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Skeletal muscle heme oxygenase-1 activity

regulates aerobic capacity
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Highlights
e Aerobic exercise increases circulating free heme due to
skeletal muscle microtrauma

e Hemopexin-null mice show higher heme levels but no
difference in running capacity

e Skeletal muscle lacking HO-1 has defective mitochondria and
a fatigue-prone phenotype

e HO-1 is required to maintain skeletal muscle health during
aerobic training
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In brief

Alves de Souza et al. show that deficiency
in the heme-degrading enzyme heme
oxygenase-1 in skeletal muscle results in
atrophy, mitochondrial dysfunction, and a
profound inability to adapt to exercise.
Heme metabolism is an essential
pathway necessary for developing and
maintaining exercise capacity, tissue
damage control, and muscle health.
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SUMMARY

Physical exercise has profound effects on quality of life and susceptibility to chronic disease; however, the
regulation of skeletal muscle function at the molecular level after exercise remains unclear. We tested the hy-
pothesis that the benefits of exercise on muscle function are linked partly to microtraumatic events that result
in accumulation of circulating heme. Effective metabolism of heme is controlled by Heme Oxygenase-1
(HO-1, Hmox1), and we find that mouse skeletal muscle-specific HO-1 deletion (Tam-Cre-HSA-Hmox1™)
shifts the proportion of muscle fibers from type IIA to type 1IB concomitant with a disruption in mitochondrial
content and function. In addition to a significant impairment in running performance and response to exercise
training, Tam-Cre-HSA-Hmox1"" mice show remarkable muscle atrophy compared to Hmox1"" controls.
Collectively, these data define a role for heme and HO-1 as central regulators in the physiologic response

of skeletal muscle to exercise.

INTRODUCTION

The benefit of physical exercise profoundly affects the quality of
life and prevention of chronic diseases for millions of people
worldwide. There is growing interest in identifying molecular
events associated with physical exercise that affect fitness and
carry health benefits (Gabriel and Zierath, 2017). Physical exer-
cise is a systemic process that relies on the coordination of
cell pathways in different tissues and organs. During physical ex-
ercise, muscle microtrauma and heme release from intracellular
stores has been observed in a process described for more than
50 years (Gilligan et al., 1943; Sartorelli and Fulco, 2004). During
such events, free hemoproteins are released into the extracel-
lular space; once oxidized, they release heme and, as such, fall
into the category of danger-associated molecular patterns
(DAMPs). DAMPs at low levels are powerful signaling molecules
in response to acute cellular stress but are considered toxic in
high levels (Gozzelino et al., 2010; Immenschuh et al., 2017).
Therefore, the amount of free heme is tightly regulated so as to
maintain cellular homeostasis and avoid progression to patho-
physiology while driving the activation of specific cell-signaling
events.

Gheck for
Updates

Heme metabolism is controlled by two physiologic systems
that are interdependent of each other. Hemopexin (Hpx) is a
scavenger protein in serum that possesses the highest binding
affinity for free heme (Tolosano and Altruda, 2002). Upon binding
of heme, Hpx is internalized via CD91/LRP1-mediated receptor
endocytosis by most cells (Hvidberg et al., 2005). Second, and
perhaps more importantly, increases in intracellular heme rapidly
induce expression of heme oxygenase-1 (HO-1). HO-1 is power-
fully cytoprotective through increased enzymatic degradation of
heme into three bioactive molecules: carbon monoxide (CO),
iron, and biliverdin (Otterbein et al., 2003). Among all known
mechanisms of cytoprotection, the heme degradation pathway
is the only catalytic process that allows removal of heme
released from damaged cells and tissues, especially skeletal
muscle, in which there is an enormous concentration confined
within myoglobin (Neya, 2013). We have previously reported
that HO-1 and its product CO are potently protective in muscular
dystrophy (Chan et al., 2016). Moreover, studies have shown that
HO-1 is a potent regulator of differentiation of muscle progeni-
tors into myocytes and myotubes in vitro (Pilegaard et al.,
2000; Ren et al., 2016). However, despite the evidence that
HO-1 is induced in cardiac, smooth, and skeletal muscle after
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Figure 1. Effects of low (LCR) and high (HCR) intrinsic running capacity on heme processing

(A and B) Serum heme and Hpx levels comparing LCR and HCR rats.
(C and D) Hpx and HO-1 expression in plantaris skeletal muscle.

(E-H) Hpx and HO-1 expression in liver and heart, respectively, comparing LCR and HCR animals.

(I) Gene expression in plantaris muscle comparing LCR and HCR rats.

Results are expressed as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001; n = 10/group.

exercise, no study has comprehensively investigated the contri-
bution of heme degradation on skeletal muscle biochemistry and
physiology as it relates to exercise performance and associated
health benefits.

Here, we tested the hypothesis that heme metabolism is crit-
ical in skeletal muscle cell recovery and maintenance of function
after aerobic exercise. We show that in the absence of Hpx, both
untrained and trained mice exhibit no muscle deficits. In
contrast, mice lacking HO-1 selectively in skeletal muscle fibers
show dramatic structural and functional remodeling toward a
fast and more fatigue-prone phenotype. We discovered that
loss of HO-1 within muscle fibers impaired the benefits of aero-
bic exercise training (TR) and altered the muscle phenotype
within weeks of deletion, driven largely by changes in meta-
bolism and mitochondrial bioenergetics. Collectively, this study
provides insights into the role of heme flux as an essential
pathway necessary for developing and maintaining exercise ca-
pacity and muscle physiology.

RESULTS

Intrinsic high aerobic capacity improves heme
metabolism in rats

High aerobic capacity (i.e., the capacity to use oxygen), is asso-
ciated with metabolic benefits, cardiovascular protection, and
longevity, which are hallmarks of HO-1 activity (Booth et al,,
2012; Kokkinos et al., 2008). To investigate the role of heme on
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intrinsic aerobic capacities, we first measured the total amount
of heme and Hpx content in serum of selected cohorts of rats
classified as having low or high intrinsic running capacity (LCR/
HCR). We demonstrated previously that Hpx is one of the top
oxidized proteins in HCR runners using proteomics (Koch and
Britton, 2001; Souza et al., 2018). We found a significant reduc-
tion in heme levels concomitant with an increase in Hpx levels in
HCR compared with LCR runners (Figures 1A and 1B). This cor-
responded with an increase in Hpx and HO-1 expression in skel-
etal muscle, neither of which were changed in the liver or heart
(Figures 1C-1H). In addition, we observed a significant increase
in expression of the heme-Hpx receptor LRP-1/CD91, as well as
biliverdin reductase (BVR) expression in plantaris muscle, indi-
cating that heme is likely internalized and fully metabolized by
HO-1 and BVR to its end product bilirubin (Figure 11). Gene
expression analysis of transcripts involved in intracellular heme
biosynthesis, including 3-aminolevulinic acid (ALA) and ferroche-
latase (Fech), showed no differences in either Alas1/2 or Fech in
skeletal muscle when comparing HCR to LCR animals (Figure 11).
Collectively, these data partly associate intrinsic aerobic capac-
ity with overall metabolic health and heme regulation.

