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SUMMARY

The definition of cell metabolic profile is essential to ensure skeletal muscle fiber heterogeneity and to
achieve a proper equilibrium between the self-renewal and commitment of satellite stem cells. Heme sustains
several biological functions, including processes profoundly implicated with cell metabolism. The skeletal
muscle is a significant heme-producing body compartment, but the consequences of impaired heme homeo-
stasis on this tissue have been poorly investigated. Here, we generate a skeletal-muscle-specific feline leu-
kemia virus subgroup C receptor 1a (FLVCR1a) knockout mouse model and show that, by sustaining heme
synthesis, FLVCR1a contributes to determine the energy phenotype in skeletal muscle cells and to modulate

satellite cell differentiation and muscle regeneration.

INTRODUCTION

Regulating metabolic pathways essential for muscle functions is
emerging as a promising strategy to counteract skeletal muscle
disease progression or to potentiate the innate ability of skeletal
muscle to regenerate. Skeletal muscles display diverse meta-
bolic compositions, matching energy needs with contractile
demands. This diversity extends to satellite cells (SCs), a desig-
nated population of muscle stem cells,” highlighting the impor-
tance of mitochondrial metabolism in balancing their self-
renewal and commitment during muscle recovery upon injury.”

Feline leukemia virus subgroup C receptor 1a (FLVCR1a) is a
ubiquitously expressed membrane transporter. Traditionally
recognized as a heme exporter,® recent works®™ proposed
that it may alternatively/additionally import choline. Both heme
and choline metabolism play pivotal roles in processes that
provide energy to cells. Consequently, the modulation of
FLVCR1a’s function could potentially impact skeletal muscle en-
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ergetic metabolism. Furthermore, previous studies have shown
that FLVCR1a participates in a common functional axis with
d-aminolevulinic acid synthase 1 (ALAS1),57'° the rate-limiting
enzyme for heme synthesis, thereby affecting metabolic path-
ways dependent on heme and/or interconnected with ALAST,
including the tricarboxylic acid (TCA) cycle.?

Here, by using skeletal-muscle-specific Flvcria-null mice, we
demonstrate that FLVCR1a is a critical determinant of skeletal
muscle metabolism required for proper muscle function and
regeneration.

RESULTS

FLVCR1a loss in skeletal muscle reduces heme
biosynthesis

To evaluate the impact of FLVCR1a loss in skeletal muscles, we
generated skeletal-muscle-specific Fivcrfa-knockout (Fiver1ak©)
animals (Figure S1A). As Flvcria is equally expressed in
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gastrocnemius (GS), tibialis anterior (TA), and quadriceps
(Figure S1B), deletion efficiency was assessed on GS. We de-
tected a 90% decrease in the Flvcria transcript (Figure S1C),
whereas protein amount was reduced by 50% (Figure S1D) in
the entire skeletal muscle, a level consistent with the heteroge-
neous composition of whole-tissue lysates. Flver1ak® offspring
were obtained at the expected mendelian ratio (Figures S1E and
S1F) and exhibited normal activity, motility, lifespan, and body
weight (Figures S1G and S1H).

Given the ongoing debate regarding FLVCR1a’s function as
either a choline importer or a heme exporter, we analyzed both
GS choline and heme levels. Free choline quantity was compa-
rable in Flver1a“® and control samples (Figure 1A), indicating
that the lack of FLVCR1a does not impact choline homeostasis,
at least under the steady-state and experimental conditions
examined. Consequently, our attention shifted to heme.

Any disruptions in heme homeostasis exert a selective pres-
sure, favoring cells capable of activating compensatory mecha-
nisms to maintain heme at a tolerable level. As a result, if present,
minimal changes in heme levels were expected in the muscle of
our mice, posing a challenge for detection using available tech-
niques. We detected a comparable overall heme quantity in
Fiver1a®® and Fiver1a™™ total GS lysates (Figure 1B) but a trend
decrease in the mitochondrial fraction and a significant slight
reduction in the cytosolic fraction (Figure 1B).

Although the limited sensitivity of the techniques employed for
heme detection, and the modest decrease in heme quantity
measured in a single-cell compartment, did not provide conclu-
sive information on alterations in heme homeostasis in our model,
this result suggested to us the possibility of perturbed heme in
Flver1a®® muscle. Therefore, we conducted a more comprehen-
sive examination of potential dysregulation in heme metabolism
in Fiver1a“® mice by investigating both heme degradation and
synthesis. The expression of the inducible heme-degrading
enzyme heme oxygenase 1 (HO-1; encoded by the Hmox1
gene) was unaffected in Fiver1a® GS (Figure 1C). Moreover,
HO-1 protein was not detected in western blot analyses in
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Fiver1a™ GS, as expected in the absence of a trigger for HO-1 in-
duction, and a similar result was obtained in Fiver1ak® GS (Fig-
ure 1D). Conversely, heme biosynthesis was compromised, as
Alas1 mRNA levels (Figure 1E) and ALAS mitochondrial activity
(Figure 1F) were significantly reduced in Fiver1a® muscle. Rein-
forcing this observation, oral treatment of Fiver1a®© mice with
5-aminolevulinic acid (ALA), a well-known agent capable of
inducing de novo heme synthesis bypassing ALAS1, reversed
the declining trend in mitochondrial heme levels and corrected
the slight cytosolic heme deficiency (Figure 1B).

Together, these findings suggest that the lack of FLVCR1a
results in the reduction of heme biosynthesis.

FLVCR1a loss results in deranged myofibers features
and reduced overall muscle performance

To evaluate the morphological consequences of FLVCR1a loss,
we performed histological analyses. We did not observe inflam-
matory cells, collagen deposition, or the accumulation of fat in
transverse sections from Flver1a®® GS (Figure 1G), soleus
(SOL) (Figure S2A), and TA (Figure S3A). Although the numbers
of muscle fibers and percentages of fiber types were compara-
ble among Flver1a®© and Fiver1a™ mice (Figures 1H, 11, S2B,
S2C, S3B, and S3C), the cross-sectional area (CSA) of GS myo-
fibers was significantly reduced in 2-month-old KO mice (Fig-
ure 1J). Conversely, we observed a shift toward larger myofiber
CSAs in the GS of 10-month-old Fivcr1aX® mice when compared
to controls (Figure 1K). The analysis of myofiber-type-specific
CSAs in GS showed distinct patterns. Specifically, type | and
lla fibers, which are known for their oxidative characteristics, ex-
hibited an overall increase in CSA, whereas type llb and lIx fibers,
which are glycolytic, showed a reduction in CSA (Figures 1L and
1M). Remarkably, 10-month-old Flvcr1a®® mice showed larger
oxidative fibers in SOL (Figures S2D-S2G) and smaller glycolytic
fibers in TA (Figures S3D-S3G). In summary, Flver1a“® mice
show atrophy of glycolytic fibers and hypertrophy of oxidative
fibers. These effects become more pronounced in older mice
and are particularly prominent in muscles that primarily rely on

Figure 1. FLVCR1a loss in skeletal muscle reduces heme biosynthesis and results in deranged myofiber features and decreased overall

muscle performance
(A) Free choline and heme content measured in whole GS lysates.

(B) Heme content measured in GS mitochondrial and cytosolic fractions at the steady state and after ALA.

(C) Real-time RT-qPCR analysis of GS Hmox1 expression.

(D) Western blot analysis of GS HO-1 protein level. A representative image is shown. As a positive control, the amount of HO-1 protein in a fibrotic liver is displayed
on the right side of the filter. Stain-free total protein measurement'" is included as the loading control.

(E) Real-time RT-gPCR analysis of GS Alas? expression.
(F) ALAS mitochondrial activity measured in TA, GS, and quadriceps (QD).

(G) Representative images of H&E staining and immunofluorescence of myosin heavy chain (blue: type I, green: type lla, red: type llb, black: type lIx) in GS of 2-

and 10-month-old mice.

