woyy

MM

IEXIEII004LBZBrINUXAZEIDE LYAPOI6+XIMPIEEXTNY/PUIN L SNUVUEMIA/MSWOPMOATOI+0LLMU AQ

4AAQSSAIUEPYZANS

L20Z/€2/Z) U0 S9VLOTIEPAEB69%LOB4PHO+OUI0T6ILHBFSHALEATUACLIT

ARTICLE

The HO-1/CO System and Mitochondrial Quality
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GASIER, H.G., H.B. SULIMAN, and C.A. PIANTADOSI. The HO-1/CO system and mitochondrial quality control in skeletal
muscle. Exerc. Exerc. Sport Sci. Rewv., Vol. 50, No. 1, pp. 49-55, 2022. Inducible heme oxygenase (HO)—1 catalyzes the breakdown of heme
to biliverdin, iron, and carbon monoxide (CO) . CO binds to cytochrome ¢ oxidase and alters mitochondrial redox balance and coordinately
regulates mitochondrial quality control (MQC) during oxidant stress and inflammation. The hypothesis presented is that the skeletal mus-
cle HO-1/CO system helps modulate components in the MQC cycle during metabolic stress. Key Words: exercise, fission, fusion, mitochondrial

biogenesis, mitophagy, obesity

Key Points

e Heme oxygenase (HO)-1 activity increases cellular carbon
monoxide (CO) production, which initiates mitochondrial
redox-sensitive signals that integrate mitochondrial biogen-
esis, mitochondrial dynamics (fission and fusion), and mi-
tophagy, that is, mitochondrial quality control (MQC).

e HO-1/CO system induction stimulates skeletal muscle MQC
similar to exercise and preserves skeletal muscle mitochon-
drial morphology and function during nutrient excess.

® The mechanisms by which the HO-1/CO system in skeletal
muscle regulates MQC in exercise and diet-induced obesity
are under investigation.

INTRODUCTION

Mitochondria are known for matching energy production to
demand, but they also are critical in maintaining cellular redox
balance, calcium homeostasis, and heme synthesis. These activ-
ities are all essential for cell survival and met through an in-
terconnected mitochondrial network that continuously un-
dergoes fusion and fission (dynamics) to exchange mitochondrial
DNA (mtDNA) and other contents, and prevent the accumula-
tion of mitochondrial damage or mtDNA mutatations by pro-
moting mitophagy (1). Mitochondria are not produced de novo
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but are regenerated by coordinated nuclear and mitochondrial
genomic transcription and translation (1). Collectively, these
tightly regulated interrelated processes comprise the mitochon-
drial quality control (MQC) cycle, ensuring mitochondrial mass,
morphology, and distribution rapidly adapt to maintain cellular
homeostasis. Altered MQC has been reported in inflammation,
aging and sarcopenia, cancer, diabetes, cardiovascular, and neu-
rodegenerative diseases (2). Because of this, basic research has
been dedicated to understanding how MQC processes are regu-
lated in health, affected by stress, and adapt to disease with the
goal of identifying targeted therapies.

We have focused on understanding how MQC is regulated
by the heme oxygenase (HO)-1 and carbon monoxide (CO)
system during oxidant stress and inflammation. Much of the
new information has been generated from cardiac tissue and
cells (3-6); however, early data from skeletal muscle suggest
that the control mechanisms of the MQC cycle are similar
(7,8). This led us to hypothesize whether the HO-1/CQO system
regulates skeletal muscle MQC during metabolic stress, that is,
exercise and nutrient excess. We now know that low-dose in-
haled CO is capable of activating skeletal muscle mitochondrial
fusion and biogenesis in healthy adults and may increase aero-
bic exercise capacity (VO,uax) when combined with exercise
training. Our goal here is to provide clinicians and researchers
with a deeper understanding of the functionality of the HO-1/
CO system and its role in skeletal muscle.

