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NAD* boosting reduces age-associated amyloidosis
and restores mitochondrial homeostasis in muscle
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SUMMARY

Aging is characterized by loss of proteostasis and mitochondrial homeostasis. Here, we provide bio-
informatic evidence of dysregulation of mitochondrial and proteostasis pathways in muscle aging and
diseases. Moreover, we show accumulation of amyloid-like deposits and mitochondrial dysfunction during
natural aging in the body wall muscle of C. elegans, in human primary myotubes, and in mouse skeletal mus-
cle, partially phenocopying inclusion body myositis (IBM). Importantly, NAD* homeostasis is critical to
control age-associated muscle amyloidosis. Treatment of either aged N2 worms, a nematode model of am-
yloid-beta muscle proteotoxicity, human aged myotubes, or old mice with the NAD* boosters nicotinamide
riboside (NR) and olaparib (AZD) increases mitochondrial function and muscle homeostasis while attenuating
amyloid accumulation. Hence, our data reveal that age-related amyloidosis is a contributing factor to mito-
chondrial dysfunction and that both are features of the aging muscle that can be ameliorated by NAD™ meta-

bolism-enhancing approaches, warranting further clinical studies.

INTRODUCTION

Aging is a complex, multifactorial, biological process typified by
a decline of many cellular functions, including mitochondrial
dysfunction and collapse of proteostasis, which ultimately
impact on organismal homeostasis (Labbadia and Morimoto,
2015; Riera et al., 2016). Proteostasis includes all cellular pro-
cesses required to maintain homeostasis of the cellular prote-
ome. These involve regulation of protein synthesis, folding and
assembly, and degradation of proteins or aggregates (D’Amico
et al., 2017).

Due to the fact that mitochondrial function and proteostasis
are essential to ensure cellular homeostasis, are functionally in-
terconnected, and decline in aging (Riera et al., 2016), it is not
surprising that mitochondrial dysfunction and abnormal pro-
teostasis are involved in chronic age-associated neuromus-
cular proteinopathies, such as Alzheimer’s disease (AD) (Irvine
et al., 2008), and inclusion body myositis (IBM), a debilitating
age-associated muscle disease (Askanas and Engel, 2011;
Joshi et al., 2014). Although affecting different organs, AD
and IBM are both protein aggregation diseases characterized
by the accumulation of amyloid protein deposits (Benveniste
et al., 2015). IBM is the most common muscle proteinopathy
affecting the elderly; however, it is generally considered a
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rare disorder, with its overall prevalence still under debate
(Needham et al., 2008). Skeletal muscle decay instead is one
of the most prominent features of aging, characterized by
loss of muscle mass and function (Goodpaster et al., 2006)
and by a decline in mitochondrial function (Short et al., 2005).
In addition, muscle aging is also typified by dysfunctional pro-
teostasis pathways, including altered ubiquitin-proteasome
system (UPS) activity (Husom et al., 2004) and defective auto-
phagy (Wohlgemuth et al., 2010). Currently, the mechanism un-
derlying the collapse of proteostasis in the aging muscle is not
fully elucidated, and it is furthermore unclear whether amyloid
deposition, a hallmark of IBM, is also at play in the aging
muscle.

Here, we report that, during natural aging, muscle tissues
accumulate amyloid-like deposits, a process which is evolu-
tionary conserved in C. elegans, in mouse and human muscle
cells and tissues, with molecular features recapitulating some
aspects of IBM. Moreover, we also discovered the reversible na-
ture of these deposits, which can be reduced by interventions
aimed at restoring mitochondrial homeostasis, such as by
enhancing nicotinamide adenine dinucleotide (NAD") meta-
bolism, even at the onset of aging. Importantly, we show that
reduction of the accumulation of amyloid-like deposits in aging
is sufficient to improve muscle mitochondrial homeostasis.
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RESULTS

Gene signatures of proteostasis and mitochondrial
function are altered in muscle aging and diseases

To analyze whether transcriptional signatures associated with
protein homeostasis and aggregation and with mitochondria
are altered in muscle during aging or diseases, we analyzed
transcriptome data from a collection of human muscle data-
sets of aging; genetic muscle diseases, such as muscle
dystrophies; and muscle proteinopathies, such as IBM, poly-
myositis, and amyotrophic lateral sclerosis (ALS) (Table S1).
Gene sets related to mitochondrial respiration and tricarbox-
ylic acid (TCA) cycle were markedly downregulated in the ma-
jority of the aging and disease conditions (Figure 1A; Table
S1), in line with the consensus in the field (Joshi et al., 2014;
Ryu et al., 2016; Short et al., 2005). Conversely, gene sets
related to protein degradation, such as the UPS, and chap-
erone-mediated protein folding were overall upregulated
across the different muscle diseases and in aging (Figure 1A).
Interestingly, amyloidosis and protein-misfolding-related gene
sets were among the most consistently induced in all the mus-
cle aging and disease conditions analyzed (Figure 1A). This in-
dicates a high similarity between aging- and disease-associ-
ated alterations of proteostasis pathways, as highlighted in
the volcano plots of selected IBM and aging datasets (Figures
1B and 1C; Table S2).

We then used the human Genotype-Tissue Expression
(GTEx) muscle datasets (Figure 1D; Table S3) to confirm our re-
sults generated in disease- and age-related muscle expression
datasets. We separated the GTEx data based on gender and
then the age of the subjects was correlated against the expres-
sion of genes. We then determined the gene sets correlating
with age by using gene set enrichment analysis (GSEA) on the
resulting correlation coefficients for all genes (Sergushichev,
2016). Mitochondrial and proteostasis signatures were also
altered in an opposite fashion in GTEx. In agreement with the
human data, we observed repression of mitochondrial path-
ways, mirrored by the induction of protein folding and degrada-
tion but also of aggregation and amyloid formation and regula-
tion, in muscle expression data of mouse models of aging,
proteinopathies, and dystrophy (Figure 1E; Table S1). Finally,
module-module association analysis performed on 12 human
muscle datasets using the genetic toolkit GeneBridge (Li
et al., 2019) indicated that the amyloid-beta (Af) formation
module has strong negative associations with respiratory elec-
tron transport and mitochondrial translation modules (Figure 1F,
top), further pointing at an opposite link between mitochondrial
function and amyloid pathways. Module-module association in
the mouse, using 11 mouse muscle datasets, also showed
similar negative associations (Figure 1F, bottom).

These analyses hence suggest that there is an overall decline
of mitochondrial function paired with perturbed cellular proteo-
stasis in skeletal muscle in established proteinopathies, such
as IBM, in aging, as well as in other chronic muscle conditions,
including muscular dystrophies. These shared alterations, sug-
gestive of increased protein misfolding and amyloidosis hence
may represent a major common hallmark of muscle aging and
disease.
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Muscle aging is characterized by accumulation of
amyloid-like deposits across species
Similarly to what is observed in brain tissues affected by AD, IBM
is characterized by the accumulation of well-known aggregation-
prone proteins, such as Ap peptides (Schmidt et al., 2008). One
common feature of aggregation-prone proteins or peptides is
their propensity to form oligomeric aggregates, which share a
similar conformational status typical of amyloid aggregates
(Kayed et al., 2003; Sontag et al., 2012). However, whether am-
yloid-based protein deposits might occur in muscle also during
physiological aging across different species is yet to be defined.
Based on these premises and our bioinformatic analysis point-
ing to the induction of amyloid-related pathways in aging and
disease (Figures 1A-1E), we explored whether aging indeed
correlated with the accumulation of amyloid-like aggregates in
the muscle. First, we analyzed primary myoblasts obtained
from 2 healthy young (18 and 25 years old) and 2 aged donors
(73 and 82 years old) and from 2 IBM patients (61 years, hetero-
zygote for a VCP mutation found in another IBM patient, Watts
et al., 2004, and 73 years, sporadic case) for the presence of
these aggregates, using Proteostat-based stainings (Shen
et al., 2011; Figures 2A and S1A). The Proteostat dye is reactive
toward intracellular aggresomes and related inclusion bodies as
well as amyloid-like aggregates (Laor et al., 2019; Navarro and
Ventura, 2014). Cells from aged donors showed a marked
enrichment for the Proteostat signal compared to young donors
(Figures 2A and S1A). These results were corroborated by the
increased Proteostat signal in primary cells from IBM patients
(Figures 2A and S1A). This observation is in line with our bioinfor-
matics analysis which also indicate the induction of inclusion-
bodies-related gene sets (Figures 1A, 1D, and 1E). Accordingly,
protein aggregates were also detected in the murine muscle cell
line C2C12, when overexpressing the amyloidogenic Swedish
mutation (K595N/M596L) of human amyloid precursor protein
(APPs,,e) (Sorrentino et al., 2017; Zheng et al., 2011; Figures
2B and S1B-S1D), along with an altered mitochondrial homeo-
stasis typified by reduced mitochondrial membrane potential
(Figure 2C) and increased presence of circular mitochondria,
suggestive of altered mitochondrial dynamics (Kowaltowski
et al., 2019), and by impaired mitochondrial respiration (Figures
S1E and S1F). We further validated our observations using the
A11 anti-oligomer antibody, which is reactive toward protein ag-
gregates of amyloidogenic nature (conformational epitope) and
can be easily implemented in dot blotting assays (Condello
et al., 2015; Upadhaya et al., 2012). APPg,e-expressing C2C12
accumulated amyloid deposits (2.06 relative signal compared
with empty vector cells), in spite of an equal total protein amount
(Figures S2A and S2B; Table S4), although negative control dot
blots, performed in the presence only of the secondary antibody,
did not detect aspecific signals (Figure S2C), confirming the
presence of amyloid-like deposits in the APPg,,.-expressing my-
otubes. To validate our hypothesis also in vivo, we tested muscle
tissues from young (3 months) and old (2 years) C57BL/6J mice
for presence of amyloid-like aggregates, via A11-immunostain-
ing of tibialis anterioris (TA) (Figures 2D and S1G). Aged muscle
displayed a marked accumulation of amyloid oligomers, and
importantly, A11-positive aggregates were not detected in inter-
stitial space (Figure S1G), in line with intracellular presence of
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Figure 1. Mitochondrial and proteostasis transcript signatures are perturbed in aging and muscle disease
(A) Heatmap analysis of expression datasets from human muscles during aging and a panel of different muscle diseases. The mitochondrial category of gene sets
includes sets related to mitochondrial respiration and processes, although proteostasis includes gene sets related to the UPS, amyloid-related processes, and

aggregation. See Table S1.

