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INTRODUCTION
Definition of Chronic Obstructive Pulmonary Disease (COPD)

According to the Global Initiative for Chronic Obstructive Lung Disease (GOLD)
COPD, a common preventable and treatable disease, is characterized by persistent
airflow limitation that is usually progressive and associated with an enhanced chronic
inflammatory response in the airways and the lung to noxious particles or gases (1).
Exacerbations and comorbidities contribute to the overall severity in individual patients.
Estimates by the World Health Organization indicate that approximately 65 million
people worldwide are affected (201). The prevalence of COPD is even increasing, and
the ‘global burden of disease’ study (BOLD) indicates that in 2020 COPD will be the
third leading cause of death (131) and the fifth leading cause of years lost through early
mortality or handicap (73). In Maastricht (The Netherlands) the overall prevalence of
COPD in people aged ≥40 years is 24% (192).
The primary risk factor for development of COPD is active smoking, which
supposedly causes ~90% of COPD deaths (189). However, studies from the last decade
increasingly suggest that cigarette smoking is a cause in only 50% of the cases of
COPD, and that non-smoking COPD contributes more than previously assumed (168).
Contributors to non-smoking COPD include second-hand smoke, frequent lower
respiratory infections, untreated asthma, dust, chemical fumes, and air pollution in
the workplace or the environment (202). In addition, genetic disorders can predispose
to develop COPD (188). Although development of COPD can begin early in life, it is
frequently undiagnosed before age 40 (203).

Skeletal muscle dysfunction in COPD

An important and often investigated systemic manifestation of COPD is skeletal
muscle dysfunction, which seriously affects disease burden (112). Loss of skeletal muscle
mass due to muscle fiber atrophy results in reduced muscular strength and predicts
morbidity and mortality independently from lung function impairment measured
as forced expiratory volume in 1 s (FEV1) (116, 183), hypoxia or hypercapnia (172).
Furthermore, a reduced proportion of oxidative muscle fiber types and mitochondrial
capacity (i.e. loss of oxidative phenotype; Oxphen) in the lower limb muscle is associated
with increased muscular fatigability and reduced exercise capacity (6, 52, 83, 113, 164,
208). As COPD is more prevalent in the older population and COPD patients suffer from
labored breathing, patients adapt to a sedentary lifestyle, which further worsens muscle
function (148). Nevertheless, exercise training is currently the only evidence-based
intervention to improve skeletal muscle function in COPD (112).
Patients with COPD often suffer from comorbidities such as metabolic syndrome,
cardiovascular disease, gastro-esophageal reflux, osteoporosis, lung cancer, diabetes
mellitus, psychological disorders, and anemia (26, 44, 127, 132, 162). Comorbidities
are associated with increased risk of hospitalization both for respiratory (114) and nonrespiratory causes (115). Moreover, patients with COPD and comorbidities are more
dyspneic and have reduced exercise capacity compared to patients without comorbidities
(125).
Loss of skeletal muscle mass and Oxphen has been associated with some of the
above-mentioned comorbidities. For example, osteoporosis risk is increased in patients
8

with low muscle mass (55) and in skeletal muscle of patients with type II diabetes, a
shift in fiber-type composition from slow to fast has been linked to increased insulin
resistance (101, 140, 177). Moreover, patients with chronic heart failure have been
shown to exhibit a similar loss of skeletal muscle Oxphen as patients with COPD (51).
Interestingly, loss of Oxphen has been proposed to accelerate muscle wasting in
COPD (158) and to be a driver of cardiovascular and metabolic risk in COPD (190). The
potentially extensive consequences of loss of Oxphen make delaying or even reversing
loss of Oxphen a promising approach in modifying COPD progression, increasing quality
of life and decreasing health care costs by reducing the amount of hospital admissions.

Skeletal muscle oxidative phenotype

Muscle function and fiber type
Skeletal muscle is vital for posture, movement, energy storage and consumption,
as well as whole-body metabolism. Muscles are composed of bundles of muscle fibers
that based on their type have specialized functions and are plastic in response to triggers
such as contractile activity, nutrient availability, and hormones (16). Human skeletal
muscle is made up of three different pure fiber types and two hybrid intermediary
types: type I – I/IIA – IIA – IIA/IIX – IIX (170). The fiber types have specific biochemical,
physiological, structural and metabolic characteristics, which determine function, size,
metabolism and fatigability (170). The specific combination of fiber types that makes up
a muscle determine the functional properties of that muscle (170). Roughly, the fibers
are classified based on their contractile properties as slow-twitch type I or fast-twitch
type II (171). The fiber types are further divided based on the metabolic properties into
oxidative type I, oxidative-glycolytic type IIA and glycolytic type IIX, where the name is
based on the expressed isoform of the myosin heavy chain protein (178). Rodent muscle
has 4 different pure and three mixed fiber types (I – I/IIa – IIa – IIa/IIx – IIx – IIx/IIb –
IIb), but in contrast to human fiber types the most glycolytic fiber type in rodents is
type IIb, whereas type IIx has an intermediary metabolism (53). Oxidative fibers have
a high mitochondrial content, use mainly oxidative metabolism for energy production,
and are important for endurance. Glycolytic fibers are more dependent on glycolytic
metabolism, important for strength and speed, but fatigue quickly (170).
Energy metabolism
The main energy source in the muscle is adenosine triphosphate (ATP), which can
be generated from the substrates glucose, fat and protein through multiple converging
pathways. Glucose can be converted to ATP through glycolysis. Glucose is internalized
through either diffusion or active transport by glucose transporters (GLUT-1, -2, -3, -4,
-5). In addition, glucose may be derived from intracellular glycogen after phosphorylation
by glycogen phosphorylase. Glucose internalization by GLUT transporters can be
modulated by stimuli including exercise, hypoxia and insulin stimulation. Once glucose
is in the cell, it is retained through phosphorylation by hexokinase (HK). Phosphorylated
glucose enters the glycolytic pathway where it is converted to fructose-6-phosphate.
Based on the cells’ energy requirements, phosphofructokinase (PFK) phosphorylates
fructose-6-phosphate to yield fructose-1,6-biphosphate. PFK is the key regulatory and
rate-limiting enzyme in glycolysis. Fructose-1,6-biphosphate is further converted to two
molecules of glyceraldehyde-3-phosphate. Up to this point, glycolysis has cost 2 ATP
9
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molecules. Both glyceraldehyde-3-phosphate molecules are then converted to pyruvate
with the concomitant release of 4 ATP and 2 nicotinamide adenine dinucleotide (NADH)
molecules. Up to this stage, no oxygen is required, but energy yield from glycolysis is
low. This pathway can operate both under aerobic and under anaerobic or hypoxic
conditions. Aerobic glycolysis involves pyruvate entering the mitochondrion where it is
converted to acetyl-coenzyme A (acetyl-CoA), yielding 1 NADH, and further metabolized
in the tricarboxylic acid (TCA) cycle. During anaerobic glycolysis pyruvate is reduced
to lactate in order to regenerate NAD+ from accumulating NADH; lactate acidifies the
cytoplasm if it is not shuttled out of the cell.
In the mitochondrial matrix, acetyl-CoA is converted to citrate by citrate synthase
(CS), the rate-limiting enzyme of the TCA cycle. Further metabolization yields 1 ATP, 1
flavin adenine dinucleotide (FADH2) and 3 NADH molecules. The electron carriers NADH
and FADH2 are used by the electron transport chain (ETC) to produce ATP by the process
of oxidative phosphorylation (OXPHOS). The NADH molecules are oxidized at complex
I (NADH dehydrogenase) of the ETC and FADH2 enters the ETC at complex II (succinate
dehydrogenase). By the process of oxidative phosphorylation, further electron shuttling
through complex III (cytochrome c reductase) and complex IV (cytochrome c oxidase;
COX) creates a proton motive force over the inner mitochondrial membrane, which is
used by complex V (ATP synthase) to convert adenosine diphosphate (ADP) to ATP. One
molecule of glucose can yield 36 ATPs when all three metabolic pathways are used.
In addition to glucose, free fatty acids and protein can also be converted to ATP.
Fatty acids are oxidized through the β-oxidation pathway in the mitochondrial matrix, each
cycle yielding 1 acetyl-CoA molecule that enters the TCA cycle, and 1 NADH and 1 FADH2,
which are used by the ETC. The third step of β-oxidation is catalyzed by 3-hydroxyacylCoA dehydrogenase (HADH). Hydrolysis of proteins produces glucogenic amino acids
that are converted to pyruvate or other intermediates of the TCA cycle, and ketogenic
amino acids that are degraded to acetyl-CoA. Pyruvate, TCA cycle intermediates and
acetyl-CoA then enter the TCA cycle or ETC to produce ATP.
In times of low effort, excess ATP can be used to produce phosphocreatine (PCr)
to create a high-energy phosphate reserve. In the first 10 seconds of high-intensity
exercise, the muscle can use this reserve to replenish ATP by transfer of inorganic
phosphate from PCr to ADP. This is the fastest method for ATP generation and does not
require oxygen and is therefore also called alactic anaerobic metabolism. In the next two
minutes of high-intensity exercise, glucose is derived from anaerobic glycolysis. Build-up
of lactate results in muscle burn and fatigue and high-intensity exercise can no longer
be maintained when the blood lactate threshold is reached. With increased breathing
frequency and heart rate there is more oxygen available that can be used in aerobic
metabolism. Therefore, after approximately five minutes, the muscle mainly derives its
energy from fatty acid metabolism. Due to the need of oxygen, this is the slowest method
of ATP generation because it relies on the circulatory system for oxygen transport to the
muscle, but due to the high amount of energy stores well-suited for longer duration of
exercise at a modest intensity.
The total mitochondrial content, the surface of the inner mitochondrial
membrane and the activity of the ETC complexes determine the oxidative capacity of the
muscle cell. In turn, oxidative capacity of the lower limb muscles is a major determinant
of aerobic exercise capacity (20, 68).
10