THE HO-1/CO SYSTEM AND MYOCARDIAL MQC

Heme is composed of four pyrroles (porphyrin) attached to
a central iron atom and is generated from the turnover of heme
proteins or formed in mitochondria from glycine and succinyl-
CoA (9) (Fig. 1). Heme proteins include those that bind oxygen
for delivery and storage (hemoglobin and myoglobin), enzymes ac-
tivated by oxygen binding (peroxidases, catalases, oxygenases, and

Copyright © 2021 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.


mailto:heath.gasier@duke.edu

Bilirubin
o I BVR
OH
] NADPH + O, o .
Heme proteins — Heme HO-1/2 » CO + NADP++ H,0O + Biliverdin + Fe2*

Heme synthesis

Ferritin (Fe3*)

Figure 1. Heme clearance pathway. Free heme released from heme proteins or synthesized by mitochondria is enzymatically degraded by HO-1/2 in the pres-
ence of NADPH and O, to CO, biliverdin, and ferrous iron (Fe?*). Biliverdin is further reduced to bilirubin by biliverdin reductase, and Fe?* is stored as ferritin (Fe>*).

monooxygenases), and protein electron carriers (cytochromes)
(10). In humans, ~85% of the total heme is found in hemoglobin
(9). Free heme is a strong pro-oxidant and promotes inflammation,
becoming toxic if not adequately catabolized.

The HO enzymes are the main mechanism for heme detoxifi-
cation (10). There are two main HO isoforms, HO-1 and HO-2,
and a third (HO-3) that is a pseudogene derived from HMOX2
mRNA (10,11). HO-2 is constitutively expressed in most tissues,
whereas HO-1, also called heat shock protein 32, is induced by
stress. HO-1 and HO-2 catalyze the NADPH-dependent oxida-
tion of heme to equimolar amounts of biliverdin, ferrous iron
(Fe**), and CO (10). Biliverdin is rapidly reduced to bilirubin
by biliverdin reductase, and Fe?* is stored in ferritin (Fe’*). CO
is transported by hemoglobin and exhaled in the lungs, but
in the cell, it serves several functions, including activation of
stress-induced kinases and redox-sensitive transcription factors
that promote adaptation to cellular stress (12).

Cellular CO binds to cytochrome ¢ oxidase at the az heme,
which slows enzyme turnover and increases the cellular partial
pressure of oxygen (PO,) (4) (Fig. 2). The lower turnover in-
creases the reduction state of cytochrome by and improves fill-
ing of the Q cycle. Because the rate of electron transfer from
semiquinone to (Q-”) to oxygen is proportionate to the product
of Q7 and [O;], superoxide («Q~) production increases. Mitochon-
drial superoxide dismutase (SOD2) helps catalyze the dismutation
of ‘Q” to hydrogen peroxide (H,O,), which provides a redox
signal for activating MQC by two mechanisms (13). First,
H,O, oxidizes cysteine residues in phosphatase and tensin ho-
molog (PTEN), Cys’! & 124 and protein tyrosine phosphatase
1B (PTP1B), Cys’", inhibiting their phosphatase activity (14,15).
In a phosphoinositide 3-kinase (PI3K)—dependent manner, pro-
tein kinase B (PKB or Akt) phosphorylates nuclear respiratory
factor 1 (NRF1), leading to its nuclear translocation (4). In addi-
tion, H,O; oxidizes Cys"! in Kelch-like ECH-associated protein
1 (Keapl), which inhibits nuclear factor erythroid 2-related fac-
tor 2 (Nrf2) ubiquitination and degradation, allowing its nuclear
transport (16). Moreover, Akt phosphorylates glycogen syn-
thase kinase 3p (GSK3R), repressing its inhibitory effect on
Nrf2 nuclear import independently of Keapl (17). In the nu-
cleus, Nrf2 binds to antioxidant response elements (AREs) in
the promoter regions of HMOX1, SOD2, and NRF1 genes,
stimulating mRNA transcription and translation (6). Thus, H,O,
production and HO-1 protein levels increase. The accumulation
of nuclear NRF1 leads to its promoter binding of multiple genes,
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including mitochondrial transcription factors A, Bl, and B2
(TEAM, TEBIM, and TFB2ZM), and with its coactivator, peroxi-
some proliferator-activated receptor gamma coactivator-la
(PGC-1a), resulting in mRNA transcription and mtDNA tran-
scription and replication (4,18).