(B and C) Volcano plot representations of an IBM (B; GSE39454, control, n = 5; IBM, n = 10) and a human muscle aging (C; GSE9676, young, n = 14; old, n = 16)
dataset, with the mitochondrial and proteostasis gene sets highlighted in green and blue, respectively. See Table S2.
(D) Heatmap of correlations of mitochondrial and proteostasis gene sets with age in the GTEx skeletal muscle expression datasets (male, n = 316; female, n =

175). The datasets used for this analysis are listed in Table S3.

(E) Heatmap analysis of selected gene expression datasets from mouse muscles during aging and selected muscle diseases. The datasets used for this analysis

are listed in Table S1.

(F) Module-module association analysis of amyloid-beta formation module (GO:0034205) in human and mouse, using 12 and 11 muscle datasets, respectively (Li
et al., 2019). The threshold of significant module-module connection is indicated by the red dashed line. MMAS, module-module association score.

oligomeric aggregates seen also in IBM patients (Askanas and
Engel, 2011). Additionally, we also investigated protein lysates
from forelimb muscles (Figures S2D-S2F; Table S4) and TA mus-
cle of young (11 weeks), adult (30 weeks), and old (2 years or
104 weeks) mice (Figures S2G and S2H; Table S4). Both muscle
groups revealed a specific, strong enrichment for the A11 signal
in the old animals (104-week-old animals compared with 11-
week-old mice had 1.39 increase in A11 signal in TA muscle
and 6.08 increase in forelimbs). Altogether, these findings pro-
vide evidence for the occurrence of amyloid-like deposits in
the aging mammalian muscle.

Recently, the A11 antibody was reported to detect aging-
associated aggregates also in C. elegans muscles (Alavez
et al., 2011). We therefore performed A11 dot blot analyses on
whole-worm protein lysates from adult (day 1) and old (day 11)
wild-type N2 worms (as summarized in Figure S2I). Lysates
from aged N2 showed a marked A11 enrichment compared to
young worms (Figure 2E; 6.08 relative signal compared with
young worms), and this signal was specifically dependent on
the presence of the A11 antibody (Figures S2J and S2K; Table
S4). In addition, we performed A11 dot blotting assay on the
inducible muscle AB proteotoxicity model, GMC101 (McColl
et al., 2012; day 1), whose proteostasis is hampered by the

impairment of mitochondrial homeostasis induced by the RNAI
depletion of the mitochondrial unfolded protein response
(UPR™) master regulator atfs-1 (Sorrentino et al., 2017; Fig-
ure 2E). The amyloid signal, already detectable in GMC101
worms in basal conditions (Figure 2E: ev), was further enhanced
by atfs-1 silencing. Aging in N2 worms also resulted in reduced
mitochondrial membrane potential (Figure 2F); decreased levels
of mitochondrial proteins, including the UPR™ effector, HSP-6,
and certain oxidative phosphorylation (OXPHOS) components
(Figure S2L); alteration of mitochondrial networks, with the accu-
mulation of large and circular mitochondria (Figure 2G; D’Amico
et al.,, 2019); and in the decay of muscle structural integrity
(Figure 2H).

Aging is also known to be linked to a decline in NAD* levels in
muscle tissue in lower organisms and mammals (Gomes et al.,
2013; Mouchiroud et al., 2013). In line with this premise and to
investigate whether NAD* homeostasis is required to maintain
proteostasis, we fed C. elegans with bacteria expressing an
RNAI targeting pnc-1, a key enzyme in NAD™ salvage in the nem-
atode muscle (Vrablik et al., 2009, 2011). Genetic attenuation of
pnc-1 function and NAD* salvage exacerbated the accumulation
of amyloid-like aggregates (1.98 relative signal compared with ev
worms; Figures 21 and S2M). Moreover, addition of paraquat, an
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Figure 2. Accumulation of amyloid-like deposits in aging muscle across species

(A and B) Representative confocal images of primary human muscle cells from young, aged, and IBM donors (scale bar, 50 um; A; representative images of n =2
individuals per group) or of control and APPgye-expressing C2C12 myotubes (scale bar, 10 um) stained with the Proteostat fluorescent dye (B; n = 3 biological
replicates per group).

(C) Microscopy images of tetramethylrhodamine methyl ester (TMRM) staining of C2C12 ev, C2C12 ev treated with trifluoromethoxy carbonylcyanide phenyl-
hydrazonen (FCCP) (10 uM; internal control for membrane depolarization), and C2C12 APPSwe (C2C12 ev + Veh, n = 17; C2C12 ev + FCCP, n = 5; C2C12
APPSwe + Veh, n = 20 biological replicates) and relative quantification. Scale bar, 200 pm. ***p < 0.0001.

(D) Representative images and corresponding quantification of immunostainings of A11-positive deposits in tibialis anterior (TA) muscles of young (3 months) or
aged (24 months) male C57BL/6J mice (n = 12 animals). Scale bar, 50 um. ***p < 0.001 (relative % area).

(E) Dot blot of protein lysates from young (day 1) and aged N2 worms (day 11; n = 3 biological replicates per group) and from GMC101 worms, fed with bacteria
containing either an empty vector (e.v.) or the atfs-7 RNAI. Dot blots were stained for the presence of oligomers using the A11 antibody. Relative quantification of
the blot intensities is reported in Table S4.

(F) Confocal images of TMRM staining of young (day 1) and aged (day 11) N2 worms (day 1, n = 8; day 11, n = 5 worms) and relative quantification. Scale bar,
100 um. **p < 0.001.

(G and H) Loss of healthy mitochondrial morphology in SJ4103 worms (G) and muscle fiber structural decay in the RAW1596 (myo-3p::GFP) C. elegans strain (H)
between day 1 and day 11 of aging.

(I) A11 dot blotting of N2 (day 6) worms treated with pnc-7 RNAI (n = 2 biological replicates per group).

Relative quantification of the blot intensities is reported in Table S4. See also Figures S1 and S2. For all the individual p values, see Table S6 (Excel data source
Figure 2). Values in the figure are mean + S.E.M.
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approach that was shown to deplete NAD™ levels and to reduce
lifespan in C. elegans (Mouchiroud et al., 2013), also accelerated
the loss of proteostasis in day 4 adult worms (Figures S2N and
S20). Similarly, pharmacological blocking NAD* salvage using
the nicotinamide phosphoribosyltransferase (NAMPT) inhibitor,
FK866, in APPg,e-expressing C2C12 myoblast (Hasmann and
Schemainda, 2003; Oakey et al., 2019) also robustly induced
protein aggregation in these amyloid-producing cells (Fig-
ure S2P), in line with that observed in nematodes. Collectively,
these data confirm that the processes of amyloidosis and ag-
ing-associated loss of proteostasis are evolutionary conserved
and directly linked to NAD* homeostasis. These data further-
more suggest that these processes could be beneficially influ-
enced by mitochondrial or NAD*-modulating interventions (Fig-
ures 2E-2l and S2M-S2P).