Aerobic exercise increases heme release in mice

The preceding results comparing HCR/LCR animals directed us
to investigate further the effects of aerobic exercise on heme
processing. First, we examined heme flux over time using an
acute aerobic exercise protocol. Immediately after an exercise
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Figure 2. Aerobic exercise promotes circulating heme release and upregulates hemopexin (Hpx) levels

(A-D) Serum CK, LDH, heme, and Hpx levels in WT and Hpx ™'~ mice at different time points after acute running exercise on a treadmill. Data represent mean +
SEM. *p < 0.05, **p < 0.01, **p < 0.001 versus WT baseline; #p < 0.05 versus Hpx '~ baseline; +p < 0.05, +++p < 0.001 WT versus Hpx/~; n = 4-6/time point.
(E-H) Serum heme and Hpx levels in the serum, heart, and plantaris muscle after 6 weeks of exercise training in WT (WTTR) mice.

(I-K) Serum heme levels in pr’/’ mice and running capacity in WT and pr’/’ mice before and after 6 weeks of exercise training.

(L) Fiver2 gene expression in plantaris skeletal muscle before and after 6 weeks of aerobic exercise training in WT and Hpox ™'~ mice.

Data represent mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001; n = 6/group.

bout, in wild-type (WT) mice, we observed an increase in serum  crotrauma, WTTR mice showed a significant decrease in serum
creatine kinase (CK) and lactate dehydrogenase (LDH) as ex- heme levels concomitant with a significant increase in Hpx pro-
pected, as measures of muscle cell injury (Figures 2A and 2B).  tein expression in serum, heart, and skeletal muscle (Figures 2E-
In a similar pattern, heme levels begin to increase immediately  2H; Figure S1). Hox ™'~ animals subjected to the same exercise
after the end of exercise, reaching a maximum at 6 h (16.49 + training protocol also showed a reduction in circulating heme
2.32 to 73.48 + 3.46 uM). This increase was aligned with hemo-  content in Hpx /TR compared with sedentary Hox '~ mice,
pexin levels that peaked 3 h after exercise (Figures 2C and 2D).  with no difference in motor coordination before the training
We hypothesized that the observed elevation in heme-Hpx protocol or in their running capacity after training (Figures 21—
acutely contributes to tissue recovery and muscle conditioning.  2K; Figure S2). These findings support Hpx as a critical protein
To further understand the role of Hpx in acute exercise, we sub-  necessary for proper heme regulation but also solidify the contri-
jected Hpx~/~ mice to the same exercise routine. Although circu-  bution of other factors involved in heme clearance, because
lating levels of CK, LDH, and heme were significantly elevated  skeletal muscle adapts to exercise similarly in WT and Hpox/~
over those observed in WT mice basally, their content increased  mice. These might include proteins such as haptoglobin (Yusof
further and then rapidly decreased after exercise, suggesting et al., 2007) and albumin, as well as feline leukemia virus sub-
heme clearance was occurring through alternative mechanisms  group C receptor 2 (Flvcr2), a heme importer that is increased
of action (Figures 2A-2C). in plantaris skeletal muscle of Hpx~/~ animals after training (Fig-
Next, we subjected mice to aerobic exercise training to ure 2L). Collectively, these data demonstrate that in the absence
determine whether there were differences with regard to heme  of Hpx, a transient elevation in circulating heme after exercise is
processing occurring over longer periods of conditioning. We  cleared and results in no difference in exercise capacity, sug-
subjected WT and Hpx '~ mice to six weeks of aerobic exercise  gesting that overall heme regulation remains undisturbed.
training (WTTR and Hpox '~ TR mice, respectively) on a treadmill.
In conjunction with an improvement in running capacity, and in  Aerobic exercise induces HO-1 expression in mice
contrast to that observed after acute exercise, because exercise  Given that heme clearance appeared normal in acute and chron-
training promotes skeletal muscle conditioning and reduces mi- ically exercised mice with no effect on running capacity, we next
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Figure 3. HO-1 is induced by aerobic exercise

(A) HO-1 expression in WT and Hpx '~ mice over time in plantaris muscle after an acute aerobic exercise bout. Data represent mean + SEM. *p < 0.05, ***p < 0.001
versus baseline; #p < 0.05, ##p < 0.01, ###p < 0.001 versus pr’/’ baseline; n = 4-6/time point.

(B-E) HO-1 mRNA and protein expression with representative immunobilots in the plantaris muscle and heart, respectively, after 6 weeks of aerobic exercise
training in WT mice. Data represent mean + SEM. *p < 0.05, **p < 0.01; n = 6/group.

(F) Representative image of primary skeletal muscle myotube cells.

(G and H) Hemopexin and HO-1 expression at different concentrations of heme in myotube cells.
(I) Lipid peroxidation levels in myotubes after 4 h of treatment with heme (50 uM).
(J) Myotubes silenced to Hpx (siHpx) and HO-1 (siHO-1) were evaluated for viability after treatment with heme (50 uM) and hemopexin (1 pM).

Data represent mean + SEM. *p < 0.05, **p < 0.01 versus control.

assessed the role of HO-1, because its activity is critical in regu-
lating inflammation and tissue repair and in catabolizing prooxi-
dant heme (Gozzelino et al., 2010). We observed that WT and
Hpx™'~ mice show significantly elevated expression of HO-1 in
plantaris muscle 3 h after acute exercise. This increase in
expression was reduced in the absence of Hpx (Figure 3A). We
also observed modest but significant elevation in HO-1 mRNA
expression in WT mice over baseline in soleus muscle at 3 h
(1.44 = 0.11-fold, p < 0.05). Likewise, elevation in HO-1 mRNA
expression was observed in the hearts of WT mice after acute
exercise that was slightly delayed from that in skeletal muscle,
which occur at 6 h (1.42 + 0.08-fold, p < 0.05). In addition, we
evaluated the effects of chronic aerobic training on HO-1 expres-
sion in WT animals and observed a significant increase in HO-1in
skeletal muscle (Figures 3B and 3C), with no change in expres-
sion in the heart (Figures 3D and 3E). This was similar to the re-
sults observed in the HCR rat.

Our results in both rat and mouse models directed us to next
ask whether Hpx and HO-1 upregulation in response to elevated
heme observed in vivo could be recapitulated in vitro in primary
skeletal muscle cells. Treatment of differentiated mouse primary

4 Cell Reports 35, 109018, April 20, 2021

skeletal muscle cells treated with heme showed a dose-depen-
dent decrease in Hpx and a simultaneous increase in HO-1
expression (Figures 3F-3H). Heme treatment increased the
amount of lipid peroxidation (Figure 3l), and in cells in which
HO-1 expression was blocked with small interfering RNA
(siRNA), we observed a >50% decrease in cell viability
compared with siControl or Hpx-silenced (siHpx)-transfected
cells (Figure 3J; Figure S3). Overall, these data support HO-1
as a central regulator in limiting heme-induced cell damage of
skeletal muscle cells, and we posit that it is one mechanism
that protects the cell and ultimately affects exercise capacity
in vivo.

Absence of HO-1 from skeletal muscle results in atrophy
and altered motor performance

To dissect the relationship between exercise and HO-1 in skel-
etal muscle, we generated a tamoxifen-regulated cre-recombi-
nase driven by the human a.-skeletal actin (HSA-MCM) promoter
to selectively delete HO-1 from skeletal muscle. We first charac-
terized these mice (Tam-HSA-Cre-Hmox1™™, hereafter called
MHO-1, and observed a 60%-80% decrease in HO-1
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Figure 4. Absence of HO-1 from skeletal muscle promotes atrophy and altered motor performance

(A) HO-1 expression in control (Hmox1™") and MHO-1 tissues. Expression values were determined by quantitative real-time PCR and normalized to Actb (spleen,
liver, and heart) or Hprt1 (soleus and plantaris).