Regulation of oxidative metabolism
Oxidative metabolism is regulated by stimuli such as physical (in)activity and
inflammation (56, 157). A simplified signaling scheme is presented in Figure 1. The
mitochondrial content is tightly regulated to meet cellular metabolic demand, but at
the same time to avoid excessive mitochondrial capacity (4, 37, 138, 149). Nuclear DNA
(nDNA) encodes genes for all non-OXPHOS mitochondrial proteins, most of the OXPHOS
complex subunits, as well as OXPHOS-related genes involved in OXPHOS assembly,
mitochondrial nucleotide balance, and mitochondrial DNA (mtDNA) replication,
maintenance, transcription and translation. However, 13 OXPHOS complex subunits that
are critical for ETC function are encoded by the mtDNA. The coordinated expression
of OXPHOS complex subunits from the nuclear and mitochondrial genomes is under
tight regulation. Whereas expression of nuclear OXPHOS subunits is determined by
transcriptional regulation and mRNA level, expression of mitochondrially encoded
OXPHOS subunits is largely determined by mtDNA content (200).
Peroxisome proliferator-activated receptor coactivator-1α
One of the most studied regulators of mitochondrial metabolism and biogenesis
is peroxisome proliferator-activated receptor co-activator 1α (PGC‑1α). It is controlled by
many cellular stresses and when activated co-activates a plethora of transcription factors
influencing amongst others mitochondrial biogenesis and metabolism, and expression
of structural proteins related to a slow-twitch fiber type (102). Originally, PGC‑1α was
discovered as a binding partner of peroxisome proliferator-activated receptor γ (PPARγ)
in brown fat cells (154). PGC‑1α was shown to confer a brown adipocyte-like phenotype to
the white adipocytes upon overexpression, including increased mitochondrial biogenesis
and thermogenic uncoupling (154). Further research in muscle showed that PGC‑1α and
its later discovered homologs PGC‑1β and PGC‑1-related coactivator (PRC) co-activate
many more transcription factors, among which are nuclear respiratory factors (NRF)1 and -2 as well as nuclear receptors (NRs) such as estrogen-related receptors (ERRs),
PPARs and thyroid hormone receptor (TR) (9, 74, 95, 102, 103, 128, 173, 206, 214).
Although PGC‑1 coactivators are necessary for the oxidative and mitochondrial programs
of skeletal muscle, they are dispensable for fundamental fiber type determination and
insulin sensitivity (210).
Docking of PGC‑1α to these transcription factors induces a conformational change
in PGC‑1α which enables binding of histone acetyltransferases (HATs) such as steroid
receptor coactivator–1 (SRC-1) and CREB binding protein (CBP)/p300 (152). Acetylation
of histones modifies chromatin structure to become less compact and permit binding
of transcription factors and transcriptional activation. Deacetylation of histones by
histone deacetylases (HDACs) induces a compact chromatin environment, which results
in transcriptional repression.
PGC‑1α activity is post-translationally regulated by phosphorylation,
acetylation, methylation and ubiquitylation (42). With metabolic stress, the adenosine
monophosphate (AMP)/ATP ratio is increased and the AMP-activated protein kinase
(AMPK) is activated (59). AMPK phosphorylates PGC‑1α to increase its activity (78),
but also stimulates its expression (182). Other kinases that positively influence PGC‑1α
stability and transactivation capacity include p38 mitogen-activated protein kinase
(MAPK) (40, 153) and protein kinase A (PKA) (25). p38 MAPK also promotes PGC‑1α gene
11
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expression (3). Phosphorylation by glycogen-synthase kinase (GSK) 3β stimulates PGC‑1α
intranuclear proteasomal degradation (8). Acetylation of PGC‑1α is regulated based on
cellular energy status: an increase in the NAD+/NADH ratio activates silent information
regulator 1 (SIRT1), which stimulates PGC‑1α transcriptional activation by deacetylation
(23, 48, 163). High energy status on the other hand activates general control nonderepressible (GCN) 5 and steroid receptor coactivator (SRC) 3 which repress PGC‑1α
activity (29, 88, 99). Methylation of PGC‑1α by protein arginine N-methyltransferase 1
(PRMT1) enhances PGC‑1α-mediated transcription (185), and ubiquitylation of PGC‑1α
by the E3 ligase Skp1, Cullin/Cdc53, and the F-box protein Cdc4 (SCFCdc4) complex
increases ubiquitin-mediated proteolysis (142).
The pathways that regulate PGC‑1α are also intertwined, as AMPK increases
fatty acid oxidation, which results in increased NAD+ and SIRT1 activation to stimulate
PGC‑1α deacetylation and activation (23). Moreover, AMPK-mediated phosphorylation
of PGC‑1α is required for SIRT1-mediated deacetylation (23).
Nuclear respiratory factors
PGC‑1α regulates expression of and coactivates NRF-1 and -2 (206). The NRFs in
turn regulate transcription of mitochondrial transcription factor A (Tfam), a transcription
factor involved in OXPHOS protein expression and mitochondrial DNA replication
(39, 194). mtDNA transcription by Tfam is markedly enhanced by the mitochondrial
transcription specificity factors TFB1M and TFB2M (49). Expression of both is regulated
by the NRFs in conjunction with PGC‑1α and PRC (49). The nuclear expression of these
mitochondrial transcription factors makes them crucial in the synergistic regulation of
mitochondrial protein expression from the nuclear and mitochondrial genome (87).
Furthermore, PGC‑1α has been shown to also be active in the mitochondria where it
functions as a transcriptional co-activator of Tfam (166).
Peroxisome proliferator-activated receptors
Some of the NRs that are coactivated by PGC‑1α function as metabolic sensors
because their ligands consist of substrates and end-product molecules of metabolic
pathways. The PPARs for example bind to and are activated by free fatty acids, especially
poly-unsaturated fatty acids (96). When no ligand is bound by the PPARs, corepressors
and HDACs are recruited. Ligand binding changes PPAR conformation thereby dissociating
repressors and recruiting protein complexes with histone acetyltransferase (HAT) activity
to allow gene transcription. PGC‑1α coactivates PPARα to regulate expression of genes
involved in mitochondrial fatty acid import and β-oxidation (98, 193). PPARδ is coactivated
by PGC‑1α to stimulate expression of genes involved in fatty acid metabolism (92).
Furthermore, overexpression of an activated form of PPARδ increased mitochondrial
Figure 1 | Pathways regulating muscle oxidative phenotype. AMP, adenosine monophosphate;
AMPK, AMP-activated protein kinase; ATF2, activating transcription factor 2; ATP, adenosine
triphosphate; CaMKs, Ca2+/calmodulin-dependent protein kinases; Cn, calcineurin; ERRs, estrogen-related receptors; FFA, free fatty acids; HIF‑1, hypoxia-inducible factor; MEF2, myocyte enhancer factor-2; mtDNA, mitochondrial DNA; NAD, nicotinamide adenine dinucleotide; nDNA,
nuclear DNA; NFAT, nuclear factor of activated T-cells; NRFs, nuclear respiratory factors; OXPHOS,
oxidative phosphorylation; PGC‑1α, peroxisome proliferator-activated receptor γ, coactivator 1 α;
PHDs, prolyl hydroxylase domain enzymes; PPARs, peroxisome proliferator-activated receptors;
ROS, reactive oxygen species; SIRT1, sirtuin 1; Tfam, mitochondrial transcription factor A.
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biogenesis (197). Moreover, PGC‑1α induces PPARδ expression and coativates PPARδ to
induce its own expression (65).
Estrogen-related receptors
Although the natural ligands of estrogen-related receptors have yet to be
discovered, it is known that PGC‑1 coactivators can serve as protein ligands for the
ERRs (36). Coactivation of ERRα by PGC‑1α stimulates expression of OXPHOS genes and
mitochondrial biogenesis (173), whereas ERRγ activates angiogenesis and promotes
oxidative metabolism and type I fibers independent of PGC‑1α in muscle-specific ERRγ
overexpression mice via activation of 5’-adenosine monophosphate-activated protein
kinase (AMPK) (134). The role of ERRβ in metabolism is unknown, although it is known
that ERRβ is expressed in skeletal muscle in an oscillating manner (209). Due to the light/
dark-dependent oscillating expression of ERR isoforms it has been suggested that ERRs
act as molecular links between the circadian clock and energy metabolism (209).
Regulation of fiber type
Calcium signaling
Multiple signaling pathways are involved in regulation of muscle fiber type.
The Ras/mitogen-activated protein kinase (MAPK) pathway couples excitation and
transcriptional regulation to promote the slow program in regenerating muscle (130).
The calcium/calmodulin-activated phosphatase calcineurin (Cn) dephosphorylates
the transcription factor NFAT in response to nerve activity, which results in nuclear
translocation of NFAT and activation of the slow-type muscle program in cooperation
with among others the myocyte enhancer factor 2 (MEF2) proteins (28, 136, 176). Slow
motor neuron activity also stimulates activity of calcium-dependent calcium/calmodulindependent protein kinase IV (CaMKIV) to promote MEF2 transactivator function and to
stimulate mitochondrial biogenesis (204). Moreover, MEF2 directly interacts with PGC‑1α
to synergistically activate transcription of slow-twitch muscle genes and stimulate
calcineurin signaling (104, 205). Overexpression of PGC‑1α in skeletal muscle drives a
fiber-type shift with increased proportion of type I fibers (104). Also, muscle-specific
overexpression of activated PPARδ has been shown to result in a so-called ‘endurance
phenotype’ with an increased proportion of slow-twitch fibers in addition to increases of
oxidative enzymes and mitochondrial biogenesis (197).
MyomiR network
In the last decade it has become increasingly clear that muscle-specific
microRNAs (miRNAs) play a significant role in muscle development and repair. miRNAs
were discovered as small non-coding RNAs that regulate cytoplasmic mRNA stability
and translation via partial base-pairing with the target mRNA sequence in RNA-induced
silencing complexes (RISC). mRNA is then either cleaved by the slicing-competent
argonaute protein Ago2 in the core of RISC and degraded, or is modified by deadenylating
and decapping enzymes that are recruited by the Ago partner GW182. This permits
exonucleases to cut unprotected mRNA and it interferes with binding of cap-binding
protein eIF4E and ribosome scanning (30). One single mRNA can be targeted by multiple
miRNAs and one individual miRNA can target mRNAs in multiple signaling pathways,
thereby ensuring pleotropic regulation, or it can target multiple mRNAs with products in
14

the same pathway to amplify its effect. miRNAs that are specifically expressed in muscle
cells have been named myomiRs.
In addition to their cytoplasmic localization, miRNAs have also been detected in
secreted vesicles (213) and in mitochondria (13, 15, 19, 31, 94, 179). Interestingly, in the
mitochondria the cardiac and skeletal muscle-specific miRNA miR-1 has been shown to
stimulate mitochondrial translation of multiple mtDNA-encoded mRNAs, while inhibiting
nDNA-encoded target mRNAs (212). This function has been shown to occur during
myogenic differentiation and enables increased expression of mitochondrial proteins
without significantly increasing mtDNA copy number or transcription (212).
miR-1 is expressed from a bicistronic cluster with miR-133a, but these miRNAs
have opposing functions: whereas miR-1 targets HDAC4 (27), a transcriptional repressor
of myogenic gene expression via MEF2 (107), miR-133a targets serum response factor
(SRF) to enhance myoblast proliferation (27). Another pair of skeletal-muscle specific
miRNAs that is bicistronically transcribed is miR-133b and miR-206. miR-133b is highly
homologous to miR-133a, while miR-206 shares similarity to miR-1 and has similar
target mRNAs (27, 122). miR-206 shows sequence similarity with miR-1 and stimulates
differentiation via indirect upregulation of MyoD (90). Expression of miR-1 and miR133 family members is regulated by myogenic regulators including MEF2, MyoD and
myogenin (106, 156).
Other muscle-specific miRNAs include miR-208b, miR-486 and miR-499. miR208b and miR-499 are encoded in the introns of the mouse slow type I β-MHC (Myh7)
gene and slow type I MHC7b (My7b) gene, respectively, and functionally redundant
(191). They promote a slow-twitch gene program by targeting transcription factors that
regulate a fast-twitch gene program, such as Sox6, Purβ, Sp3, HP-1β and Thrap1 (18, 123,
191) and have been shown to be regulated by ERRγ (46). miR-486 is a target of myostatin
signaling and stimulates the IGF-1/Akt/mTOR pathway to regulate muscle size (64).
Regulation by exercise
Endurance training has been shown to stimulate expression of mitochondrial
enzymes (24), whereas detraining results in decreased mitochondrial capacity (61).
An increased proportion of oxidative fibers make the muscle more resistant to fatigue,
but disuse can reduce the proportion of oxidative fibers in muscle (72). In response to
exercise, expression of Oxphen regulators including PGC‑1α, PPAR-α and -δ, and Tfam is
induced (111, 146). Upon nerve stimulation, calcium signaling is activated by activation
of CaMKIV and calcineurin A (CnA), which in turn activate MEF2C and MEF2D that drive
PGC‑1α transcription (58). MEF2C and MEF2D expression is regulated by PGC‑1α, which
creates a positive feedback loop (104, 124). Furthermore, CaMKIV activates cAMP
response element (CRE)-binding protein (CREB), which is another transcription factor
that regulates PGC‑1α expression (58, 204). Calcineurin dephosphorylates NFAT, which
then translocates to the nucleus to activate transcription of a slow-twitch gene program
(28, 33). Phosphorylation of NFAT by GSK-3β or casein kinase 1 or 2 results in export
out of the nucleus (17, 137, 141, 216). Treatment of rats with the calcineurin inhibitor
cyclosporin A (CsA) induces a fiber-type shift from slow to fast (28, 176). On the other
hand, calcineurin-overexpressing mice display an increased proportion of slow fibers in
skeletal muscle (28, 184). Exercise also activates p38 MAPK and AMPK (3, 84). p38 MAPK
can activate both MEF2 (215) and activating transcription factor 2 (ATF2) to induce
15
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PGC‑1α expression (3). Effects of AMPK on mitochondrial biogenesis and function are
mediated by PGC‑1α, but how exactly AMPK stimulates PGC‑1α expression is unknown
(78).
It has been shown that the exercise intensity is related to the induction of PGC‑1α
mRNA expression (139): low-intensity exercise stimulates phosphorylation of p38 MAPK
but does not affect PGC‑1α gene expression (35). High-intensity exercise on the other
hand increases phosphorylation of AMPK, CaMKII and p38 MAPK and induces mRNA
expression of PGC‑1α (35). Moreover, it has been suggested that PGC‑1α expression is
induced by exercise only if the intensity is high enough to exceed the lactate threshold
(186).
It is known from mouse studies that 90 min of exhaustive endurance exercise
decreased expression of miR-23, which correlated with increased PGC‑1α expression
(165), a predicted target of miR-23 (199). Furthermore, four weeks of threadmill
endurance training resulted in decreased miR-696 expression, which correlated with
increased PGC‑1α protein levels in mice (11). miR-696 has been shown in vitro to
negatively affect PGC‑1α protein but not mRNA expression (11). Expression of miR-696 or
its regulation of PGC‑1α translation has not yet been verified in human skeletal muscle.

