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Reactivation of autophagy by spermidine
ameliorates the myopathic defects of collagen
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Autophagy is a self-degradative process responsible for the clearance of damaged or unnecessary cellular
components. We have previously found that persistence of dysfunctional organelles due to autophagy failure is a key
event in the pathogenesis of COL6/collagen Vi-related myopathies, and have demonstrated that reactivation of a
proper autophagic flux rescues the muscle defects of Col6ai-null (col6al~'~) mice. Here we show that treatment with
spermidine, a naturally occurring nontoxic autophagy inducer, is beneficial for col6al™~ mice. Systemic administration
of spermidine in col6al™~ mice reactivated autophagy in a dose-dependent manner, leading to a concurrent
amelioration of the histological and ultrastructural muscle defects. The beneficial effects of spermidine, together with
its being easy to administer and the lack of overt side effects, open the field for the design of novel nutraceutical

strategies for the treatment of muscle diseases characterized by autophagy impairment.

Introduction

Macroautophagy (hereafter referred to as autophagy) is an
evolutionarily conserved self-degradative process allowing cells
and tissues to cope with several adverse stress conditions.'”
Autophagy is constantly active at low rates in the whole organ-
ism, but various stress or pharmacological stimuli can induce its
flux."? In physiological conditions, autophagy plays a crucial role
during development, cell differentiation and tissue remodeling,
acts as a cell housekeeper by degrading damaged or unnecessary
organelles, and allows the retrieval of metabolites under nutrient
starvation.”® Age-related degeneration processes and neurode-
generative disorders, as well as liver, heart and muscle diseases,
are only some of the pathological conditions where deregulated
autophagy contributes to the pathophysiological defects, thus
confirming the relevance of the autophagy-lysosome system for
the homeostasis of organs and tissues.””

Skeletal muscle is an extremely plastic tissue, able to undergo
extensive changes in response to physical exercise, dietary restric-
tion and metabolic dysregulation.® In this tissue, autophagy is
essential for providing energy and eliminating harmful exhausted

>

organelles.67 However, being a degradation process, autophagy

needs to be finely regulated to maintain muscle mass and to
ensure a proper removal of damaged organelles or protein aggre-
gates. Indeed, alterations of the autophagic flux affect muscle
homeostasis and also impinge on the body metabolic state.”
COLG6/collagen VI-related myopathies represent a notable group
of inherited muscle disorders where a link between dystrophic
phenotype and autophagy flux impairment was first demon-
strated. The key contribution of defective autophagy in the path-
ogenesis of muscle defects for these diseases is provided by
studies in Col6al-null (col621™'") mice, in which abnormal sig-
naling causes persistent AKT (v-akt murine thymoma viral onco-
gene  homolog)-MTOR  pathway activation and defective
autophagosome formation in muscle fibers.® Further studies in
muscle biopsies of patients affected by Ullrich congenital muscu-
lar dystrophy (UCMD) and Bethem myopathy (BM), the 2
major human pathologies linked to mutations of COL6-encod-
ing genes, confirm defective regulation of autophagy.® Thereaf-
ter, defective autophagy induction has been reported in murine
models for Duchenne muscular dystrophy and Emery-Dreyfuss
muscular dystrophy, whereas increased autophagy flux contrib-
utes to the phenotype of dy’*/dy’™ mice, the animal model of
MDCIA congenital muscular dystrophy.” Notably, the
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autophagic defects are reversible and rescue of a proper autopha-
gic flux by either genetic, pharmacological or dietary approaches
leads to a strong amelioration of the muscle defects, a finding
which led to a pilot clinical trial aimed at restoring autophagy in
UCMD and BM patients through a low-protein diet approach
(ClinicalTrials.gov Identifier NCT01438788).

Spermidine is a cationic polyamine naturally present in living
cells at concentrations that decrease with aging. Spermidine sup-
plementation to cell culture media or in vivo administration to
entire animals prolongs life span in different model organisms,
an effect which is linked to autophagy induction.”'® Although
the mechanisms by which spermidine acts are not yet fully under-
stood, it has been shown that they involve a complex combina-
tion of acetylation and deacetylation events whose occurrence
determines a shift in the acetylation pattern of the cell proteome
without altering the total amount of acetylated proteins.’
Recently, the histone acetyltransferase EP300 has been described
as the major target on which spermidine exerts an inhibitory
activity, determining autophagy induction in vitro."" Since in
our previous studies we have found that reactivation of autoph-
agy by either prolonged starvation or a low-protein diet is capable
of rescuing the muscle pathology of col6a1™"~ mice,® we evalu-
ated in this myopathic model the efficacy of nutraceutical
approaches able to forcibly induce autophagy. Here we show that
spermidine administration by either addition to drinking water
or intraperitoneal (i.p.) injection leads to a significant ameliora-
tion of the phenotype of co/621~'~ mice. The ability to reactivate
autophagy in COLG6-deficient muscles, coupled with its low level
of toxicity, points at spermidine as a nutraceutical with potential
benefits for the treatment of these muscle diseases.