(H and I) Mean percentage of myofibers types in GS of 2- (H) and 10-month-old (I) mice.
(J and K) Relative frequency distribution of myofibers CSA in GS of 2- (J) and 10-month-old (K) mice. In the bean plots, the CSAs of all the myofiber types are

reported.

(L and M) CSAs of myofibers in 2- (L) and 10-month-old (M) mice, grouped by myosin heavy-chain types.

(N) Real-time RT-gqPCR analysis of GS Atrogin expression.

(O) Motor behavior tests to assess strength (grip and Kondziela’s), coordination (rotarod), and endurance (treadmill).

Scale bar: 200 um (G). Group averages were compared using unpaired Student’s t test (A-C, E, F, and J-N), two-way ANOVA test (H and I), and one-way ANOVA
test (O). *p < 0.05, **p < 0.01, and ***p < 0.0001. Data are presented as mean + SD with n = 5 (Fiver1a™ or 6 (Fiver1a®) mice (A, choline content) and n = 5 mice/
group (A, total heme content); n = 4 mice/group (B and D); n = 4 (Fiver1a™®) or 6 (Fiver1a®®) mice (C); n = 3 (Fiver1a™™) or 4 (Fiver1a™©) mice (E); n = 3 mice/group
(F, I, K, M, and N); n = 5 mice/group (H, J, and L); n = 8-10 mice/group (grip test, Kondziela’s, rotarod); and n = 4-8 mice/group (treadmill) (O).

See also Figures S1-S3.
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Figure 2. FLVCR1a loss affects muscle fiber metabolism, myoglobin expression, and mitochondrial integrity
(A) Schematic showing ALAS1’s role in heme biosynthesis and cellular energy metabolism. Created with BioRender.com.
(B and C) Staining and quantification of GS succinate dehydrogenase (SDH) (B) and complex IV (COX) (C) distribution of enzymatic activity.

(D) Western blot analysis of GS myoglobin protein level. A representative image is shown, with vinculin expression as a loading control. Band intensities were
measured by densitometry and normalized to vinculin expression.
(E) Representative images of distribution and composition of GS myosin heavy-chain isoforms (type |, type lla, type lIx, and type IIb) (bottom) and immunoflu-
orescence staining of myoglobin (red) and laminin (green) (top). The graph shows the percentage of myoglobin-expressing myofibers.
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glycolytic or oxidative metabolism, respectively. In agreement
with CSA analysis, the mRNA expression of atrogin in GS was
decreased in 10-month-old mice only (Figure 1N).

The impact of CSA changes on motor performance was then
assessed. Young Flver1a®® mice did not show any difference
in strength compared to age-matched control mice, whereas
older Flver1a®© mice showed a significant reduction (Figure 10).
Motor coordination was unchanged at 2 months of age but
slightly reduced at 10 months of age (Figure 10). Finally, endur-
ance to exercise was reduced at both 2 and 10 months of age
(Figure 10).

In conclusion, motor performance is compromised in muscles
lacking FLVCR1a, with a significant age-dependent decline,
underscoring the essential role of FLVCR1a in maintaining life-
long muscle homeostasis.

Flvcria loss affects muscle fiber metabolism and
myoglobin expression

Energy metabolism plays a pivotal role in shaping the identity of
muscle fibers,>'*"'® and a decrease in heme biosynthesis can
exert a substantial and opposite influence on cellular energy
metabolism, as heme biosynthesis acts not solely as a source
of heme but also as a cataplerotic pathway for the TCA cycle
(Figure 2A). Hence, to understand the underlying reason behind
the compromised muscle morphology and performance in
Fiver1ak® mice, we conducted a more comprehensive explora-
tion of muscle metabolism. In line with the observed atrophy of
glycolytic fibers in GS, the maximum activity of most glycolytic
enzymes was lower in Flver1ak© GS lysates than in controls (Fig-
ure S4A). Moreover, the maximum activity of some of these en-
zymes in young Flver1ak® animals was reminiscent of an aged
phenotype, being almost comparable to that of old control
mice (Figure S4A). We confirmed the same trend in TA, preva-
lently composed by glycolytic fibers (Figure S4B). On the other
hand, the maximum activity of most oxidative enzymes in GS
mitochondrial fractions was higher in Flver1a®© than in Fiver1a™"
mice and showed an expected age-dependent decline, compa-
rable to that of controls (Figures S4C and S4D). Since this
measurement provided an average of the potential maximum
enzyme activity across the entire tissue, we also measured the
activities of electron transport chain (ETC) complexes Il (succi-
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nate dehydrogenase [SDH]) and IV (COX) in GS cryosections to
obtain a more accurate understanding of the actual extent of
areas with elevated oxidative metabolism within the tissue. We
observed quite restricted regions displaying positive staining
for SDH and COX activity in Fiver1a®® mice (Figures 2B and
2C) and more extensive negative/slightly positive areas. The
latter were especially expanded in 10-month-old Flver1a®©
mice, where even “white areas” were noticeable in some oxida-
tive fibers (arrows in Figures 2B and 2C). Likewise, SDH and COX
staining was also decreased in SOL (Figures S2H and S2I) and
TA cryosections (Figures S3H and S3l). In summary, the data
indicate that, despite maintaining the number of glycolytic fibers,
Fiver1ak® muscles show atrophy of these fibers and reduced
glycolytic metabolism. Moreover, Fiver1a® muscle maintains
the number of oxidative fibers, and these fibers exhibit a higher
potential for sustaining oxidative phosphorylation (OXPHOS).
However, only a small fraction of them can effectively execute
OXPHOS. Therefore, it appears that Fiver1a“® muscle fibers
are primed to be more oxidative but are unable to properly sus-
tain OXPHOS.

We hypothesized that compromised OXPHOS in Flver1a®©
muscle was due to a potential decrease in oxygen supply. Previ-
ous studies have shown that, even when there are adequate
intracellular heme levels, the presence of an active heme synthe-
sis pathway that provides newly synthesized heme is crucial for
the production of hemoproteins.'* Therefore, decreased heme
biosynthesis in Flver1a® mice could result in inadequate levels
of myoglobin, the most important hemoprotein in skeletal mus-
cle, responsible for oxygen storage and delivery.

To test this hypothesis, we analyzed myoglobin levels in
Fiver1ak© skeletal muscle and detected a strong down-modula-
tion on its amount, as well as a reduction in the percentage of
myofibers expressing it (Figures 2D and 2E). Of note, these fibers
co-localized with type | and type lla myofibers (Figure 2E), which
are known to be oxidative. Reduced myoglobin level in Fiver1ak®
GS was restored, at least in part, by oral ALA treatment (Fig-
ure 2F), confirming that decreased heme biosynthesis ac-
counted for it.

Consistent with decreased myoglobin production, we identi-
fied hypoxic regions selectively in Flver1a® myofibers (Fig-
ure 2G). The local hypoxia was likely due to reduced myoglobin,

(F) Western blot analysis of GS myoglobin protein levels at the steady state and after ALA treatment. A representative image is shown, with tubulin expression as a
loading control. Band intensities were measured by densitometry and normalized to tubulin expression.

(G) Immunofluorescence staining of hypoxic myofibers (green: laminin, hypoxyprobe: red). A representative image is shown, with high magnification in the boxed area.
H) EM pictures showing enlarged mitochondria with rarefied cristae in 10-month-old Fiver1ak® GS.

1) EM pictures showing highly electron-dense iron-containing deposits in the mitochondria of Pearls’ stained Flver1ak® GS sections.

(

(

(J) Iron quantification in total muscle lysate and in muscle mitochondrial fraction.

(K) Western blot analysis of GS expression of the mitochondrial proteins dynamin-related protein 1 (DRP1), mitofusin 2 (MFN2), peroxisome proliferator-activated
receptor-gamma coactivator 1alpha (PGC1a), and translocase of outer mitochondrial membrane 20 (TOM20). A representative image is shown, with vinculin
expression as a loading control for all the proteins. Band intensities were measured by densitometry and normalized to vinculin expression.