Hypoxia

Cellular signaling
Glycolytic metabolism is associated with with reduced oxygen availability, or
hypoxia (198). Oxygen can be sensed by all nucleated cells in the human body. The
hypoxia inducible factor (HIF) plays a critical role in the transcriptional regulation of
angiogenesis and hypoxic adaptation (63, 91) and is also expressed in skeletal muscle
(181). HIF is a heterodimeric protein that belongs to the basic helix-loop-helix-PAS
family of transcription factors (195). It is composed of a regulatory alpha subunit and
a constitutively expressed beta subunit (196). The alpha subunit has a short half-life
of approximately 5 minutes and is highly sensitive to oxygen (167). Three different HIF
alpha isoforms have been described: HIF‑1α is ubiquitously expressed and the most
characterized form. HIF-2α and HIF-3α expression is generally restricted to certain cell
types (e.g. endothelial, epithelial, neuronal, fibroblast and macrophage cells). Whereas
HIF-2α has a structure and function similar to HIF‑1α, HIF-3α function is still incompletely
understood but probably related to inhibition of HIF‑1α and HIF-2α (60). The only beta
isoform, HIF‑1β (also known as ARNT: aryl hydrocarbon nuclear receptor) is insensitive
to oxygen levels.
Under normoxic conditions, HIF‑1α is continuously degraded. Oxygen permits
activity of prolyl hydroxylases (PHDs), which tag HIF‑1α in its oxygen-dependent
degradation domain (ODDD) for ubiquitylation and proteasomal degradation via the E3
ligase von Hippel-Lindau (VHL) protein (85, 119). In addition, hydroxylation of HIF‑1α
in its transactivation domain by the factor inhibiting HIF‑1 (FIH-1) protein inhibits
transcriptional activity of HIF‑1α (97). Under hypoxic conditions, PHD and FIH activities
and subsequent hydroxylation of HIF‑1α are inhibited (41). The result is stabilized HIF‑1α
protein and HIF‑1α accumulation, which can then bind to HIF‑1β and recognize hypoxiaresponsive elements (HRE) in target genes to trigger transcription (175). One hour of
systemic hypoxia is sufficient to increase HIF‑1α expression in skeletal muscle (108).
Target genes of HIF‑1α include genes related to erythropoiesis and iron metabolism (e.g.
16

erythropoietin and transferrin), angiogenesis (e.g. vascular endothelial growth factor,
heme oxygenase-1), glucose metabolism (e.g. glucose transporter-1, hexokinase) and
genes related to cell proliferation and survival, including growth factors (e.g. insulin-like
growth factor-2, IGF binding protein, transforming growth factor-α) (86).
In skeletal muscle of sedentary humans and mice, HIF‑1α is activated in response
to a single bout of endurance exercise (7, 117, 118). However, after a period of training,
the response of HIF‑1 to an exercise bout is blunted (109, 161) and therefore negative
regulation of HIF has been suggested to contribute to skeletal muscle adaptations to
training (105).
Regulation of Oxphen by hypoxia
In response to hypoxia, cells shift their metabolism from oxidative phosphorylation
to anaerobic glycolysis. Because glycolysis is less efficient than oxidative phosphorylation
to produce ATP, activity of the glycolytic enzymes is stimulated to maintain production
of the necessary amount of ATP (174). HIF‑1 diverts pyruvate flux from the mitochondria
through increased expression of PDK-1 and inactivation of the pyruvate dehydrogenase
complex (PDC) (91, 144).
In murine skeletal muscle, HIF‑1α expression is fiber-type dependent with higher
expression in glycolytic than in oxidative muscles (147). Muscle-specific knockout of
HIF‑1α in mice results in a metabolic shift characterized by decreased activity of the
glycolytic pathway and increased citric acid cycle activity and fatty acid oxidation (117).
The HIF‑1α knockout mice display improved running endurance, but repeated exercise
results in extensive muscle damage which harms endurance in the long term (117).
Whereas HIF‑1α knockout promotes oxidative phenotype, hypoxia has been shown to
stimulate muscle glycolytic capacity over oxidative capacity (76, 117).
In humans, HIF‑1α is highly expressed even in normoxic conditions and might
be involved in muscle homeostasis even in normoxia (108). The effects of hypoxic
exposure on human muscle are often studied during mountaineering expeditions.
Hypoxia has been shown to decrease activities of mitochondrial enzymes (21, 70) and to
reduce mitochondrial volume (reviewed in (69)). Also, mass-specific maximal oxidative
phosphorylation capacity has been shown to slightly decrease after 9-11 days of highaltitude exposure (77). However, mountaineering expeditions are heavily confounded
by strenuous physical activity (66, 67, 70). In a hypobaric chamber, wherein confounders
related to these expeditions, such as low temperature, dietary imbalance and extreme
exercise can be controlled, hypoxia has been shown to repress enzyme activities of
citrate synthase, succinate dehydrogenase and hexokinase with no change of other
glycolytic enzymes or fiber-type distribution (57). The role of HIF in determining muscle
phenotype and metabolism can be investigated in humans by studying patients with
Chuvash polycythemia (CP), which involves a homozygous germline mutation in the
VHL gene (10). This mutation results in impaired binding of VHL protein to hydroxylated
HIF-α, increased HIF-α stabilization and expression of HIF-target genes in lymphocytes
and plasma under normoxic conditions (10, 22). However, CP patients do not have a
significantly different distribution of muscle fiber types (43). In response to exercise
these patients experience increased lactate accumulation, reduced muscle pH, lower
maximum exercise capacities and faster depletion of PCr than healthy controls (43).
Interestingly, expression of VHL was found to be increased in skeletal muscle of patients
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with COPD and has been suggested to impair capillarization and hypoxic signaling to
VEGF (82). Overall, hypoxia modulates multiple pathways in addition to the HIF pathway,
so these results related to VHL should be interpreted cautiously when inferring to
hypoxic conditions.
HIF regulates metabolism via different routes. It transcriptionally regulates genes
that encode enzymes of the glycolytic pathway (71). By inducing expression/activity
of pyruvate dehydrogenase kinase (PDK), the mitochondrial pyruvate dehydrogenase
complex (PDC) is inhibited from converting pyruvate to acetyl-CoA and mitochondrial
oxygen consumption is downregulated (12, 91, 144). Furthermore, HIF stimulates
differential expression of cytochrome c oxidase (COX) subunit 4 isoform to improve
respiration efficiency at lower oxygen tension (45). Interestingly, two papers report
that COX activity is increased in skeletal muscle of patients with COPD, and that higher
COX activity is associated with lower arterial oxygen pressure (PaO2) (150, 169). Other
papers however report reduced COX activity in COPD muscle (52, 133). Lastly, in in vitro
experiments increased HIF‑1 activity has been shown to be associated with increased
autophagy of mitochondria (211). However, mitochondrial content of HIF‑1α knockout
mice is not different from that of wild-type mice (117).
OXPHEN regulation in COPD
The loss of oxidative capacity in skeletal muscle of patients with COPD has
been suggested to be related to amongst others reduced mitochondrial content and
biogenesis (50) and increased oxidative stress (151). In skeletal muscle of patients
with severe COPD, decreased expression of PGC‑1α, Tfam, and PPARδ has been shown
(160). Also several microRNAs that are expressed in skeletal muscle have been shown
to be differentially expressed in COPD patients compared to healthy controls: Lewis et
al. showed downregulation of SRF and miR-1 in quadriceps of COPD patients and an
association of miR-1 with type I fiber proportion (100). However, miR-1 abundance was
increased in the blood of COPD patients, which is suggested to be related to increased
muscle turnover (34). Reduced expression of miR-1 in the muscle was accompanied
by increased HDAC4 protein content, which potentially causes decreased type I fiber
proportion because HDAC4 inhibits MEF2-regulated expression of amongst others type
I myosin heavy chain (100).
Skeletal muscle of patients with COPD is exposed to an array of deleterious
factors that may be implicated in the loss of skeletal muscle Oxphen, including lowgrade systemic inflammation, oxidative stress, systemic corticosteroid medication,
malnutrition, physical inactivity, and hypoxia (207). Previously, inflammation has been
shown to negatively affect muscle Oxphen (157) and to be associated with loss of Oxphen
in patients with COPD (159). Likewise, oxidative stress in COPD has been associated with
loss of Oxphen (120, 121, 151). Furthermore, chronic corticosteroid medication has
been shown to cause mitochondrial dysfunction and reduce oxidative capacity (93, 126),
although this has not yet been proven in the context of COPD. Malnutrition has been
shown to depress activities of mitochondrial complexes (110) and is suggested to be
associated with reduced glycolytic and oxidative capacity in both type I and type II fibers
in COPD (5). Although exercise is an important physiological booster of Oxphen (75), a
link between physical inactivity and loss of Oxphen has not been convincingly shown
in patients with COPD (54, 135). There are however indications that loss of muscle
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Oxphen in COPD could be related to hypoxia: Jakobsson et al. showed that low type I
fiber proportion is associated with PaO2 in patients with respiratory failure (RF) (80).
Moreover, Wuyam et al. showed that patients with RF have impaired muscle oxidative
capacity (208), whereas Jakobsson et al. described that decreased oxidative enzyme
activities in quadriceps muscle of patients with advanced COPD (81) could be partly
restored by long-term oxygen therapy (79). More research into the role of hypoxia in
loss of skeletal muscle Oxphen is warranted, since it is rather unexplored in the context
of COPD.
Hypoxia in COPD
In light of the ventilatory limitations, decreased oxygenation is not a rare
symptom in patients with COPD (89). Even so, the role of decreased oxygenation in the
loss of muscle Oxphen has not yet been conclusively established. The nature of hypoxia
exposure in muscle of COPD patients can be both acute and chronic. Acute hypoxia may
occur as a consequence of exertional or nocturnal oxygen desaturation (89), where
nocturnal desaturation has been shown to occur more often than exertional desaturation
in patients with COPD (129). Since there is no uniform definition of exertional oxygen
desaturation and type of activity influences whether desaturation occurs, there are
no definite numbers on the prevalence of oxygen desaturation in patients with COPD
(47, 143). A study by Stolz showed that exertional desaturation is common in stable
moderate to very severe COPD patients, with a prevalence of 29.1% (180). Short-term
hypoxia may happen during acute exacerbations of COPD (14). In addition, patients
may be chronically hypoxic in resting conditions due to progressive airflow limitation
and emphysematous destruction of the lung (89). Moreover, patients may have mild or
moderate hypoxemia, but not severe enough for physicians to prescribe oxygen therapy
(resting PaO2 < 7.3 kPa) (2, 155).
Hypoxia has been shown to reduce exercise capacity . Studies in hypoxemic
patients with COPD have shown that impaired exercise capacity can only be partially
restored by supplementing oxygen during exercise (145). This implies that the working
muscle in COPD patients could have a disability with regard to the extraction or utilization
of oxygen, which can be restored by oxygen supplementation. However, exercise
capacity is not fully restored to levels similar to those in healthy controls (145), which
implies that structural muscle changes have occurred in the COPD patient, possibly
under influence of chronic hypoxemia. This is supported by a study by Jakobsson and
colleagues who found that 6-9 months of long-term oxygen therapy (LTOT) improved
oxidative phosphorylation function reflected by high-energy phosphate metabolism
(79). Another study by Hildebrand and colleagues showed that hemodilution in COPD
patients with polycythemia resulted in improved arterial oxygen tension and decreased
the proportion of type II muscle fibers, which were significantly higher in the patients
than in healthy controls (62). Moreover, the proportion of type II fibers inversely
correlated with PaO2 and SaO2 (62), which is in line with the positive correlation of PaO2
and type I fiber proportion reported by Jakobsson et al. (80).
Signs that muscle abnormalities in COPD are likely caused by hypoxia are also
obtained from systems biology approaches. Turan et al. showed that in response to
exercise skeletal muscle of COPD patients fail to activate expression of several tissue
remodeling and bioenergetics pathways that are potentially regulated by histone
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modifiers (187). Expression of these histone modifiers correlated with VO2max in the
patients and is also altered in mice exposed to 2 weeks of hypoxia, which implies a
potential role of hypoxia in skeletal muscle abnormalities in COPD (187). Another recent
systems biology analysis of guinea pigs exposed to cigarette smoke and/or chronic
hypoxia revealed that muscle alterations in these animals were very reminiscent of
those in patients with COPD (32). Interestingly, significant inverse correlations of serum
protein levels of CXCL9 and CXCL10 with skeletal muscle expression of aerobic energy
metabolism genes were found in the COPD patients, whereas expression of both
chemokines appeared to be induced by exposure to chronic hypoxia in guinea pigs (32).
Further indications of a role for hypoxia in limitation of exercise capacity in COPD
comes from findings of a disturbed muscle-to-capillary interface in muscle of COPD
patients and a positive correlation between exercise capacity and degree of muscle
capillarization (38). Skeletal muscle of patients with mild and moderate COPD has
been shown to have elevated expression of von Hippel-Lindau protein, which has been
hypothesized to negatively affect tissue capillarization by limiting angiogenic potential
(82). Moreover, skeletal muscle of COPD patients has been reported to have significantly
decreased capillarization (83).
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OBJECTIVE, AIMS AND OUTLINE OF THE THESIS