Results

Spermidine reactivates autophagy in col621~'~ muscles

To evaluate the therapeutic potential of spermidine in COL6-
related muscle pathologies, we investigated wild-type and
col6al™"~ mice subjected to spermidine administration at differ-
ent doses, durations and routes of administration. Spermidine
was administered either by oral administration (per o), by addi-
tion to drinking water for 30 d, or i.p., by daily injection for 10
d. In both cases, 2 different doses were given (3 or 30 mM, per
os; 5 or 50 mg/kg body weight, i.p.), in order to evaluate dose-
dependent effects (Table S1).

Per os administration of spermidine at both 3 mM and
30 mM was effective in stimulating autophagy in skeletal
muscles. Fluorescence microscope analysis of tibialis anterior
showed several GFP-LC3 puncta in wild-type animals after 30 d
spermidine treatment (Fig. 1A). Autophagy induction was fur-
ther confirmed by immunoblotting analysis of cleavage and lipi-
dation of MAP1LC3B/LC3B (microtubule-associated protein 1
light chain 3 B), quantified both as LC3B-II/-I and LC3B-II/
GAPDH ratios, which was increased at both low- and high-dose
spermidine treatment (Fig. 1B and C; Fig. S1A and B). Of note,
these treatments did not exert any overt change in the response to
24 h starvation in wild-type mice (Fig. 1A-C; Fig. S1A and B).
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In agreement with previous work,® col621~"" tibialis anterior dis-
played a markedly decreased autophagy in the 24-h fasting condi-
tion, when compared to the corresponding wild-type muscles.
Interestingly, spermidine administration induced autophagy in
col6a1™"~ muscles. Indeed, fluorescence microscopy showed the
presence of GFP-LC3 puncta in tibialis anterior of spermidine-
treated col6al™"~
treated with 30 mM spermidine and subjected to 24-h starvation

animals, which were clearly evident in mice

(Fig. 1A). Immunoblotting analysis of tibialis anterior extracts
confirmed a significant increase of LC3B-1I/-I and LC3B-II/
GAPDH ratios in fasted col6a1™'~ mice treated with 30 mM
spermidine, when compared to fasted col621™"~ mice without
spermidine, whereas no significant change in LC3B-II/-I was
detected in col6a1™"~ mice maintained under fed conditions or
treated with the lower dose of spermidine (Fig. 1B and C;
Fig. S2A and B). Interestingly, the LC3B-II/GAPDH ratio was
instead significantly increased in fed col621™"~ mice following a
low dose per os treatment (Fig. S1A). In order to further clarify
the status of the autophagy machinery in the skeletal muscle of
fed wild-type and col6a1~"~ mice subjected to per os spermidine
treatment at different doses, we analyzed by immunoblotting the
protein levels of RAB7, a small Ras-like GTPase with an essential
role in lysosomal biogenesis and in the late phases of endosome
and autophagosome fusion with lysosomes,'*'? and GABARAP,
a yeast Atg8 ortholog playing a key role in the final stages of auto-
phagosome biogenesis.'* Both the lipidated form of GABARAP
(GABARAP-II) and RAB7 were increased in a dose-dependent
fashion following spermidine treatment not only in wild-type
but also in col6a1~"~ mice. These data indicate an increased rate
of autophagosome and autolysosome formation, respectively,
and are consistent with autophagy induction in fed animals of
both genotypes (Fig. S2A-C). Altogether, these findings indicate
that spermidine supplementation in drinking water for 30 d,
promptly induces autophagy in wild-type muscles and also affects
the autophagic process of co/621~"~ muscles.

In order to evaluate more precisely the effects of spermidine in
inducing autophagy in skeletal muscles, we subjected wild-type
and col6a1™"" mice to daily i.p. injection with spermidine for
10 d (Table S1). Spermidine i.p. treatment at 5 mg/kg displayed
no significant effects on fluorescent GFP-LC3 puncta and LC3B
lipidation, both in wild-type and col6al™"" tibialis anterior
(Fig. 1D and E; Fig. S1C). Slightly increased protein levels of
GABARAP-II, but not RAB7, were detected in wild-type and
col6a1'~ tibialis anterior (Fig. $2D-F), further confirming that
this dosage is unable to elicit a robust upregulation of autophagy.
Conversely, spermidine i.p. treatment at 50 mg/kg triggered not
only GFP-LC3 puncta formation and LC3B lipidation (Fig. 1D
and F; Fig. SID), but also a very strong increase in RAB7 and
GABARAP-II protein levels (Fig. S2D-G and I) in muscles of
wild-type mice maintained under fed conditions. Autophagy
induction in this condition was further confirmed by the strong
accumulation of the autophagosome markers LC3B-II and
SQSTMI (sequestosome 1) in tibialis anterior of wild-type mice
treated simultaneously with spermidine i.p. 50 mg/kg and col-
chicine (Fig. S2G-K), an inhibitor of the late stages of autopha-
gosome maturation and fusion with lysosome that allows
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Figure 1. For figure legend, see page 2145.
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investigating the autophagic flux in skeletal muscle."”” Consis-
tently with the role of RAB7 in the intracellular vesicle trafficking
and in the fusion of autophagosomes with lysosomes, this
protein displayed unaltered levels in spermidine plus colchicine-
treated animals with respect to untreated control conditions
(Fig. S2G-I). Unexpectedly, i.p. treatment with spermidine at
50 mg/kg combined with 24 h starvation led to decreased LC3B
lipidation in wild-type muscles although autophagic vacuoles
were clearly detectable (Fig. 1D and F; Fig. S1D). This latter
finding may be explained by the intensive and prolonged auto-
phagy induction in this condition, which would lead to the con-
sumption of LC3B protein via autophagosome-lysosome fusion
and degradation.