Late-life treatment with NAD* boosters attenuates
amyloid formation and aging phenotypes in C. elegans
Given the reversal of mitochondrial dysfunction by life-extending
metabolic interventions during aging (Houtkooper et al., 2013;
Mouchiroud et al., 2013) and proteotoxic damage (Schondorf
et al., 2018; Sorrentino et al., 2017), the reduced Ap aggregation
and functional improvement in the context of AD following NAD*
replenishment (Gong et al., 2013; Sorrentino et al., 2017), and
the increased amyloid-like deposition following NAD* depletion
(Figure 2I), we then tested the impact of the well-known NAD*
boosters nicotinamide riboside (NR) and the poly(ADP-ribose)po-
lymerase (PARP) inhibitor olaparib (AZD) on aging-associated am-
yloid formation in C. elegans. Rather than starting treatment from
the embryonic stage, as commonly performed (Fang et al., 2014;
Mouchiroud et al., 2013; Ryu et al., 2016), we only provided the
compounds in late adulthood, allowing to bypass all the early ef-
fects due to the impact of NAD™ boosting on development and
to only investigate aging-related events (Figure S3A). Treating N2
worms with NR (1 mM) starting at day 4 of adulthood (Figure S3A)
induced the expression of the mitochondrial stress response
(MSR) signature genes (Sorrentino etal., 2017)inday 11 old worms
(Figure 3A), similar to what we previously observed in N2 or in the
Apaggregation strain GMC101 treated from the egg stage (Sorren-
tino et al., 2017). Additionally, late-life treatment with either NR
(1 mM) or olaparib (AZD; 300 nM) had a profound effect on proteo-
stasis in aged worms, with amyloid-like deposits levels being
reduced by both compounds (0.33 and 0.08 relative signal,
respectively, compared with untreated worms; Figures 3B, S3B,
and S3C; Table S4). Importantly, the NR-mediated reduction of
A11-positive aggregates deposition required both atfs- 1 (Nargund
etal.,2012,2015)and dct-1 (Palikaras et al., 2015; Figure 3B). This
confirmed the key contribution of both the UPR™ and mitophagy
pathways of the MSR to cellular proteostasis in line with our previ-
ous work on AB proteotoxicity (Sorrentino et al., 2017). Late-life
NAD™* boosting interventions also restored mitochondrial mem-
brane potential and muscle mitochondrial morphology in aged an-
imals (Figures 3C, 3D, S3D, and S3E) and increased mitochondrial
DNA content (Figure S3F), indicative of increased mitochondrial
biogenesis. This furthermore improved fitness, measured as spon-
taneous movement (Mouchiroud et al., 2016; Figures 3E and S3G),
muscle integrity (Figures 3F and S3H), and percentage of paralysis
and death at day 18 (Figure S3I).
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Given the beneficial effects on proteostasis observed following
boosting of mitochondrial stress responses and function, we
decided to test also whether prevention of amyloid-like oligomer
accumulation could have a favorable impact on muscle and mito-
chondrial homeostasis. To test this, we took advantage of the
amyloid-binding compound thioflavin T (ThT); this dye, used to
detect protein aggregates, was previously shown to reduce pro-
teotoxicity in C. elegans during aging and in models of human
proteotoxic disease (Alavez et al., 2011). The reduction in protein
aggregates after ThT was concomitant with a preservation of
fitness in nematodes, which is also in line with our results using
NAD* boosters, showing a simultaneous reduction of amyloid
formation and increased fitness in old treated worms (Figures
3B-3F and S3B-S3H). N2 worms treated with ThT displayed a
marked reduction of A11-positive protein aggregates (Figure 4A),
in agreement with previous data (Alavez et al., 2011). Importantly,
we also observed that ThT treatment robustly promoted mito-
chondrial homeostasis in aging, as shown by higher mitochon-
drial membrane potential (Figure 4B), increased mitochondrial
content (Figure 4C), and normalized muscle mitochondrial dy-
namics (Figure 4D), to a similar extent to what was observed
following administration of NAD* boosters (Figures 3C, 3D, and
S3D-S3F). Collectively, these data indicate that age-associated,
amyloid-like deposits likely contribute to the mitochondrial
dysfunction observed in aged nematodes muscle tissue and
that reducing amyloid formation can be advantageous for mito-
chondrial homeostasis too (Figure 4).

Finally, we verified whether such late-life NAD" boosting inter-
ventions impact mitochondrial and protein homeostasis in a
corrective, rather than preventive, fashion in a severe model of
inducible amyloidosis in the worm. To that end, we treated the
GMC101 strain during adulthood (starting from day 1) with NR
and AZD only after the induction of AR aggregation, achieved
by shifting these worms from 20°C to 25°C at the L4 stage
(McColl et al., 2012; Sorrentino et al., 2017; Figure S4A). Onset
of amyloidosis in the GMC101 strain reduced worm fitness (Fig-
ure S4B) and mitochondrial membrane potential (Figure S4C) in
line with previous work (Sorrentino et al., 2017). Moreover, amy-
loid aggregates accumulation in the AUW15 strain, generated
from the cross of GMC101 with the SJ4103 strain expressing
mitochondrial GFP in the body wall muscle, also resulted in a
marked alteration of mitochondrial morphology when cultured
at amyloid-promoting temperature (Figure S4D) or when
compared to the strain AUW14, derived from a cross between
SJ4103 and the control strain CL2122 (Sorrentino et al., 2017;
Figures 5B, vehicle, and S4F, vehicle). As observed for aged
N2 worms, both NR and AZD normalized the mitochondrial
membrane potential (Figures 5A and S4E) and dynamics in the
GMC101 worms (Figures 5B and S4F) but also reduced protein
aggregation (0.18 [NR] and 0.1 [AZD] relative signal compared
with untreated worms; Figure 5C; Table S4) and muscle damage
(Figure 5D), whereas they improved fitness and decreased death
at day 8 of adulthood (Figures 5E, S4G, and S4H).

NAD"* boosting reduces amyloid formation and improves
mitochondrial parameters during aging in mammals

To translate our findings in C. elegans to mammals, we also
treated primary human myotubes obtained from aged subjects
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Figure 3. Boosting NAD" levels late in life reduces amyloid-like deposits and improves mitochondrial function and fitness in aged C. elegans
(A) Transcript analysis of the mitochondrial stress response (MSR) signature (n = 5 biological replicates) in aged N2 worms treated with nicotinamide riboside (NR)
(1 mM) from day 4 until day 11 of adulthood.

(B) A11 dot blotting of aged (day 11) N2 worms treated as indicated in Figure S3A, with NR (1 mM) and fed with either ev, atfs-1, or dct-1 RNAI (n = 3 biological
replicates per group). Relative quantification of the blot intensities is reported in Table S4.

(C) Confocal images of TMRM staining of aged (day 11) N2 worms treated as indicated in Figure S3A, with NR (1 mM; vehicle, n = 11; NR, n = 14 worms) and
relative quantification. Scale bar, 100 um.

(D) Representative confocal images of mitochondrial networks and corresponding morphology analyses, including mitochondria outline and circularity
assessment (in which 1 represents a perfect circle and 0 a line) in young (day 1) and aged (day 11) SJ4103 (myo-3p::mt-GFP) worms treated with NR (1 mM) as in
(A) (n = 20 per group). Scale bar, 10 pm.

(E) Spontaneous mobility and average mobility of N2 worms treated with vehicle or NR (1 mM) as in (A) (vehicle, n = 55; NR, n = 49 worms). Overall differences
between conditions were assessed by two-way ANOVA (interaction and average mobility); differences between conditions at individual time points were as-
sessed using post hoc Sidak’s multiple comparison test.

(F) Confocal images of GFP-labeled muscle fibers in young (day 1) and aged (day 11) RAW1596 (myo-3p::GFP) worms treated with NR (1 mM) as in (A) (n = 20 per
group). Scale bar, 10 um. See STAR methods for further details.

Values in the figure are mean + SEM. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001. Differences for two groups were assessed using two-tailed t tests (95%
confidence interval) in (A), (C), and (D). All experiments were performed independently at least twice. AU, arbitrary units. See also Figures S2G-S2I and S3. For all
the individual p values, see the Table S6 (Excel data source Figure 3).

and IBM patients with NR and AZD and assessed the presence response (ISR) inhibitor (ISRIB) (Sidrauski et al., 2015), attenu-

of amyloid-like proteins by Proteostat staining (Figures 6A, 6B,
S5A, and S5B). Importantly, both treatments decreased the
amount of Proteostat-positive signal in cells derived from
aged or IBM donors (Figures 6A, 6B, S5A, and S5B). Protein ag-
gregates were also reduced in C2C12-APPg, -expressing my-
otubes following these interventions, both when scored by Pro-
teostat-based staining (Figures 6C and S5C) and A11 dot
blotting (0.4 [NR] and 0.15 [AZD] relative signal compared
with untreated cells; Figures S5D and S5E; Table S4). Impor-
tantly, co-treating cells with a global integrative stress
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ated the reduction in aggregates seen upon NAD* boosting
(Figure S5F). This suggests the involvement of the ISR in
resolving amyloid proteotoxic stress in mammalian cells, sup-
porting our worm data (Figure 3B). Reduction of amyloid-like
deposits was mirrored by an improvement of the mitochondrial
membrane potential (Figure 6D), increased mitochondrial respi-
ration (Figure S5G), and a more reticular mitochondrial network
(Figure S5H). Together, the data in primary cells and C2C12
cells with AB-aggregates confirm that NAD* boosting, in addi-
tion to its established impact on mitochondrial function, also
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(C) mitochondrial +DNA/nuclear DNA ratio in aged (day 11) N2 worms treated with ThT (5 or 50 uM; n = 12 worms per group).
(D) Representative confocal images of mitochondrial networks and corresponding morphology analyses, including mitochondria outline and circularity
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worms). Scale bar, 10 um.

Values in the figure are mean + SEM. *p < 0.05; *p < 0.01; **p < 0.001. For all the individual p values, see the Table S6 (Excel data source Figure 4).

improves proteostasis and attenuates amyloid formation in
mammalian cells.