NRFI also induces the mitophagy proteins PTEN-induced
kinase 1 (PINK1), a serine/threonine kinase, and PARK2 (Parkin),
an E3 ubiquitin ligase (5). PINKT is localized to the inner mito-
chondrial membrane in functional mitochondria, where it is
ubiquitinated and degraded; however, when mitochondrial mem-
brane potential (Aysm) falls (depolarization), PINK1 is stabilized
in the outer mitochondrial membrane (19). PINK1 autophos-
phorylates and recruits and stimulates Parkin ligase activity,
ubiquitinating outer membrane proteins that are then phos-
phorylated by PINKI1, initiating mitophagy. PINK1-Parkin
interferes with mitochondrial dynamic regulation by two ways.
First, Parkin ubiquitinates the outer mitochondrial membrane
fusion GTPase, mitofusion 2 (MFN2), which is then phosphor-
ylated by PINK1 and degraded by proteasomes (20). Second,
PINK1 is involved in activating dynamin-related protein 1
(Drpl) activity, a mitochondrial fission GTPase, promoting
mitochondrial fission and mitophagy. During oxidant stress,
the HO-1/CO system is required to activate PINK1-Parkin—
dependent mitophagy (5). Collectively, HO-1/CO regulates
mitochondrial redox-sensitive pathways that coordinate cardiac
mitochondrial biogenesis and mitophagy to maintain a healthy
and stable mitochondrial population.

EXERCISE-INDUCED SKELETAL MUSCLE HO-1/CO
SYSTEM AND MQC

In 1997, Essig et al. (21) first reported the presence of HO-1
and HO-2 in rat skeletal muscle (plantaris and tibialis anterior)
and that muscle contractions (running and nerve stimulation)
induce HO-1 mRNA expression. Others established that HO-
1 mRNA expression is higher in type I versus type II fibers, re-
flective of the greater myoglobin and mitochondrial content,
and is induced by exercise in a time-, intensity-, and fiber type—
dependent manner (22,23). More specifically, low-intensity and
long-duration running exercise leads to a rapid and robust eleva-
tion in HO-1 mRNA expression in type I and type II rich muscle
fibers (red gastrocnemius), whereas high-intensity and shorter-
duration exercise sustains HMOX1 gene transcription in type I
rich muscle fibers (white gastrocnemius) (22). A similar time
course in skeletal muscle HMOX1 transcription rate and mRNA
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Overview of carbon monoxide (CO)-dependent transcriptional activation of mitochondrial quality control (MQC). 1) CO binding to heme a3 of cy-

tochrome c oxidase slows enzyme activity and reduction of 20, to H,0. 2) Electrons fill the Q cycle, increasing the reduction state of cytochrome bc; and oxygen
availability. This leads to increased -O3 production (dotted lines). 3) Mitochondrial superoxide dismutase (SOD2) catalyzes the dismutation of -O3 to H,0,, which
acts as an oxidant-signaling molecule. 4) H,0, oxidizes thiols of Keap1, permitting Nrf2 nuclear translocation and transcriptional activation of HMOX1, NRF1, and
SOD2. H,0, also oxidizes thiols in PTEN or PTP1B, activating protein kinase B (Akt), NRF1 phosphorylation and nuclear translocation, and activation of mitochon-
drial transcription factor A (Tfam), PTEN-induced kinase 1 (PINK1), and Parkin (PRKN) transcription. Akt phosphorylates GSK33, repressing the inhibitory effect on
Nrf2 nuclear translocation. Q, quinone (oxidized); O-—, semiquinone; QH,, ubiquinol (reduced).