Notably, treatment with spermidine at 50 mg/kg for 10 d led
to an overt induction of autophagy in tibialis anterior of 24-h-
fasted col6al™’" mice, as indicated by the presence of a large
number of GFP-LC3 puncta and by the conspicuous increase in
LC3B lipidation (Fig. 1D and F; Fig. S1C). In fed conditions,
autophagy appeared similarly induced in muscles from col6a1™"~
mice subjected to i.p. treatment with spermidine at 50 mg/kg,
based on the increased presence of GFP-LC3 puncta (Fig. 1D)
and on the higher levels of RAB7 and GABARAP-II (Fig. S2D
to F). Moreover, combined treatment with colchicine and i.p.
50 mg/kg spermidine led to a significant accumulation of
SQSTMLI and the lipidated form of LC3B in tibialis anterior of
col6al™ mice. Of note, differently from what we observed for
wild-type mice, colchicine treatment alone did not determine an
accumulation of any of these autophagic markers in muscles
from col6al™"~ mice (Fig. S2G-K). This evidence further con-
firms the autophagy impairment of COL6-deficient muscles, and
represents an unambiguous proof of the concept that spermidine
is capable of reactivating autophagy in muscles of col6al™"~
mice.

Altogether, these data indicate that spermidine is able to
induce autophagy in skeletal muscle in a dose-dependent manner
and is also effective in reactivating autophagy in col6al™"~
muscles.

Spermidine supplementation recovers the histological and
ultrastructural defects of col621~'~ muscles

To assess whether spermidine administration has any effect on
the structural defects of COL6-deficient myopathic mice, we per-
formed histological analysis of tibialis anterior muscles from
wild-type and co/621™'~ mice subjected to the different protocols

of spermidine treatment. In wild-type mice, treatment with sper-
midine did not cause any sign of histological changes in muscle
architecture at the tested doses and routes of administration
(Fig. 2A and B). As expected,16 under untreated conditions
col6al™'~ tibialis anterior displayed an overt myopathic pheno-
type, with centrally nucleated myofibers, small atrophic fibers
and giant hypertrophic ones. Notably, both i.p. and per os sper-
midine treatments led to a noticeable amelioration of the myo-
pathic defects. The effects of spermidine seemed to correlate with
the dose, as co/6a1~"~ mice treated with the high doses displayed
improved muscle histology (Fig. 2A and B). Indeed, 3 mM per
os and 5 mg/kg i.p. spermidine treatments led to a partial rescue
of histological alterations in col621~'~ mice and, albeit less
extended, the myopathic defects were still present, with some atro-
phic and degenerating myofibers (Fig. 2A and B). However,
c0l621™"" animals displayed markedly improved muscle morphol-
ogy both after 30 mM per os and 50 mg/kg i.p. spermidine treat-
ment, with barely detectable signs of myofiber degeneration, more
homogeneous myofiber size and rare atrophic fibers (Fig. 2A and
B). Some centrally nucleated fibers were present in treated ani-
mals, consistent with myofiber regeneration (Fig. 2A and B).

A well-known feature of co/621~"~ muscles is the presence of
altered organelles, in particular swollen mitochondria and dilated
sarcoplasmic reticulum.®'”'® Histological staining for SDH/suc-
cinate dehydrogenase, a mitochondrial marker, showed a more
homogeneous labeling, pointing at an amelioration of the mito-
chondrial network in tibialis anterior of co/621'" animals
treated with higher spermidine doses (Fig. S3). Transmission
electron microscopy of diaphragm ultrathin sections revealed a
marked amelioration of sarcoplasmic reticulum and mitochon-
dria ultrastructure in myofibers of spermidine-treated col6al™"~
mice (Fig. 2C). Morphometric analysis confirmed a decreased
percentage of aberrant mitochondria in muscles of spermidine-
treated col6a1~"~ animals, which was significant after 30 mM per
os treatment (P = 0.039) whereas it almost reached significance
after 50 mg/kg intraperitoneal treatment (” = 0.077) (Fig. 2D).
Furthermore, electron microscopy confirmed the presence of sev-
eral autophagic vacuoles in spermidine-treated co/621~'~ animals
(Fig. 2C), consistently with the elimination of altered mitochon-
dria through spermidine-induced autophagy.

Alrogether, these data indicate that spermidine-mediated reac-
tivation of autophagy ameliorates the myopathic defects of
col6aI™"~ animals, with a significant decrease of swollen mito-
chondria and a marked improvement of muscle structure.