Given that NR treatment in vivo beneficially impacts on mito-
chondrial and muscle homeostasis (including running perfor-
mance), healthspan, and lifespan in adult (Cant¢ et al., 2012)
and aged mice (Zhang et al., 2016) and reduces brain amyloid
plagues in AD mice (Sorrentino et al., 2017), we assessed the ef-
fects of NR on age-associated muscle amyloid-like deposits
in vivo. Dietary NR supplementation (8 weeks) consistently
reduced protein deposits in TA and forelimbs muscles of old
C57BL/6J mice as evidenced by A11 immunohistochemistry
(Figure 6E) and dot blotting (0.45 relative signal compared to un-
treated animals; Figure S5I; Table S4). In agreement with our pre-
vious work (Sorrentino et al., 2017), the improved proteostasis
after NR treatment was reflected by the increased expression
of MSR signature genes in both young and old forelimbs tissues
(Figures 6F and S5J). The expression of the OXPHOS proteins,
MTCO1 and SDHB, which were decreased in aged forelimbs,
was restored by NR treatment to levels similar to the ones
observed in young animals (Figure 6G).

To better characterize the composition of muscular age-associ-
ated amyloid-like aggregates, and given the fact that APP pro-
cessing-related pathways appeared to be enriched in aging in
skeletal muscle in our bioinformatic analysis (Figure 1), we verified
whether APP or peptides derived from APP processing are part of
the A11-positive deposits in vivo. We took advantage of the anti-
AB 4G8 antibody, reactive also to murine endogenous APP, its
cleavage products, and to AB (Teich et al., 2013), and stained 2
types of muscles. Similar to that observed with the A11 antibody,
histology analysis of TA muscles revealed increased signals for

4G8 reactive proteins in aged animals, compared to young, which
were reduced following NR treatment (Figure S6A). Accordingly,
accumulation of the 4G8-dependent signal was also reduced in ly-
sates from the forelimbs from aged animals treated with NR (Fig-
ure S6B). Although we cannot conclude which other proteins are
part of these protein accumulations in aging, our data suggest that
these amyloid-like deposits accumulating in aging muscles also
contain APP, APP byproducts, and possibly AB and show that
NR treatment decreases the amount of these A11- and 4G8-pos-
itive aggregates.

DISCUSSION

Aging is characterized by a collapse of cellular proteostasis and
mitochondrial homeostasis, which in the neuromuscular system
is often associated with degenerative disorders, such as AD and
IBM, characterized by detrimental protein aggregation (Askanas
and Engel, 2011; Joshi et al., 2014; Labbadia and Morimoto,
2015; Riera et al., 2016). Here, we provided bioinformatic and
experimental evidence for the accumulation of amyloid-like de-
posits and mitochondrial dysfunction during muscle aging
across different species, ranging from C. elegans to human pri-
mary myotubes and mouse skeletal muscle. Interestingly, mus-
cle aging phenocopies some key molecular features of IBM.
These findings therefore indicate that muscle aging involves
evolutionary conserved processes whose alteration results not
only in mitochondrial dysfunction but also in the onset of
amyloidosis across the tested species. Importantly, our data
indicate that prevention of amyloidosis in aging is sufficient to
correct age-associated mitochondrial dysfunction, underlining
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Figure 5. NAD" boosting after the induction of proteotoxic stress in muscle of AB-expressing worms reduces amyloid deposits and improves
mitochondria and healthspan

(A) Confocal images of TMRM staining of aged (day 11) N2 worms treated ThT (50 uM; vehicle, n = 5; NR, n = 8 worms) and relative quantification. Scale bar,
100 um.

(B) Representative confocal images of mitochondrial networks at day 2 and corresponding morphology analyses, including mitochondria outline and circularity
assessment (in which 1 represents a perfect circle and 0 a line), in control AUW14 and AB1_42-expressing AUW15 worms treated with NR (1 mM) and AZD (300 nM;
n = 20 per group). Scale bar, 10 pm.

(C) A11 dot blotting of day 2 GMC101 worms treated as indicated in Figure S4A, with NR (1 mM) and AZD (300 nM; n = 3 biological replicates per group). Relative
quantification of the blot intensities is reported in Table S4.

(D) Confocal images of phalloidin-stained muscle fibers on day 2 in CL2122 (control) and GMC101 worms treated as indicated in Figure S4A (n = 8 worms per
group). Scale bar, 10 um.

(E) Spontaneous mobility and average mobility of GMC101 treated with vehicle, NR (1 mM), or AZD (300 nM) as in Figure S4A (vehicle, n = 38; NR, n = 37 worms;
AZD, n = 36 worms). Overall differences between conditions were assessed by two-way ANOVA (average mobility); differences between conditions at individual
time points were assessed by post hoc Sidak’s multiple comparison test.

See STAR methods for further details. Values in the figure are mean + SEM. *p < 0.05; *p < 0.01; ***p < 0.001; ***p < 0.0001. Differences for two groups were
assessed using two-tailed t tests (95% confidence interval) in (A), (B) (individual time points), (F), and (G). All experiments were performed independently at least

twice. For all the individual p values, see the Table S6 (Excel data source Figure 5).

the contribution of these protein aggregates to the general pro-
cess of muscle aging (Figure 4). Although it is known that protein
aggregation occurs not only in these disorders but can also be
present during healthy aging in several species (Ayyadevara
et al., 2016; Basisty et al., 2018; Walther et al., 2015), the major
types of protein aggregates occurring in physiological aging in
different organs and tissues are yet to be defined. Recent work
in C. elegans has shown that certain proteins form age-depen-
dent insoluble aggregates with amyloid-like structure resembling
that of protein aggregates observed in amyloidogenic diseases
(Huang et al., 2019); these observations are in line with our A11
dot blotting data in whole protein lysates from old N2 worms (Fig-
ure 2D). Although the identity of the proteins forming the A11-
positive accumulations we observed both in aged worms and
mammals in muscle tissues remains to be determined, our
data in mouse using the anti-Ap 4G8 antibody suggest that
APP, APP byproducts, and possibly AB could compose in part
the observed aggregates (Figures S6A and S6B). Interestingly,
marked accumulation of 4G8-positive deposits was also de-
tected in brain tissues from aged (24 months) animals and again
decreased following NR supplementation (Figure S6C). This last
observation is in line with recent work showing increased Proteo-
stat dye reactivity in different brain regions of 24-month-old mice
(Vonk et al., 2020); therefore, we speculate that similar amyloid-
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like protein aggregates to those we observed in aged muscles
may characterize aging across different tissues. This knowledge
will aid to identify novel aging biomarkers and potentially to bet-
ter understand the aging process.

Our bioinformatic analyses also showed that the mitochondrial
and proteostasis alterations observed in aging and IBM also
occur in other muscle diseases, such as in various types of
myositis and dystrophies (Figure 1A). Although these conditions
are known to present a profound mitochondrial dysfunction (Al-
hatou et al., 2004; Gong et al., 2013; Temiz et al., 2009), to the
best of our knowledge, they have not been investigated in depth
for the occurrence of alterations in proteostasis that underpin
protein aggregation or amyloidosis.

Mitochondrial dysfunction in aging and disease, and A aggre-
gation in the brain during AD, can be reversed by NAD™* replen-
ishment approaches, such as dietary supplementation with NR
and treatment with PARP inhibitors, such as olaparib (AZD)
(Gong et al., 2013; Mouchiroud et al., 2013; Sorrentino et al.,
2017). Importantly, our current work now shows that direct tar-
geting and reduction of amyloid aggregates using ThT in aged
worms (Figure 4) restores mitochondrial homeostasis. In addi-
tion, we also have demonstrated a critical role of NAD* homeo-
stasis to control amyloid aggregates levels (Figures 21 and S2M-
S2P). Conversely, NAD* boosting interventions also improve
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Figure 6. Boosting NAD" levels reduces amyloid-like deposits in muscle cells and in vivo in aged mice

(A-C) Representative confocal images of primary human muscle cells from an aged and an IBM donor (scale bar, 50 um; A and B) or APPg,.-expressing C2C12
myotubes (scale bar, 10 um; C) treated with NR (3 mM) and stained with the Proteostat fluorescent dye. See also Figures S6A-S6C for quantification.

(D) Microscopy images of TMRM staining of C2C12 APPg, treated with NR (3 mM; n = 10) and relative quantification. Scale bar, 200 pm.

(E) Representative images and corresponding quantification of immunostainings of A11-positive protein deposits in TA muscles of young or aged male C57BL/6J
mice, fed for 8 weeks with chow diet (CD) or chow diet supplemented with NR (400 mg/kg/day; young, n = 12 animals; young+NR, n = 7 animals; old, n = 12
animals; old+NR, n = 11 animals). Scale bar, 50 um. **p < 0.001 (relative % area).

(F) MSR transcript analysis of forelimbs muscles of aged male mice C57BL/6J following NR treatment (n = 5 animals per group).

(G) Immunoblot of the OXPHOS proteins, MTCO1 and SDHB, from forelimb muscles of the animals in (E) and Figure S4J (n = 3 animals per group).