expression was reported in young healthy adults after 5 d of
exhaustive one-legged knee extensor exercise (24). In addi-
tion, rats with a high intrinsic running capacity have signifi-
cantly more (~2-fold) HO-1 protein in skeletal muscle than
those with a low intrinsic running capacity, and aerobic exercise
training increases skeletal muscle HO-1 mRNA and protein con-
tent (25). Moreover, skeletal muscle HO-1 deletion compromises
mitochondrial adaptations to aerobic exercise training and reduces
endurance exercise capacity (25). These data indicate skeletal
muscles contain HO enzymes, aerobic exercise induces HO-1
mRNA transcription and translation, and levels of each are in-
creased with aerobic exercise training.

Essig et al. (21) postulated that the signal for exercise-induced
skeletal muscle HO-1 activation is the oxidants produced from
mitochondrial respiration, or from heme. The mechanisms by
which oxidant production may link the HO-1/CO system to
MQC in skeletal muscle are shown in Figure 3. Exercise-
induced oxidant production increases phosphorylation, thus,
activity of Ca’*/calmodulin-dependent protein kinase II
(CaMKII) at Thr?®® and its downstream target 5'-AMP-acti-
vated protein kinase (AMPK)a at Thr'™ (26). AMPK also is
activated directly by S-glutathionylation of Cys?®® & 3% of the
AMPKa subunit, and indirectly by slowed respiration and in-
creased AMP-to-ADP ratio (27,28). Upon activation, AMPK
regulates Nrf2 activation by four mechanisms: 1) AMPK directly
phosphorylates Ntf2 at Ser* (29); 2) AMPK activates protein
kinase C (PKC), which phosphorylates Nrf2 at Ser*® (30);
3) AMPK phosphorylates p62 at Ser’*® (Ser”! in mice), which
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promotes Keapl degradation and Nrf2 stabilization (29,31); and
4) AMPK phosphorylates GSK-3p at Ser’ via Akt, preventing
Nif2 phosphorylation (Ser’>*?*® in Neh6 domain) and SCF*
TCP_phediated degradation (17,32). Nif2 then translocates to
the nucleus where it binds to the ARE and transcriptionally ac-
tivates HMOX1 and NRF1 gene expression (33). Skeletal muscle
contraction—generated H,O, and NO may also stabilize Keapl
independently of AMPK and promote Nif2 nuclear transport
and ARE binding (33); however, this has not been directly tested.

To reflect HO-1 activity, the production of endogenous
CO should vary, but this has not been examined in skeletal
muscle. When carboxyhemoglobin (HbCO, baseline 1%) was
used as a surrogate of HO-1 activity and CO production, 2 h
of intermittent cycling exercise increased HbCO nearly two-
fold, from 1.1 + 1.6% to 2.1 + 1.6%, (34). Cellular CO stim-
ulates soluble adenylyl cyclase activity, thus, increasing the
concentration of cyclic adenosine monophosphate (cAMP)
(35,36). CO also binds to skeletal muscle soluble guanylyl cy-
clase (sGC) and increases cyclic guanosine monophosphate
(cGMP) (36). In both cases, protein kinase A (PKA) is acti-
vated and translocated to the nucleus, where it phosphorylates
cAMP-responsive element-binding protein (CREB) at Ser'*’
(36-38). Upon phosphorylation, CREB binds to the cAMP
response element (CRE) in the PGC-1a promoter, increasing its
mRNA transcription (39). In coordination with estrogen-related
receptor (ERR)a, PGC-1a promotes MEN2 transcription (40)
and coactivates NRF1 bound to the TEAM gene promoter
(18). These muscle contraction—induced redox-sensitive signals
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Nucleus