Figure 1 (see previous page). Spermidine induces autophagy in wild-type and COL6-deficient tibialis anterior muscles. (A) Detection of fluorescent
puncta in cross sections of tibialis anterior muscles from untreated (Ctrl) and per os spermidine-treated (Spd PO) wild-type and col6al~'~ mice bearing a
GFP-LC3 reporter construct. Mice were analyzed under fed conditions or after 24 h fasting. White arrowheads point at some GFP-LC3-positive puncta.
Nuclei were stained with Hoechst. Scale bar: 25 um. (B, C) Western blot analysis of LC3B lipidation in protein extracts from tibialis anterior muscles of
untreated (-) and per os spermidine-treated (+) wild-type and col6a’~’~ mice. Densitometric quantifications of LC3B-Il vs LC3B-| ratio, as determined by
at least 3 independent western blot experiments, are shown in the lower panels (n = 3 or 4; *, P< 0.05; **, P < 0.01; ***, P < 0.001; NS, not significant).
(D) Detection of fluorescent puncta in cross sections of tibialis anterior muscles from untreated (Ctrl) and i.p. spermidine-treated (Spd IP) wild-type and
col6al ™'~ mice. Mice were analyzed under fed conditions or after 24 h fasting. White arrowheads point at some GFP-LC3-positive puncta. Nuclei were
stained with Hoechst. Scale bar: 25 pm. (E, F) Western blot analysis of LC3B lipidation in protein extracts from tibialis anterior muscles of untreated (-)
and i.p. spermidine-treated (+) wild-type and col6al™'~ mice. Densitometric quantifications of LC3B-Il vs LC3B-I ratio, as determined by at least 3 inde-
pendent western blot experiments, are shown in the lower panels (n = 3 or 4; *, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, not significant). 24 h,
twenty-four hour-long starvation; Ctrl, untreated control condition; Spd IP, spermidine i.p.; Spd PO, spermidine per os; WT, wild-type.
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Figure 2. For figure legend, see page 2147.
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Spermidine ameliorates the functional deficits of col6al™'~
muscles

Given the noticeable improvement of muscle structural
defects, we next investigated whether the tested doses of spermi-
dine were also capable of ameliorating the deterioration in other
muscle features. A well-established feature of col621™"~ mice and
of UCMD and BM patients is the increased incidence of apopto-
tic myofibers in skeletal muscles.*!” TUNEL analysis for dia-
phragm revealed that spermidine administration elicited a
strongly decreased incidence of apoptotic myofibers in col6al ™"~
mice. Indeed, both per os and i.p. treatments led to a significant
decrease in the number of apoptotic myonuclei in col621~"~ dia-
phragms, and this effect was displayed at all the tested doses of
spermidine (Fig. 2E). The decrease appeared stronger after i.p.
treatment, where the effect positively correlated with the dose.
However, per os treatment also displayed a clear effect, with about
35% decrease in the number of apoptotic myonuclei at both low
and high doses (Fig. 2E). Conversely, wild-type animals dis-
played an increased number of TUNEL-positive myonuclei
directly correlating with the dose both after i.p. and per os treat-
ment (Fig. 2E), likely due to the excessive induction of auto-
phagy elicited by spermidine in wild-type muscles.

We have previously demonstrated that under physiological
conditions col6a1™"~ mice develop significant less strength
than wild-type mice.® Therefore, we performed in vivo tetanic
force measurements on gastrocnemius muscles of wild-type
and col6al™"~ mice under untreated conditions and following
spermidine administration. Both per os and i.p. spermidine
treatment led to a positive trend in normalized force in
col6al™™ mice (Fig. $4), although the values obtained at a
tetanic stimulation frequency of 100 Hz did not reach a statis-
tically significant difference when compared to untreated ani-
mals (P = 0.138, per os treatment; P = 0.163, i.p. treatment).
Of note, while the difference in the normalized force devel-
oped by wild-type and co/621™"~ mice under standard condi-
tions was highly significant, animals of the 2 genotypes
displayed similar normalized force values after spermidine
treatment (Fig. 2F; Fig. S4). As for apoptosis, high-dose i.p.
spermidine administration caused a force decline in wild-type
mice, likely due to the excessive autophagy induction elicited
in these animals (Fig. 2F; Fig. S4B) as we previously observed
in wild-type mice subjected to low-protein diet.”

Altogether, these data indicate that spermidine induction of
autophagy recovers the apoptotic defects of co/6a1™"~ animals,
with also a positive trend in their muscle strength.

Spermidine effects involve modulation of the AKT signaling
pathway

Spermidine induces autophagy through modifications at
the level of the acetylproteome, thus modifying the expression
levels of several genes.”'® In previous studies aimed at mech-
anistic insight into the autophagic defects of COLG6-related
myopathies, we have demonstrated that co/621~~ muscles
display a hyperactivation of the AKT-MTOR pathway and
that this signaling defect plays a key role in the autophagy
impairment.® AKT kinase negatively regulates the activity of
FOXO (forkhead box O) transcription factors by phosphory-
lation, and decreased levels of phosphorylated AKT represent
a permissive condition for FOXO activation.'”*® To under-
stand whether the autophagy-inducing effects of spermidine
involve the AKT-FOXO axis, we investigated the activation
state of AKT and the mRNA levels of several FOXO target
genes in tibialis anterior of wild-type and col6al™~ mice
subjected to i.p. treatment with spermidine at 50 mg/kg for
10 d. Chronic spermidine administration led to decreased
AKT phosphorylation, an effect which was particularly strong
in col6al™~ mice subjected to 24 h starvation (Fig. 3A).
Real time PCR for Bnip3 (BCL2/adenovirus E1B 19kDa
interacting protein 3), Cis/ (cathepsin L), and Mapllc3b, 3
autophagy-related genes regulated by the AKT-FOXO axis,"”
showed significantly increased levels of their transcript in
spermidine-treated, 24-h-fasted col6a1™'~ mice (Fig. 3B to
D). These results indicate that spermidine elicits AKT
dephosphorylation, which in turn triggers the translocation of
FOXO transcription factors into the nucleus with the conse-
quent increased transcription of FOXO target genes, includ-
ing autophagy-related genes.