See STAR methods for further details. Values in the figure are mean + SEM. *p < 0.05; **p < 0.01; **p < 0.001. Differences for two groups were assessed using
two-tailed t tests (95% confidence interval). For all the individual p values, see the Table S6 (Excel data source Figure 6).

proteostasis in aging muscle, promoting the reduction of age-
associated amyloid-like deposits. Additionally, and in line with
our previous work (Sorrentino et al., 2017), we show that the
reversibility of these aggregates in C. elegans requires the
MSR pathways of UPR™ and mitophagy and, in AB-producing
C2C12 cells, a functional ISR (Figures 3B and S5F). Of note,
NR and olaparib treatment decreased Proteostat levels also in
primary cells from patients with IBM (Figure 6B), an established
example of muscle amyloidosis pathology (Irvine et al., 2008).
The results in these cells are also in line with the data, obtained
using A11 antibody, from the GMC101 worms (Figure 5), which
express the human A isoform 1-42 mostly in the muscle and
develop age progressive paralysis, muscle degeneration, and
amyloid deposition (McColl et al., 2012). This worm strain should
hence be considered as a general model of AB disease that
mimics the proteotoxic phenotypes of both AD and IBM. There-
fore, our findings in IBM cells and GMC101 worms, supported
also by the compound-dependent effects observed in APPgye-
expressing C2C12 (Figure 6C), strongly suggest a therapeutic
potential for NAD* enhancing strategies in treating or delaying

the progression of IBM and other amyloidogenic proteinopa-
thies, such as AD (Sorrentino et al., 2017).

Collectively, our results in C. elegans, mice, and humans sup-
port the notion that natural aging is typified by muscle amyloid-
osis and, very importantly, that late-life treatments aimed at
restoring metabolic and mitochondrial homeostasis also in-
crease cellular and organismal proteostasis, therefore benefi-
cially impacting on health- and lifespan in a more pleiotropic
fashion than that reported so far.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HSP-6 Abmart Cat# X-P11141-N, RRID:AB_2885192
ATP-5 Abcam Cat# ab110413, RRID:AB_2629281
UCR-1 Abcam Cat# ab110413, RRID:AB_2629281
CTC-1 Abcam Cat# ab110413, RRID:AB_2629281
GAPDH (14C10) Cell Signaling Cat# 2118, RRID:AB_561053

APP Abcam Cat# ab32136, RRID:AB_2289606
SDHB Abcam Cat# ab110413, RRID:AB_2629281
MTCO1 Abcam Cat# ab14705, RRID:AB_2084810
4G8 Biolegend Cat# 800701, RRID:AB_2564633

anti-Oligomer (A11)

Thermo Scientific

Cat# AHB0052, RRID:AB_2536236

Laminin Sigma Cat# L9393, RRID:AB_477163
Bacterial and virus strains

atfs-1 RNAI Vidal library 11070-E7; ZC376.7

dct-1 RNAI Ahringer library X-4G11; C14F5.1

Chemicals, peptides, and recombinant proteins

Nicotinamide riboside triflate (NR)
Olaparib (AZD2281)
Thioflavin T (ThT)
Rhodamine Phalloidin
TMRM

DAPI

DAKO mounting medium
Hoechst

Paraquat

Lipofectamine 2000
TRIzol

FK866

Novalix
Glentham Life Sciences
Sigma Aldrich
Invitrogen
Invitrogen
Invitrogen

DAKO

Invitrogen

Sigma Aldrich
Thermo

Life technologies
Sigma Aldrich

http://www.novalix-pharma.com/
763113-22-0
T3516-5G
219920-04-4
T668

D1306
S3023
C10340
856177
11668019
15596026
F8557-5MG

Critical commercial assays

Proteostat® Aggresome Detection kit

Enzo life sciences

ENZ-51035-K100

LightCycler 480 SYBR Green | Master Roche Life Science 04887352001
reagent

Experimental models: cell lines

Human primary myoblasts Hospices Civils de Lyon N/A

C2C12 ev or APPge Generated in house N/A

Experimental models: organisms/strains

C. elegans N2

C. elegans SJ4103 (myo-3::GFP(mit))

C. elegans GMC101 (unc-54p::A-beta-1-
42::unc-54 3'-UTR + mtl-2p::GFP)

C. elegans CL2122 ((pPD30.38) unc-
54(vector) + (pCL26) mtl-2::GFP)

C. elegans RW1596 (myo-3p::GFP)

Caenorhabditis Genetics Center
Caenorhabditis Genetics Center
Caenorhabditis Genetics Center

Caenorhabditis Genetics Center

Caenorhabditis Genetics Center

WormBase ID: WBStrain00000001
WormBase ID: WBStrain00034069
WormBase ID: WBStrain00007866

WormBase ID: WBStrain00005101

WormBase ID: WBStrain00033508

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

C. elegans AUW15: (cross Generated in house N/A

GMC101+SJ4103)

C. elegans AUW14: (cross Generated in house N/A

CL2122+5J4103)

Mouse C57BL/6JR;j Janvier Labs https://www.janvier-labs.com/en/

fiche_produit/aged_c57bl-6jrj_mouse/

Oligonucleotides

Primers for gPCR analysis of C. elegans This paper N/A
samples, see Table “list of primers used in

C.elegans”

Primers for gPCR analysis of mouse This paper N/A

samples, see Table “list of primers used in
Mus musculus”

Recombinant DNA

Plasmid pCAX APPsye/ing Addgene #30145

Software and algorithms

Fiji Schindelin et al., 2012 https://imagej.net/Fiji

Imaged Schindelin et al., 2012 https://imagej.nih.gov/ij/

GeneBridge Lietal., 2019 https://www.systems-genetics.org/mmad
Movement Tracker software Mouchiroud et al., 2016 N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Johan
Auwerx (admin.auwerx@epfl.ch).

Materials availability
The worm strains generated in this study are available upon request from the corresponding author.

Data and code availability
All data generated during this study are included in this published article (and its Supplemental information). Source Data for all the
individual P values are provided in Table S6 - Excel data source table.

The datasets supporting the current study have been included in Tables S1, S2, S3, and S4.

The published article includes all datasets generated using GeneBridge: https://www.systems-genetics.org/mmad.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal experiments and ethical approval

Male 24 months old C57BL/6JRj mice were purchased from Janvier Labs. Mice were fed with pellets containing vehicle or NR
(400 mg/kg/day) for 8 weeks. The pellets were prepared by mixing powdered chow diet (2016S, Harlan Laboratories) with water
or with NR dissolved in water. Pellets were dried under a laminar flow hood for 48 h. Mice were housed in groups of two to four an-
imals per cage and randomized to 7-8 animals per experimental group according to their body weight. All experiments were per-
formed in compliance with all relevant ethical regulations and authorized by the local animal experimentation committee (Commis-
sion cantonale pour I'expérimentation animale) of the Canton de Vaud under license 2890.

Cell culture

The C2C12 cell line expressing the APP Swedish K670N/M67 1L double mutation (APPs,,.) was generated in house. The pCAX APPgye/
ina Plasmid was purchased from Addgene (Plasmid #30145) and the human APPg,,e/ng gene was cloned into pLX304 lentiviral vector
(Addgene, Plasmid #25890) by gateway cloning. The newly generated pLX304-APPse/nq VECtor and lentiviral plasmid packaging mix
(PCMV-dR8.2 with pCMV-VSV-G) were transfected into HEK293T cells by Lipofectamine 2000 (Thermo, #11668019). 48 hours after
transfection, the cell culture medium was collected as a source of viral particles. Then C2C12 myoblasts were infected with lenti-
virus-containing medium with polybrene for 24 hours. Cells were selected in 5 pg/ml blasticidin (Sigma-Aldrich, #15205). The C2C12
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control and APPs,.-expressing myoblast cells were cultured in high glucose DMEM (GIBCO) supplemented with 10% fetal bovine
serum (FBS, GIBCO), penicillin-streptomycin (1x, GIBCO) at 37°C under 5% CO,. After cells reach confluence, differentiation was initi-
ated by replacing 10% FBS to 2% horse serum. The differentiation media were changed every two days.

Human primary myoblasts lines were purchased from “Hospices Civils de Lyon.” VCP IBM myoblasts were derived from a patient
with heterozygote variation in the VCP gene: ¢.475C > T (p.Arg159Cys), previously associated with IBM in another study (Watts et al.,
2004). The IBM diagnosis in the patients was validated by the “Hospices Civils de Lyon” through scores for inflammation, p62-pos-
itive aggregates in fibers and vacuoles, mitochondrial dysfunction, and indicative clinical signs. Cells were grown in DMEM/F-10,
supplemented with 12% FBS (GIBCO) and penicillin-streptomycin (1 x , GIBCO). Cells were cultured at 37°C in a 5% CO2 atmo-
sphere and tested for mycoplasma using Mycoprobe (CUL001B, R&D systems).

C. elegans strains and RNAi experiments

C. elegans strains were cultured at 20°C on nematode growth medium (NGM) agar plates seeded with E. coli strain OP50 unless
stated otherwise. Strains used in this study were the wild-type Bristol N2, SJ4103 (myo-3::GFP(mit)), GMC101 (unc-54p::A-beta-
1-42::unc-54 3'-UTR + mtl-2p::GFP) (McColl et al., 2012), CL2122 ((pPD30.38) unc-54(vector) + (pCL26) mtl-2::GFP) and RW1596
(myo-3p::GFP). Strains were provided by the Caenorhabditis Genetics Center (University of Minnesota). AUW14: (cross
CL2122+SJ4103) and AUW15: (cross GMC101+SJ4103) strains were generated in house. Briefly, for the generation of these lines,
SJ4103 males were generated after exposure of L4 worms to 30°C for 5.30 h, and allowed to mate with L4 hermaphrodites from
CL2122 or GMC101 mutant strains. The derived progeny was selected for homozygosis of SJ4103 by the presence of GFP in
body wall muscle and for homozygosis of CL2122 and GMC101 by the intestinal GFP marker for a few generations. For RNAi exper-
iments, worms were exposed to atfs-1 and dct-1 RNAI starting from egg stage to ensure robust knock down of the investigated
genes.