The overall objective of the work described in this thesis is to characterize the
role of hypoxia in the loss of peripheral skeletal muscle oxidative phenotype (Oxphen) in
COPD and to explore the underlying molecular mechanisms.
In Chapter 2, we investigated our hypothesis that chronic hypoxia per se reduces
markers of Oxphen in an in vitro model of myofibers. Furthermore, we modulated the
PPAR regulators and HIF‑1α to prove their involvement in the underlying mechanism. In
Chapter 3, we aimed to translate the in vitro findings to the in vivo situation of young,
adult and aged mice exposed to 8% oxygen for 3 weeks. We chose to include three
age groups, because animal studies are often performed in young animals. However,
COPD patients are middle-aged to aged when diagnosed and aged mice might therefore
present a more appropriate model. We hypothesized that hypoxia would reduce
expression of markers and regulators of Oxphen, and that this effect would be stronger
in the aged mice.
Although loss of Oxphen has previously been shown in patients with advanced
COPD (GOLD stages 3 and 4), no data are available in less advanced disease. In Chapter
4, muscle function and fiber phenotype were therefore assessed in a cohort of mild
to moderate COPD patients. We hypothesized that loss of Oxphen in the quadriceps
is already present in this stage of the disease and that it is associated with decreased
quadriceps endurance. In Chapter 5 we investigated in these patients the response of
markers of Oxphen and oxidative stress to a maximal exercise bout and studied the
effect of intermittent hypoxia in the form of exercise-induced oxygen desaturation on
the early gene-regulatory exercise response. We hypothesized that Oxphen response
would be blunted in patients who desaturate during exercise due to an inhibitory effect
of muscle hypoxia on the expression of Oxphen regulators. Furthermore, we expected
that oxidative stress would be increased in the desaturating patients, because hypoxia
has been shown to increase production of reactive oxygen species. Finally, in Chapter 6
the implications of the experimental findings of the studies described in this thesis for
COPD management and directions for future research are discussed.
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Loss of skeletal muscle oxidative fiber types and mitochondrial capacity
is a hallmark of chronic obstructive pulmonary disease and chronic heart failure.
Based on in vivo human and animal studies, tissue hypoxia has been hypothesized
as determinant, but the direct effect of hypoxia on muscle oxidative phenotype
remains to be established. Hence, we determined the effect of hypoxia on in
vitro cultured muscle cells, including gene and protein expression levels of
mitochondrial components, myosin isoforms (reflecting slow-oxidative versus
fast-glycolytic fibers), and the involvement of the regulatory PPAR/PGC‑1α
pathway. We found that hypoxia inhibits the PPAR/PGC‑1α pathway and the
expression of mitochondrial components through HIF‑1α. However, in contrast
to our hypothesis, hypoxia stimulated the expression of slow-oxidative type
I myosin via HIF‑1α. Collectively, this study shows that hypoxia differentially
regulates contractile and metabolic components of muscle oxidative phenotype
in a HIF‑1α-dependent manner.
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Hypoxia has been implicated in skeletal muscle metabolic impairments in chronic
diseases such as chronic obstructive pulmonary disease (COPD) and chronic heart failure
(CHF) (9, 13, 21, 43). Although it is generally known that hypoxia is involved in the
stimulation of glycolytic metabolism through among others the hypoxia-inducible factor
1 (HIF‑1) (48), a direct role for hypoxia in the downregulation of oxidative metabolism
is less firmly established. Skeletal muscle of patients with COPD or CHF is characterized
by an impaired oxidative phenotype, including reduced oxidative enzyme activities and
a shift from oxidative to glycolytic fiber types (13) and (12). Hypoxia has been suggested
to be involved in this downregulation of muscle oxidative phenotype (13). However,
studies involving humans as well as experimental animal models resulted in inconsistent
findings; i.e. loss of, unchanged or even improved muscle oxidative phenotype has been
shown (1, 4, 5, 8, 10, 14, 18, 20, 40-42). These inconsistencies are inherent to the in vivo
nature of these studies in which any direct effect of hypoxia probably was confounded
by indirect effects, such as hypoxia-induced changes in food intake, physical activity or
circulating hormone levels. Moreover, mountain expeditions were frequently seized to
study muscular adaptations to hypoxia in humans, thereby however certainly introducing
strenuous exercise as a confounding factor, as well as disturbance of the sleep cycle, cold
temperatures and the anorexic effect of altitude (16-18).
In response to cellular hypoxia, cells are forced to limit oxygen consumption and
to shift from mitochondrial respiration to glycolysis for ATP production (29). Hypoxiainducible factor (HIF) protein, the master regulator of the hypoxic response, is stabilized
under hypoxic conditions and directly involved in the upregulation of several glycolytic
enzymes to stimulate glycolytic metabolism (22). Also, overexpression of HIF‑1α has
been linked to a fast muscle fiber type (26). It is however unclear whether hypoxia can
reciprocally inhibit oxidative phenotype in muscle, although it has been shown that
HIF‑1α knockout mice indeed demonstrate a modestly improved activity of oxidative
enzymes (27).
Master regulators of oxidative phenotype are the peroxisome proliferatoractivated receptors (PPARs) and specifically the PPARγ coactivator-1 family (PGC‑1s) (3,
49). PGC‑1s coactivate not only PPARs, but also estrogen-related receptors (ERRs) and
nuclear respiratory factors (NRFs), to stimulate mitochondrial biogenesis and oxidative
capacity (28, 36). Decreased expression levels of PPARs and PGC‑1α have indeed been
shown in skeletal muscle of COPD patients (34) and rats with CHF (46), suggesting
potential involvement of these factors in the loss of oxidative capacity.
In this study, we investigated the direct effect of hypoxia on oxidative phenotype
in an in vitro model of muscle fibers (myotubes) and the role of HIF‑1α herein. We
hypothesized that hypoxia impairs muscle oxidative phenotype in a HIF‑1α-dependent
manner by downregulating the PPAR/PGC‑1α pathway, either through direct targeting of
the PPARs or by influencing expression or activity of PPAR co-regulators.
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All reagents used were analytical grade. Tricine, glycine, sodium chloride (NaCl),
potassium chloride (KCl), disodium hydrogen phosphate (Na2HPO4), monopotassium
phosphate (KH2PO4), magnesium sulfate (MgSO4), magnesium carbonate
([MgCO3]4Mg[OH]2•5H2O) and cobalt chloride (CoCl2) were obtained from Merck
(Roden, The Netherlands). Tris, methanol, ethylenediaminetetraacetic acid (EDTA),
sodium dodecyl sulfate (SDS), glycerol, nonidet P40, sodium orthovanadate (Na3VO4),
dithiothreitol (DTT), phenylmethylsulfonyl fluoride (PMSF), leupeptin, aprotinin,
bromophenol blue, coenzyme A, dimethyl sulfoxide (DMSO), and bovine serum albumin
(BSA) were from Sigma (Zwijndrecht, The Netherlands). ATP was purchased from
Roche (Woerden, The Netherlands) and GW-501516 from Alexis Biochemicals (Lausen,
Switzerland).
Cell culture flasks and stripettes were from Corning Life Sciences BV (SchipholRijk, The Netherlands) and culture dishes from BD Falcon (Breda, The Netherlands). Fetal
bovine serum (FBS), penicillin/streptomycin and Hank’s Buffered Salt Solution (HBSS;
calcium-, magnesium- and phenol red-free) were from PAA Laboratories (Pasching,
Germany). Dulbecco’s Modified Eagle’s Medium (DMEM) was purchased from Invitrogen
(Breda, The Netherlands) and Matrigel from BD Biosciences (San Jose, CA, USA). TNF-α
was obtained from Calbiochem (Nottingham, United Kingdom) and dissolved in 0.1%
BSA. Reporter Lysis 5× Buffer and beetle luciferin potassium salt for luciferase reporter
assays were from Promega (Leiden, The Netherlands).

Cell culture

The in vitro model for assessing the effect of hypoxia on muscle consisted of
myotubes that were exposed for some hours up to several days to hypoxic conditions.
Murine skeletal muscle C2C12 cells were obtained from the American Tissue Culture
Collection (ATCC, no. CRL-1772; Manassas, VA, USA). Myocytes were cultured in growth
medium consisting of low glucose DMEM, 9% (v/v) FBS, 45 U/ml penicillin and 45 μg/
ml streptomycin in a 37 °C incubator with 5% CO2. Cells were seeded on Matrigel-coated
35-mm dishes at a density of 4 · 104 cells/cm2 and grown to ± 80% confluency after which
differentiation was induced by two washes with HBSS and addition of differentiation
medium (DMEM, 1% [v/v] heat-inactivated FBS [30 min at 56 °C], 50 U/ml penicillin
and 50 μg/ml streptomycin). After 5 days myotubes were fully differentiated and used
for the actual experiments. For hypoxic conditions, myotubes were placed in a hypoxic
incubator with 4% O2, 5% CO2 and 91% N2 for 24 h up to 3 days, depending on the type
of experiment.

Luciferase reporter assays

To assess the effect of hypoxia on the transcriptional activity of HIF, PPAR and
NF-κB transcription factors, C2C12 cells were stably transfected with luciferase reporter
plasmids sensitive to HIF (HIF reporter), PPAR (PPAR reporter) or NF-κB (NF-κB reporter),
respectively. The HIF reporter expresses the luciferase gene controlled by a promoter
bearing five consecutive hypoxia-inducible factor (HIF) responsive elements (HREs) from
the human vascular endothelial growth factor A (VEGFA) promoter (5HRE/hCMVmp-luc
(39)) and was kindly provided by Dr. Twan van den Beucken (Maastricht University, The
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Netherlands). As a positive control, HIF‑1α was stabilized under normoxic conditions by
adding CoCl2 to a final concentration of 150 μM. The PPAR reporter promoter contains
the peroxisome proliferator-activated receptor (PPAR)-responsive element from the
human carnitine palmitoyltransferase 1B promoter (MCPT.Luc.1025 (6)) and was a gift
from Dr. Marc van Bilsen (Maastricht University). The NF-κB reporter plasmid holds three
repeats of the human immunodeficiency virus type 1 (HIV-1) tandem NF-κB sites in front
of a minimal thymidine kinase (TK) promoter (6× κB-tk Luc (35)) and was kindly provided
by Dr. Patrick Baeuerle (Micromet, Germany). As a positive control, NF-κB transcriptional
activity was stimulated by adding TNF-α to selected dishes at 10 ng/ml. BSA was added
to dishes to a final concentration of 0.005% as a vehicle control for the TNF-α treated
dishes.
To assess treatment-associated expression of luciferase, myotubes were
harvested by washing twice with cold phosphate-buffered saline (PBS; 137 mM NaCl,
2.7 mM KCl, 10.1 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and lysis in Reporter Lysis
5× Buffer by scraping with a rubber policeman and freezing at −80 °C. After thawing,
insoluble material was spun down in 2 min at 20000 × g and the soluble fraction was
used for luciferase activity assay. Samples were analyzed on a single-tube luminometer
with injector (LB9507, Berthold Technologies, Bad Wildbad, Germany) to add Luciferase
Assay Reagent (20 mM Tricine, 1.07 mM [(MgCO3)4Mg(OH)2•5H2O], 2.67 mM MgSO4, 0.1
mM EDTA, 33.3 mM DTT, 270 μM coenzyme A, 470 μM beetle luciferin potassium salt
and 580 μM ATP, pH 7.8) to the sample. Luciferase activities were expressed relative to
protein concentration in the soluble fraction as measured by Bio-Rad Protein Assay (BioRad, Veenendaal, The Netherlands) in a microtiter plate according to the manufacturer’s
protocol.

RNA extraction and qRT-PCR analysis

RNA was extracted using the RNeasy Plus Mini Kit (Qiagen, Venlo, The
Netherlands) with gDNA eliminator spin columns to remove genomic DNA according
to the manufacturer’s protocol. After elution, RNA concentration was determined
using a spectrophotometer (NanoDrop ND-1000, Isogen Lifescience, IJsselstein, The
Netherlands) and integrity verified for a selection of samples by gel electrophoresis.
400 ng RNA was reverse transcribed to cDNA with a mix of anchored oligo(dT) and
random hexamer primers according to the supplier’s protocol (Transcriptor First Strand
cDNA Synthesis kit, Roche Diagnostics, Woerden, The Netherlands). Quantitative reversetranscription PCR (qRT-PCR) primers were based on Ensembl (11) transcript sequences
and designed intron-spanning if possible. Primers were ordered from Sigma Genosys
(Zwijndrecht, The Netherlands) (Table 1 and Table 2). For relative quantification, standard
curves were prepared from pooled neat cDNA aliquots of all samples by five serial fivefold dilutions. cDNA samples were diluted 1/50 and for both standards and samples, 5
μl diluted cDNA was loaded in a Hard-Shell Full-Height 96-Well Semi-Skirted PCR Plate
(Bio-Rad) covered with Microseal ‘B’ adhesive seals (Bio-Rad). cDNA was amplified with
SensiMix SYBR & Fluorescein Kit (Quantace-Bioline, London, UK) supplemented with 300
nM primers on a Bio-Rad MyiQ thermocycler (Bio-Rad). Two-step PCR was performed
with the following cycling conditions: 10 min at 95 °C, 40 cycles of 10 s at 95 °C and 15
s at 60 °C and then 30 s at 95 °C and 30 s at 60 °C, followed by a melting curve (heating
from 60 °C to 95 °C with 10 s per 0.5 °C increase). Standard curves and melt curves were
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analyzed to verify efficiency and specificity of amplification. Five reference genes (Axin1,
B2m, Canx, Ppia and Rplp0) were measured and stability of expression was assessed by
visual inspection of expression differences between the study conditions and a stability
assessment by geNorm (45). Stable genes were included to calculate a normalization
factor to normalize expression levels of the other measured target genes.

Western blot analysis

Cells were washed twice with ice-cold PBS followed by 10 min incubation in lysis
buffer (20 mM Tris, 150 mM NaCl, 1% (v/v) nonidet P40, 1 mM DTT, 1 mM Na3VO4, 1 mM
PMSF, 10 μg/ml leupeptin, 1% (v/v) aprotinin, pH 7.4) on ice. Cells were scraped with
rubber policemen and lysates were incubated for 30 min on a rotating wheel at 4 °C.
Insoluble contents were precipitated during 30 min centrifugation at 20000 × g at 4 °C.
A small volume of soluble fraction was kept for protein assay and the rest diluted in 4×
sample buffer (0.25 M Tris, 8% (w/v) SDS, 40% glycerol, 0.4 M DTT, 0.02% bromophenol
blue, pH 6.8) and boiled for 5 min at 95 °C. Per sample, 20 μg protein was separated on
gel (4–12% Bis-Tris XT gel, Criterion, Bio-Rad) with XT MOPS running buffer (Bio-Rad).
Proteins were transferred to a 0.45 μm nitrocellulose membrane (Protran, Schleicher
and Schuell, ‘s-Hertogenbosch, The Netherlands) in transfer buffer (25 mM Tris, 192
mM glycine, 20% (v/v) methanol) by electrophoresis for 3 h at 30 mA and 4 °C. After
transfer, membranes were blocked from nonspecific protein binding with 5% non-fat
dry milk (Campina, Eindhoven, The Netherlands) in Tris-buffered saline (TBS; 25 mM
Tris, 137 mM NaCl, 2.7 mM KCl, pH 7.4) with 0.05% Tween 20 (TBST) in 1 h at room
temperature, followed by incubation in primary antibody overnight at 4 °C (mouse
anti-myosin slow (M8421, Sigma), mouse anti-myosin fast (M4276, Sigma), mouse
anti-Total OXPHOS Rodent WB Antibody Cocktail (MS604-300, MitoSciences, Eugene,
OR, USA), rabbit anti-GAPDH (#2118, Cell Signaling Technology, Beverly, MA, USA), or
mouse anti-α-tubulin (T6074, Sigma) diluted in 5% BSA (Sigma) in TBST). Membranes
were incubated in secondary antibody solutions (peroxidase-labeled horse anti-mouse
IgG [Vector Laboratories, Burlingame, CA, USA] in 5% non-fat dry milk in TBST) during 3
h at room temperature before incubation with enhanced chemiluminescence substrate
(Pierce SuperSignal West PICO Chemiluminescent Substrate; Thermo Fisher Scientific,
Breda, The Netherlands). Protein bands were detected using Super RX films (Fujifilm,
Düsseldorf, Germany) and scanned on a GS-800 densitometer (Bio-Rad). Bands were
quantified using Quantity One software (v4.6.2, Bio-Rad), with GAPDH or α-tubulin as
loading control. Equal GAPDH or α-tubulin content in normoxic compared to hypoxic
samples was verified before correction of the other protein targets.