Of note, high-dose spermidine i.p. treatment led to
decreased AKT phosphorylation levels in tibialis anterior of
wild-type mice even under fed conditions. Yet, AKT phos-
phorylation was restored when spermidine treatment was fol-
lowed by 24-h starvation (Fig. 3A). This apparently
paradoxical finding likely relies upon the stimulatory activity
of several FOXO target genes, such as Sesn3 (sestrin 3) and

Figure 2 (see previous page). Spermidine treatment ameliorates the myopathic phenotype of col6al '~ mice. (A, B) Haematoxylin-eosin staining of
cross sections of tibialis anterior muscles from untreated (Ctrl) and per os (A) or i.p. (B) spermidine-treated wild-type and col6al™'~ mice. In col6al ="~
mice, centrally nucleated fibers (black arrowheads) and atrophic fibers (white arrowheads) appear reduced after spermidine treatment. Scale bar: 50 pm.
(C) Representative electron micrographs of diaphragm thin sections from untreated (a to ¢) and per os (d to f) or i.p. (g to i) spermidine-treated col6al™'~
mice. Low-power views (upper panels) reveal improvement of muscle ultrastructure following spermidine treatment. High-power magnifications (lower
panels) show dilated sarcoplasmic reticulum (SR) and swollen mitochondria (mit) in untreated col6al™'~ mice (b,c), and the presence of autophagic
vacuoles (AV) in spermidine-treated col6al~’~ mice (f,i) together with a marked amelioration of organelle morphology (e,h). Scale bar: 1 wm (upper pan-
els) or 500 nm (lower panels). (D) Percentage of morphologically altered mitochondria in the diaphragm of untreated (Ctrl) and spermidine-treated (PO
30, per os 30 mM; IP 50, i.p. 50 mg/kg) col6al ™~ mice (n = 3 or 4; P< 0.05; NS, not significant.) (E) Quantification of apoptosis by TUNEL assay in dia-
phragm muscles of untreated (Ctrl) and per os (left panel) or i.p. (right panel) spermidine-treated wild-type and col6al™'~ mice (n = 3, each group; **, P
< 0.01; ***, P < 0.001). (F) In vivo tetanic force measurements in gastrocnemius muscle of untreated (Ctrl) and per os or i.p. spermidine-treated wild-type
and col6a1™/~ mice. The histograms report the normalized strength at a stimulation frequency of 100 Hz (n = 5, each group; ***, P<0.001; NS, not signif-
icant). Ctrl, untreated control condition; Spd IP, spermidine i.p.; Spd PO, spermidine per os. WT, wild-type.
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mined by 3 independent western blot experiments, are shown on the right panel (n = 3; **, P< 0.01; ***, P < 0.001). (B-E) Real-time RT-PCR analysis of
mRNA levels for Bnip3 (B), Cts/ (C) and Map1/c3b (E) in tibialis anterior muscles of untreated (-) and i.p. spermidine-treated (+) wild-type and col6al =/~
mice (n =3 or 4; ***, P < 0.001; ** P < 0.01; *, P < 0.05; NS, not significant). 24 h, twenty-four hour-long starvation; Spd IP, spermidine i.p.; Spd PO, spermi-
dine per os. WT, wild-type.

IrsI (insulin receptor substrate 1), on AKT. In turn, active (48 h) fasting displayed significantly higher levels of phos-
AKT is known to upregulate protein synthesis and to inhibit  phorylated AKT than those of 24-h-fasted wild-type animals
FOXO activity, as a part of a feedback mechanism that main-  (Fig. S5A). At the same time, expression of FOXO target
tains the balance between protein synthesis and protein deg- genes was maintained at high levels in these muscles, as
radation inside the cells.”’ In agreement with this concept, found for spermidine-treated and 24-h-fasted wild-type mice
tibialis anterior of wild-type mice subjected to prolonged (Fig. 3B-D; Fig. S5B-D). Therefore, the excessive and
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prolonged stimulus for autophagy induction elicited in wild-
type muscles by high-dose spermidine administration in com-
bination with fasting induces a feedback mechanism that
restores AKT phosphorylation.

Altogether, these data indicate that spermidine affects AKT
activation and enhances autophagy by promoting the tran-
scription of FOXO target genes.

Discussion

Spermidine is a nontoxic autophagy-inducing natural com-
pound, with an increasing interest for its applications as a nutra-
ceutical tool for therapies. Spermidine counteracts aging and
promotes longevity in different species by increasing the basal
autophagy levels.”'>** Recent work suggests that this polyamine
may be beneficial for counteracting several age-related patholo-
gies, such as arterial aging and memory impairment.>** More-
over, spermidine shows a rapamycin-like effect in promoting the
removal of brain protein aggregates and ameliorating the pheno-
type of a mouse model for TDP-43 proteinopathies, suggesting
that it may be a useful route for the therapy of neurodegenerative
Published

studies demonstrate the efficacy of spermidine in different mod-

diseases such as frontotemporal lobar dementia.?’

els, but no study has ever investigated the effects of this auto-
phagy-inducing compound in muscle diseases.