(B and C) Body mass (B) and normalized tissue mass (C) from control and MHO-1 animals. Data represent mean + SEM. **p < 0.01, **p < 0.001 versus control; n =
8-10/group.

(D) Representative images of the hindlimb muscles; medial and lateral view, from 10-week-old control and MHO-1 animals. Scale bars: 4 cm.

(E) H&E staining of TA muscles. Note the cross-sectional size differences. Scale bars: 230 um.

(F) Immunofluorescent staining of tibialis anterior muscles from control and MHO-1 mice stained with anti-laminin (left panel) and quantitative morphometric
evaluation of the muscle by mean fiber cross-sectional area (CSA) (right upper panel) and fiber size distribution (right lower panel). Data represent mean + SEM.
*p < 0.05, **p < 0.01, **p < 0.001 versus control; n = 6/group. Scale bars: 130 pm.

(G) Electron microscopy (EM) showing muscle ultrastructure of the extensor digitorum longus in control and MHO-1 mice. Control mice exhibited normal
myofibrillar architecture, whereas MHO-1 muscles showed areas of enlarged mitochondria (arrow), myofibrillar disorganization, and foci of z disc streaming
(arrowhead). Images are representative from 10-week-old male mice (n = 3/group). Scale bars: 2 um.

ST, semitendinosus; BFP, biceps femoris (posterior); TA, tibialis anterior.

expression specific to skeletal muscle in mice fed tamoxifen
starting from 4-6 weeks of age (Figure 4A). No change in HO-2
expression was observed (Figures S4A and S4B). We also
observed no functional or molecular differences in Hmox1™™
control mice fed either regular or tamoxifen chow (Figures
S4C-S4F). Because HO-1 is associated with fatty acid synthesis
and lipid accumulation (Hinds et al., 2014), we first evaluated
muscle anatomy in MHO-1 mice. MHO-1 mice showed a small
but significant reduction in whole-body and individual muscle

weights (Figures 4B-4D). To investigate the observed change
in muscle mass, we analyzed tibialis anterior (TA) hind-limb mus-
cle, which is similar in composition to plantaris muscle. Assess-
ment of MHO-1 mice revealed normal TA muscle fiber structure
but a smaller fiber cross-sectional area (CSA) compared with
controls, indicative of atrophy (Figures 4E and 4F). Using
extensor longus digitorum muscle from MHO-1 mice, we per-
formed blinded electron microscopic analyses and observed
several abnormalities, including intramyocellular lipid droplets,

Cell Reports 35, 109018, April 20, 2021 5
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Figure 5. HO-1-deficient skeletal muscle induces a shift to fast contraction velocity and fatigue susceptibility
(A) MHO-1 have greater fast-twitch fiber types and decreased running capacity compared with control mice. Representative immunofluorescent staining of
tibialis anterior muscle cross-sections for fiber-type identification (left panel) and muscle fiber-type frequency data (right panel). Green, type lla MyHC isoform;

red, type llb MyHC isoform; black, type lix MyHC isoform; turquoise, laminin.

(B and C) State 3app respiratory state (B) and respiratory control ratio (State 3app/State 4ojigomycin) (C) in isolated mitochondria from gastrocnemius muscle in the

presence of glutamate/malate.

(D and E) Citrate synthase activity (D) and representative images of 10-week-old tibialis anterior muscles stained for succinate dehydrogenase (E).
(F and G) Quantification of mitochondrial complex content and fusion-fission protein expression in plantaris muscle; see also Figure S5.

(H and I) Treadmill maximal running speed and total running distance.

(J-L) Serum CK, LDH, and heme levels at different time points after acute aerobic exercise.
Data represent mean + SEM. *p < 0.05, *p < 0.01, ***p < 0.001 versus baseline; n = 4-6 animals/time point.

enlarged mitochondria, myofibrillar disorganization, and z disc
streaming, compared with tissue from control mice (Figure 4G).
These data support a role for skeletal muscle HO-1 in funda-
mental muscle structure and function. In summary, selective
deletion of HO-1 from skeletal muscle is linked to changes in
body composition and muscle atrophy that partly involve main-
taining mitochondrial structure and function.

Muscle-specific HO-1 deletion promotes fast
contraction velocity and fatigue susceptibility

Skeletal muscle is heterogeneous and composed of slow- and
fast-twitch fiber types, which differ in the composition of con-

6 Cell Reports 35, 109018, April 20, 2021

tractile proteins, oxidative capacity, endurance, and fatigability
(Baskin et al., 2015). Therefore, we assessed whether HO-1 dele-
tion, specifically in skeletal muscle, was associated with an alter-
ation in muscle fiber transition and fatigue. Fiber composition
was altered in the TA muscle of MHO-1 mice compared with
control with the proportion of fast-twitch, type IIB fibers signifi-
cantly increased in TA muscle from MHO-1 animals concomitant
with a reduction in type IIX fibers compared with control (Fig-
ure 5A). Moreover, type IIB fibers exhibited higher fatigability
and lower oxidative capacity, as evidenced by lower mitochon-
drial enzyme activity (Schiaffino and Reggiani, 1994). To deter-
mine the impact of HO-1 on skeletal muscle oxidative capacity,
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we next measured mitochondrial respiratory rates in mitochon-
dria isolated from gastrocnemius muscle, comparing MHO-1
with controls. Mitochondria from MHO-1 skeletal muscle dis-
played lower respiratory rates (respiratory control ratio [RCR]
State3/State4) compared with mitochondria from control mice
(Figures 5B and 5C). In addition, cells lacking HO-1 showed
lower citrate synthase activity and succinate dehydrogenase
(SDH) staining intensities, two mitochondrial enzymes involved
in oxidative phosphorylation (Figures 5D and 5E). Finally, expres-
sion of mitochondrial oxidase complexes | and Ill were signifi-
cantly reduced in muscle isolated from MHO-1 mice compared
with control (Figure 5F; Figure S5A). Because mitochondrial con-
tent is tightly regulated by mitochondrial dynamics (Detmer and
Chan, 2007), we next profiled protein expression of the principle
guanosine triphosphatases (GTPases) involved in mitochondrial
fusion and mitophagy, including mitofusin 1 (MFN1), mitofusin 2
(MFN2), and OPA1 in skeletal muscle. We also measured
expression of dynamin-related protein (DRP1), which is involved
in mitochondrial fission (Ding et al., 2010). Both large GTPases
that mediate mitochondrial fusion and mitophagy (MFN1 and
OPAT1), as well as fission (DRP1), accumulated in muscle from
MHO-1 mice compared with control (Figure 5G; Figure S5B).
No change in MFN2 expression was observed. Considering
that mitofusin accumulation usually occurs upon proteasomal
inactivation, the elevated mitochondrial fusion proteins observed
in MHO-1 muscle might reflect impaired proteasomal activity
(Tanaka et al., 2010). In addition, the activation of mitochondrial
fission machinery may explain muscle wasting observed in
MHO-1 mice (Romanello et al., 2010).