(L) EM pictures of GS sections, showing the conversion of mitochondrial cristae to electron-dense multilamellar structures in 10-month-old Fiver1ak® GS.

(M) Western blot analysis of LC3-binding chaperone p62 (P62), autophagy related 7 (ATG7), and microtubule-associated protein 1 and 2 light chain 3 (LC3-1I/LC3-
I) protein levels. A representative image is shown, with vinculin expression as a loading control for all the proteins. Band intensities were measured by densi-
tometry and normalized to vinculin expression.

Scale bar: 200 um (B, C, E, and G), 50 um (boxed area in G), and directly indicated on the EM images (H, |, and L). Group averages were compared using the two-
way ANOVA test (B and C), the unpaired Student’s t test (D, E, J, K, and M), and the one-way ANOVA test (F). *p < 0.05, **p < 0.01, and **p < 0.001. Data are
presented as mean + SD with n = 3-4 mice/group (B); n = 2-3 mice/group (C and E); n = 4 (D) mice/group; n = 2 mice/group (F); and n = 3 mice/group (J, K, and M).
See also Figures S2-S5.
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Figure 3. Disrupted heme synthesis-FLVCR1a system results in untimely SC differentiation and compromised muscle regeneration

(A) Representative images of modified Gém6ri trichrome staining on TA 6 and 10 days after CTX treatment and quantification of regenerating area.

(B) Serum creatine phosphokinase (CPK) quantification in mice untreated (baseline) or treated with CTX and analyzed 6 or 10 days after.

(C) Real-time RT-qPCR analyses of TA paired box 7 (Pax7), myoblast determination protein (MyoD), and myogenin expression in CTX-treated mice.

(D and E) Activity of some key enzymes involved in glycolysis (D) and oxidative metabolism (E), as well as mitochondrial ATP levels (E), in TA of mice untreated
(baseline) or treated with CTX and analyzed 6 or 10 days after. PFK, phosphofructokinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LDH, lactate
dehydrogenase; PDH, pyruvate dehydrogenase; SDH, succinate dehydrogenase; MDH, malate dehydrogenase; C-I, complex I; C-lll, complex IlI.

Group averages were compared using two-way ANOVA (A, B, D, and E) and unpaired Student’s t test (C). *p < 0.05, **p < 0.01, ***p < 0.001, and ***p < 0.0001.
Data are presented as mean + SD with n = 2-3 mice/group (A, D, and E) and n = 3-4 mice/group (B and C).

as we did not observe alterations in vasculature (Figure S5A) and
vascular endothelial growth factor A mRNA levels (Figure S5B).
Moreover, we observed the induction of erythropoietin expres-
sion in the kidneys (Figure S5C), which correlated with elevated
levels of red blood cells, hemoglobin, and hematocrit (Fig-
ure S5D) in blood analyses, indicating the promotion of erythro-
poiesis in Flver1a®® mice, possibly as a compensatory body
attempt to counteract the skeletal muscle local hypoxia, albeit
unsuccessfully.

Collectively, these data indicate that reduced heme biosyn-
thesis in Fliver1a® mice affects myoglobin production, likely im-
pairing oxygen management in oxidative muscle fibers.

Flvcria loss perturbs mitochondrial integrity

Apart from the deficiency in myoglobin, other factors may
contribute to the defective OXPHOS in Flver1a®® muscle.
Indeed, electron microscopy (EM) micrographs revealed the
presence of enlarged mitochondria, with rarefied cristae in
Fiver1a®© mice (Figure 2H), indicating a profound impairment
of mitochondrial integrity.
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Perturbed heme metabolism can alter tissue iron stores, '®~'”

and reduced heme biosynthesis might conceivably alter tissue
iron utilization. Perl’s staining on tissue sections for EM revealed
highly electron-dense iron-containing deposits in Flvcr1a®
mitochondria (Figure 2I). Moreover, while total muscle iron con-
tent was unaffected in Fiver1ak® mice, inductively coupled mass
spectrometry measurement confirmed increased iron levels in
FLVCR1a-deficient mitochondria (Figure 2J). As abnormal iron
deposits have been proposed to underpin alterations in mito-
chondrial dynamics'®'® and dysfunctional autophagy,”® we
analyzed the expression of proteins involved in these processes.
Although the expression of peroxisome proliferator-activated re-
ceptor-gamma co-activator 1alpha and of translocase of outer
mitochondrial membrane 20, key markers of mitochondrial con-
tent, was unchanged in Fiver1a"© mice (Figure 2K), that of dyna-
min-related protein 1 and mitofusin 2 was significantly reduced
(Figure 2K), conceivably suggesting impairment of mitochondrial
dynamics. Concomitantly, EM pictures revealed the presence
of electron-dense areas in mitochondria, reminiscent of auto-
phagic structures (Figure 2L). In addition, the ratio between
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microtubule-associated protein 1 and 2 light chain 3 was
increased, whereas LC3-binding chaperone p62 and autophagy
related 7 protein levels were down-regulated in Fiver1a®© mice
compared to controls (Figure 2M), indicating dysfunctional auto-
phagy in Fiver1a®® muscle.

Thus, FLVCR1a loss in skeletal muscle results in mitochondrial
damage and reduced oxidative metabolism, likely elicited, at
least in part, by myoglobin deficiency, altered mitochondrial dy-
namics, and dysfunction of the autophagic flux.

Disrupted heme synthesis-FLVCR1a system results in
untimely SC differentiation and compromised muscle
regeneration
Literature data described a progressive metabolic shift from
glycolysis to OXPHOS during activation of muscle stem cells,'?
and in parallel, it has been reported that metabolic pressure con-
tributes to define muscle stem cell fate and activation.” To inves-
tigate whether the metabolic derangement observed in Flver1a©
skeletal muscle may impact the SCs’ properties and tissue
regenerative potential, we injected cardiotoxin (CTX) in Flver1aX©
and Fiver1a™™ TA to induce muscle damage. Both control and
Flver1a¥® mice showed severe muscle damage 6 days after
CTXtreatment (Figure 3A), as well as centronucleated myofibers,
indicating regeneration, 10 days after CTX injection. However,
Flver1a¥® muscles exhibited disorganized muscle structure and
infiltration of interstitial cells, indicating a delayed regenerative
response (Figure 3A). Moreover, 10 days after the injury,
Flver1ak® muscles showed increased levels of muscle damage
markers such as creatine phosphokinase (Figure 3B).>"?? In
addition, the mRNA levels of paired box 7 (a promoter of quies-
cence) were higher in CTX-injured Flver1a® muscles, whereas
myoblast determination protein (crucial for specification) was
significantly reduced compared to CTX-injured Fiver1a™® TA
(Figure 3C). By contrast, myogenin expression (required for dif-
ferentiation) was comparable in the two genotypes (Figure 3C).
Finally, analyses on metabolic pathways revealed that CTX-
injured Flver1a®® TAs were unable to increase glycolysis during
regeneration, as CTX-injured Fiveria™® muscles did, with a
consequent precocious shift toward oxidative metabolism
(Figures 3D and 3E). Taken together, these findings point to
impaired engagement of metabolic processes during muscle
regeneration in Fiver1a™© mice, thus putting forward the notion
that CTX-injured Flver1ak® muscles prematurely activate SC dif-
ferentiation, with a consequent delayed regenerative process.
We then investigated the impact of FLVCR1a on myogenic
fate decisions in SCs isolated from muscles. Quiescent inacti-
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vated (a7-integrin+CD34"%) and activated («7-integrin+CD347)
Fiver1a®© and Fiver1a™" SCs were represented in similar propor-
tions (Figure 4A) and showed similar proliferation rates when
plated in growth medium (GM) (Figure 4B). Interestingly, both in-
activated and activated Fiver1a“® SCs spontaneously form
larger myotubes in GM, suggesting a premature progression to
myogenic lineage (Figure 4C). Moreover, Flvcria mRNA was
significantly reduced in activated compared to inactivated
Fiver1a™® SCs (Figure 4C). Similarly, we detected a decrease
in Flvcria expression when comparing C2C12 myogenic cells
cultured in GM and differentiation medium (Figure 4D), hinting
at FLVCR1a involvement in the control of cellular commitment.
Likewise, a dramatically lower proportion of desmin+ myotubes
was found in Flver1ai® SCs at day 5 after differentiation (Fig-
ure 4E), although their terminal myogenic differentiation was
confirmed by higher myotube area and maturation index relative
to Flver1a™ SCs (Figure 4F), further indicating that loss of
FLVCR1a results in untimely myogenic differentiation. Taken
together, these results suggest that FLVCR1a in SCs is essential
for skeletal muscle regeneration and for preventing premature
progression to the myogenic lineage, likely by averting an early
transition from glycolysis to OXPHOS.