Transient knockdown of HIF‑1α gene expression

To study the role of HIF‑1α in the response of oxidative capacity to hypoxia,
the gene expression of HIF‑1α was knocked down by RNA interference. Four-day old
myotubes were transfected with Stealth RNAi siRNA for HIF‑1α (MSS205126, Invitrogen)
or Stealth RNAi Negative Control LO GC (Invitrogen) using Lipofectamine™ RNAiMAX
(Invitrogen) and returned to the normoxic incubator. The next day, myotubes were
exposed to hypoxia, or kept in normoxia. Medium was replaced 48 h after transfection
and cells were harvested 24 h later.
36

To disentangle through which molecule hypoxia
exerts its effect on PPAR transcriptional activity, myoblasts
were transiently transfected with expression plasmids
encoding PPARα, PPARδ and PGC‑1α protein, which
were kindly provided by Dr. Marc van Bilsen (Maastricht
University). Stimulation of PPAR transcriptional activity
by these expression plasmids has previously been
shown in C2C12 myoblasts (32). Myoblasts were plated
at a density of 30% and allowed to attach overnight.
The next day, the cells were transfected with plasmids
encoding murine PPARα (mPPARα), PGC‑1α (mPGC1α)
or rat PPARδ (rPPARδ) or empty vector (pcDNA3.1+,
Invitrogen) combined with a vector expressing β-gal
using PfU Nanofectin (PAA Laboratories). For luciferase
assays, the PPAR reporter plasmid was cotransfected.
After a two-hour incubation period, growth medium
was replaced and dishes were replaced to the hypoxic
incubator or kept in normoxia. Cells were harvested 24 h
later. Luciferase activities were corrected for β-gal activity
to control for differences in transfection efficiencies.

Statistical analyses

Data were analyzed using IBM SPSS Statistics
21.0 (IBM Corp., Armonk, NY). Differences between
samples exposed to hypoxia or CoCl2 and those exposed
to normoxia were tested using the Mann–Whitney test.
Data are presented by mean + SD. A two-tailed p-value <
0.05 was considered statistically significant.
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GCACATCACTCAGAATTTCAATGG
GGACCCGAGAAGACCTCCTT
Large ribosomal protein P0
Rplp0

ENSMUSG00000067274

85

CCGCCAGTGCCATTATGG
TTCCTCCTTTCACAGAATTATTCCA
Peptidyl-prolyl cis–trans
isomerase A; Cyclophilin A
Ppia

ENSMUSG00000071866

75

GCTCCAAACCAATAGCACTGAAAGG 170
GCAGCGACCTATGATTGACAACC

104
GTATGTTCGGCTTCCCATTCTC
CTTTCTGGTGCTTGTCTCACTGA

Calnexin
Canx

ENSMUSG00000020368

Beta-2-microglobulin
B2m

ENSMUSG00000060802

124
GCCCCAGGACGCTCGAT
AGTGGATCATTGAGGGAGAGA
Axin 1
Axin1

ENSMUSG00000024182

Reverse primer (5'→3')
Name

Ensembl ID

Forward primer (5'→3')

Transient overexpression of PPAR/PGC‑1α protein

Symbol

Table 1 | qRT-PCR primer details for reference genes

Amplicon
size (bp)
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Cytochrome c-1

Estrogen-related receptor
alpha

GA binding protein alpha;
nuclear respiratory factor
2 alpha

Hypoxia inducible factor 1
alpha

Hexokinase II

Heme oxygenase 1

Myosin heavy chain 1 (type
IIx isoform)

Myosin heavy chain 2 (type
IIa isoform)

Myosin heavy chain 4 (type
IIb isoform)

Myosin heavy chain 7 (type
I isoform)

NADH dehydrogenase
(ubiquinone) 1 beta
subcomplex 5

Nuclear respiratory factor 1 ENSMUSG00000058440

Cyc1

Esrra

Gabpa

HIF‑1a

Hk2

Hmox1

Myh1

Myh2

Myh4

Myh7

Ndufb5

Nrf1

ENSMUSG00000027673

ENSMUSG00000053093

ENSMUSG00000057003

ENSMUSG00000033196

ENSMUSG00000056328

ENSMUSG00000005413

ENSMUSG00000000628

ENSMUSG00000021109

ENSMUSG00000008976

ENSMUSG00000024955

ENSMUSG00000022551

ENSMUSG00000000088

Cytochrome c oxidase
subunit Va

Cox5a

Ensembl ID

Name

Symbol

AAGGACACGTCACATTTCGGAGC

TGGCCCGTGCAGTGAAGC

TTACCCAAACCACCCAATGC

GCGACACCAGAGCGTTCAC

CCGCATGAACATCTCCCCA

GAGGTCCTGCTTTGTCCTTAACA

Reverse primer (5'→3')

113

81

104

130

176

77

Amplicon
size (bp)

AGCCACATTGGCTGATGCTT

CATCCCTGAACACTGGGAGTA

CAGATCGGGAGAATCAGTCCAT

AGGGCGGCGGTGGAA

CGATGATCTTGCCAGTAATG

GACAAACTGCAATCAAAGG

GGTCATTTCACCGCCCTGTA

CCTTTAACCGTAACTCAGCCTTT

AGCAAAATATTGGATGACCCTCTTA

TGGGAATGAGGCATCTGACAA

ATAACTGAGATACCAGCG

TTGGTCACTTTCCTGCACTT

124

143

89

141

221

231

AAGCCGAGAATGCTGAGTTCATGA GGCCGTGTAGATATGGTACAAGGAAG 101

AACCTCAAAGTGACGGTGGGC

AATGAAGTGCACCCTAACAAGCCG

TGCTGCACTGGAAGGCTACA

GGCGGACGGCAGAAGTACAAA

GCATTCGGAGGGGTTTCCAG

TGCGAGCATGTAGACCGTTAAAT

Forward primer (5'→3')

Chapter 2

Table 2 | qRT-PCR primer details for genes of interest

Chapter 2

Peroxisome proliferatoractivated receptor delta

Peroxisome proliferatoractivated receptor gamma
coactivator 1 alpha

Peroxisome proliferatoractivated receptor gamma
coactivator 1 beta

Succinate dehydrogenase
complex, subunit B

Glucose transporter (GLUT)
1

Mitochondrial transcription ENSMUSG00000003923
factor A

Vascular endothelial
growth factor A

Ppard

Ppargc1a

Ppargc1b

Sdhb

Slc2a1

Tfam

Vegfa

ENSMUSG00000023951

ENSMUSG00000028645

ENSMUSG00000009863

CTGTACCTCCACCATGCCAAGT

CCGGCAGAGACGGTTAAAAA

TGACCATCGCCCTGGCCT

AATTTGCCATTTACCGATGGGA

ACCCTGAGAAAGCGCAATGA

CAACAATGAGCCTGCGAACA

ENSMUSG00000029167

ENSMUSG00000033871

AGGCCCGGAGCATCCTCA

ACTACGGAGTTCACGCATGTG

Forward primer (5'→3')

ENSMUSG00000002250

ENSMUSG00000022383

Peroxisome proliferatoractivated receptor alpha

Ppara

Ensembl ID

Name

Symbol

Table 2 (continued) | qRT-PCR primer details for genes of interest
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TCGCTGGTAGACATCCATGAACT

TCATCCTTTGCCTCCTGGAA

GGACCAGGGCCTACTTCAAAGAAG

AGCATCCAACACCATAGGTCC

CCCAGATGAGGGAAGGGACT

CTTCATCCACGGGGAGACTG

TGGATGACAAAGGGTGCGTTG

TTGTCGTACACCAGCTTCAGC

Reverse primer (5'→3')

99

129

103

104

120

104

55

76

Amplicon
size (bp)
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To study the effect of hypoxia on the markers of oxidative capacity, myotubes
were exposed to hypoxia (4% O2) for three days. This resulted in significantly decreased
protein content of the oxidative phosphorylation (OXPHOS) complex III and V subunits
(Figure 1A). Reduced OXPHOS protein content was associated with lower gene expression
levels of OXPHOS subunits from complexes I to IV (Figure 1B). At the same time, gene
expression of the glycolytic enzyme hexokinase-II was significantly increased by hypoxia.
To investigate how regulators of mitochondrial biogenesis and oxidative
phenotype are affected by hypoxia, we measured the gene expression levels of PPARα,
PPARδ, PGC‑1α, PGC‑1β, Tfam, ERRα, NRF-1 and NRF-2α. In response to hypoxia, the
gene expression levels of PPARα, PPARδ, PGC‑1α, PGC‑1β and ERRα were markedly
decreased. Levels of NRF-1 and NRF-2α were increased, whereas Tfam expression levels
were unchanged (Figure 1C). It is worth mentioning that the expression of Tfam was
significantly decreased after 24 h exposure to hypoxia, indicating that hypoxia reduced
Tfam gene expression in a more transient fashion. As a functional signaling outcome
measure, we assessed PPAR transcriptional activity using the PPAR luciferase reporter
cell line and found it to be substantially decreased by hypoxia (Figure 1D). Hypoxiainduced increased PPARγ expression (data not shown) suggests that the reduced PPAR
transcriptional activity probably reflects decreased PPARα or PPARδ activity.

Hypoxia shifts muscle towards oxidative fiber-type I profile

To assess whether exposure to hypoxia induces a shift from oxidative towards a
more glycolytic fiber-type profile, we determined the protein content and mRNA levels of
the respective myosin heavy chain (MyHC) isoforms in myotubes exposed to 4% oxygen
for three days. Protein content of the slow oxidative type I MyHC isoform was markedly
increased, while content of fast isoforms was reduced under hypoxic conditions (Figure
2A). mRNA levels of oxidative type I and type IIa MyHC were significantly increased,
which was associated with a reduction of MyHC type IIx and IIb mRNA levels (Figure 2B).

Hypoxia induces HIF‑1α transcriptional activity and stimulates glycolytic
metabolism in muscle

HIF transcriptional activity was measured in C2C12 cells that were transfected
with a plasmid carrying a luciferase gene under control of HIF-responsive elements.
Myoblasts transiently transfected with the HIF reporter plasmid were exposed to 1%,
2%, 4% and 21% oxygen for 24 h. HIF luciferase reporter activity was strongly induced by
lower oxygen concentrations (Figure 3A). At 4% O2 HIF activation was still evident. This
oxygen level also has negligible effects on myotube morphology and viability, indicating
that this condition was most suitable for our experiments. To validate whether the
hypoxic response was physiologically intact, we determined the mRNA expression levels
of HIF-regulated genes in myotubes after three days of 4% oxygen exposure. Levels of
VEGF-A, GLUT1 and HO-1 were significantly increased in the hypoxic myotubes (Figure
3B).
In addition to HIF‑1α, two other HIFα isoforms, HIF-2α and HIF-3α, have been
described to mediate the hypoxic response. To confirm that the HIF luciferase reporter
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mainly reflects HIF‑1α transcriptional activity, myotubes stably carrying the HIF luciferase
reporter were transiently transfected with siRNA targeting HIF‑1α. The HIF‑1α siRNA
reduced the expression of the HIF‑1α gene by 60–80% (Figure 3C) and more importantly,
it completely abrogated the hypoxia-induced increase of HIF luciferase reporter activity
(Figure 3D).
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To assess the role of HIF‑1α in the hypoxia-induced changes of muscle oxidative
phenotype, levels of markers of oxidative phenotype were determined in myotubes
transiently transfected with the HIF‑1α siRNA. Knockdown of HIF‑1α gene expression
resulted in significant preservation of the protein content of the OXPHOS complex V
subunit (Figure 4A). A similar but less pronounced effect was observed for OXPHOS genes
(data not shown), which corroborates that impairment of oxidative phenotype occurs
at the transcriptional level. Gene expression levels of the transcription factors PPARα,
PPARδ, and ERRα and their coregulators PGC‑1α and PGC‑1β were significantly reduced
by hypoxia, however HIF‑1α knockdown could only restore levels of PPARδ and PGC‑1α
(Figure 4B). Moreover, HIF‑1α knockdown in hypoxia restored PPAR transcriptional
activity to normoxic levels (Figure 4C). Together, these data suggest that PPARδ or PGC‑1α
could be the mediator in hypoxia-induced impairment of PPAR transcriptional activity.
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Transient knockdown of HIF‑1α expression resulted in attenuation or even
abrogation of hypoxia-stimulated MyHC type I gene expression, but did not significantly
affect the expression of the MyHC type II isoforms (Figure 4D).