The change in muscle morphology and the impairment in mito-
chondrial health suggested an alteration in motor and exercise
performance. To test this, we evaluated motor coordination by
rotarod and observed that MHO-1 mice exhibited significantly
reduced rotarod times (125.8 s for MHO-1 versus 231.6 s for
control, p < 0.05). MHO-1 mice also showed significantly lower
exercise performance during acute exercise, running nearly
36% less than control mice of equal age (330.3 min for MHO-1
versus 210.5 min for control, p < 0.001) (Figures 5H and 5lI).
Serum CK and LDH levels in MHO-1 mice showed no difference
versus controls (Figures 5J and 5K). Intriguingly, heme levels
were significantly elevated after acute exercise in controls, as
expected, which was not observed in MHO-1 mice (Figure 5L).
One explanation may be higher-than-normal hemopexin levels
in MHO-1 mice and the likely involvement of other tissue sites
capable of clearing and catabolizing heme. These data strongly
suggest that HO-1 in skeletal muscle is critical for running capac-
ity and maintaining normal muscle physiology. Collectively, the
slow-to-fast conversion observed in muscle from MHO-1 ani-
mals was associated with increased susceptibility to fatigue
and suggests a cell-specific mechanism by which HO-1 regu-
lates muscle fiber structure, function, and homeostasis in
response to exercise.

Aerobic exercise training worsens skeletal muscle mass
in MHO-1 mice

Skeletal muscle abnormalities, such as loss of muscle mass,
directly contribute to exercise intolerance and impair daily activ-
ities, which makes them strong determinants of quality of life and
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overall mortality (Anker et al., 1997). Exercise training represents
an intervention that can attenuate or even reverse the process of
muscle wasting. Therefore, we next assessed whether HO-1
deletion would interfere with the benefits of aerobic training.
Although our aerobic exercise training protocol showed attenu-
ation in running capacity in MHO-1 mice (Figures 6A and 6B),
we hypothesized that exercise would prevent muscle wasting
in MHO-1 mice compared with control. However, we observed
that MHO-1 mice that underwent training (MHO-1-TR) showed
decreased body mass, loss of skeletal muscle mass, and
decreased muscle weight compared with the control-TR group.
Similar differences in mean CSA and distribution were observed
when comparing control-TR and MHO-1 animals (Figures 6C—
6G). To better understand the correlation between muscle
atrophy and HO-1 deletion after training, we next focused on
exercise-induced microtrauma and the release of heme. In un-
trained mice, serum heme was lower in MHO-1 mice versus con-
trols, which corresponded to higher Hpx levels basally (Figures
6H and 6l). After training, MHO-1 mice showed higher serum
heme levels and decreased Hpx levels versus those of non-
trained controls, in contrast to what we observed in the WT
and Hpx ™/~ training models (Figures 2E, 2F, 2I, 6H, and 6l).
Furthermore, heme levels in plantaris muscles from MHO-1
groups (+TR) were higher versus those from control groups (Fig-
ure 6J). These data suggested that excess heme might be func-
tioning as a DAMP in this setting and promoting muscle tissue
injury.

Exercise attenuates muscle wasting by targeting both pro-
tein synthesis and degradation pathways (Schiaffino et al.,
2013). We next investigated whether hypertrophy-related
genes were affected by exercise training in the presence
and absence of HO-1 in muscle. Although some studies sug-
gest that exercise modulates protein synthesis via activation
of the insulin growth factor 1 (IGF-1)-phosphatidylinositol 3-ki-
nase (PI3K)-Akt pathway (Schiaffino and Mammucari, 2011),
absence of HO-1 (MHO-1-TR) from muscle inhibited this upre-
gulation with no change in IGF-1 compared with controls (Fig-
ure 6K). Considering that satellite cell myogenic regulatory
factors (MRFs) also modulate muscle hypertrophy (Blaauw
and Reggiani, 2014), we next measured Pax7, MyoD, and my-
ogenin, which are involved in differentiation of satellite cells.
Exercise training of MHO-1-TR mice showed a reduction in
Pax7 and MyoD transcripts compared with MHO-1 sedentary
animals (Figure 6L). Conversely, myogenin, a transcription
factor essential for skeletal muscle differentiation (Eftimie
et al., 1991; Leikina et al., 2018; Millay et al., 2014), was upre-
gulated in both MHO-1 and MHO-1-TR groups compared with
control sedentary animals (Figure 6L). However, two essential
muscle-specific myoblast fusion proteins that are induced by
myogenin, Myomaker (Mymk), and Myomerger (Mymx), were
downregulated in both MHO-1-TR and sedentary animals,
suggesting a possible feedback mechanism by which non-fu-
sogenic cells attempt to further differentiate (Figure 6M).
When WT animals were exposed to inhaled CO, a bioactive
product of HO-1 activity that can induce HO-1 (Lee et al.,
2006; Piantadosi et al., 2008), Mymx was upregulated (Fig-
ure S6), indicating that HO-1/CO likely contribute to the fusion
of muscle cells during development and/or exercise-induced
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(A and B) Maximal treadmill running speed and total running distance in control and MHO-1 submitted or not to 6 weeks of running aerobic training (TR).
(C and D) Body mass and normalized muscle mass from control, control-TR, MHO-1, and MHO-1-TR animals. Data represent mean + SEM. *p < 0.05, **p < 0.01,

Kok,

p < 0.001 versus control; n = 8-10/group.

(E-G) Representative immunofluorescent staining images (E) of 10-week-old tibialis anterior muscles from MHO-1 and MHO-1-TR mice stained with an antibody
to laminin and morphometric evaluation in sedentary and trained muscle from control and MHO-1 animals by mean fiber CSA (F) and fiber size distribution (G).
Data represent mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus control-TR; #p < 0.05, ###p < 0.001 versus MHO-1; n = 8-10/group.

(H and I) Serum heme and hemopexin levels in control and MHO-1 animals 72 h after the end of aerobic training.

(J) Tibialis anterior heme levels in sedentary and trained control and MHO-1 animals.

(K-N) mRNA expression in plantaris muscle in control, MHO-1, and MHO-1-TR animals.

Data represent mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus control; n = 6.

regeneration. Myogenin has also been associated with muscle
atrophy by controlling expression of atrophy-related genes
(Moresi et al., 2010). Finally, we investigated two ubiquitin-
protein ligases, Atrogin-1 (Fbxo32) and MuRF-1 (Trim63),
both of which were downregulated in muscle from both
MHO-1 sedentary and MHO-1-TR groups compared with con-
trol (Figure 6N). These ligases are important regulators of
muscle mass, and a decrease in their activity is observed
with aging. These results, together with the muscle atrophy
present in MHO-1 mice, reinforces a role for HO-1 activity in
muscle necessary to prevent morphological and metabolic
dysfunction caused by exercise training. These data strongly
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support the concept that heme metabolism is critically
involved in muscle conditioning.

DISCUSSION

Given the association between high aerobic capacity and pre-
vention of metabolic diseases (Booth et al., 2012), elucidating
the mechanisms by which high aerobic capacity regulates
whole-body metabolic homeostasis is still a major research chal-
lenge. The heme-Hpx-HO-1 axis is a well-recognized acute
phase mechanism that is activated during disease and patho-
physiologic conditions, such as sepsis and trauma (Barreiro
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et al., 2002; Chiabrando et al., 2014; Graw et al., 2016). In
contrast, the regulation, function, and importance of this
signaling pathway in situations favorable to health, such as phys-
ical exercise, remain unknown. Here, we delineate an essential
role for heme metabolism focused on HO-1 and provide data
supporting its role in maintenance of skeletal muscle
morphology and function using gain- and loss-of-function ap-
proaches in vitro and in vivo.