The involvement of the heme synthesis-FLVCR1a axis in
the maintenance of cell proliferation®°® has been previously
described. Moreover, heme biosynthesis has been implicated
in the naive-to-primed embryonic stem cell transition,>*>>° a shift
from two different pluripotent states exhibiting contrasting meta-
bolic requirements.?® Therefore, we hypothesize that dysregu-
lated heme biosynthesis could be the underlying cause of
premature myogenic differentiation in Flver1ak® SCs. As previ-
ously explained, ALAS1 concomitantly plays a role in heme pro-
duction and contributes to TCA cycle cataplerosis. This means
that ALAS1 activity can impact cellular metabolism both depen-
dently on and independently of heme. Consequently, to test the
implication of heme biosynthesis in SC differentiation, we har-
nessed two distinct compounds: ALA and succinyl-acetone
(SA). ALA, as mentioned previously, induces de novo heme
biosynthesis, bypassing ALAS1. Therefore, it increases heme
levels but concomitantly reduces ALAST activity,” as ALAS1 is
feedback inhibited by heme itself. Conversely, SA inhibits the
second heme biosynthetic enzyme, thus decreasing heme levels
while concurrently promoting ALAS1 activity,””-*® as feedback
inhibition is released. Consequently, the administration of ALA
and SA to Flver1a®® and Fiver1a™" SCs, along with their compar-
ison, enabled us to dissect the effects stemming from heme
levels from those associated with ALAS1 activity per se.

Figure 4. Disrupted heme synthesis-FLVCR1a system results in untimely SC differentiation
(A) Fluorescence-activated cell sorting (FACS) analysis dot plots showing the different GS, TA, and QD SC subpopulations in 10-month-old mice.

(B) Proliferation assays of SCs isolated from 10-month-old TA, GS, and QD.

(C) Representative images of inactivated and activated cultured SCs isolated from 5-month-old skeletal muscle and real-time RT-gPCR analysis of their Fivcria

mRNA levels.

(D) Real-time RT-qPCR analysis of Flvcria expression in C2C12 cells before (growth medium [GM]) and after (differentiating medium [DM]) differentiation.
(E) Immunofluorescence staining (blue: DAPI, red: desmin) of SCs isolated from 5-month-old skeletal muscle and cultured for 7 days in DM in the absence of any
treatment (DM), in DM supplemented with 5 mM ALA (DM + ALA), or in DM supplemented with 0.5 mM SA (DM + SA). Representative images are shown.
(F) Measurements of some key parameters for myotube number, morphology, and differentiation in SCs isolated from 5-month-old skeletal muscle cultured in

DM, DM + ALA, and DM + SA.

Scale bar: 50 um (C and E). Group averages were compared using two-way ANOVA. *p < 0.05, **p < 0.01, and ***p < 0.001. Data are presented as mean + SD with

n =8 (A); n=6 per group (B and C); n =4 (D); and n =12 (E and F).
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We observed that SA treatment in Flver1ak® SCs effectively
restored the number of myotubes, which displayed a similar pro-
portion of myotube area and maturation index compared to
Fiver1a™" SCs (Figures 4E and 4F), underscoring the normaliza-
tion of premature progression to the myogenic lineage in differ-
entiating SA-treated Flver1a®© SCs. In contrast, ALA treatment
in Fiver1a™ SCs mimicked the effects of Fiver1a deletion. More-
over, ALA administration exacerbated the existing differences
observed in Fiver1ak® and Fiver1a™® SCs at day 7 after differen-
tiation (Figures 4E and 4F).

Although ALAS1 activity is not entirely distinct from heme pro-
duction, these findings suggest that diminished ALAS1 activity,
rather than heme levels, primarily triggers premature differentia-
tion in Fiver1ak© SCs.

DISCUSSION

The present work elucidates the importance of FLVCR1a in the
control of the acquisition/maintenance of a specific energy pro-
file in muscle progenitors and fibers.

FLVCR1a’s role is debated: it may export heme® or import
choline.*”” However, Flvcria loss reduces heme biosynthesis,
regardless of its cargo. ALAS1-mediated heme biosynthesis in-
fluences mitochondrial oxidative metabolism, both supporting
it, by supplying the heme co-factor to the ETC complexes,”®
and hindering it, by consuming succinyl-CoA, functioning as a
TCA cycle cataplerotic pathway.® FLVCR1a has been described
as a partner of ALAS1,%%'* capable of determining its activity.
Therefore, our data sustain a model in which FLVCR1a promotes
heme synthesis in skeletal muscle cells, both favoring the pro-
duction of myoglobin and balancing the pro-oxidative vs. the
pro-glycolytic function of heme biosynthesis, thus contributing
to determine their energy phenotype. As a consequence, the
disruption of the heme synthesis-FLVCR1a system leads to dys-
regulated fiber metabolism, with muscle cells primed to be
oxidative but unable to execute proper OXPHOS.

Our data show a clear link between reduced ALAS1-depen-
dent heme biosynthesis and metabolic changes in Flver1ak®
muscles and differentiating SCs. Indeed, treating SCs with
agents affecting heme biosynthesis mirrors/reverses the
abnormal myogenic commitment seen in Fiver1a“® SCs. Previ-
ous works elucidated the importance of heme biosynthesis in
the transition of pluripotent cells between different states.?*>°
Moreover, the involvement of heme metabolism in SC differenti-
ation is in line with studies reporting HO-1 as a regulator of differ-
entiation of muscle progenitors in vitro.*>*' Furthermore, similar
to the muscle-specific Flvcria-null mice, skeletal-muscle-spe-
cific HO-1-null (MHO1) animals show compromised muscle
integrity and performance, characterized by muscle fiber atro-
phy, mitochondrial damage, reduced oxidative metabolism,
and deregulated muscle cell differentiation, suggesting the pres-
ence of a shared fundamental dysfunction in the two mouse
models. Nevertheless, unlike prior studies, our data propose a
different perspective, suggesting that FLVCR1a serves as a pre-
cise mechanism for regulating ALAS1 activity and heme synthe-
sis for energetic purposes, likely ensuring that cells acquire the
proper energetic phenotype for transitioning among a quies-
cent-proliferative-differentiated state. Consistent with our obser-
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vations in Flver1ak® SCs, previous studies reported FLVCR1a
expression modulation during erythroid and endothelial cell dif-
ferentiation,.®>>* Likewise, defective expansion and differentia-
tion of erythroid progenitors®* and impaired regeneration of in-
testinal mucosa upon injury'® have already been described in
animal models tissue-specifically null for FLVCR1a.

The reasons for ETC impairment in MHO1 mice, with
heme accumulation, and muscle-specific Flver1a®© mice, with
reduced heme synthesis, are not fully understood. Heme toxicity
could distress mitochondria in MHO1 mice, while reduced de
novo heme supply by ALAS1 might decrease ETC in Flvcr1a©
mice. However, based on data obtained in other systems,8 this
alone may not fully explain ETC malfunction in Flver1a®© mice.
Secondary factors, like impaired mitochondrial morphology/dy-
namics,>° altered autophagy,®® and decreased myoglobin pro-
duction could also contribute.

In conclusion, the heme synthesis-FLVCR1a system controls
muscle energy phenotype, thereby suggesting potential ave-
nues for modulating skeletal muscle function and stem cell state
by targeting metabolic pathways controlled by/interlinked with
ALAS1-mediated heme biosynthesis.