Proposed role of the Heme oxygenase (HO)-1/carbon monoxide (CO) system in how exercise activates the skeletal muscle mitochondrial quality control

(MQQC). Exercise increases oxidant production (-03, H,O,, and -NO) to regulate Nrf2 liberation from Keap1 and nuclear import by AMPK-dependent (black arrow)
and possibly AMPK-independent mechanisms (dotted black arrow). In the nucleus, Nrf2 stimulates NRF1 and HO-1 mRNA transcription and translation that increases
CO production, activation of CAMP and cGMP, and PKA. PKA is translocated to the nucleus where it phosphorylates CREB that activates peroxisome proliferator-
activated receptor gamma coactivator-1a mRNA transcription (PPARGC1A) and translation (PGC-10a). In coordination with ERRa and NRF1, PGC-1a stimulates mRNA
transcription and translation of mitochondrial fusion protein 2 (MFN2) and mitochondrial transcription factor A (TFAM), promoting mitochondrial fusion and biogenesis.

increase mitochondrial content and promote an elongated mi-
tochondrial morphology (33,41).

SKELETAL MUSCLE HO-1/CO SYSTEM AND MQC
IN OBESITY

In 2003, Bruce et al. (42) provided the first evidence that the
skeletal muscle HO-1/CO system may be involved in obesity
and comorbid conditions by showing a 55% reduction in HO-1
mRNA expression in obese subjects with type 2 diabetes. In the same
subjects, HO-1 mRNA increased ~70-fold after a hyperinsulinemic-
euglycemic clamp procedure. Others reported marked improve-
ments in weight control and glycemia, and a reduction in oxidative
stress in Zucker diabetic fatty rats up to 4 months after HO-1 in-
duction by hemin (36). These observations were accompanied
by a decrease in soleus muscle nuclear factor-kappa B (NF-«B),
c-Jun N-terminal kinase (JNK), and activator protein 1 (AP-1)
protein expression, suggestive of reduced inflammation. In addi-
tion, AMPK protein expression was increased whereas PTP1B
and GSK-3p levels were reduced. Because the HO-1/CO system
integrates Nrf2- and NRF1-mediated anti-inflammatory cytokine
expression and mitochondrial biogenesis (12), it is easy to specu-
late that MQC is influenced by hemin treatment.

When nutrient availability exceeds energy demand, skeletal
muscle mitochondria undergo Drpl-mediated fission and become
punctate and fragmented (Fig. 4A), resulting in reduced efficiency
and a lowered capacity to produce ATP (7,43). In addition, PINK1
protein expression and conjugated microtubule-associated pro-
tein 1A/1B-light chain 3 (LC3 II), required for autophagosomal
fusion to lysosomes, increase, and this is accompanied by reduced
mitochondrial number and mass, indicating mitophagy (43,44).
Logically, induction of the HO-1/CO system should preserve
MQC and function during overfeeding, so we performed experiments
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whereby we delivered CO to C2C12 myoblasts using water-soluble
CO releasing molecule-3 (CORM-3) and rats by low-dose inhaled
CO (7). CORM-3 contains tricarbonylchloro(glycinato)ruthemium
(ID), releases 1 CO-mol™!, and has a half-life of 1 min (45). When
cells were incubated in high glucose and high fat, CORM-3 (20
uM) treatment attenuated mitochondrial oxidant production
and Drpl regulated fission and fragmentation (Fig. 4B). PINK1
protein levels decreased, respiratory capacity increased, and a mod-
est improvement in coupling efficiency was observed in some of
the experiments. These changes are expected because elongated
mitochondria have a higher respiratory capacity and possibly
improved efficiency than fragmented mitochondria (46). In a
different experiment, obesity-prone rats were fed a high-fat and
high-sucrose diet for 10 wk and remained sedentary, received
low-dose inhaled CO (250 ppm (8.9 mM) twice per week), un-
derwent moderate running exercise training three times per
week, or received CO and performed exercise training (7). The
combination of CO and exercise promoted a mitochondrial pop-
ulation that were larger, more complex, and had well-defined
cristae compared with sedentary obese (Fig. 4C and D), CO, or
exercise groups. ADP-stimulated respiration in the presence of
NADH-linked substrates and whole-body energy expenditure
were also greater when CO and exercise were combined. Collec-
tively, these data suggest the HO-1/CO system influences skele-
tal muscle MQC and bioenergetics in cell and rat models of diet-

induced obesity.