Heme plays an essential role in numerous biological pro-
cesses in aerobic organisms, which range from reversible oxy-
gen binding to electron transport of the respiratory chain (Hamza
and Dailey, 2012; Wagener et al., 2003). However, despite its
well-established physiological functions, heme can be harmful
as a DAMP and critically involved in the pathogenesis of various
disease pathologies, such as trauma, sickle cell disease, infec-
tion, and sterile inflammation. Each of them results in the release
of large amounts of hemoproteins into the circulation (Reeder,
2010; Schaer et al., 2014). Physical exercise has also been linked
with hemolysis, although by different proposed mechanisms,
including mechanical damage to red blood cells as they pass
through capillaries (Telford et al., 2003), continuous exposure
to high-oxygen flux (Smith, 1995), and perturbation of osmotic
homeostasis (Green et al., 1991). Moreover, exercise induces
skeletal muscle microtrauma, a phenomenon commonly known
as exercise-induced muscle damage, and is characterized by
loss of muscle cell integrity and a sterile inflammatory response
(Deli et al., 2017; Fehrenbach and Schneider, 2006; Margonis
et al., 2007). Considering that both mechanisms are responsible
for extracellular heme release, we demonstrate here that acute
aerobic exercise promotes a time-dependent release of heme
into the circulation. In addition, or in conjunction with direct ef-
fects on the cell, heme acts indirectly via induction of HO-1 to-
ward the generation of cytoprotective and bioactive heme
degradation products, including carbon monoxide and bile
pigments (Otterbein et al., 2003). In contrast, wild-type animals
subjected to aerobic training for six weeks or animals with an
intrinsically higher aerobic capacity (HCR), we observed a
decrease in serum heme levels. This is likely dictated partly by
a protective phenotype that develops in skeletal muscle
following exercise training (exercise preconditioning), in
conjunction with more efficient heme clearance. Altogether,
these observations suggest that upregulation of other acute
phase proteins during exercise training, such as Hpx, hapto-
globin, and Flvcr2, can bind and transport heme to be metabo-
lized by HO-1 intracellularly (Alonso et al., 2018; Schaer et al.,
2014). For instance, in the absence of HO-1, but not Hpx,
heme is highly toxic and increases lipid peroxidation and cell
death in primary skeletal muscle cells, suggesting metabolism
versus binding is an important determinant. Thus, these specific
cellular events regulate metabolic and energetic pathways to
ensure cell and tissue survival and, in the context of skeletal
muscle, adaptation and capacity.

Hemopexin is found in humans and animals with higher
aerobic capacities (Kohler et al., 2010; Souza et al., 2018). The
primary function of Hpx appears to be neutralization and scav-
enging of excess free heme from the circulation (Vinchi et al.,
2013). In our study, HCR animals presented elevated Hpx levels
compared with LCR animals. Moreover, not just a higher intrinsic
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aerobic capacity observed in HCR but also improved aerobic ca-
pacity with exercise training upregulated Hpx expression in
serum, heart, and skeletal muscle of WT animals and may indi-
cate a hemolytic process that occurs during repetitive running
sessions (Kohler et al., 2010). Remarkably, even Hpx-deficient
animals, in which we observed significantly elevated CK, LDH,
and heme levels in comparison to WT control mice, both basally
and immediately after exercise, had a rapid decrease in their
circulating levels and no difference in running capacity before
or after exercise training.

As a stress-inducible enzyme, HO-1 plays a critical role in pro-
tecting cells from oxidative stress (Kumar and Bandyopadhyay,
2005), and removal of heme to prevent free radical formation is
critical. The products of HO-1 activity, including carbon
monoxide and bilirubin, are responsible for the benefits ascribed
to HO-1. Primary skeletal muscle cells missing HO-1 are highly
susceptible to apoptosis and cell death (Kozakowska et al.,
2012). However, HO-1 activation by heme attenuates skeletal
muscle atrophy induced by immobilization (Park et al., 2013).
Upregulation of HO-1 can protect against exercise-induced
injury in both human and rat skeletal muscle (Ghio et al., 2018;
Pilegaard et al., 2000). Absence of HO-1 specifically from skel-
etal muscle (MHO-1) was highly damaging to muscle tissue.
Therefore, HO-1 must be considered a central mediator respon-
sible for modulating the intensity of muscle injury and function.
Moreover, the cumulative effects of transient increases in HO-
1 during exercise recovery represent a mechanism by which
the cell and tissue respond and adapt to exercise.

HO-1-deficient myofibers showed skeletal muscle abnor-
malities, including changes in morphology, function, and
depressed skeletal muscle aerobic capacity. These alterations
were associated with the presence of z disc streaming and
lipid droplet accumulation compared with normal muscle fi-
bers (Grobler et al., 2004). These morphological abnormalities
and accumulation of glycogen and lipid droplets in skeletal
muscle from MHO-1 mice may indicate muscle damage,
non-specific muscle pathology, or mitochondrial deficiency.
Lack of HO-1 correlated with a decrease in oxidative meta-
bolism—evidenced by lower SDH staining, lower citrate syn-
thase activity, and disruption in mitochondrial quality control,
which is characterized by increased mitochondrial fragmenta-
tion and reduced function—has been reported to occur in
muscle during chronic disease, such as cancer and heart fail-
ure (Yoshida and Delafontaine, 2015). This generalized myop-
athy is characterized by a shift from an oxidative to a more
glycolytic phenotype in skeletal muscle mitochondria (Ba-
curau et al., 2016). Collectively, these observed metabolic
alterations support a role for HO-1 in regulating fiber compo-
sition and muscle fiber CSA of glycolytic muscle. In addition,
HO-1 cooperates with other factors related to fiber muscle
transition and/or mass, such as satellite cell MRFs (Pax7,
MyoD, and myogenin) and IGF-1, respectively, toward main-
taining muscle mass and function (Schiaffino et al., 2013).
We find that Pax7 and MyoD genes, as markers of quiescent
and proliferating satellite cells, and IGF-1 were reduced in the
absence of HO-1 (Glass, 2003). HO-1 is a potent regulator of
proliferation and differentiation of satellite cells into myocytes
and myotubes (Kozakowska et al., 2012). In C2C12 murine
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Figure 7. Proposed model for how skeletal muscle HO-1 activity regulates aerobic capacity and muscle performance

Skeletal muscle microtraumas occur during aerobic exercise and result in elevated heme levels, inducing the expression of HO-1. Aerobic exercise training
increases HO-1, which enhances muscle function by modulating satellite cell activation/proliferation, myoblast fusion, hypertrophy/atrophy-related genes, fiber-
type transition, and mitochondrial function (left panel). Exercise training, which counteracts skeletal myopathy, was unable to function appropriately in the
absence of HO-1 (right side). We propose that the accumulation of intracellular heme results in muscle myopathy, as evidenced by atrophy and exercise
intolerance. This illustration was created using icons from BioRender (https://biorender.com/) and Servier Medical Art (https://smart.servier.com/).

myoblasts or primary mouse myoblasts, inhibition or overex-
pression of HO-1 during muscle cell differentiation changed
the myogenic program in which HO-1 upregulation increased
proliferation of myoblasts, whereas differentiation into myo-
tubes was strongly reduced. Similarly, myogenin, a transcrip-
tion factor essential for skeletal muscle differentiation and
associated with muscle atrophy (Moresi et al., 2010), was
significantly upregulated in MHO-1 mice versus controls. We
posit that myogenin upregulation could be a compensatory
feedback mechanism by which non-fusogenic cells attempt
to further differentiate. Regarding muscle cell fusion, Mymk
and Mymx, two essential muscle-specific membrane proteins
that control myoblast fusion (Leikina et al., 2018; Millay et al.,
2014) were reduced in HO-1-deficient skeletal muscle. More-
over, CO exposure, as a bioactive product of HO-1 activity
(Lee et al., 2006; Otterbein et al., 2016; Piantadosi et al.,
2008), significantly increased Mymx mRNA in plantaris skel-
etal muscle (Figure S6). Based on these proteins dividing their
fusogenic activities to initiate and drive membrane coales-
cence and muscle formation, we posit that elevated intracel-
lular heme in muscle from MHO-1 animals may promote
destabilization and reduce lipid membrane proteins. Further-
more, HO-1 is necessary to ensure fusion of proper muscle
cells during development and/or regeneration.