In this work, we found that spermidine is effective in reacti-
vating autophagy in skeletal muscle and ameliorating the myo-
pathic defects of col6a1™"~ mice, the animal model of UCMD
and BM, thus showing for the first time the efficacy of this nutra-
ceutical in a genetically determined muscle disease model. The
beneficial effects of spermidine administration in co/621™"~ mice
are associated with its ability to reactivate the autophagic flux, a
process which is overtly impaired in this animal model as well as
in the corresponding human myopathies.® Indeed, we have previ-
ously demonstrated that the muscle defects of co/6al™"~ mice are
strictly linked to a failure to maintain a proper autophagic flux in
myofibers.® Inefficient autophagy in Col6zI-null muscles leads to
the progressive accumulation of harmful organelles inside myo-
fibers, which progressively degenerate. However, this autophagy
failure is reversible and reactivation of a proper autophagic flux
in col6al™"~ mice, through dietary and pharmacological
approaches, leads to a substantial rescue of the myopathic pathol-
ogy.”® Here, we investigated the efficacy of spermidine in this
well-established myopathic model at different doses and different
routes of administration. We observed that high-dose i.p. treat-
ment is very effective in reactivating autophagy, with a significant
increase of LC3B lipidation and autophagosome formation. The
effects of spermidine on autophagy reactivation in col6al "~
muscles were reinforced by 24-h starvation. Even under the fed
condition, autophagy flux was induced in spermidine-treated
col6al™ mice, as demonstrated by increased levels of RAB7
and GABARAP-II proteins and by accumulation of LC3-II and
SQSTMI in the presence of colchicine cotreatment, and this was
nicely paralleled by a conspicuous amelioration of the histology
of tibialis anterior.
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BM and UCMD patients suffer from respiratory insufficiency
due to a loss of functionality of diaphragm,'® which is also the
most affected muscle in co/621~"~ mice where it displays marked
ultrastructural defects and high incidence of apoptotic myofib-

'¢ Both these aspects were rescued by spermidine. High-dose
i.p. treatment showed a remarkable effect on the number of

€rs.

TUNEL-positive nuclei in co/621~"" animals, bringing it to simi-
lar levels to wild-type control mice. Moreover, ultrastructural
analysis showed a marked decrease in the percentage of aberrant
mitochondria and several autophagosomes were observed in the
proximity of mitochondria in myofibers of co/621™"~ mice sub-
jected to high-dose i.p. spermidine treatment. Although it is cur-
rently not technically feasible to identify the content of these
autophagic vacuoles, the major evidence supporting the efficacy
of spermidine in inducing autophagy in col6a1™"~ muscles is
that, at the difference from untreated conditions,® autophago-
somes can be detected in diaphragm of co/621™'~ mice following
spermidine treatment. It is plausible that removal of altered mito-
chondria via spermidine-induced autophagy decreases the levels
of proapoptotic factors released by these organelles, as we previ-
ously have observed in col6a1™"~ mice subjected to prolonged
starvation or low-protein diet.**® In addition to this, the antia-
poptotic effect of spermidine may also depend on a direct influ-
ence of this polyamine on the regulation of programmed cell
death or on the crosstalk between the regulatory networks of
these 2 processes.”*?’

Conversely, in wild-type mice, high-dose spermidine adminis-
tration had some adverse effects, which however were expected.
Autophagy induction in spermidine-treated wild-type muscles
was promptly detectable even in fed conditions, and it is well
known that excessively induced autophagy is detrimental for
myofiber homeostasis.**® The most detrimental known effect of
spermidine is due to its capability to inhibit NOS1 (nitric oxid
synthase 1 [neuronal]), but pharmacological studies show that
the LDsq of intraperitoneally injected spermidine is 620 mg/
kg,29 more than 10 times higher than the highest dose used in
the present study. Although we did not observe any overt sign of
histological muscle changes in wild-type animals treated with
high-dose spermidine, they displayed decreased muscle strength
and an increased number of TUNEL-positive myonuclei. These
features are typical in skeletal muscle when the autophagy flux is
too elevated,®*® but they may also rely on an action of spermi-
dine on multiple aspects of muscle cell biology. In fact, poly-
amines are able to induce or inhibit programmed cell death
based on the environmental conditions and the cell type exam-
ined, through direct or indirect effects on molecules or signaling
pathways.”® Tt would be interesting to investigate in the future
the effect of spermidine on muscle contractile functions. It is pos-
sible, for example, that this effect is correlated at least in part with
the modulation of ion channels activity by polyamines.”®
Among the broad range of intracellular targets for spermi-
dine,” "% which may mediate its beneficial effects in
col621~"~ muscles, we focused on the AKT-MTOR axis. We
previously demonstrated that the defective autophagy of
col6al™"~
phorylation even after a typical proautophagic stimulus, such