LOW-DOSE INHALED CO, MQC, AND VO,pax
Mitochondrial respiratory capacity contributes to VO,
Because the HO-1/CO system activates mitochondrial biogen-
esis, inhaling low-dose CO should increase VO ;. To test this
hypothesis, our group conducted two independent investigations
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Heme oxygenase (HO)-1/carbon monoxide (CO) regulates mitochondrial dynamics in obesity. A and B. C2C12 myoblasts were incubated with high

glucose (15.6 mM) and high fat (0.250 mM palmitate) (HGHF) for 4 h (7). Cells were pretreated 30 min before adding HGHF with DMSO (A) or 20 uyM CORM-3
(B). Cells were stained with cytochrome ¢ (green) and Drp1 and imaged at x40 magnification with an epifluorescence microscope (scale bar, 5 pum). Nutrient
excess caused Drp1-mediated mitochondrial fragmentation (A), whereas CORM-3 maintained an elongated/tubular mitochondria network (B). C and D.
Obesity-prone rats were fed a high-fat and high-sucrose diet for 10 wk and remained sedentary (C) or underwent 3 h-wk~" of moderate running exercise training
and treated with inhaled CO at 250 ppm (five 1-h treatments before and two 1-h treatments during the experiment) (D) (7). Soleus muscle mitochondria were
imaged using transmission electron microscopy at x 12—x 15,000 magnification (x60,000 insets) (scale bar, 0.5 pm). Mitochondria from sedentary obese rats
were small (black arrows) and had disorganized cristae (inset) (C). In contrast, mitochondria from rats that received CO and underwent running exercise training
were larger with increased complexity (black arrows) and had clear and defined cristae (inset) (D). The morphological changes were significantly greater than CO

or exercise training alone (images not shown).

whereby healthy recreationally active adults breathed CO for 1 h
over five consecutive days (8,47). In the first study, the dose was
100 ppm (3.57 mM) and raised the HbCO to ~3.3% (47). This
led to increased PGC-1a, NRF1, Tfam, and mtDNA polymerase
v (POLG; the catalytic subunit), and MFN1 and 2, and OPA1
mRNA expression, indicative of transcriptional activation of
mitochondrial biogenesis and fusion. These changes were ac-
companied by increased protein expression of citrate synthase
and ATPase, but not in mtDNA copy number. Moreover, VO max
(cycling) was unchanged, leading to a second study whereby
the dose was increased to 200 ppm (7.14 mM) in healthy
recreationally active adults, the National Institute for Occupa-
tional Safety and Health upper limit for CO exposure (8). In
addition, VO, .y testing was completed in hypobaric hypoxia
(simulated altitude of 4572 m) using a single-leg cycling exer-
cise protocol with the intent of shifting the limitation in exer-
cise capacity from systemic oxygen delivery to tissue diffusion
and mitochondrial respiratory capacity. This level of CO raised
HbCO to ~5.5% and led to complete induction of the mito-
chondrial biogenesis transcriptional program and increased MFN2
and OPA1 mRNA expression, responses that were accompanied
by increased mitochondrial volume density. In addition, myoglobin

Volume 50 * Number 1 ¢ January 2022

content and the number of capillaries per muscle fiber in-
creased. Despite improvement in the peripheral components
that are achieved with aerobic exercise training, VO, Was
unchanged. These data imply that low-dose inhaled CO is
capable of stimulating skeletal muscle mitochondrial biogen-
esis and fusion control, and other components of the oxygen
transport system, but does not augment VO,