Considering that aerobic exercise training is a powerful tool
counteracting skeletal myopathy, we expected that exercising
would prevent muscle wasting in MHO-1 mice (Booth et al.,
2012; Brumetal., 2011; Gabriel and Zierath, 2017). We observed
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that exercise training worsened muscle morphology and func-
tion in MHO-1 mice compared with controls, perhaps because
HO-1 deficiency results in persistent skeletal muscle injury dur-
ing exercise training. Our data have identified a role for HO-1 in
muscle remodeling and the impact on muscle damage and repair
responses. Mechanistically, myogenin has been shown to regu-
late expression of the E3 ubiquitin ligases MuRF1 and atrogin-1,
promoting muscle proteolysis and atrophy. MHO-1 and MHO-1-
TR animals did not show increased expression of these atrophy-
related genes, which are typically increased as muscles atrophy
(Edstrom et al., 2006; Sartorelli and Fulco, 2004). Moreover, sar-
copenic skeletal muscle is a major age-related phenotype that
includes mitochondrial dysfunction and requires prolonged
regenerative activity (Edstrom et al., 2006; Su et al., 2015).
Thus, our working model is that the lack of HO-1 in a sarco-
penic-like muscle impairs and delays recovery after exercise
training (Figure 7).

In summary, these data delineate a facet of heme biology and
exercise physiology supported by studies in animals lacking he-
mopexin and HO-1, two proteins involved in the transport and
metabolism of heme. We find that although heme is elevated,
the inability of heme metabolism to occur specifically in skeletal
muscle results in mitochondrial dysfunction, skeletal muscle atro-
phy, and a profound inability to adapt to exercise metabolically
compared with littermate controls. Altogether, these data provide
critical information related to heme biology and its role in skeletal
muscle and may prove useful in furthering our understanding of
the physiology of aerobic exercise, adaptation, and conditioning.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Total OXPHOS Rodent (4.5 pg/ml) Abcam Cat. #ab110413; RRID: AB_2629281
Rabbit anti-Hemopexin (1:1000) Abcam Cat. #ab133415; RRID: AB_2890603
Rabbit anti-Heme Oxygenase-1 (1:1000) Abcam Cat. #ab13243; RRID: AB_299790
Rabbit anti-Gapdh (1:1000) Abcam Cat. #ab9485; RRID: AB_307275
Mouse anti-Heme Oxygenase 2 (1:1000) Santa Cruz Biothecnology Cat. #sc17786; RRID: AB_627728
Anti-Myosin | (1:200) Developmental Studies Hybridoma Bank Cat. #BA-D5; RRID: AB_2235587
Anti-Myosin [IA (1:200) Developmental Studies Hybridoma Bank Cat. #SC-71; RRID: AB_2147165
Anti-Myosin [IB (1:200) Developmental Studies Hybridoma Bank Cat. #BF-F3; RRID: AB_2266724
Rabbit anti-Laminin (1:300) Sigma-Aldrich Cat. #1.9393; RRID: AB_477163
Rabbit anti-OPA1 (1:1000) Cell Signaling Cat. #80471; RRID: AB_2734117
Rabbit anti-MTFN1 (1:1000) Cell Signaling Cat. #14739; RRID: AB_2744531
Rabbit anti-MTFN2 (1:1000) Cell Signaling Cat. #9482; RRID: AB_2716838
Rabbit anti-DRP1 (1:1000) Cell Signaling Cat. #5391; RRID: AB_11178938
Alexa Fluor 488 goat anti-Mouse IgG1 ThermoFisher Scientific Cat. #a21121; RRID: AB_2535764
(1:200)

AlexaFluor 594 Goat anti-Mouse IgM ThermoFisher Scientific Cat. #a21044; RRID: AB_2535713
(1:200)

Cy5 Goat anti-Rabbit IgG (1:200) ThermoFisher Scientific Cat. #a10523; RRID: AB_2534032
800CW Goat anti-Mouse IgG (1:20000) Li-Cor Cat. #926-32210; RRID: AB_2687825
800CW Goat anti-Rabbit IgG (1:20000) Li-Cor Cat. #926-32211; RRID: AB_2651127
680RD Goat anti-Mouse 1gG (1:20000) Li-Cor Cat. #926-68070; RRID: AB_2651128
680RD Goat anti-Rabbit IgG (1:20000) Li-Cor Cat. #926-68071; RRID: AB_2721181
Chemicals, peptides, and recombinant proteins

Glutamic acid Sigma-Aldrich Cat. #G1251

Adenosine 5'-diphosphate Sigma-Aldrich Cat. #A2754

Osmium tetroxide Ted-Pella, Inc. Cat. #20816-12-0

Uranyl Acetate Ted-Pella, Inc. Cat. #19481

Lipofectamine RNAIMAX ThermoFisher Scientific Cat. #13778030

SYBR Green Master Mix ThermoFisher Scientific Cat. #A25742

Human plasma Hemopexin Athens Research & Technology Cat. #16-16-080513

Hemin Sigma-Aldrich Cat. #51280

Protease inhibitor cocktail ThermoFisher Scientific Cat. #78430

Malic acid Sigma-Aldrich Cat. #M1000

Mouse-on-Mouse blocking reagent Vector Laboratories Cat. #MKB-2213-1

F-10 nutrient mix ThermoFisher Scientific Cat. #11550043

Horse serum ThermoFisher Scientific Cat. #26050

Collagenase/Dispase Blend | Milipore Cat. #scr139

Rat Tail Collagen | ThermoFisher Scientific Cat. #A1048301

Fetal bovine serum Sigma-Aldrich Cat. #F7524

Basic fibroblast growth factor (bFGF) ThermoFisher Scientific Cat.#13256-029

Critical commercial assays

Mouse Hemopexin Elisa kit Novus Biologicals Cat. #NBP2-60633

Citrate Synthase Activity Assay Kit Cayman Chemical Cat. #701040

Mito Stress Test Kit Agilent Cat. #103010-100
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
High-Capacity cDNA Kit ThermoFisher Scientific Cat. #4368814
Creatine kinase IDEXX Laboratories Cat. #6212
Lactato dehydrogenase IDEXX Laboratories Cat. #6218

Lipid Peroxidation Assay Kit
Cell Counting Kit-8
Hemin Assay Kit

Abcam

Dojindo Molecular Technologies, Inc.

GenWay Biotech Inc.

