of
20°C-min’, then 223°C at a rate of 1.6 °C-min™, 2min at this tem-
perature, then 230 °C at a rate of 2 °C-min’, 13 min at this temperature,
then 270 °C at a rate of 40 °C-min’, then remaining at this tempera-
ture. Fatty acid methyl esters are identified by comparing the retention
times to those of known standards. Inclusion of the internal standard,
trinonadecanoyl glycerol and diheptadecanoyl glycerol (Sigma), per-
mits quantitation of the amount of TAG and DAG in the sample.

Data representation

Data are represented in violin plots. In all violin plots, the width
represents the probability density of data points at different values
with horizontal lines indicating the median and interquartile range.
Violin plots were generated using GraphPad Prism 10, which applies
kernel density estimation (KDE) to display the data distribution.
Because KDE applies a smoothing algorithm, the estimated density
curve may occasionally extend beyond the actual data range, causing
the plot to dip below zero even when all values are positive. This effect
is a visual artifact of the smoothing process, not an indication of
negative values. Graphs labeled ‘relative to control’ on the y-axis show
values normalized to the mean of the corresponding control group,
with the control mean set to 1.

Statistics and reproducibility
Exclusion criteria for animals included death, cannibalism, or the pre-
sence of severe clinical alterations of vital physiological functions.
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Animals were randomly assigned to groups before the experiments.
Investigators were not blinded due to their involvement in both group
allocation and data collection/analysis. However, when applicable,
blinding was performed by coding the samples with numbers, which
remained concealed until the final data analysis. All replicates represent
biological replicates, as illustrated by the scatter dot plots accompany-
ing each graph, which indicate sample size. In accordance with the 3Rs
principles of animal experimentation, animal studies were not repeated
unless they involved a different outcome or endpoint. Experiments
performed with the HEK293 cell line were replicated three times. Sta-
tistical tests including the Welch ¢ test or Mann-Whitney test, or two-way
ANOVA, and the multiple testing procedures were used as detailed in the
figure legends. All statistical tests were conducted upon verification of
the normality of the data using the Shapiro-Wilk test, where applicable.
The Welch correction, which does not assume equal variances and
accounts for unequal sample sizes, was applied to the ¢ test and ANOVA.
Differences between groups were considered statistically significant
when *p < 0.05; *p < 0.01. The exact p values are reported in the figures
or figure legends. All statistical analyses were performed using GraphPad
Prism 10 (GraphPad).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq data generated in this study have been deposited in Gene
Expression Omnibus (GEO) database under the Superseries accession
code GSE263106. The series title is “Effect of muscle-specific Pex5
depletion on gene expression in gastrocnemius muscle”. GSE263103
Effect of muscle-specific Pex5 depletion on gene expression in gas-
trocnemius muscle in 3-month-old mice. GSE263104 Effect of muscle-
specific Pex5 depletion on gene expression in gastrocnemius muscle in
9-month-old mice. GSE263105 Effect of muscle-specific Pex5 depletion
on gene expression in gastrocnemius muscle in 18-month-old mice.
The lipidomics data have been deposited to MetabolLights repository
with the study identifier MTBLS12833. All requests for raw data and
materials should be addressed to the corresponding author. Source
data are provided with this paper.
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