Chapter 2

Hypoxia-associated attenuation of PPAR transcriptional activity is mediated
through PGC‑1α

To assess whether synthetic stimulation could abolish the effect of hypoxia
on PPAR transcriptional activity and identify PPARδ or PGC‑1α as the key factor, we
investigated the influence of ligand-dependent PPARδ activation and PPARδ/PGC‑1α
overexpression on PPAR transcriptional activity under hypoxic conditions. PPAR luciferase
reporter activity was reduced by hypoxia to a similar extent in the absence and presence
of GW501516, a specific PPARδ ligand (Figure 5A). However, by adding the PPARδ ligand
PPAR transcriptional activity in hypoxia could be normalized to levels similar to basal
PPAR transcriptional activity in normoxia.
Because myotubes are refractive to lipid-based transfection with plasmids,
undifferentiated myoblasts were transfected with the PPAR luciferase reporter plasmid
in combination with overexpression plasmids encoding either PPARδ, PPARα or PGC‑1α.
In myoblasts, PPAR transcriptional activity was markedly reduced after 2 days of
exposure to hypoxia. Overexpression of PGC‑1α radically increased PPAR transcriptional
activity 14-fold and this was not attenuated by hypoxia (Figure 5B). Overexpression of
PPARδ resulted in a modest 4-fold induction of PPAR transcriptional activity, but this
effect was reduced by 25% under hypoxic conditions. PPARα overexpression stimulated
PPAR transcriptional activity 17-fold, with a hypoxia-associated reduction of this effect
by 18%. Overexpression of PGC‑1α did not modify the expression levels of PPARα and
PPARδ (Figure 5C). Together with the reduced sensitivity of the PPAR luciferase reporter
to hypoxia in the presence of PGC‑1α overexpression, this identifies PGC‑1α as the likely
mediator of hypoxia-associated attenuation of PPAR transcriptional activity and muscle
oxidative phenotype.
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In this study we showed that hypoxia differentially regulates muscle oxidative
phenotype by directly downregulating oxidative capacity through HIF‑1α and PGC‑1α
and simultaneously stimulating oxidative myosin heavy chain type I levels, also in a
HIF‑1α-dependent manner. This suggests a segregation of the regulation of oxidative
metabolism and structural muscle proteins under hypoxic conditions.
HIF‑1 activity is progressively stimulated by decreasing oxygen concentrations
and was found to be an essential mediator of oxygen homeostasis (37). It has been
shown that HIF‑1α stimulates muscle glycolytic phenotype (26) and HIF‑1α knockout
modestly improves muscle oxidative phenotype (27). However, these experiments were
performed in vivo and do not provide insight into the direct regulation of muscle oxidative
phenotype by HIF‑1α. Therefore, we assessed the role of HIF‑1α in downregulation of
muscle oxidative phenotype by hypoxia. Indeed, we found significant stimulation of HIF
transcriptional activity in our model of hypoxia-exposed myotubes. Our group recently
showed that activation of NF-κB by TNF-α impairs muscle oxidative phenotype (32).
However, using the same NF-κB responsive luciferase reporter construct we did not find
increased activation of NF-κB by hypoxia in C2C12 myotubes (data not shown). Further
experiments were therefore focused on modulation of HIF‑1α.
PPARα, PPARδ, PGC‑1α, PGC‑1β and ERRα are important regulators of oxidative
capacity. Hypoxia generally reduced the gene expression levels of all these markers. In
addition, hypoxia markedly decreased PPAR transcriptional activity. The PPAR reporter
we used is responsive to agonists for PPARα, PPARδ and PPARγ (33) and might thus
be indirectly affected by PGC‑1α and PGC‑1β via coactivation of these PPARs (47).
Restoration of both PPAR transcriptional activity and gene expression levels of PPARδ
and PGC‑1α by HIF‑1α knockdown suggests that HIF‑1α mediates the reduced PPAR
transcriptional activity via either PPARδ or PGC‑1α. However, only overexpression of
PGC‑1α could prevent hypoxia-associated depression of PPAR transcriptional activity
with no associated changes in PPARδ gene expression. It should be noted that the
overexpression studies were performed in myoblasts rather than in myotubes, because
of the technical limitation of myotubes to be transfected with expression plasmids using
lipid-based techniques. However, also in untransfected myoblasts PGC‑1α expression
was reduced by hypoxia (data not shown).
A central role for PGC‑1α in hypoxia-induced impairment of oxidative capacity
is further supported by the observation that HIF‑1α knockdown could successfully
restore OXPHOS subunit V content and OXPHOS gene expression. Regulation of OXPHOS
expression levels is mediated largely through PGC‑1α (28) and whole-body PGC‑1α
knockout experiments in mice have shown that skeletal muscle expression of OXPHOS
genes is markedly blunted in the absence of PGC‑1α (2).
A potential mechanism by which PGC‑1α expression is negatively modulated
by hypoxia is via histone deacetylases (HDACs). Ramjiawan et al. showed in hypoxic
cardiomyocytes that histone 3 lysine 9 (H3K9) acetylation was significantly reduced
in the PGC‑1α promoter region, which resulted in reduced PGC‑1α expression (31).
Blocking HDAC activity abolished this hypoxia-induced loss of PGC‑1α. Seo et al. showed
that HDAC4, -5 and -7 promote HIF‑1α transactivation under hypoxic conditions (38),
whereas HDAC inhibitors inhibit HIF‑1α activity (30). We previously showed that skeletal
muscle of patients with COPD, a disease associated with hypoxia, is characterized by a
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decreased gene expression of PGC‑1α and OXPHOS protein content (44), which is in line
with the results from the current study. Interestingly, in a different study, HDAC4 protein
content was shown to be increased in the quadriceps muscle of patients with COPD
compared to healthy controls (24). Moreover, a systems biology approach comparing
muscle biopsies from patients with COPD and muscle tissue from mice exposed to
chronic hypoxia, identified hypoxia as a key factor in the muscle abnormalities in COPD,
associated with increased HDAC expression (43).
It is of interest that supplementation of the muscle cells under hypoxia with the
selective PPARδ agonist GW501516 restored PPAR transcriptional activity to normoxic
levels. Although decreased PGC‑1α turned out to be most important for attenuation of
PPAR transcriptional activity under hypoxic conditions, PPARδ seems a promising target
for therapeutic intervention.
In contrast to what we expected, hypoxia induced rather than inhibited the
expression of the oxidative myosin heavy chain (MyHC) type I gene and protein.
Moreover, HIF‑1α knockdown experiments showed that MyHC type I induction was
HIF‑1α-dependent, unlike the changes in gene expression levels of the other MyHC
genes.
A role for PGC‑1α in the hypoxia-associated increase of MyHC type I expression
is unlikely, because muscle-specific PGC‑1α knockout mice present with a fiber-type
shift towards glycolytic rather than oxidative fibers (15). Moreover, transgenic mice that
overexpress PGC‑1α in the muscle are characterized by an increased proportion of type
I fibers (25).
Interestingly, in cardiomyocytes a similar response of MyHC type I (also known as
β-myosin in the heart) to hypoxia was observed (23). To our knowledge, only one paper
reports on myosin heavy chain composition in C2C12 cells in relation to HIF‑1α, showing
that HIF‑1α overexpression stimulated the expression of MyHC IIb and reduced MyHC I
(26), although increased HIF‑1α transcriptional activity was not confirmed in this study.
However, these cells were still in a differentiating phase, whereas our C2C12 cells were
fully differentiated when exposed to hypoxia. Ishihara et al. showed that the effect of
hypoxia on fiber-type composition was indeed dependent on the developmental stage
of the rats exposed to hypoxia (19). Nevertheless, the hypoxia-associated increase of
oxidative MyHC isoforms that we found seems counterintuitive, because the type I
fibers rely primarily on oxidative energy metabolism for muscle contraction. Possibly,
the absence of contraction and extramuscular factors such as nerve stimulation or
hormones, results in uncoupling of the regulation of MyHC profile and oxidative capacity.
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Our results indicate that hypoxia could explain the loss of oxidative capacity
as observed in the muscles of for example patients with COPD or CHF. However, the
frequently co-occurring I-to-II fiber-type shift is possibly caused or overruled by factors
other than direct hypoxia.
Our data furthermore suggests that the PPAR/PGC‑1α pathway would be
an interesting target for pharmacological modulation to treat disease-related loss
of oxidative capacity. An intervention study by Broekhuizen et al. indeed showed a
significant improvement of exercise capacity in COPD patients who received nutritional
supplementation with PPAR-activating poly-unsaturated fatty acids (PUFAs) in addition
to the effect of exercise training (7). Although no information was available on changes
in skeletal muscle oxidative capacity, it can be speculated that the PUFA-induced
improvement in exercise capacity was mediated by an improved muscle oxidative
capacity. Further studies should focus on the effect of PUFA supplementation on muscle
oxidative capacity under hypoxic conditions to explore PUFA supplementation as a
therapy for hypoxia-associated loss of muscle oxidative phenotype.
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Skeletal muscle of patients with chronic respiratory failure is prone to loss
of muscle mass and oxidative phenotype. Tissue hypoxia has been associated with
cachexia and emphysema in humans. Experimental research on the role of hypoxia
in loss of muscle oxidative phenotype however has yielded inconsistent results.
Animal studies are frequently performed in young animals, which may hinder
translation to generally older aged patients. Therefore in this study we tested the
hypothesis that hypoxia induces loss of skeletal muscle oxidative phenotype in
a model of aged (52 weeks) mice exposed to three weeks of hypoxia. Additional
groups of young (4 weeks) and adult (12 weeks) mice were included to examine
age effects. To verify hypoxia-induced cachexia, fat pad and muscle weights as
well as muscle fiber cross-sectional areas were determined. Muscle oxidative
phenotype was assessed by expression and activity of markers of mitochondrial
metabolism and fiber-type distribution. A profound loss of muscle and fat was
indeed accompanied by a slightly lower expression of markers of muscle oxidative
capacity in the aged hypoxic mice. In contrast, hypoxia-associated changes of
fiber-type composition were more prominent in the young mice. The differential
response of the muscle of young, adult, and aged mice to hypoxia suggests
that age matters and that the aged mouse is a better model for translation of
findings to elderly patients with chronic respiratory disease. Furthermore, the
findings warrant further mechanistic research into putative accelerating effects of
hypoxia-induced loss of oxidative phenotype on the cachexia process in chronic
respiratory disease.
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Skeletal muscle of patients with chronic obstructive pulmonary disease (COPD)
is often characterized by low muscle mass (49), a reduced proportion of type I oxidative
fibers and a diminished oxidative capacity (14, 21). In advanced disease stages hypoxia, a
condition of inadequate oxygen content in a tissue, has been proposed as a driver of both
phenotypic characteristics (12, 21, 62). Indeed the prevalence of weight loss and muscle
atrophy is high in various respiratory disorders that are hallmarked by hypoxia, including
acute exacerbations of COPD (10, 39), idiopathic pulmonary arterial hypertension (4),
and acute respiratory distress syndrome (ARDS) (25), and hypoxia has been associated
with reduced muscle mass (53). For the loss of muscle oxidative phenotype (Oxphen), a
role for hypoxia is supported by observations of reduced proportions of oxidative type I
fibers, decreased aerobic metabolism and impaired oxidative capacity in skeletal muscle
of patients with respiratory failure (RF) (36, 37, 69). Furthermore, Filley et al. suggested
already in 1968 that tissue hypoxia is responsible for cachexia in patients with end stage
emphysema (16). Emphysema has also been associated with a more pronounced type I
to II (oxidative to glycolytic) fiber-type shift in skeletal muscle (20). Moreover, hypoxemia
often develops or worsens with acute exacerbations (38), and patients suffering an
acute exacerbation have been shown to have decreased expression of subunits of
mitochondrial cytochrome c oxidase and ATP synthase in the vastus lateralis muscle (10).
The first report of an association between hypoxia and type I fiber proportion in human
studies was probably by Jakobsson et al., who showed an association between low type
I proportion and low arterial oxygen pressure in patients with RF (36). Moreover, Wuyam
et al. reported impaired oxidative capacity in patients with RF (69). A few years later,
Jakobsson et al. also described decreased oxidative enzyme activities in quadriceps
muscle of advanced COPD patients (37) which were partly restored by long-term oxygen
therapy (35).
Previous studies involving healthy volunteers as well as experimental animal
models gave inconsistent results with regard to hypoxia-associated loss of muscle oxidative
phenotype. Human studies involved participants of mountaineering expeditions that
were sampled before and after the expedition (8, 29) and showed decreased activity of
mitochondrial enzymes after hypoxia exposure. However, mountaineering expeditions
are heavily confounded by strenuous physical activity (27-29). To control for confounders
related to these expeditions, such as low temperature, dietary imbalance and extreme
exercise, Green et al. studied participants who were placed in a hypobaric chamber (23).
Enzyme activities of citrate synthase, succinate dehydrogenase and hexokinase were
repressed, but glycolytic enzymes other than hexokinase did not change and no fibertype shift was observed (23). Many animal studies were performed in rats (1, 6, 11, 15,
26, 33, 56, 60, 61). Some of these studies report a fiber-type shift towards fast fibers
(6, 15, 26, 31, 33, 34, 56, 59), whereas in others no change of fiber-type composition
is observed (1, 61). In general, hypoxia appears to reduce oxidative enzyme activities
(1, 11, 60), although Takahashi et al. did not observe reduced oxidative enzyme activity
by hypoxia (59). However, some of the reported changes in fiber-type composition
and oxidative enzyme activities by hypoxia have been suggested to be confounded by
hypoxia-associated anorexia (1).
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Many of the animal studies have been conducted under hypobaric hypoxia (6, 31,
33, 34), whereas normobaric hypoxia would be most appropriate from a physiological
and pathological perspective. Also, most of these studies have been conducted in
rats, whereas mouse models are nowadays more suitable because of the availability
of research tools that can be applied (e.g. antibodies, transgenes). Animal models for
COPD are indeed primarily mouse models, but surprisingly until recently this did not yet
include a well-established hypoxia model (45). Moreover, as COPD mainly affects the
elderly, using older animals would be most appropriate or at least preclude age-related
variation in the investigated topic. To our knowledge however, old animals are rarely
studied to model disease factors of COPD, except for a recent report by Van den Borst et
al. investigating effects of hypoxia on adipose tissue inflammation and metabolism (63).
Indeed, the abovementioned animal studies were conducted in animals of different ages
(juvenile and still developing to barely full-grown), with age-dependent outcomes (32).
We recently investigated the direct effect of hypoxia on muscle oxidative phenotype in
vitro (57). In line with our hypothesis, markers of oxidative capacity were significantly
reduced by hypoxia, but unexpectedly hypoxia stimulated expression of the oxidative
type I myosin heavy chain (MyHC). In vitro cultured myotubes probably reflect the
developmental stage of muscle in juvenile animals, further illustrating that age should
be considered in animal models of COPD.
We therefore decided to conduct a methodological study on the effect of
normobaric hypoxia on muscle oxidative phenotype in aged mice (52 weeks of age). We
hypothesized that hypoxia induces loss of oxidative phenotype. In addition, we verified
hypoxia-associated loss of muscle and fat mass and we determined protein oxidation
levels. For comparison, also very young (4 weeks old, still growing) and adult (12 weeks
old, limited muscle growth) mice were included.
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MATERIALS AND METHODS