METHOD DETAILS

Bioinformatics analysis

Human or mouse gene expression data from muscle aging or various muscle diseases were obtained from GEO under the respective
accession identifiers (Table S1). To identify the enriched gene sets across the different conditions, we performed gene set enrichment
analysis (GSEA) (Subramanian et al., 2005) using the fgsea package (Sergushichev, 2016). Specifically, genes were ranked based on
the fold change in muscle aging or muscle diseases against controls, and enriched gene sets were determined by enrichment
analysis.

For the analysis using GTEx datasets (GTEx Consortium, 2013), the skeletal muscle RNA-seq data and covariates were obtained
from the GTEx Portal (https://gtexportal.org) under version v7. The expression residuals after accounting for the known and hidden
covariates were used for further analysis. To identify the enriched gene sets correlated with age of the sample donors, we ranked the
genes based on their Pearson correlation coefficient against age and performed GSEA to determine the enriched gene sets.

The modules associated to the amyloid beta formation (GO:0034205) module were determined using muscle datasets with over 80
samples through GeneBridge at https://www.systems-genetics.org/mmad (Li et al., 2019).

Imaging and image processing

Confocal images were acquired with Zeiss LSM 700 Upright confocal microscope (Carl Zeiss AG) under non-saturating exposure
conditions. The worms were immobilized with 7.5 mM solution of tetramisole hydrochloride (Sigma-Aldrich) in M9 and mounted
on 6% agarose pads on glass slides. For immunostaining, cells were fixed with 1 x Formal-Fixx (Thermo Scientific) for 15 min. After
15 min permeabilization with 0.1% Triton X-100, cells were blocked in PBS supplemented with 5% FBS for 1 h and immuno-stained
overnight at 4°C the anti-TOM20 antibody or stained using Proteostat. For aggregate detection with this dye, cells were fixed with 4%
formaldehyde for 30 min at 21°C. Then cells were washed with PBS, followed by permeabilization for 30 min on ice using permea-
bilizing solution. Next, the cells were washed twice in PBS and incubated with Proteostat® dye for 30 min at 21°C. Cells were then
washed with PBS, covered with glass coverslip, and observed by fluorescence microscopy. Proteostat® Aggresome Detection kit
(ENZ-51035-K100) was purchased from Enzo Life Sciences, Inc and all components were prepared according to manufacturer’s in-
struction. For cell immunostaining procedures, the secondary antibody was coupled to an Alexa 488 fluorochrome (Thermo Scien-
tific) and nuclei were stained with DAPI (Invitrogen, D1306). Cell slides were mounted with DAKO mounting medium (DAKO, S3023)
and analyzed with a Zeiss LSM 700 confocal microscope. Image processing was performed with the Fiji software (https://imagej.nih.
goV/ij; version 1.47b).

Mitochondrial circularity

To quantify mitochondrial morphology, we used an Imaged macro publicly available for download from the Imaged Wiki site (https://
imagejdocu.tudor.lu/plugin/morphology/mitochondrial_morphology_macro_plug-in/start) and previously validated(Dagda et al.,
2009). Briefly, the color channel of cells stained with TOM20 or worms expressing mito-GFP was extracted to grayscale, inverted
to show mitochondria-specific fluorescence as black pixels, and thresholded to optimally resolve individual mitochondria. The macro
traces mitochondrial outlines using “analyze particles.”
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Gene expression analyses in C. elegans and mice

Total RNA was extracted from mouse tissues using TriPure RNA isolation reagent (Roche) according to the product manual. To
analyze N2 worms at day 11 of adulthood a total of approximately 3,000 worms per condition, divided into three biological replicates,
was recovered in M9 buffer from NGM plates and lysed in the TriPure RNA reagent. Each experiment was repeated twice. Total RNA
was transcribed to cDNA using the QuantiTect Reverse Transcription Kit (QIAGEN). Expression of selected genes was analyzed using
the LightCycler480 system (Roche) and LightCycler 480 SYBR Green | Master reagent (Roche). For worms two housekeeping genes
were used to normalize the expression data, actin (act-7) and peroxisomal membrane protein 3 (pmp-3); for mice, the B2-microglo-
bulin (B2m) gene was used as housekeeping reference.

Pharmacological treatment of C. elegans

Nicotinamide riboside triflate (NR) was custom synthesized by Novalix (http://www.novalix-pharma.com/) and dissolved in water,
and used at a final concentration of 1 mM. Olaparib (AZD2281) was purchased from Sigma Aldrich dissolved in DMSO to experi-
mental concentrations of 300 nM. Thioflavin T (ThT) was purchased from Sigma-Aldrich (reference T3516-5G) dissolved in methanol
and used at final concentrations of 5 and 50 uM (provided from L4 stage). Paraquat was purchased from Sigma-Aldrich (reference
856177), dissolved in water and used at final concentration of 4mM. Compounds were added just before pouring the plates. To
ensure a permanent exposure to the compound, plates were changed twice a week.

Worm phenotypic assays

Mobility

C. elegans movement analysis started from day 6 (N2) or day 1 (GMC101) of adulthood, using the Movement Tracker software (\Mou-
chiroud et al., 2016). The experiments were repeated at least twice.

Paralysis and death score

45 to 60 worms per condition were manually scored for paralysis after poking, as described (McColl et al., 2012; Sorrentino et al.,
2017). Worms that were unable to respond to any repeated stimulation were scored as dead. Results are representative of data ob-
tained from at least two independent experiments.

TMRM staining

Worms were incubated 24h on NGM agar plates containing TMRM (5uM) added to the medium before pouring the plates. Before
imaging, worms were washed 3 times with M9 and incubated 30 minutes on regular NGM agar plates in the dark.

Phalloidin staining

A population of 100 L4 worms was incubated for 24 h at 25°C. The worms were then washed in M9 and frozen in liquid nitrogen.
Immediately after, worms were lyophilized using a centrifugal evaporator and permeabilized using acetone. 2 U of phalloidin (Thermo
Scientific) was resuspended in 20 pl of a buffer containing: Na-phosphate pH 7.5 (final concentration 0.2 mM), MgClI2 (final concen-
tration 1 mM), SDS (final concentration 0.004%) and dH20 to volume. The worms were incubated for 1 hin the dark and then washed
twice in PBS.

Real-time PCR for mitochondrial:nuclear DNA ratio

Relative quantification of the mtDNA copy number in worms was performed by real-time PCR. Relative values for mtce-26 and act-3
were compared within each sample to generate a ratio representing the relative level of mitochondrial DNA per nuclear genome. The
results obtained were confirmed with a second mitochondrial gene, nd-1. The average of at least two technical repeats was used for
each biological data point. Each experiment was performed on at least ten independent biological samples.

Cell culture and treatments
Differentiated C2C12 cells were treated with 1TuM AZD or 3mM NR in differentiation medium for 24 hours after 4 days differentiation.
Human primary cells were treated with AZD or NR after 14 days myotubes differentiation. Then myotubes were collected or fixated for
analysis.

For TMRM staining, cells were exposed to medium containing TMRM (100 nM final) and Hoechst (5ug/mL) for 30 minutes at 37°C,
then washed 3 times with PBS and imaged. Proteostat staining was performed using the manufacturer protocol.

Mitochondrial oxygen consumption

Mitochondrial oxygen consumption rate (OCR) was evaluated using Seahorse analyzer (XF96, Agilent Technologies). OCR was
measured using 1 uM of oligomycin to inhibit ATP synthase, 2 uM of the protonophore Carbonyl cyanide p-trifluoromethoxyphenyl hy-
drazone (FCCP) to uncouple mitochondrial oxidative phosphorylation, and 1 M rotenone/antimycin to block mitochondrial respiration
and determine non-mitochondrial OCR. ATP-linked respiration was calculated by subtracting the uncoupled (after the addition of oligo-
mycin) from the basal OCR. Maximum respiratory capacity was determined after FCCP addition, and spare capacity was determined by
subtracting basal from the FCCP-induced OCR. All Seahorse measurements were normalized by protein quantified by Bradford assay.

Western and dot blot analysis

C.elegans were lysed by sonication with TBS buffer containing protease and phosphatase inhibitors (Roche), and analyzed by west-
ern and dot blot. The concentration of extracted protein was determined using the Bio-Rad Protein Assay. Membranes were blocked
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in 10% milk for 2h or overnight. Homogeneous loading was monitored by ponceau red. Antibody detection reactions for all immu-
noblot experiments were developed by enhanced chemiluminescence (Advansta) and imaged using the c300 imaging system (Azure
Biosystems). Each immunoblot experiment was repeated at least twice using at least three biological replicates each containing
approximately 1,000 worms.