Limitations of the study

Our study did not examine heme dynamics with the required ac-
curacy, so it does not conclusively determine if FLVCR1a trans-
ports both heme and choline or if one affects the other’s trans-
port. Thus, how FLVCR1a regulates ALAS1 activity remains
uncertain. Further research is needed to clarify the molecular
pathways linking heme and choline metabolism.
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and Fiver1a®© mice (This paper)

Experimental models: Organisms/strains

Mouse: Flver1a™™ mice Vinchi et al.'* N/A

Mouse: MyoD-iCRE mice

Laboratory of Prof. Graziella Messina

Cat#014140; RRID:IMSR_JAX:014140

Mouse: Fiver1ak®: Fiver1a™";MyoD-iCre This paper N/A
Oligonucleotides

Murine ILoxFlver1 Fw: Vinchi et al.™ N/A
TCTAAGGCCCAGTAGGACCC

Murine ILoxFlver1 Rev: Vinchi et al.™ N/A
GAAAGCATTTCCGTCCGCCC

Murine lILoxFlvcr1 Rev: Vinchi et al."* N/A
AGAGGGCAACCTCGGTGTCC

Murine MyoD iCre Fw: Kanisicak et al.*” N/A
TGGGTCTCCAAAGCGACTCC

Murine MyoD iCre Rev: Kanisicak et al.®” N/A
GCGGATCCGAATTCGAAGTTCC

Software and algorithms

GraphPad Prism v9.0.0

Fiji
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GraphPad Software, Inc., La Jolla, CA, USA

Schindelin et al.*®

https://www.graphpad.com/;
RRID:SCR_002798

http://fiji.sc/; RRID:SCR_002285
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Primer Express software v3.0 Thermofisher Scientific, Waltham, MA, USA https://www.thermofisher.com/order/

catalog/product/4363991/;
RRID:SCR_014326

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Emanuela
Tolosano (emanuela.tolosano@unito.it).

Materials availability
All unique/stable reagents generated in this study will be made available on request, but we may require a payment and/or a
completed Materials Transfer Agreement if there is potential for commercial application.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Primary cell cultures

Isolation of muscle satellite cells (SCs) by enzymatic dissociation was performed as previously described,*® with minor modifications.
Briefly, skeletal muscles (a mix of GS, TA, QD), obtained from the hind limbs of 5-month-old mice, were minced and incubated in
500 U/ml Collagenase Il (Thermofisher Scientific, Waltham, MA, USA, catalog n° 17101015) in Ham’s F10 medium (Thermofisher
Scientific, Waltham, MA, USA, catalog n° 11550043) in a shaking incubator at 37°C for 40 min. The muscle digest was washed
and resuspended in Wash Media (Ham’s F10; 10% Horse Serum (Thermofisher Scientific, Waltham, MA, USA, catalog n°
16050122); 1% penicillin/streptomycin (Thermofisher Scientific, Waltham, MA, USA, catalog n° 15140122); 1% L-Glutamine (Ther-
mofisher Scientific, Waltham, MA, USA) containing 200 U/ml Collagenase Il (Thermofisher Scientific, Waltham, MA, USA, catalog n°
17101015) and 1.1/mL U Dispase (Thermofisher Scientific, Waltham, MA, USA, catalog n° 17105041), the resulting suspension was
triturated with a pipet tip until the muscle is totally dissociated and placed in a shaking incubator at 37°C for 20 min. The muscle sus-
pension was passed through 18 and 19-gauge needles using 10 mL syringes and filtered through 40 um cell strainers. For isolation of
MuSCs, muscles were stored for 12 h at 4°C before digestion. MuSCs were sorted using a FACSAria Fusion (BD Biosciences,
Franklin Lakes, NJ, USA) by negative selection with antibodies recognizing CD31 FITC, CD45 FITC, F4/80 FITC (BD Biosciences,
Franklin Lakes, NJ, USA) and Sca1-PE (Miltenyi Biotec, Bergisch Gladbach, Germany) (Lin —ve), and positive selection with an
anti-alpha?7 integrin PE-Vio770 (Miltenyi Biotec, Bergisch Gladbach, Germany) antibody, as previously described.* Cell viability
was determined using 7-amino-actinomycin D (anti-7AAD, BD Biosciences, Franklin Lakes, NJ, USA) viability probe. After sorting
500 cells/cm2 mMuSCs were plated onto 0.2% w/v gelatin-coated Nunc 6-well plates (Thermofisher Scientific, Waltham, MA,
USA) in proliferation medium composed of Ham F10 medium (Thermofisher Scientific, Waltham, MA, USA, catalog n° 11550043) sup-
plemented with 20% FBS, 1% Chicken Embryo Extract (MP Biomedicals, Irvine, CA, USA, catalog n° 092850145). To induce
myogenic differentiation, cells at 80% of confluence were plated in Dulbecco modified Eagle medium (DMEM, Thermofisher Scien-
tific, Waltham, MA, USA) containing 2% horse serum (HS) for 7 days.

Cell lines

C2C12 cells (ATCC, Manassas, VA USA, catalog n° CRL-1772, RRID:CVCL_0188) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, high glucose, GlutaMAX supplement; Gibco by Thermofisher Scientific, Waltham, MA USA, catalog n°61965059)
supplemented with 10% heat-inactivated low-endotoxin fetal bovine serum (FBS; Gibco by Thermofisher Scientific, Waltham, MA
USA, catalog n°10270106). Cell medium was ordinarily supplemented with antibiotics (100U/ml penicillin and 100ug/ml strepto-
mycin; Gibco by Thermo Fisher Scientific, Waltham, MA USA, catalog n°15140122). Cells were maintained in a 37°C and 5%
CO2 air incubator and routinely screened for absence of mycoplasma contamination.

Animal models

To generate muscle-specific Flveria knock-out mice, mice expressing the Cre recombinase under the control of the muscle-specific
MyoD promoter“® (kindly provided by Prof. Graziella Messina) were crossed with Flver1a™™ mice.’* Mice heterozygous for both the
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MyoD-iCre carrying allele and the Flvcria-floxed allele were backcrossed with Flverta™®

knock-out animals (referred to as Flver1a®©). Fiver1a™ mice were used as controls.

To stimulate heme biosynthesis, mice were administered 30 mg/kg of 5-Aminolevulinic acid hydrochloride (ALA, Sigma Aldrich, St.
Louis, MO USA, catalog n°A3785) dissolved in physiological solution through gavage and analyzed 16 h later (for both heme dosage
and assessment of myoglobin protein levels).

All the mice were provided with food and water ad libitum. Female and male mice were used for preliminary behavioral tests,
showing comparable results (data not shown). All the other experiments were exclusively performed on male mice. Males were
chosen to minimize confounding variables related to the estrous cycle phases, which can influence heme/iron metabolism. All
experiments involving living animals conform to the relevant regulatory standards and were conformed to ltalian law (D.L.vo 116/
92). This work was authorized by the Italian Ministry of Health, authorization number 331/2022-PR (CC652.175, 30/05/2022).

mice to obtain muscle-specific Flvcria

METHOD DETAILS

RNA extraction and quantitative real-time PCR
RNA extraction and real-time quantitative reverse transcription PCR analyses were performed as described previously.*' Briefly, total
RNA was extracted using Purelink RNA mini kit (Thermofisher Scientific, Waltham, MA USA, catalog n° 12183018A). Between 500
and 1000ng of total RNA were transcribed into complementary DNA (cDNA) by High-Capacity cDNA Reverse Transcription Kit (Ther-
mofisher Scientific, Waltham, MA USA, catalog n° 4368813). Real-time RT-gPCR was performed using gene-specific TagMan Gene
Expression Assays (Thermo Fisher Scientific Waltham, MA, USA), except for Fivcria. For Fivcria, specific primers and the probe
were designed using Primer Express Software v3.0 (Thermofisher Scientific, Waltham, MA USA, https://www.thermofisher.com/
order/catalog/product/4363991/; RRID:SCR_014326) and real-time RT-gPCR was performed using the TagMan Fast Advanced
Master Mix (Thermofisher Scientific, Waltham, MA USA, catalog n°4444557).