Cat. #ab118970
Cat. #CK04-05
Cat. #GWB-AXR320

Experimental models: Cell lines

Primary Muscle Satellite Cells (PMC) This paper N/A

Experimental models: Organisms/strains

Mouse: B6.129-Hpx™'4'/J The Jackson Laboratory JAX stock#029380
Mouse: HSA-MerCreMer The Jackson Laboratory JAX stock#025750
Mouse: Hmox1™" RIKEN BioResource Center Cat. #RBRC03163
Mouse: HSA-MCM-Cre-Hmox1™"f This paper N/A

Mouse: C57BL/6
Rat: LCR and HCR

Charles River Laboratories
The University of Toledo, OH, USA

NCI stock# 556

https://www.utoledo.edu/med/depts/
physpharm/ExerciseRatResources.htmi

Oligonucleotides

siHmox1
siHpx
RT-gPCR mRNA

ThermoFisher Scientific
ThermoFisher Scientific

See Table S1 for oligonucleotide
information

Cat. #s67607
Cat. #s67790
N/A

Software and algorithms

SMASH

ImageJ
DataAssist

Smith and Barton, 2014

Schneider et al., 2012
ThermoFisher Scientific

https://dx.doi.org/10.6084/m9.figshare.
1247634

https://imagej.nih.gov/ij/
N/A

GNU Image Manipulation Program (GIMP) GNU https://www.gimp.org

Prism 6 GraphPad https://www.graphpad.com

Primer-Blast NCBI https://www.ncbi.nim.nih.gov/tools/
primer-blast

Other

Animal Treadmill: Exer 3/6
Rota-Rod
Resource website for images creation

Columbus Instruments
Med Associates Inc
This paper

Cat. #1055-SRM
Cat. #ENV-571M
https://biorender.com/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Leo E.
Otterbein (Department of Surgery, Beth Israel Deaconess Medical Center, Harvard Medical School, lotterbe@bidmc.harvard.edu).

Materials availability

This study did not generate any unique reagents.

Data and code availability

This study did not generate/analyze datasets/code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

For cell lines, primary satellite cells were isolated and cultured from the entire hind limb of wild-type/control (WT) mice as previously
described (Megeney et al., 1996). Briefly, muscles were dissected and digested in collagenase/dispase solution (Millipore) for 30min
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at 37°C. Cell were initially plated on non-coated plates and incubated for 30min at 37°C to remove the fibroblast excess. Next, cells
were plated onto dishes coated in rat tail collagen | (GIBCO) and cultured in plating medium for up to several days in growth medium
containing Ham’s F-10 nutrient mixture (GIBCO), 20% fetal bovine serum (Sigma), 2.5 ng/ml basic fibroblast growth factor (bFGF,
Invitrogen), with streptomycin and penicillin (GIBCO) at 37°C in 5% CO,. For experiments where cells were differentiated, cells
were plated on collagen coated dishes and grown until 50% confluent. At that time, growth medium was exchanged for differentiation
medium containing DMEM, 5% horse serum, and antibiotics. Cells were differentiated for 72 hours, transfected and analyzed.

For in vivo animal studies, isogenic male mice C57BL/6 (Wild-type, WT), Hemopexin (Hpx ', # 029380) and HSA-Cre transgenic
mice (# 025750) were purchased from Charles River or Jackson Laboratory (25-30 g). Skeletal muscle-specific HO-1 knockout
(tamoxifen-HSA-MCM-Cre-Hmox1"") was achieved by breeding Hmox1™ mice (Riken Bio Resource Center, Stock-#
RBRC03163) with mice expressing Cre recombinase under the actin alpha-1, skeletal muscle (Jackson Laboratory, Stock-#
025750). To selectively delete skeletal muscle Hmox1 gene HSA-MCM-Cre-Hmox1™" 8- to 10-week-old mice were feed a chow con-
taining 400 mg tamoxifen for one month. HCR and LCR twelve weeks old rats from the 32° generation were used (Koch and Britton,
2001; Wisloff et al., 2005). The heart (ventricle), tibialis anterior, extensor digitorum longus, soleus, plantaris, and gastrocnemius mus-
cles were carefully harvested from animal’s hind-limb and stored in —80°C. All mouse and rat procedures were approved by the Beth
Israel Deaconess Medical Center (BIDMC) Institutional Animal Care and Use Committee (IACUC, #032-2018), Norwegian Council for
Animal Research (#5243), and University of Sao Paulo Ethical Committee (#2015/02) were in accordance with the Association for the
Assessment and Accreditation of Laboratory Animal Care guidelines.

METHOD DETAILS

Graded treadmill exercise test and aerobic exercise protocols

All animals were acclimatized to a treadmill (Exer 3/6, Columbus Instruments, USA) over four consecutive days, 10min/day at 6 m/
min. After the acclimatization period, animals were subjected to a graded maximal exhaustive test. The test started at 6 m/min and
speed was increased by 3 m/min every 3 minutes until mice were unable to run due to exhaustion (Ferreira et al., 2007). Tests were
carried out by a single observer (RWAS), blinded to mouse identity. Total distance run (meters) and peak workload (m/min) were re-
corded. After that, mice were subjected to an acute moderate-intensity aerobic exercise bout for 90 min or six weeks, five days/week
at 60% of maximal workload achieved in a graded treadmill running test described above, corresponding to maximal lactate steady
state (Ferreira et al., 2007). After acute exercise, samples were collected at different time points (immediately after, 3, 6, and 24h). For
the running training protocol, at the end of the third training week, animals were reevaluated for running performance in order to adjust
running speed intensity. All samples were carefully harvested at 72 hours after the end of the training protocol.

Rotarod performance

Motor function was assessed by habituating mice to the Rotarod (Single Station Rota-Rod Treadmill, Med Associated Inc., USA) for
1 week, at different rotation speeds in 5 min-long sessions. The speed was gradually increased from 4 to 40 rpm over a period of
5 min, and the time that the mice spent on the rod was recorded. Three successive trials were performed, and the best individual
performances were considered for further analysis.

Mitochondrial isolation and activity

Skeletal muscle mitochondria isolation and function were assessed as previously described (60, 61). Briefly, muscle samples from
gastrocnemius were minced and homogenized in isolation buffer to release mitochondria from within muscle fibers and washed in the
same buffer in the presence of 1 mg/mL bovine serum albumin. The suspension was homogenized and centrifuged. The resulting
supernatant was centrifuged at higher speed for 10 min. The mitochondrial pellet was washed, resuspended in isolation buffer
and submitted to a new centrifugation. The mitochondrial pellet was washed, and the final pellet was resuspended in a minimal vol-
ume of isolation buffer to be subjected to the functional assay. The experiments with isolated mitochondria (10 ug mitochondrial pro-
tein/mL) were monitored in experimental buffer and were made in the presence of malate (Sigma, M1000) and glutamate (Sigma,
G1251) substrates (2 mM of each). Oxygen consumption rate (OCR) was measured using a XFp extracellular flux analyzer. Ten-
microgram/well of isolated mitochondria in experimental buffer was seeded in a plate and centrifuged. Each well was filled up to
180 uL with assay buffer in the presence of glutamate (5mM) and malate (5 mM), as substrates. ADP (4 mM, Sigma 2754) was added
to induce state 3 respiratory rates. Subsequent addition of oligomycin (2 uM) was used to determine state 4 rates. Respiratory control
ratios were calculated by the ratio of state 3: state 4. Additionally, 2 uM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP) was added to evaluate O, consumption during the mitochondrial uncoupling state. All other procedures were performed ac-
cording to manufacturer’s instructions (Agilent SeaHorse, XF cell Mito stress kit)

Heme and hemopexin content

Serum (DIHM-250, BioAssay Systems; GWB-AXR320, Genway Biotech Inc) and tissue (GWB-AXR320, Genway Biotech Inc) concen-
trations of heme were determined colorimetrically according to the manufacturer’s instructions. Hpx were determined by ELISA
(NBP2-60633, Novusbio) according to the manufacturer’s instructions.
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Biochemical analyses
Lipid peroxidation and citrate synthase activity were determined colorimetrically in the muscle cells and plantaris according to the
manufacturer’s instructions, respectively (ab118970, Abcam; 701040, Cayman Chemical, USA).