muscles is characterized by excessive AKT phos-
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as 24-h starvation.® This persistent AKT activity causes a
constitutive activation of the MTOR pathway and prevents
the transcription of several autophagy related genes under the
control of FOXO transcription factors.>'” Our data indicate
that high-dose i.p. spermidine treatment is capable of nor-
malizing AKT phosphorylation in col621~"" tibialis anterior
leading to increased expression of FOXO target genes upon
starvation, which is sufficient to induce autophagy in skeletal
muscle."” Interestingly, chronically-administered spermidine
displayed a robust effect on AKT activity in skeletal muscle.
In muscles of wild-type animals, where the AKT pathway is
properly working, chronically-administered spermidine led to
a significant reduction of AKT phosphorylation under fed
conditions, while upon nutrient deprivation AKT phosphory-
lation was reinstated, an effect that we also observed in wild-
type animals subjected to prolonged starvation. This appar-
ently paradoxical effect is likely due to a feedback mecha-
nism, as several transcriptional targets of FOXO are able to
upregulate the PI3K-AKT pathway by triggering an increase
of the active phosphorylated form of AKT.?' In col6al™"~
animals AKT rephosphorylation is not taking place, and com-
bination of spermidine plus 24 h starvation bring col6al™"~
muscles to the AKT state observed in muscles of wild-type
mice subjected to 24 h starvation but without drug treat-
ment. FOXO transcription factors are regulated by different
post-translational modifications, and among these inhibitory
acetylation by the histone acetyltransferase EP300 has been
thoroughly described.’’ As spermidine also acts as a histone
acetyltransferase inhibitor, and one of its known targets is
EP300,'" it is plausible that spermidine controls FOXO
activity at multiple levels and determines a permissive condi-
tion for its activity by decreasing both its phosphorylation by
AKT and its acetylation by EP300.

An interesting finding that emerges from our data is that per os
spermidine administration reactivates autophagy and in parallel
has beneficial effects on the phenotype of col6a1™"~ mice. Even if
thus far only proven in the Co/6a1-null animal model, these data
are of major interest for prospective therapies as they mean that it
is possible to deliver a biologically active concentration of this
nutraceutical polyamine in myopathic muscles by oral adminis-
tration. Although beyond the aim of the present work, it will be
interesting in the near future to carry out further analysis, includ-
ing detailed pharmacokinetic studies of spermidine following
oral administration, aimed at devising the optimal regimens able
to provide the most effective and enduring beneficial outcomes
in the different muscles. For example, it would be interesting to
treat animals per os with the lowest effective doses of spermidine
starting from weaning and throughout their entire life. Further-
more, synergic approaches could be tested using different combi-
nations of spermidine with other nutritional or pharmacological
approaches shown to induce autophagy, such as the low-protein
diet. Based on our results with spermidine and acute starvation,
it is likely that these approaches will show additive effects. A
major advantage of spermidine is that it is a natural compound,
present at high concentrations in foods such as mushrooms or
soybean, and that it can be easily administered.””
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In conclusion, our data in co/621™"~ animals point at spermi-
dine as a nutraceutical therapeutic option for COLG6-related myopa-
thies and indicate that this approach is valuable for the design of
novel treatments, with spermidine alone or in combination with
other strategies, and their translation into clinical trials. In perspec-
tive, this nutraceutical-based, autophagy-inducing approach could
be applied to UCMD and BM therapy, as it has been done for the
low-protein diet (ClinicalTrials.gov Identifier NCT01438788),
and could also be extended to other inherited muscle diseases
involving a defective activity of the autophagy machinery.

Materials and Methods

Animals

C57BL/6N mice were obtained from Charles River. Col6al™'~
mice were backcrossed for at least 8 generations in the inbred
C57BL/6N strain. Mice bearing a GFP-LC3 transgene in the
C57BL/6] background were obtained from RIKEN BRC (RBRC
No. RBRC00806).>> GFP-LC3 mice were backcrossed in the
C57BL/6N strain and then crossed with co/621~'~ mice to gener-
ate col6al~"~;GFP-LC3 animals. All mice were housed in a con-
trolled environment with 12 h light/12 h dark cycle and a
temperature of 23°C. When maintained in fed conditions, mice
were provided with ad libitum standard chow (Laboratorio Dot-
tori Piccioni, #52) and water. For starvation experiments, at 9
a.m. mice were individually moved to clean cages without chow
but with free access to the water, for 24 h or 48 h. Experiments
were carried out on sex- and age-matched mice, ranging from 18
to 24 wk of age. All the animals were sacrificed by cervical disloca-
tion, and the tissues of interest were immediately dissected and
fixed. The adopted procedures were approved by the Ethics Com-
mittee of the University of Padova and carried out according to all
pertinent Italian laws.

Spermidine treatments

Spermidine (Sigma-Aldrich, S4139) was either dissolved in
physiological (NaCl 0.9% w/v) sterile solution or added to drink-
ing water. For the i.p. treatment, each mouse was injected once a
d for 10 d with spermidine at 5 mg/kg body weight (low dose)
or 50 mg/kg body weight (high dose). Control mice were not
injected. Mice were sacrificed within 16 h after the last injection.
Per os treatment was performed by adding spermidine to the
drinking water at a concentration of 3 mM (low dose) or
30 mM (high dose). Mice had free access to water for 30 d and
then they were sacrificed. Water with spermidine was replaced
every 2 d, in order to avoid excessive deamination of the active
compound.” Control mice drank water without addition of sper-
midine. For starvation experiments, mice were deprived of food
during the last day of treatment. For colchicine co-treatment,
mice received during the last 2 d of treatment daily i.p. injections

with 0.4 mg/kg/day of colchicine (Sigma-Aldrich, C9754).