C2C12 cell lysates were prepared for immunoblotting as for C.elegans. Each experiment was repeated at least twice using 3 bio-
logical replicates.

For mouse tissues, frozen forelimbs samples were lysed by mechanical homogenization with RIPA buffer containing protease and
phosphatase inhibitors for western blot analysis. Lysates were prepared and analyzed by dot blot as described for worms.

Histology

TA muscles and brains were harvested from anaesthetized mice and immediately frozen in Tissue-TEK® OCT compound (PST). 8-
um cryosections were fixed with 4% paraformaldehyde. For immunostainings, heat activated antigen retrieval was performed in pH
6.0 citrate buffer for 10min at 95°C. After washing with PBS-0.1% tween 20 (PBST), the sections were blocked with 10% affinipure
Fab goat anti mouse IgG (Jackson Immunoresearch) in PBS for 60min and PBST containing 2% BSA and 5% goat serum for 30min at
room temperature. The primary anti-Oligomer A11 (Thermo Scientific, AHB0052) or anti-Ap 4G8 (Biolegend, 800701) or laminin
(Sigma, L9393) antibodies were then applied over night at 4°C. Subsequently, the slides were washed in PBST and incubated
with appropriate secondary antibodies and labeling dyes. For immunofluorescence, secondary antibodies were coupled to Alexa
488 or Alexa-568 fluorochromes (Life technology), and nuclei were stained with DAPI (Invitrogen, D1306). After washing in PBST, tis-
sue sections were mounted with Dako mounting medium (Dako, S3023). Images were acquired using Leica DMI 4000 (Leica Micro-
systems) or Olympus Slide Scanner VS120 (Olympus) at the same exposure time. Quantitative analysis of the immunofluorescence
data was carried out by histogram analysis of the fluorescence intensity at each pixel across the images using ImageJ (Fiji; National
Institutes of Health). Appropriate thresholding was employed to all the images of each single experiment to eliminate background
signal in the images before histogram analysis. Fluorescence intensity and signal positive areas were calculated using the integrated
“analyse particles” tool of the Fiji software.

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical methods were used to predetermine sample size. Differences between two groups were assessed using two-tailed t
tests. Differences between more than two groups were assessed by using two-way ANOVA. Prism 6 (GraphPad Software, Inc.) was
used for all statistical analyses. Variability in all plots and graphs is presented as the s.e.m. All p < 0.05 were considered to be sig-
nificant. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001 unless stated otherwise. All mouse experiments were performed once.
Animals that showed signs of severity, predefined by the animal authorizations were euthanized. These animals, together with those
who died spontaneously during the experiments, were excluded from the analysis. These criteria were established before starting the
experiments. For matility, fitness, and death scoring in C. elegans, sample size was estimated based on the known variability of the
assay. All experiments were done non-blinded and repeated at least twice.
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Extended Figure 1. Proteostasis and mitochondrial alterations during aging and proteotoxic
stress in muscle cells (related to Figure 2). a-b, Proteostat signal quantification normalized over
the number of cells for experiments shown in Figure 1a-b (Young n=11, aged n=7, IBM n=11; C2C12
n=6). c-d, gRT-PCR RNA analysis (n=5 biological replicates) (c) and APP immunoblotting (n=3
biological replicates) (d) of control and APPsue-expressing C2C12 myotubes. e, Confocal images of
control and APPswe-expressing C2C12 myotubes, stained using a TOMM20 antibody to reveal the
mitochondrial network and relative circularity assessment (in which 1 represents a perfect circle and
0 a line) (scale bar, 50um). f, Oxygen consumption rates in C2C12ev or APPsue-expressing C2C12
myoblasts treated with oligomycin (Oligo), FCCP and rotenone/antimycin A (Rot-AA). Error bars

represent the mean + SEM. e, Representative images of immunostainings of laminin and A1l
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positive deposits in Tibialis anterior (TA) muscles of young (3 months) or aged (24 months) male

C57BL/6J mice. All experiments were performed independently at least twice. See Methods for

further details. Values in the figure are mean * s.e.m. *P<0.05; ****P<(0.0001.. For all the individual

p values, see the Excel data source Extended Fig. 1.
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Extended Figure 2. Dot blotting to detect amyloid-like deposits in mouse muscle and in C.

elegans (related to Figure 2). a,d,g, Dot blot analyses based on A1l antibody detection of protein

lysates from control and APPswe-expressing C2C12 myotubes (a, n=3 biological replicates per

group), young (3 months) and old (24 months) male C57BL/6J mice (d, n=3 mice per group) and
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11, 30 or 104 weeks old male C57BL/6J mice (g, n=3 mice per group). Relative quantification of the
blot intensities is reported in Extended Data Table 5. b,e,h, Ponceau staining, as a loading control,
of the membranes loaded with protein lysates from control and APPswe-expressing C2C12 cells (b,
n=3 biological replicates per group), young and old mice (e, n=3 mice per group), and 11, 30 or 104
weeks old mice(h, n=3 mice per group). These blots correspond to a, d and h. c,f, Control
experiment for the dot blotting analysis of the same samples as in a and d, using only the secondary
antibody. i, Schematic for the C. elegans experimental observations in Figure 2e,g,h,i and
Extended Figure 2 j,k,m using young (day 1) and aged (day 11) N2 worms. j, Serial dilutions of 1
biological sample from young (day 1) and aged (day 11) N2 worms, showing the specificity of
detection of the A1l antibody in worm protein lysates. k, Control experiment for the dot blotting
analysis of the samples in Figure 2k, using only the secondary antibody. |, Immunaoblot of the
mitochondrial proteins HSP-6, ATP5 and UCR-1 from young and old N2 worms. m, Ponceau
staining, as a loading control, of the membrane loaded with protein lysates from Figure 2i. n-o, A1l
dot blotting of N2 (day 4) worms treated with paraquat (50uM) (n=4 biological replicates per group)
and relative ponceau staining. Relative quantification of the blot intensities is reported in
Supplementary Table 5. p, Representative confocal images and relative quantification of APPsye-
expressing C2C12 myoblasts (scale bar, 10um) treated with FK866 (50 or 200nM) and stained with
the Proteostat fluorescent dye. All experiments were performed independently twice. Values in the
figure are mean = s.e.m. **P<0.001; ****P<0.0001. For all the individual p values, see the Excel

data source Extended Fig. 2.
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Extended Figure 3. AZD treatment improves mitochondrial and fitness parameters in aged C.
elegans (related to Figure 3). a, Scheme of the experimental design including compound
interventions during aging in N2 worms. b, A1l dot blotting of young (day 1) and aged (day 11) N2
worms treated as indicated in a, with NR (1mM) and a PARP inhibitor (AZD; 300nM) (n=3 biological
replicates per group). Day 1 and day 11 samples are the same as Fig 2e. Relative quantification of
the blot intensities is reported in Supplementary Table 5. ¢, Ponceau staining, as a loading control,
of the membrane loaded with protein lysates from Figure 3b. d, Confocal images of TMRM staining
of aged (day 11) N2 worms treated as indicated in Extended Fig 3a, with AZD (300uM) (Vehicle,
n=6; AZD, n=13 worms) and relative quantification. Scale bar, 100um. e, Confocal images of
mitochondrial networks and corresponding morphology analyses including mitochondria outline and
circularity assessment (in which 1 represents a perfect circle and 0 a line) in young (day 1) and aged
(day 11) SJ4103 (myo-3p::mt-GFP) worms treated with AZD (300 nM) following the experimental
pipeline shown in Fig. 3a (D1, n=3; D11, n=4; D11 AZD, n=3). Scale bar, 10um. f, mtDNA/nDNA
ratio in N2 worms treated with NR (ImM) and AZD (300 nM) (n=13 animals per group). g,
Spontaneous mobility and average mobility of N2 worms treated with vehicle or AZD (300 nM) as in
a (vehicle, n=70; AZD, n=80 worms). Overall differences between conditions were assessed by two-
way ANOVA (Average mobility); differences between conditions at individual time points were
assessed using post hoc Sidak’s multiple comparison test. h, Confocal images of GFP-labeled
muscle fibers in young (day 1) and aged (day 11) RAW1596 (myo-3p::GFP) worms treated with AZD
(300 nM) as in a (n=20 per group). Scale bar, 10um. i, Percentage of paralyzed and dead D18 N2
worms after vehicle or AZD treatment (n=5 biological replicates). See Methods for further details.
Values in the figure are mean * s.e.m. *P<0.05; **P<0.01; ***P<0.001. Differences for two groups
were assessed using two-tailed t tests (95% confidence interval) in panel a, b, d, and e. All
experiments were performed independently at least twice. AU, arbitrary units. For all the individual