A total of 76 male C57BL/6J mice (Charles River Laboratories, Wilmington, MA)
at the age of 4 weeks (young), 12 weeks (adult) and 52 weeks (aged) were randomly
divided over groups that were subsequently exposed to hypoxia (8% oxygen, n = 10 for 4
weeks and 52 weeks, n = 8 for 12 weeks) or ambient air (normoxia, n = 8 per age group)
for 21 days. Because decreased food intake is associated with hypoxia exposure and may
act as a confounding factor in interpreting hypoxia-associated changes, an additional
group of mice exposed to normoxia (n = 8 per age group) was pair-fed to match the
food intake of the hypoxic mice. Seven mice were excluded because of infection (1 in 4
weeks hypoxic group, 2 in each of 4 weeks normoxic and 52 weeks normoxic and hypoxic
groups). Baseline characteristics but not the primary outcome (Oxphen) of only the 52week old normoxic and hypoxic but not pair-fed mice have been previously reported
(63).
Mice were housed in experimental chambers at 21°C with a 12-h dark/light
cycle and received standard chow (V1534–000 ssniff R/M-H, ssniff Spezialdiäten, Soest,
Germany) and water ad libitum. For the hypoxia experiments, oxygen was replaced by
nitrogen by the ProOx P110 oxygen controller (BioSpherix, Lacona, NY) in a stepwise
manner to create normobaric oxygen levels of 12% (day 1), 10% (day 2), and finally
8% (60.8 mmHg) on day 3 and the remainder of the experiment. Three to four mice
were housed per cage. Daily food intake was determined per cage. On day 21, mice
were anesthetized with isoflurane gas, the abdominal cavity was opened, and aortic
blood was collected into a heparin-coated 1-ml syringe (Becton Dickinson, Breda, The
Netherlands). Oxygen levels and pH were measured immediately using the ABL 510
Blood Gas Analyzer (Radiometer; Diamond Diagnostics, Holliston, MA) and blood cell
count was determined with the Coulter Ac T Diff Hematology Analyzer (Beckman Coulter,
Woerden, The Netherlands).
Plasma was stored at –80°C until further analyses. Lower limb skeletal muscles
(gastrocnemius, tibialis anterior, soleus (SOL), extensor digitorum longus (EDL), and
plantaris), were dissected and weighed. One of each muscle was embedded in TissueTek (Sakura Finetek Europe, Zoeterwoude, The Netherlands) and frozen in melting
isopentane precooled in liquid nitrogen and stored at −80°C for histology. The other
muscle was snap-frozen in liquid nitrogen and stored at –80°C for molecular analyses.
The protocol was approved by the Committee for Animal Care and Use of Maastricht
University (project 2009-151).

Immunohistochemistry

Muscle cryosections (7μm) with fibers in transverse orientation were incubated
with primary anti-myosin heavy chain (MyHC) I, anti-MyHC IIa (both Developmental
Studies Hybridoma Bank (DSHB), University of Iowa, USA), and anti-laminin (Sigma,
Zwijndrecht, The Netherlands) followed by secondary antibodies labeled with Alexa
Fluor 555, Alexa Fluor 488 and Alexa Fluor 350 (Invitrogen, Breda, The Netherlands).
Stained sections were microscopically photographed at 200× magnification (Nikon
Eclipse E800; Nikon Instruments Europe, Amsterdam, The Netherlands). In a blinded
fashion, fiber types were classified based on their MyHC isotype content (fiber type I
and IIa positive for MyHC isotype I and IIa, respectively; hybrid type I/IIa positive for
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both MyHC isotypes I and IIa; types IIb and IIx together remain unstained) and fiber
cross-sectional area was measured with Lucia 4.82 software (Laboratory Imaging, Czech
Republic) based on laminin staining of the basement membrane (66). The number of
fibers analyzed per fiber type is listed in Supplemental Table 1.

Enzyme activity assays and immunoblotting
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One soleus and one EDL muscle were each homogenized in 240μl ice-cold SET
buffer (250mM sucrose, 2mM EDTA, 10mM Tris, pH 7.4) using a Mini-BeadBeater
(BioSpec Products Inc., Bartlesville, Oklahoma, USA) and incubated on ice for 10 minutes.
Samples were spun for 5 minutes at maximum speed (20817×g) in a cooled centrifuge
and supernatant was collected. Pellets were snap-frozen in liquid nitrogen and stored
at –80°C for later analysis. Supernatants were divided into three aliquots. To the first
aliquot aqueous BSA solution was added to a final concentration of 1% (v/v) and snapfrozen to be stored at –80°C until analysis of enzymatic activity. The second aliquot was
supplemented with 4× sample buffer (250mM Tris-HCl pH6.8, 8% (w/v) sodium dodecyl
sulfate, 40% (v/v) glycerol, 0.4M dithiothreitol, 0.02% (w/v) bromophenol blue) and
samples were snap-frozen and stored until analysis by Western blot. The third aliquot of
lysate was used to determine the protein concentration with the bicinchoninic acid assay
(Pierce, Thermo Fisher Scientific, Breda, The Netherlands) according to manufacturer’s
instructions.
Citrate synthase (CS, EC 2.3.3.1), 3-hydroxyacyl-CoA dehydrogenase (HADH, EC
1.1.1.35), cytochrome c oxidase (COX, EC 1.9.3.1) and phosphofructokinase (PFK, EC
2.7.1.11) activities were assayed spectrophotometrically (Multiskan Spectrum; Thermo
Labsystems, Breda, The Netherlands) as previously described (5, 18, 41, 55). Absolute
CS, HADH, COX and PFK activities were normalized to total protein.
For immunoblotting, 10μg of unboiled protein in sample buffer was separated by
electrophoresis in a gradient gel (4-12% Bis-Tris XT gel, Criterion, Bio-Rad, Veenendaal,
The Netherlands) with XT MOPS running buffer (Bio-Rad). Samples from the same
age group and the same muscle were run together on the same gel. Proteins were
transferred to a 0.45μm nitrocellulose membrane (Protran, Schleicher and Schuell,
‘s-Hertogenbosch, The Netherlands) in transfer buffer (25mM Tris, 192mM glycine,
20% (v/v) methanol). After transfer, proteins were visualized using Ponceau S staining
solution (Sigma-Aldrich, St. Louis, MO, USA). Membranes were subsequently blocked
from nonspecific protein binding with blocking solution, which contains 5% (w/v) nonfat dry milk (Campina, Eindhoven, The Netherlands) in Tris-buffered saline with Tween20
(TBST; 25mM Tris, 137mM NaCl, 2.7mM KCl, 0.05% (v/v) Tween20, pH 7.4), for one hour
at room temperature, followed by incubation in primary antibody solution overnight
at 4°C (mouse anti-Total OXPHOS Rodent WB Antibody Cocktail (MS604-300, Abcam,
Cambridge, UK; the cocktail contains 5 mAbs, one each against CI subunit NDUFB8, CII30kDa, CIII-Core protein 2, CIV subunit I and CV alpha subunit) or rabbit anti-PGC‑1α
antibody (#516557, Calbiochem, Nottingham, United Kingdom) diluted 1:1000 in
blocking solution). The next day, membranes were incubated in secondary antibody
solution (peroxidase-labeled horse anti-mouse IgG or goat anti-rabbit IgG (PI-2000
and PI-1000, respectively; Vector Laboratories, Burlingame, CA, USA) diluted 1:5000 in
blocking solution) for one hour at room temperature before incubation with enhanced
chemiluminescence substrate (Pierce SuperSignal West PICO Chemiluminescent
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Substrate; Thermo Fisher Scientific). Protein bands were detected using LAS-3000
Luminescent Image Analyzer (Fujiﬁlm, Tokyo, Japan). Bands were quantified using AIDA
Image Analyzer software (Fujifilm) and corrected for loading differences by the Ponceau
S staining intensity.
Protein oxidation was detected with the Oxyblot kit according to the
manufacturer’s instructions (Chemicon International, Temecula, CA). Briefly, carbonyl
groups in the protein side chains were derivatized to 2,4-dinitrophenylhydrazone
(DNP) and immunoblotted according to the procedure described above. In addition, for
each animal an underivatized sample was included, for which the derivatized sample
was corrected in the analysis. After analysis of oxidation, the blot was reprobed for
GAPDH (rabbit anti-GAPDH, #2118; Cell Signaling Technology, Leiden, The Netherlands;
procedure as described above) to correct for differences in protein loading.

Gene expression analysis

RNA was extracted from muscle tissue leftovers from cryosectioning using the
RNeasy Fibrous Tissue kit (Qiagen, Venlo, The Netherlands) according to the supplier’s
protocol. Samples were homogenized using a Mini-BeadBeater (BioSpec Products Inc.).
After elution, RNA concentration was determined using a spectrophotometer (NanoDrop
ND-1000, Isogen Lifescience, IJsselstein, The Netherlands) and integrity verified for a
selection of samples by gel electrophoresis and on a Bioanalyzer (Agilent Technologies,
Amstelveen, The Netherlands). Approximately 500ng of RNA was reverse transcribed to
cDNA with random hexamer primers according to the supplier’s protocol (Transcriptor
First Strand cDNA Synthesis kit, Roche Diagnostics, Woerden, The Netherlands). RTqPCR primers were designed based on Ensembl transcript sequences and ordered from
Sigma Genosys (Zwijndrecht, The Netherlands). Primer sequences are listed in Table 1.
RT-qPCR reactions contained SensiMix SYBR Hi-ROX Kit (Quantace-Bioline, London, UK)
with 300nM primers and were run in 384-well MicroAmp Optical 384-Well Reaction
Plate (Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands) on a 7900HT Fast
Real-Time PCR System (Applied Biosystems). Standard curves, prepared from pooled
cDNA, and melt curves were analyzed to verify efficiency and specificity of amplification.
Seven reference genes (18s, Axin1, B2m, Canx, Ppia, Rplp0, and Tuba1a) were measured
and stability of expression was assessed by visual inspection of expression differences
between the study groups and a stability assessment by geNorm (65). Eventually, six
reference genes (all but Rplp0) were used to calculate a geNorm factor, which was used
to normalize expression levels of the target genes.