Real-time RT-gPCR were performed on a 7900HT Fast or QuantStudio 6 Flex Real-Time PCR System (Thermofisher Scientific,
Waltham, MA USA) and analysis was performed on RQ Manager or QuantStudio Real-Time PCR software. Transcript abundance,
normalized to 18s or actin beta mRNA expression is expressed as a fold increase over a calibrator sample.

Protein extraction and western blot

Proteins were extracted from frozen tissue powders which were lysed by rotation for 30 min at 4°C in homemade RIPA buffer (150mM
NaCl, 50mM Tris-HCI pH 7.5, 1% Triton X-100, 0.5% Sodium deoxycholate, 0.1% SDS, 1mM EDTA). The buffer was freshly supple-
mented with 1TmM phosphatase inhibitor cocktail (Sigma Aldrich, St. Louis, MO USA, catalog n° P0044), 1mM PMSF (Sigma Aldrich,
St. Louis, MO USA, catalog n° 93482-50ML-F) and protease inhibitor cocktail (La Roche, Basel, CH, catalog n° 04693116001). The
lysate was clarified by centrifugation for 10-20 min at 4°C. Protein concentration in the supernatant was assessed by Bradford assay.
15 to 40 ng proteins were loaded on Bio-Rad precast gel (Mini-PROTEAN TGX Stain-Free Gels, catalog n° 4568086). The revelation
was assessed using the ChemiDoc Imaging System (Bio-Rad, Hercules, CA USA).

Mitochondria isolation for enzymatic assays

According to a previous work,*” tissue samples were lysed in 0.5mL buffer A (50 mmol/L Tris, 100 mmol/L KCI, 5 mmol/L MgCI2,
1.8 mmol/L ATP, 1 mmol/L EDTA, pH 7.2), supplemented with protease inhibitor cocktail Il [100 mmol/L AEBSF, 80 mmol/L aprotinin,
5 mmol/L bestatin, 1.5 mmol/L E—64, 2 mmol/L leupeptin and 1 mmol/L pepstatin (Merck KGaA, Darmstadt, DE)], 1 mmol/L phenyl-
methylsulfonyl fluoride (PMSF), 250 mmol/L NaF. Samples were clarified by centrifuging at 650 x g for 3 min at 4°C, and the
supernatant was collected and centrifuged at 13,000 x g for 5 min at 4°C. The new supernatant was discarded, the pellet containing
mitochondria was washed in 0.5mL buffer A and re-suspended in 0.25mL buffer B (250 mmol/L sucrose, 15 umol/L K2HPO4, 2 mmol/
L MgCI2, 0.5 mmol/L EDTA, 5% w/v bovine serum albumin). A 50uL aliquot was sonicated and used for the measurement of protein
content. To confirm the presence of mitochondrial proteins in the extracts, 10 ng of each sonicated sample were subjected to SDS-
PAGE and probed with an anti-porin antibody (Abcam, Cambridge, UK). The sonicated samples were used to measure the enzymatic
activities of 5’-aminolevulinate synthase 1, pyruvate dehydrogenase, citrate synthase, a-ketoglutarate dehydrogenase, succinate
dehydrogenase and malate dehydrogenase. The remaining unsonicated part was used to measure the electron transport chain
(ETC) complexes I-1V activities.

Mitochondrial ATP content

ATP levels in mitochondria extracts were assessed by the ATP Bioluminescent Assay Kit (Sigma-Aldrich, St. Louis, MO USA, catalog
n° FLAA). ATP was quantified as relative light units (RLU) and converted into nmol ATP/mg mitochondrial proteins, according to a
calibration curve previously set.

Enzymatic activity

5'-aminolevulinate synthase 1 activity

ALAS1 activity was measured according to a previous work.*® 10 L of the reaction product were injected into a Waters Acquity ultra
performance liquid chromatography (UPLC), equipped with a binary solvent manager, sample manager, photodiode array detector
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(PDA), fluorescence detector, column heater and an Acquity UPLC BEH C18, 1.7 uM, 2.1 x 100 mm column. ALA-derivative was
detected by setting the detector with excitation A = 370 nm and emission A = 460 nm, and the range of PDA scanner between
210 and 500 nm. The results were converted into nmol/min according to a previously set titration curve and expressed as nmol/
min/mg mitochondrial proteins.

Glycolytic enzymes activities

Samples were homogenized using a Tissue Lyser Il (Qiagen) and filtered through a 60 um strainer to obtain a single-cell suspension.
Cells were centrifuged at 1,200 x g for 5 min at room temperature and washed twice with PBS 1X, resuspended in 200 pL of 100 mM
TRIS 10 mM/EDTA I mM (pH 7.4), and sonicated on ice with two 10 s bursts. Enzymatic activities were measured on 10 puL cell lysates,
incubated for 5 min at 37°C. The protein content was measured using the BCA1 kit (Sigma Aldrich, St. Louis, MO USA, catalog
n°71285-M). Aldolase and pyruvate kinase (PK) activities were measured by using the Aldolase Activity Colorimetric Assay Kit
(Bio-Vision, Waltham, MA USA, catalog n°K665) and the Enzymatic Assay of Pyruvate Kinase kit (Sigma Aldrich, St. Louis, MO
USA, catalog n°MAKQ72), respectively. The activity of phosphofructokinase-1 (PFK) assay was measured spectrophotometrically,
as reported in a previous work.** The activities of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), enolase and lactate dehy-
drogenase (LDH) were measured spectrophotometrically according to previous works.*>**® For GAPDH, tissue lysate was incubated
with 5 mM 3-phosphoglyceric acid, 1 U phosphoglycerate 3-kinase, 5 mM ATP and 2.5 mM NADH. For enolase, tissue lysate was
incubated with 10 mM MgCl,, 100 mM KCI, 1 mM 2-phosphoglyceric acid, 0.4 mM ADP, 6.8 U/mL PK, 9.9 U/mL LDH, 0.2 mM NADH.
For LDH, tissue lysate was incubated with 5 mM NADH and 20 mM pyruvic acid. For all assays of glycolytic enzymes, the activities
were monitored measuring the absorbance variation at 340 nm using a Synergy HTX 96-well microplate reader (Bio-Tek Instruments,
Winooski, VT). The kinetics were linear throughout the measurement.

Pyruvate dehydrogenase, citrate synthase, a-ketoglutarate dehydrogenase, succinate dehydrogenase and malate
dehydrogenase activities

The enzymatic activities of pyruvate dehydrogenase (PDH), citrate synthase, a-ketoglutarate dehydrogenase, succinate dehydroge-
nase and malate dehydrogenase were measured on 10 png mitochondrial proteins using the Pyruvate dehydrogenase (PDH) Enzyme
Activity Microplate Assay Kit (Abcam, Cambridge, UK, catalog n° ab109902), Citrate Synthase Assay Kit (Sigma Aldrich, St. Louis,
MO USA), Alpha Ketoglutarate (alpha KG) Assay Kit (Abcam, Cambridge, UK), Malate Dehydrogenase Assay Kit (Sigma Aldrich, St.
Louis, MO USA), Succinate Dehydrogenase Activity Colorimetric Assay Kit (BioVision, Milpitas, CA USA), as per manufacturer
instructions.

Activity of mitochondrial ETC complexes I-IV

The activity of mitochondria respiration complexes was measured according to a previous work.*?