Fluorescence microscopy and histology
For the histological analysis, frozen tibialis anterior muscles

were cut in 10-wm-thick sections and stained with
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haematoxylin-eosin (Sigma-Aldrich, 51275 and HT110116) or
with a SDH-specific colorimetric substrate (nitro blue tetrazo-
lium, Sigma-Aldrich, N5514), following standard protocols.
Images were captured using a Zeiss Axioplan microscope (Carl
Zeiss AG, Oberkochen, Germany) equipped with a Leica DC
500 digital camera (Leica Microsystems GmbH, Wetzlar, Ger-
many). For the fluorescent microscopy analysis of GFP-LC3-pos-
itive puncta, tibialis anterior was processed as previously
described,>® stained with Hoechst 33258 (Sigma-Aldrich,
B1155) and observed with a Leica SP5 confocal microscope
(Leica Microsystems GmbH, Wetzlar, Germany).

TUNEL assay

Diaphragm muscles were fixed with paraformaldehyde,
embedded in paraffin, and cut into 7-pm-thick transverse sec-
tions. Nuclei were stained with Hoechst 33258 (Sigma-Aldrich,
B1155) and apoptotic nuclei detected by the ApopTag Peroxi-
dase In Situ Apoptosis Detection Kit (Merck Millipore, S7100).
Images of the stained sections were captured randomly using a
Zeiss Axioplan fluorescence microscope (Carl Zeiss AG, Oberko-
chen, Germany) equipped with a Leica DC 500 digital camera
(Leica Microsystems GmbH, Wetzlar, Germany), and TUNEL-
positive nuclei quantified.

Transmission electron microscopy

Samples were fixed with 1% glutaraldehyde (Sigma-Aldrich,
G5882) in 0.2 M sodium cacodylate buffer, pH 7.4. The speci-
mens were washed in distilled water, stained with 2% osmium
tetroxide and 0.5% aqueous uranyl acetate, dehydrated in alcohol
and embedded in epon resin. Ultrathin (60 nm) sections were
cut with a Leica EM UC7 ultramicrotome (Leica Microsystems
GmbH, Wetzlar, Germany). Images were acquired from thin sec-
tions using a FEI Tecnai 12 transmission electron microscope
(FEI Company, Hillsboro, Oregon, USA) equipped with a
Veleta CCD digital camera (Olympus Soft Imaging Solutions
GmbH, Miinster, Germany). For morphometric analysis, mito-
chondria were classified as “aberrant” when they displayed at least
one of the following abnormalities: swollen morphology, faintly
stained inner matrix, dilated cristae and/or overtly decreased
number of cristae.

‘Western blotting

Protein extraction from muscles and western blot analysis
were performed as previously described.*® Primary antibodies
against the following proteins were used: AKT (Cell Signaling
Technology, 9272), phospho-AKT (Ser473; Cell Signaling
Technology, 4058), LC3B (Thermo Scientific, PA1-16930),
GAPDH (Millipore, MAB374), SQSTM1/p62 (Santa Cruz Bio-
technology, [H-290], sc-25575), RAB7 (Abcam, [RAB7-117],
ab50533), GABARAP (Santa Cruz Biotechnology, [FL-117], sc-
28938). Densitometric quantification was performed by Image]
software (NIH, Bethesda, Maryland, USA).»

Real time RT-PCR

Whole tibialis anterior muscles were blended, and RNA
extraction performed using TRIzol reagent (Life Technologies,
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15596-018) in accordance with the manufacturer’s instructions.
500 ng of total RNA were retrotranscribed using the SuperScript
III kit (Life Technologies, 18080-051) following manufacturer’s
instructions. Quantitative PCR was performed on a RotorGeneQ
instrument (Qiagen, Venlo, Netherlands), using specific primers
and CyBr green contaning mastermix (Qiagen, 204076). Primer

. 8,1
sequences were described elsewhere.®'”

Tetanic force measurements

In vivo determination of force and contraction kinetics of gas-
trocnemius muscle was carried out as previously described.*
Briefly, mice were anesthetized and contraction elicited by stimu-
lation of the sciatic nerve with multistranded steel wires (Cooner
Wire, Chatsworth, CA, USA) implanted on either sides of the
nerve. In order to avoid recruitment of the ankle dorsal flexors,
and therefore significant reduction of torque, the common pero-
neal nerve was cut. Torque production of the stimulated plantar
flexors was measured using a muscle lever system (Aurora Scien-
tific Corporation, Aurora, Ontario, Canada). The force-fre-
quency curves determined by stepwise increasing
stimulation frequency, pausing at least 30 s between stimuli to

were

avoid effects due to fatigue. Tetanic contraction was reached for
stimulations equal to or greater than 100 Hz, and force values
obtained in these settings were compared between the different
conditions as they represent the maximum contraction muscle
can sustain.

Statistical analysis

All data are expressed as mean =+ s.e.m. Statistical analysis of
data was carried out using the Student 7 test, except for the elec-
tron microscope morphometric analysis where the Wilcoxon
rank sum test was used. ” < 0.05 was considered as a significant
difference.
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