p values, see the Excel data source Extended Fig. 3.
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Extended Figure 4. AZD beneficially impacts on AB -associated mitochondrial dysfunction in
C.elegans (related to Figure 5). a, Scheme of the experimental design including activation of AB-
aggregation and compound interventions in GMC101 worms. b, Spontaneous mobility of GMC101
worms cultured at 20° or 25°C as in a (20°C, n=46; 25°C, n=43 worms). Overall differences between
conditions were assessed by two-way ANOVA,; differences between conditions at individual time
points were assessed using post hoc Sidak’s multiple comparison test. ¢, Confocal images of TMRM
staining of day 2 GMC101 worms cultured at 20° or 25°C (20°C, n=8; 25°C, n=6 worms) and relative
quantification. Scale bar, 100pm. d, Confocal images of mitochondrial networks and corresponding
morphology analyses including mitochondria outline and circularity assessment (in which 1
represents a perfect circle and 0 a line) in Day 2 AUW15 (GMC101 + myo-3p::mt-GFP) worms
cultured at 20° or 25°C (n=3 per group). Scale bar, 10um. e, Confocal images of TMRM staining of
day 2 GMC101 worms cultured at 25°C and treated with AZD (300nM) as in a (Vehicle, n=5; AZD,
n=6 worms) and relative quantification. Scale bar, 100um. f, Confocal images of mitochondrial
networks and corresponding morphology analyses including mitochondria outline and circularity
assessment (in which 1 represents a perfect circle and 0 a line) in Day 2 AUW14 (CL2122 + myo-
3p::mt-GFP) and AUW15 (GMC101 + myo-3p::mt-GFP) worms cultured at 25°C and treated with
AZD (300nM) as in a (AUW14, n=3; AUW15 Vehicle, n=4; AUW15 AZD, n=4 worms). Scale bar,
10um. g-h, Percentage of paralyzed (f) and dead (g) D8 GMC101 worms after compound treatment
(n=5 biological replicates). For all the individual p values, see the Excel data source Extended Fig.

3. Values in the figure are mean £ s.e.m. *P<0.05; *P<0.01; ***P<0.001; ****P<0.0001.
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Extended Figure 5. NAD* boosting interventions and their effects on proteostasis and
mitochondria in cells and in vivo (related to Figure 6). a-c, Representative confocal images of
primary human muscle cells from an aged and an IBM donor, (scale bar, 50um) (a,b), or APPsye-
expressing C2C12 myotubes (scale bar, 10um) (c) treated with AZD (1uM) and stained with the
Proteostat fluorescent dye and relative Proteostat signal quantification normalized on the number of
cells for experiments shown in Figure 5a-c (Aged+vehicle n=34, aged+NR n=17, aged+AZD n=33;
IBM+vehicle n=25, IBM+NR n=25, IBM+AZD n=31; C2C12+Vehicle n=11, C2C12+NR n=11,
C2C12+AZD n=14). d,e, All dot blot analyses of protein lysates from APPsue-expressing C2C12
myotubes (n=4 biological replicates per group) after compound treatment (NR, 3mM; AZD, 1uM) and
relative ponceau control. Relative quantification of the blot intensities is reported in Extended Data
Table 5. f, Representative confocal images of APPswe-expressing C2C12 myoblast (scale bar,
10um) treated with NR (1ImM), AZD (1uM), and ISRIB (0,5uM) and stained with the Proteostat
fluorescent dye and relative Proteostat signal quantification normalized on the number of cells
(Vehicle n=13, Vehicle + ISRIB n=11, NR n=12, NR + ISRIB n=12, AZD n=9, AZD + ISRIB n=11).
g, Oxygen consumption rates in C2C12ev or APPswe-expressing C2C12 myoblasts treated with NR
(3mM) or AZD (1uM) and oligomycin (Oligo), FCCP and rotenone/antimycin A (Rot-AA). Error bars
represent the mean + SEM. h, Representative confocal images of control and APPsyc-expressing
C2C12 myotubes and corresponding morphology analyses including mitochondria outline and
circularity assessment (in which 1 represents a perfect circle and 0 a line) after compound treatment
(NR, 3mM; AZD, 1uM), stained using a TOMMZ20 antibody to reveal the mitochondrial network (scale
bar, 50um). i, A11 dot blot analyses and relative controls of protein lysates from young (3 months)
and old (24 months) male C57BL/6J mice (n=3 mice per group) in control conditions and after
compound treatment (NR, 3mM). Relative quantification of the blot intensities is reported in
Extended Data Table 5. |, MSR transcript analysis of forelimbs muscles of young male mice
C57BL/6J following NR treatment (n=4 animals). For all the individual p values, see the Excel data
source Extended Fig. 5. Values in the figure are mean + s.e.m. *P<0.05; **P<0.01; ***P<0.001;

****p<0.0001.
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Extended Figure 6
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Extended Figure 6. NAD* boosting interventions and their effects on APP and its byproducts
in vivo (related to Figure 6). a, Representative images and corresponding quantification of
immunostainings of 4G8 positive protein deposits in Tibialis anterior (TA) muscles of young or aged
male C57BL/6J mice, fed for 8 weeks with chow diet (CD) or chow diet supplemented with NR
(400mg/kg/day) (n = 5-7 per group). Scale bar, 50um. b, Immunoblot of 4G8 reactive proteins and
byproducts from forelimb muscles of the animals in a (n=3 animals per group). ¢, Representative
images and corresponding quantification of immunostainings of 4G8 positive protein deposits in
brain of young or aged male C57BL/6J mice, fed for 8 weeks with chow diet (CD) or chow diet
supplemented with NR (400mg/kg/day) (n = 5-7 per group). Scale bar, 50um. Values in the figure
are mean * s.e.m. *P<0.05; **P<0.01; ***P<0.001. Differences for two groups were assessed using
two-tailed t tests (95% confidence interval). For all the individual p values, see the Excel data

source Extended Fig. 6.
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Gene Symbol Gene ID Forward Reverse
act-1 179535 CTACGAACTTCCTGACGGACAAG CCGGCGGACTCCATACC
pmp-3 179968 GTTCCCGTGTTCATCACTCAT ACACCGTCGAGAAGCTGTAGA
hsp-6 178873 AGAGCCAAGTTCGAGCAGAT TCTTGAACAGTGGCTTGCAC
hsp-60 175316 GGAAGCCCAAAGATCACAAA CAGCCTCCTCATTAGCCTTG
ymel-1 176460 CAAAACCTGATCTCGCTGGG TTCTCAATGTCGGCTCCAGT
clpp-1 174594 TGATAAGTGCACCAGTGTCCA TGATTCTGGAGTTCGGGAGA
lonp-1 172966 CGATGATGGCCATTGTGCAG CGCTTTGAAACATCAATTTCATCCA
sgst-1 178139 GATCCTCCGACCACTCCAAA TGGAAGTGGTGGAACGATCA
det-1 181053 GCAAAAGCCGTCTCAAACCC ACCCACGATTCTGACATACCA
pdr-1 176816 AGCCACCGAGCGATTGATTGC GTGGCATTTTGGGCATCTTCTTG
pink-1 173918 AAGCACCAGAAATTGCGACG ACGAGATGGGAGTGCTGGTA
polg-1 174860 TGTTACGGCCGACGAGATAC TTTCCAGGTTTTCGGCGGTA
hmg-5 177543 CGTCCAAGTGTTCCTCCAAGTG CTTCGCTTCGTCTGTGTACTTCTTT
sdhb-1 174482 CAGATGCACCAAAGTGTGGC GTTCGGTGGCGTAGTCATCA
cco-1 172832 GCTCGTCTTGCTGGAGATGATCGTT GGTCGGCGTCGACTCCCTTG
cox-4 173237 GCCCCAATTCGCGCCAAGGA AGGTTGGCGGCAGTTCTGGG
nduo-1 2565698 AGCGTCATTTATTGGGAAGAAGAC AAGCTTGTGCTAATCCCATAAATGT
MTCE.26-1 2565700 GGTTGTGGGACTAGGTGAACA CAGGGTGCCCCATTGTTCTT
Gapdh 14433 TGTGTCCGTCGTGGATCTGA CCTGCTTCACCACCTTCTTGAT
B2m 12010 ATGGGAAGCCGAACATACTG CAGTCTCAGTGGGGGTGAAT
Hspa9 15526 AATGAGAGCGCTCCTTGCTG CTGTTCCCCAGTGCCAGAAC
Hsp60 15510 GCTGTAGCTGTTACAATGGGG TGACTTTGCAACAGTGACCC
Ymelll 27377 AGGGACCTTGGATTATCTGAACT TGGGATGTATGCCAATGGGAA
Clpp 53895 TGTTGCGGGAACGCATCGTGT TAGATGGCCAGGCCCGCAGTT
Lonp1 74142 ATGACCGTCCCGGATGTGT CCTCCACGATCTTGATAAAGCG
Bnip3 12176 CCTGTCGCAGTTGGGTTC GAAGTGCAGTTCTACCCAGGAG
Sqstm1 18412 GCTGAAGGAAGCTGCCCTAT TTGGTCTGTAGGAGCCTGGT
Park2 50873 CCGAATCACCTGACGGTTCA TCTGGCTGCTTCTGAATCCC
Cox5a 12858 GAGCCCAAAATCATTGATGC TGAGGTCCTGCTTTGTCCTT
Cox2 17709 AACCGAGTCGTTCTGCCAAT CTAGGGAGGGGACTGCTCAT
Nd1 17716 CAAACACTTATTACAACCCAAGAACA TCATATTATGGCTATGGGTCAGG
Sdhc 66052 GCTGCGTTCTTGCTGAGACA ATCTCCTCCTTAGCTGTGGTT

Table S5. List of primers used in C. elegans and M. musculus (Related to STAR methods).
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