Histological and immunofluorescence analysis

Gastrocnemius, soleus and tibialis anterior cryosections (10 um thick) of 2 and 10-month-old mice were obtained from muscles
directly frozen in liquid nitrogen cooled isopentane and stored at —80°C after collection. Slides were defrosted and incubated
with hematoxylin for 4 min, then rinsed in deionized water and incubated in 1% eosin for 30 s. Finally, slides were incubated for
30 s in 80-90-100% ethanol solution for dehydration and in 100% xylene (Sigma-Aldrich, USA) for 1 min before mounting with
DPX reagent (VWR International, USA) and coverslips. For the assessment of SDH activity, 0.54 g of sodium succinate
(Carlo Erba, cat. 483555) and 0.02 g of NBT (Sigma cat. N6876-1G) were dissolved in 20 mL of a 0.2 M phosphate buffer. Slides
were incubated 1h at 37°C prior to washing three times in deionized water. Slides were then dehydrated for 30 s in 80-90-100%
ethanol solution for dehydration and in 100% xylene for 1 min before mounting with DPX reagent and coverslips. For COX activity
staining, slides were incubated 1 h at room temperature in the incubating solution (0.2 M phosphate buffer, 0.2 M sucrose, cyto-
chrome ¢ and DAB, Sigma-Aldrich, USA). Slides were then rinsed in deionized water and dehydrated for 30 s in 80-90-100% ethanol
solution, prior to incubation for 1 min in 100% xylene and mounting with DPX reagent and coverslips. Endothelium, laminin and
myosin heavy chain isoforms were analyzed by immunofluorescence. For endothelium slides were fixed with 4% paraformaldehyde
for 10 min, permeabilized with 0.3% Triton X-100 for 15 min and incubated with 10% donkey serum to block non-specific binding for
1 hand then incubated with the primary antibodies (overnight at 4°C) diluted in blocking solution. Fluorochrome-conjugated second-
ary antibodies were diluted in PBS and added for 1h at room temperature. Slides were then mounted with Prolong Gold Antifade
Reagent with DAPI (Thermo Fisher, Carlsbad, CA). For myofiber types characterization, tissue cryosections were fixed in cold 1:1
ethanol-acetone solution for 3 min at RT, followed by 3 washes in PBS 1X, 5 min each. Slides were incubated for 1 h with a blocking
solution of 5% goat serum in PBS 1X at RT, and then incubated with primary antibody for MyHC type 1IB 2 h at RT. After 3 PBS 1X
washes of 5 min, goat anti-mouse IgM 594 secondary antibody was diluted 1:100 in PBS 1X and added for 1h at RT. Slides were
washed again three times with PBS 1X and incubated with primary antibody for MyHC type | and IIA overnight at 4°C. The day after,
slides were washed three times in PBS 1X for 5 min each, prior to incubation with goat anti-mouse IgG 421 and goat anti-mouse IgG
488 both diluted 1:100 in PBS 1x for 40 min at 37°C. After three washes with PBS 1X, slides were incubated with laminin primary
antibody 2 h at RT, then washed, and incubated with goat anti-rabbit IgG 647 secondary antibody 1:100 in PBS 1x for 40 min at
37°C. Finally, the slides were washed in PBS, then mounted with 1:1 PBS 1X-glycerol (Sigma-Aldrich, St. Louis, MO, USA) solution
and coverslips. Primary antibodies were used at the following dilutions in blocking solution: CD31 1:50; isolectin 1:100, myosin
heavy chain Type | BA-D5 1:50, myosin heavy chain Type lla sc-71 1:50, myosin heavy chain Type llb BF-F3 1:50, laminin 1:200.
For antibodies details see the “Key Resources Table”. A modified version of Gom&ri trichrome staining was performed to evaluate
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the percentage of regenerating area in CTX treated mice. Frozen sections were brought to RT and placed in preheated Bouin’s Fluid
(BF) at 56°C for 15 min. Slides were then cooled down to RT and rinsed in tap water. Equal volumes of Hematoxylin Weigert’s Iron Part
A and B (Bio-Optica, Milan S.p.A. ltaly) were applied to tissue sections for 5 min at RT. After washing in deionized water, acid alcohol
solution (0,5% HCI in ethanol) was applied to sections for 10 s, to stain cytoplasm, followed by acid fuchsin solution (Bio-Optica,
Milan S.p.A. ltaly) diluted 1:2 in deionized water for 5 min. Tissue sections were incubated with phosphomolybdic acid (Bio-
Optica, Milan S.p.A. Italy) for 5 min to block the staining of all tissue components other than connective tissue fibers. Then, slides
were incubated with 15% aniline blue solution (Bio-Optica, Milan S.p.A., ltaly) for 5 min to stain collagen fibers. Finally, slides
were washed in deionized water combined with 1% glacial acetic acid (Carlo Erba, Milan, Italy) and incubated for 45 s in 100%
ethanol solution, for dehydration, followed by incubation in 100% xylene (Sigma-Aldrich, USA) for 1 min before mounting with
DPX reagent (VWR International, USA) and coverslips.

For H&E, SDH activity staining, COX activity staining and Géméri trichrome staining, images were captured by Leica microdissec-
tor (CTR6000) or Leica DM6. For endothelium and myofiber types images, Leica DMi8 fluorescence microscope was used. The num-
ber of the different fiber types was manually counted and myofibers CSA was manually calculated using the freehand selection and
the area measurement tools in Fiji (https://fiji.sc/). Areas of positivity for Gom&ri trichrome, SDH, COX staining and endothelium
immunofluorescence were manually identified and selected in Imaged based on fixed thresholds.

Muscle hypoxia

Skeletal muscle hypoxia was assessed as described previously.*” Briefly, pimonidazole hydrochloride (60 mg/kg) was injected i.p.
90 min prior to dissection and followed by immunostaining with RED 549 dye-conjugated anti-pimonidazole mouse IgG1 monoclonal
antibody (RED 549-MAb1) (Hypoxyprobe RED 549 Kit) on gastrocnemius cryosections. Images were acquired on a Leica TCS SP8
confocal microscope (Leica Microsystems) and analyzed on ImageJ.

Grip strength test

For the grip strength test, which measures the strength of the fore limbs, the BIOSEB grip strength apparatus (BIOSEB, Vitrolles, FR,
catalog n° BIO-GS3) was used. Mice were forced to grip at the top of the inclined grid with the forelimbs and were gently pulled to-
ward the bottom. To perform one trial, this movement was repeated three times and the maximum strength per gram was recorded.
Following one initial training trial, mice underwent five consecutive trials each.

Kondziela’s inverted screen test

Kondziela’s inverted screen test, which measures the strength of fore and rear limbs, was performed on a homemade grid (43 x
43 cm wire mesh consisting of 12 mm squares of 1 mm diameter wire, surrounded by 4 cm deep wooden beading), built according
to a previous work.“® The grid was held at 40 cm height from a padded surface. Mice were hung on the inverted screen up to 1 min,
and the latency time on the grid was recorded. Training was not required, as hanging is a usual behavior for mice. Mice underwent
three trials and were allowed to rest for 5 min among each trial. Results were normalized on mice body weight.

Rotarod performance test

The rotarod performance test, which reflect motor coordination measured as time spent on a rotating rod, was performed according
to*® on a “Ugo Basile” apparatus (Ugo Basile srl, Varese, IT, model 760). Mice were trained for 2 min the day of the experiment, then
subjected to three trials of maximum 5 min. Mice were allowed 5 min of rest between each trial. The maximum latency time for each
trial was recorded. The experiment was repeated twice in two non-consecutive days.

Treadmill performance test

The test of endurance to exercise was performed on a BIOSEB treadmill (Cornella, ES, catalog n° BX-TM2_2012915). A modified
version of the protocols described in°°~°? was used, adjusting the speed to mice age. Mice underwent three training sessions before
testing. In the first training session, mice run on the treadmill for 10 min at a constant speed of 13 cm/s. A shock grid mounted at the
end of the treadmill delivered a 0.1 mA current to provide motivation for exercise. After two days, mice were trained again three times
for 10 min at 20 cm/s, 25 cm/s and 30 cm/s and they were allowed to rest for 10 min between each training session. The current
intensity was raised to 0.4 mA. Lastly, mice were trained after two days for 5 min at 25 cm/s the day of the test and allowed to
rest for 10 min before starting the experiment. Mice run at 25 cm/s and the speed was increased by 4 cm/s every 3 min until a
maximum speed of 41 cm/s. If the mouse was still running at this stage the grade was increased every 3 min by 5%. The test
was stopped when the mouse rested on the shock grid at the back of the treadmill for 5 s, and the maximum time spent on the tread-
mill was recorded.