Quantitative real-time PCR

Total RNA was extracted from cells and tissues using TRizol reagent (Invitrogen) following manufacturer’s instruction. Reverse
transcription was performed using High-Capacity cDNA synthesis kit (ThermoFisher Scientific). After cDNA synthesis, quantitative
real-time PCR for target and endogenous genes (Table S1) ran separately, and amplifications were detected with a StepOne Plus
(Applied Biosystems, Foster City, CA, USA) by using PowerUp SYBR Green Master Mix (ThermoFisher Scientific). Spleen, liver,
and heart expression levels were normalized to B-actin (Actb), while soleus and plantaris were normalized to Hprt1. Fold-change
was calculated through AACt method.

Immunoblotting

Protein extraction, quantification, preparation and immunoblotting experiments were performed as previously described (Souza
et al., 2018). Briefly, tissue samples were homogenized in RIPA lysis buffer (50 mM Tris/HCI, pH 8.0, 150 mM NaCl, 1% NP-40,
and 0.1% SDS) containing HALT Protease and Phosphatase inhibitor cocktail solution (ThermoFisher Scientific). After homogeniza-
tion, tissue lysates were incubated on ice for 30min. Samples were centrifuged at 14,000 g for 20 min at 4°C. The supernatant was
collected, and protein estimation was performed using Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL) before Laemmli
sample buffer containing 2-Mercaptoethanol (BioRad) was added. 30 mg of total protein lysate was resolved on SDS polyacrylamide
gel according to standard procedure at 20 mA per gel and blotted onto a nitrocellulose membrane 0.45 mm (GE Healthcare) via Mini
Trans-blot module (Bio-Rad) at a constant voltage (100 V) for 2 h. After blocking with 5% non-fat milk (Serva)/Tris-buffered saline with
0.05% Tween 20 (TBS-T) for 1 h, the membrane was incubated overnight in 5% bovine serum albumin (Sigma)/TBS-T with primary
antibody against mitochondrial OXPHOS (ab110413, Abcam), Hpx (ab133415, Abcam), Hmox1 (ab13243, Abcam), Hmox2
(sc17786, Santa Cruz), Mitofusin-1 (#14739, Cell Signaling), Mitofusin-2 (#9482, Cell Signaling), Opa-1 (#80471, Cell Signaling),
Drp-1 (#5391, Cell Signaling) and Gapdh (ab9485, Abcam). Secondary specific antibodies were goat anti-mouse IR800 and goat
anti-rabbit IR680 and IR800 (LICOR). Membranes were scanned using the Odyssey infrared imaging system (LICOR).

Cell culture

Cells were differentiated into myotubes using DMEM containing 5% horse serum for 72h. Cells were transfected (RNAIMAX) with
siRNA duplexes targeting HO-1 (s67607), Hpx (s67790) or scrambled control siRNA (100 pmol, Thermo Fisher Scientific). PMC
with the gene targets silenced or not were subjected to heme (10 uM, 50 uM and 100 uM), and hemopexin (1 pM) interventions. After
24h, cell viability was measured by Cell Counting Kit-8 (CCK-8) according to the manufacturer’s instructions (Dojindo, Japan).

Analysis of skeletal muscle damage

Serum creatine kinase (CK) and lactate dehydrogenase (LDH) were used for evaluation of muscle damage. Blood samples were
collected at the indicated time points from the heart, immediately before induced death. Serum samples were analyzed on an IDEXX
Catalyst DX analyzer (IDEXX Laboratories).

Histological analysis

Tibialis anterior were dissected, embedded in OCT compound and flash-frozen in liquid nitrogen. Muscle cryosections (10 um) were
subjected to hematoxylin and eosin (H&E) staining using a standard protocol. Moreover, immunohistochemical staining for Succinate
dehydrogenase (SDH) activity was determined as general indices of oxidative potential and was performed as previously described
(Blanco et al., 1988). Immunofluorescence was performed with the following antibodies: anti-myosin | (BA-D5), anti-myosin IIA (SC-
71) and anti-myosin IIB (BF-F3) (Developmental Studies Hybridoma Bank). Skeletal muscle cell membrane was stained for laminin
(Sigma). Labeling of cryosections with mouse monoclonal primary antibodies was performed using the fluorescein M.O.M kit staining
(Vector Laboratories) according to the manufacturer’s instructions. For immunofluorescence, secondary antibodies were coupled to
Alexa-405, Alexa 488, Alexa-594 or Alexa-647 fluorochromes, and nuclei were stained with DAPI (Invitrogen). After washing, tissue
sections were mounted with Mowiol. Morphometric analyses were made in whole muscles at 10X magnification and images were
captured with Revolve R4 fluorescence microscopy (Echo app, Echo Laboratories). Fiber frequency was analyzed using Imaged soft-
ware and muscle fiber cross-sectional area was measured using a freely and open-source software SMASH-Semiautomatic Image
Processing of Skeletal Muscle Histology (Smith and Barton, 2014). All histological analyses were conducted by a single observer
(RWAS) blinded to mouse identity.

Transmission electron microscopy

The extensor digitorum longus muscle was excised and fixed under tension in modified Karnovsky fixative containing 2.5% glutar-
aldehyde (Electron Microscopy and Sciences, Hatfield, PA) and 2.5% formaldehyde (EMS) in sodium cacodylate (Sigma-Aldrich)
buffer, pH 7.4. Tissues were fixed for 1h at room temperature and then cut in fixative lengthwise into 300 um length x 300 um height
tissue pieces. Tissues were washed with cacodylate buffer and then transferred to a 300 um deep aluminum planchette (Technotrade
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Int., Manchester, NH). The planchette was filled with 20% BSA (Sigma-Aldrich) in Gomori phosphate buffer, pH 7.4 containing 5%
FBS (GIBCO/ThermoFisher), capped, and the tissue frozen in a Wolwhend Compact 02 High Pressure Freezer (Technotrade Int.). The
frozen tissues were embedded in LX112 resin (Ladd Research, Williston, VT) after super-quick freeze substitution (Reference, below)
in 1% osmium tetroxide (Ted Pella Inc., Redding, CA), 0.1% uranyl acetate (Ted Pella), and 5% dH,O in acetone. Sections were cut
using an Ultracut E Ultramicrotome (Leica Microsystems, Buffalo Grove, IL), placed on formvar and carbon-coated slot grids, and
examined in a JEOL 1400 electron microscope (JEOL, Peabody, MA) outfitted with Orius CCD cameras (Gatan, Pleasanton, CA).
Digital Micrograph software (Gatan) was used to collect digital images.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was conducted using GraphPad Prism 6 software and the values are expressed at means + SEM. Statistical an-

alyses were performed using the Student’s t test and one or two-way ANOVA with post hoc application of the Tukey test to adjust for
multiple comparisons when appropriate. P values less than 0.05 were considered significant.
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