The null result of inhaled CO on VO, has been reported by
others (48,49). In recreationally active adults who inhaled a single
dose of CO (~1145 ppm) daily for 10 d, submaximal and maximal
VO, did not increase (48). This dose raised HbCO to ~4.4%.
When healthy and moderately trained subjects inhaled a bolus
of CO five times per day for 3 wk, a dose that raised HbCO to
~5%, VOymax did not improve despite an increase in hemoglobin
(Hb) mass of ~5% (49). The authors did, however, report a sig-
nificant relation between changes in VO, and Hbmass
(r = 0.70). In contrast, when trained soccer players inhaled a
single bolus of CO that raised HbCO to ~4.5% daily before run-
ning exercise training over 4 wk, Hbmass, VO, .y, and running
economy improved by ~3.7%, 2.7%, and 4% (medium effect size),
respectively (50). These data suggest aerobic exercise training is
needed with CO to increase VO,,nax.
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CONCLUSION AND PERSPECTIVE

HO-1 is a stress-mediated enzyme that produces the endoge-
nous gas molecule CO. CO binding to heme within cytochrome
¢ oxidase increases extramitochondrial H,O, levels that activate
antioxidant and anti-inflammatory DNA binding transcription
factors that modulate MQC to support cellular energy demand
and prevent cell death. Although much of the foundational re-
search has been completed in nonskeletal muscle cells and tissue,
emerging data support a role of the HO-1/CO system in regulating
skeletal MQC during oxidant and inflammatory stress, that is,
muscle contractions and nutrient excess. In exercise, oxidant
and energy availability regulates skeletal muscle Nrf2 transloca-
tion to the nucleus where it can activate mRNA transcription
of HO-1 and NRF1. HO-1 catalyzes the breakdown in heme,
which increases during exercise (25), increasing CO production
and PKA-mediated PPARGCIA transcriptional activation. In
coordination with NRF1 and ERRa, PGC-1a promotes mito-
chondrial fusion and biogenesis. Inhaled low-dose CO also tran-
scriptionally activates skeletal muscle mitochondrial fusion and
biogenesis and increases myoglobin content and capillarization.
In diet-induced obesity, HO-1/CO system induction shifts the
mitochondrial dynamic balance toward fusion, resulting in an
elongated and tubular mitochondrial network that is linked to
increased mitochondrial respiration. Aerobic exercise training,
however, is necessary to increase resting and maximal VO,.

Production of this review was possible because of the progress
in the field of HO-1/CO biology; still, our understanding of the
skeletal muscle HO-1/CO system in exercise and obesity is
incomplete. For instance, it remains unknown whether the
HO-1/CO system controls mitophagy in exercise and obesity.
Clearly, damaged or poorly functioning mitochondria need to be
segregated by fission and ubiquitinated for mitophagy, or fuse with
healthy neighboring mitochondria. In this instance, mitochon-
drial mass changes are due to complementation versus mitophagy
and biogenesis. Measuring mitophagy in tissue is difficult; thus, sin-
gle time-point measurements of activation and repressor control
mRNA and proteins, or immunofluorescence of colocalized pro-
teins specific to mitochondria and autophagosomes or lysosomes
are used as proxies. To overcome this shortcoming, the use of
transgenic mouse models, for example, mt-Keima or mito-QC,
should advance our understanding of the HO-1/CO systems'
role in mitophagy (51). More research also is needed to determine
efficacious CO dosing protocols, which is limited to HbCO in the
6% to 10% range, and how exercise training and fitness level influ-
ence the HO-1/CO system responsiveness to stress and exogenous
CO. With this information, testing low-dose inhaled CO for com-
plications apart from respiratory illnesses (52,53), for example,
obesity and metabolic diseases, may be possible.
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