Electron microscopy

For ultrastructural studies, freshly collected muscle samples were fixed in 2.5% glutaraldehyde, 0.1 M cacodylate buffer, pH 7.4. Af-
ter washing in the buffer, half the samples were incubated en bloc with Perls’ Prussian blue solution for 40 min; this step was omitted
in the remaining half of the samples. Then, samples were cut into 1 mm? blocks and post-fixed with 2% osmium tetroxide (OsO4)
buffered with cacodylate, dehydrated through increasing concentrations of ethanol and embedded in EPON epoxy resin. Images
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of ultrathin sections stained with uranyl acetate and lead citrate were obtained using a transmission electron microscope (EM 109,
Zeiss).

Tissue iron content measurement by ICP-MS

Mice were anesthetized with a mix of Zoletil (tiletamine-zolazepam; Virbac S.r.l., Milano, IT) at a dose of 80 mg/kg body weight and
Rompun (xylazine, Bayer AG, Leverkusen, DE) at a dose of 16 mg/kg body weight. Muscles were excised after transcardiac perfusion
of mice with 0.1 mol/L phosphate-buffered saline (PBS), washed in PBS, blotted dry, weighted and stored at —80°C prior to analyses.
Tissue perfusion with PBS was necessary to reduce background, considering the high amount of physiological iron present in blood.
Iron content in mice organs was determined using inductively coupled plasma mass spectrometry (ICP-MS) (Element-2; Thermo-
Finnigan, Rodano, MI, Italy). Muscle tissues were homogenized with a Teflon homogenizer prior to centrifugation at 800g for
10 min at 4°C. The supernatant was centrifuged at 8000g for 10 min and the resulting pellet was used as the crude mitochondrial
fraction. The total and mitochondrial muscle samples were suspended in 2% nitric acid and heated at 80°C for 15 min to extract
iron. Iron content was measured using ICP-MS (Agilent 7900). Denatured proteins were pelleted by centrifugation at 10,000g for
15 min, and the total protein amount used for iron normalization.

Tissue heme content measurement

Tissue heme concentration was measured using a fluorescence assay, as previously reported.>® Briefly, GS from 2 to 4-month-old
mice untreated or treated with 30 mg/kg 5-aminolevulinic acid for 16 h were harvested following intracardiac perfusion with 1x phos-
phate buffered saline (PBS), to minimize potential interference from blood heme in the subsequent assay, and then frozen.

For the analysis of heme content in total GS lysates, 10 ng of 2% w/v tissue homogenate in cold 1x PBS were collected, and PBS1x
was added to reach a final volume of 50ul. Then, 500ul of 2M oxalic acid was added to each sample. Samples were heated at 95°C for
30 min to promote iron removal from heme. Fluorescence (wavelength: excitation 405 nm - emission 660-720 nm) of the resultant
protoporphyrin was assessed on a Glomax Multi Detection System (Promega Corporation, Madison WI, USA). The endogenous pro-
toporphyrin content (measured in parallel unheated samples in oxalic acid) was subtracted. Data were normalized to total protein
concentration in each sample. Results were expressed as pmol of heme/mg total protein.

For the analysis of heme content in cytosolic and mitochondrial fractions, cellular fractionation into cytosol and intact mitochondria
was done essentially following a modified version of a previously described method.>* Briefly, about 50 mg of the muscle (derived
from the same animal in which muscle total heme amount was quantified) was disrupted with pestle and mortar and resuspended
in 1mL of RHM buffer (210 mM mannitol, 20 mM sucrose and 4 mM HEPES). Following a centrifugation at 1000 x g for 5 min at
4°C, the supernatant was discarded and one volume of permeabilizing buffer (0.1% (v/v) digitonin in RHM buffer) was added to
the pellet. The resuspended pellet was incubated on ice for 5 min, then vortexed and incubated for an additional 5 min. The samples
were then centrifuged at 700 x g for 5 min at 4°C. After separating the supernatant (S1) and the pellet (P1), the supernatant S1 was
centrifuged for 20 min at 21,000 x g at 4°C, to obtain a new supernatant (S2) containing cytosolic proteins. Parallelly, the pellet P1 was
washed one time with 1mL of RHM buffer and centrifuged at 16,000 x g for 5 min at 4°C. The obtained supernatant was discarded,
and the new pellet (P2) was added with a 4:1 volume of lysis buffer (0.025M Tris, 0.15M NaCl, 0.01M EDTA, 1% NP-40, 5% w/v Glyc-
erol, all adjusted to pH 7.4 and then added with protease inhibitors and phosphatase inhibitors the day of use). After being gently
resuspended, the pellet P2 was incubated on ice for 10 min and finally centrifuged at 21,000 x g for 10 min at 4°C. The obtained su-
pernatant (S3) contained crude mitochondrial extracts. 10ug of cytosolic and mitochondrial extracts were then processed to mea-
sure heme content with the oxalic acid method, as described above.

Tissue free choline content measurement

Tissue free choline concentration was measured using the Choline Assay Kit (Abcam, Cambridge, UK, catalog n° ab219944), as per
manufacturer instructions. Briefly, GS tissue from 4-month-old mice were harvested and frozen. 20 mg of tissue were homogenized in
400 pl Assay Buffer (provided by the kit) and centrifuged at 2500 rpm for 5-10 min at 4°C. 50 pl of Choline Reaction Mix, supplied by
the kit, were mixed with 50 ul of each sample’s supernatant. Fluorescence measurements (excitation wavelength: 540 nm, emission
wavelength: 590 nm) were taken 30 min following the addition of the Choline Reaction Mix. Non-specific fluorescence was sub-
tracted, based on a parallel blank control. The choline concentration in each sample was calculated using a standard curve derived
from a freshly prepared set of standards that were analyzed simultaneously.

Cardiotoxin treatment

Cardiotoxin (CTX) was injected to induce skeletal muscle damage and regeneration according to a previous work.*® Three local
consecutive injections, each one of 15 L, of 7.5*10~® M Cardiotoxin Gamma from Naja pallida snake venom (Latoxan, France) re-
suspended in 0.5% NaCl physiological saline solution, were intramuscularly administered into tibialis anterior muscles of 5 months
old mice and samples were collected after 6 and 10 days.

Blood and serum analysis

Complete blood count was performed using an automated laser cell counter hematology system (Advia120 Hematology System;
Siemens Diagnostics), and confirmed with IDEXX ProCyte DX analyser, to assess the following parameters: red blood cells (RBC,
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106/uL), hemoglobin (Hb, g/dl), hematocrit (HCT, %). CPK analysis was performed on serum samples at the baseline and after CTX
treatment in Fiver1a™™ and Fiver1ai® mice with CPK kit (Cobas), according to manufacturer’s instructions.

ALA and SA satellite cells treatment
Satellite cells isolated from mouse skeletal muscles were treated with ALA (5-Aminolevulinic acid hydrochloride, Sigma Aldrich, St.
Louis, MO USA, catalog n° A3785) or SA (Succinyl-acetone, 4-6 Dioxoheptanoic acid, Sigma Aldrich St. Louis, MO USA, catalog n°
D1415) for 7 days in differentiating medium (DM).

ALA and SA were freshly prepared by dissolution in DM at a concentration of 5mM and 0.5mM, respectively, and the medium with
treatment was refreshed every 48 h.

All solutions were kept in the dark.

QUANTIFICATION AND STATISTICAL ANALYSIS
Sample size, mean and statistical details of experiments can be found in the figure legends.

Statistical analyses were conducted in GraphPad Prism v9.0.0 (GraphPad Software, Inc., La Jolla, CA USA, https://www.
graphpad.com/; RRID:SCR_002798). No statistical method was used to predetermine sample size in studies.
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