Statistics

Comparisons between the groups were made using Kruskal-Wallis nonparametric ANOVA (post hoc Mann-Whitney U with Bonferroni correction), which is
most appropriate for the current group sizes. Extreme outliers were removed from
the analysis. To test the effect of age in the hypoxic group, per age group the values of
the hypoxic animals were expressed as a percentage of those of the normoxic animals
and compared as said above. Correlations were tested using the Pearson correlation
coefficient. Analyses were performed using IBM SPSS Statistics 22.0 (IBM Corp., Armonk,
NY). A p-value < 0.05 was considered statistically significant.
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Beta-2-microglobulin

Calnexin

Cytochrome c oxidase
subunit Va

Cytochrome c-1

Estrogen-related receptor
alpha

GA binding protein alpha;
nuclear respiratory factor
2 alpha

Cytochrome c oxidase
subunit II

Myosin heavy chain 1 (type ENSMUSG00000056328 GACAAACTGCAATCAAAGG
IIx isoform)

Myosin heavy chain 2 (type ENSMUSG00000033196 CGATGATCTTGCCAGTAATG
IIa isoform)

Myosin heavy chain 4 (type ENSMUSG00000057003 AGGGCGGCGGTGGAA
IIb isoform)

Myosin heavy chain 7 (type ENSMUSG00000053093 CAGATCGGGAGAATCAGTCCAT
I isoform)

NADH dehydrogenase
(ubiquinone) 1 beta
subcomplex 3

B2m

Canx

Cox5a

Cyc1

Esrra

Gabpa

mt-Co2

Myh1

Myh2

Myh4

Myh7

Ndufb3

ENSMUSG00000026032 ACAGACAGTGGAAAATTGAAGGG

ENSMUSG00000064354 CCATCCCAGGCCGACTAA

ENSMUSG00000008976 TGCTGCACTGGAAGGCTACA

ENSMUSG00000024955 GGCGGACGGCAGAAGTACAAA

ENSMUSG00000022551 GCATTCGGAGGGGTTTCCAG

ENSMUSG00000000088 TGCGAGCATGTAGACCGTTAAAT

ENSMUSG00000020368 GCAGCGACCTATGATTGACAACC

ENSMUSG00000060802 CTTTCTGGTGCTTGTCTCACTGA

ENSMUSG00000024182 AGTGGATCATTGAGGGAGAGA

Axin 1

Forward primer (5'→3')

Axin1

Ensembl ID

Name

Symbol

GCCCATGTATCTCCAAGCCT

AGCAAAATATTGGATGACCCTCTTA

TGGGAATGAGGCATCTGACAA

ATAACTGAGATACCAGCG

TTGGTCACTTTCCTGCACTT

ATTTCAGAGCATTGGCCATAGAA

TTACCCAAACCACCCAATGC

GCGACACCAGAGCGTTCAC

CCGCATGAACATCTCCCCA

GAGGTCCTGCTTTGTCCTTAACA

GCTCCAAACCAATAGCACTGAAAGG

GTATGTTCGGCTTCCCATTCTC

GCCCCAGGACGCTCGAT

Reverse primer (5'→3')
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110

89

141

221

231

76

104

130

176

77

170

104

124

Amplicon
size (bp)
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ENSMUSG00000029167 CAACAATGAGCCTGCGAACA

ENSMUSG00000033871 ACCCTGAGAAAGCGCAATGA

ENSMUSG00000071866 TTCCTCCTTTCACAGAATTATTCCA

Peroxisome proliferatoractivated receptor delta

Peroxisome proliferatoractivated receptor gamma

Ppargc1b Peroxisome proliferatoractivated receptor gamma
coactivator 1 beta

18S ribosomal RNA

Large ribosomal protein P0

Succinate dehydrogenase
complex, subunit B

Mitochondrial transcription ENSMUSG00000003923 CCGGCAGAGACGGTTAAAAA
factor A

Tubulin, alpha 1A

Pparg

Ppargc1a Peroxisome proliferatoractivated receptor gamma
coactivator 1 alpha

Peptidyl-prolyl cis-trans
isomerase A; Cyclophilin A

Ppard

Ppia

Rn18s

Rplp0

Sdhb

Tfam

Tuba1a

*no existing Ensembl ID-

ENSMUSG00000000440 CGGAAGCCCTTTGGTGACTT

Peroxisome proliferatoractivated receptor alpha

Ppara

AGTTAGCATGCCAGAGTCTCG

ENSMUSG00000072235 CGTAGACCTGGAACCCACGGT

ENSMUSG00000009863 AATTTGCCATTTACCGATGGGA

ENSMUSG00000067274 GGACCCGAGAAGACCTCCTT

*RefSeq NR_003278.1

ENSMUSG00000002250 AGGCCCGGAGCATCCTCA

ENSMUSG00000022383 ACTACGGAGTTCACGCATGTG

Nuclear respiratory factor 1 ENSMUSG00000058440 AGCCACATTGGCTGATGCTT

Forward primer (5'→3')

Nrf1

Ensembl ID

Name

Symbol

Table 1 (continued) | Primer sequences used for RT-qPCR
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TGCCTGTGATGAGCTGCTCA

TCATCCTTTGCCTCCTGGAA

AGCATCCAACACCATAGGTCC

GCACATCACTCAGAATTTCAATGG

TGCATGGCCGTTCTTAGTTG

CCGCCAGTGCCATTATGG

CCCAGATGAGGGAAGGGACT

CTTCATCCACGGGGAGACTG

TGGGCTTCACGTTCAGCAAG

TGGATGACAAAGGGTGCGTTG

TTGTCGTACACCAGCTTCAGC

GGTCATTTCACCGCCCTGTA

Reverse primer (5'→3')

86

129

104

85

76

75

120

104

148

55

76

124

Amplicon
size (bp)
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RESULTS

Arterial blood gas and hematological adaptations

The arterial blood of hypoxic mice of all ages showed increased acidosis,
hypoxemia, and polycythemia (Table 2, Table 3, Table 4).

Body weight

Chapter 3

Hypoxia significantly reduced body weight of aged mice (Figure 1A). In response
to the initiation of the experiment, hypoxic mice showed a reduced food intake (Figure
1B). However, after approximately 9 days, food intake was normalized to that of normoxic
animals and body weight loss after 21 days of hypoxia was significantly stronger in the
hypoxic than in the pair-fed aged mice (p = 0.002; Figure 1A). Together, these data reveal
a food intake-independent effect of hypoxia on body weight.

Fat pad and muscle weights and muscle fiber cross-sectional area

Hypoxia-associated body weight loss was reflected by hypoxia-induced reductions
of fat pad (Figure 1C) and muscle weights (Figure 1D); this loss was only partly dependent
on the reduced food intake.
Table 2 | Arterial blood gas analysis and hematological adaptations in aged (52 week old) mice.
Normoxia

Pair-fed

Hypoxia

7.28 (7.25, 7.30)

7.35 (7.30, 7.37)*

7.10 (7.06, 7.16)*,#

Arterial blood gas analysis
pH
PaO2, mmHg

129.5 (120.4, 139.1) 133.7 (128.6, 136.5)

33.8 (33.3, 34.4)*,#

PaCO2, mmHg

36.2 (28.1, 41.0)

29.0 (28.3, 34.3)

35.5 (31.3, 37.6)

HCO3−, mM

16.3 (13.2, 18.4)

16.5 (16.1, 18.1)

10.4 (9.4, 12.0)*,#

101 (100, 101)

102 (101, 102)

24 (19, 27)*,#

−9.9 (−11.7, −7.6)

−7.2 (−8.5, −7.0)

−22.6 (−24.0, −17.7)*,#

0.46 (0.44, 0.47)

0.45 (0.44, 0.47)

0.76 (0.74, 0.78)*,#

Hemoglobin, mM

9.0 (8.6, 9.5)

8.7 (8.2, 9.3)

14.5 (14.2, 14.7)*,#

Erythrocytes, ×106

10.0 (9.4, 10.0)

9.7 (9.5, 10.2)

13.5 (13.3, 13.8)*,#

MCV, fL

45.8 (45.7, 46.1)

46.3 (45.8, 46.9)

55.3 (54.7, 58.4)*,#

0.91 (0.89, 0.92)

0.89 (0.88, 0.91)

1.08 (1.02, 1.10)*,#

20.0 (19.3, 20.2)

19.1 (18.5, 19.7)

19.1 (18.3, 19.6)

p50(a)

29.6 (28.7, 30.9)

27.6 (26.8, 29.0)

50.8 (49.9, 51.6)*,#

Spleen (g)

80.6 (66.1, 90.3)

82.7 (77.6, 92.6)

215.1 (159.7, 238.9)*,#

SaO2, %
Base excess, mEq L-1
Hematological adaptations
Hematocrit, %

MCH, pg
MCHC, g dl

-1

Values are median (25th percentile, 75th percentile). MCV, mean corpuscular volume; MCH,
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration. Blood gas
data were available for 6 normoxic, 7 pair-fed and 6 hypoxic mice. Level of significance: * p < 0.05
compared to normoxic mice, # p < 0.05 compared to pair-fed mice. Data partly overlap with our
previous study (63).
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Muscle fiber-type composition and fiber-specific myosin heavy chain (MyHC)
expression in skeletal muscle

Hypoxia increased soleus hybrid type I/IIa fiber proportion (Figure 2A). On the
level of gene expression, the hypoxic aged mice showed decreased MyHC type IIb in the
soleus (Figure 2C) and increased MyHC type I in the EDL (Figure 2D).

Table 3 | Arterial blood gas analysis and hematological adaptations in young (4 week old) mice.
Normoxia

Pair-fed

Hypoxia

7.31 (7.26, 7.34)

7.31 (7.26, 7.33)

7.16 (7.09, 7.19)*,#

Arterial blood gas analysis
pH
PaO2, mmHg

134.9 (132.1, 150.6) 135.6 (131.1, 138.4)

41.9 (37.8, 43.1)*,#

PaCO2, mmHg

23.3 (22.5, 32.3)

30.5 (26.4, 33.0)

28.0 (23.7, 29.0)

HCO3 , mM

12.4 (11.2, 13.9)

14.9 (12.9, 16.3)

8.6 (7.6, 10.4)*,#

101 (101, 102)

101 (100, 101)

33 (27, 37)*,#

−12.5 (−13.3, −11.3)

−10.2 (−11.7, −8.6)

−21.8 (−25.7, −18.0)*,#

0.36 (0.35, 0.36)

0.37 (0.36, 0.39)

0.64 (0.61, 0.65)*,#

Hemoglobin, mM

7.9 (7.8, 8.0)

8.4 (8.0, 8.8)

13.8 (13.1, 13.9)*,#

Erythrocytes, ×106

8.6 (8.4, 8.8)

9.0 (8.7, 9.3)

13.1 (12.7, 13.3)*,#

MCV, fL

41.3 (41.0, 41.6)

41.4 (41.1, 42.0)

48.2 (47.8, 49.3)*,#

MCH, pg

0.92 (0.91, 0.92)

0.93 (0.91, 0.94)

1.03 (1.02, 1.04)*,#

MCHC, g dl-1

22.3 (21.9, 22.4)

22.3 (22.1, 22.4)

21.3 (21.2, 21.6)*,#

p50(a)

28.3 (27.4, 30.2)

28.7 (28.0, 30.1)

53.3 (49.7, 56.6)*,#

Spleen (g)

69.1 (67.5, 71.9)

51.8 (50.2, 57.3)*

73.2 (63.5, 86.1)#

−

SaO2, %
Base excess, mEq L-1
Hematological adaptations
Hematocrit, %

Values are median (25th percentile, 75th percentile). MCV, mean corpuscular volume; MCH,
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration. Blood gas
data were available for 6 normoxic, 8 pair-fed and 8 hypoxic mice. Level of significance: * p < 0.05
compared to normoxic mice, # p < 0.05 compared to pair-fed mice.
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Whereas soleus showed a discrepancy between muscle weight and fiber crosssectional area in the aged mice (Figure 1D and 1E), EDL mean fiber cross-sectional area
(Figure 1F) closely resembled the changes in EDL muscle weight (Figure 1D). The fibers
in the EDL seemed most affected by hypoxia, with no additional effect of reduced food
intake. In the soleus, food intake appears to have a larger role in atrophy, although
changes between pair-fed and normoxia are not significant, except for type I/IIa and
IIx/b fibers. Overall, hypoxia thus affected muscle fiber cross-sectional area in both a
food intake-dependent and -independent manner.

Chapter 3

Metabolic enzyme activities in skeletal muscle

Phosphofructokinase (PFK) activity was significantly increased by hypoxia in the
soleus (Figure 3A) and EDL (Figure 3B) of aged mice. The aged hypoxic mice showed a
slight reduction of citrate synthase (CS) activity in the EDL (Figure 3B) but no change in
cytochrome c oxidase (COX) activity (Figure 3A and Figure 3B). Changes in 3-hydroxyacylCoA dehydrogenase (HAD) activity were non-significant.

Protein and gene expression levels of mitochondrial components

Chapter 3

To assess whether reduced citrate synthase activity was associated with a reduced
mitochondrial content, we measured protein content of five subunits of the oxidative
phosphorylation (OXPHOS) chain. There was generally no sign of repressed content of
these subunits in soleus (Figure 3C; a representative blot is included in Supplemental
Figure 1), nor in EDL (Figure 3D) of aged hypoxic mice. In contrast, gene expression levels
of some OXPHOS subunits were repressed (Figure 3E and Figure 3F). These changes were
sometimes partly caused by the reduced food intake.

Table 4 | Arterial blood gas analysis and hematological adaptations in adult (12 week old)
mice.
Normoxia

Pair-fed

Hypoxia

7.38 (7.34, 7.39)

7.31 (7.29, 7.36)*

7.17 (7.14, 7.19)*,#

Arterial blood gas analysis
pH
PaO2, mmHg

139.5 (132.6, 143.7) 138.9 (132.7, 142.0)

35.9 (34.1, 37.6)*,#

PaCO2, mmHg

27.6 (26.4, 29.6)

28.2 (27.2, 31.2)

30.6 (27.7, 32.4)

HCO3−, mM

15.3 (15.0, 16.5)

14.2 (13.8, 15.1)

10.5 (9.9, 11.6)*,#

101 (101, 102)

101 (101, 101)

27 (23, 29)*,#

−7.9 (−8.0, −6.7)

−10.2 (−10.8, −9.6)*

−18.1 (−20.7, −17.4)*,#

0.38 (0.36, 0.42)

0.39 (0.38, 0.50)

0.71 (0.64, 0.77)*,#

Hemoglobin, mM

8.2 (7.8, 8.6)

8.8 (8.6, 10.3)*

14.2 (13.5, 14.6)*,#

Erythrocytes, ×106

9.1 (8.9, 9.4)

10.4 (9.5, 11.0)

14.0 (13.5, 14.2)*,#

40.5 (40.4, 45.1)

40.4 (40.0, 45.7)

50.1 (47.1, 54.5)*,#

0.88 (0.87, 0.91)

0.91 (0.89, 0.95)

1.01 (0.99, 1.04)*,#

21.5 (20.2, 21.8)

22.3 (20.8, 22.6)

20.1 (19.1, 21.3)

p50(a)

26.7 (26.3, 28.1)

28.5 (27.0, 29.1)

51.5 (49.6, 53.2)*,#

Spleen (g)

72.9 (66.5, 74.6)

61.4 (58.8, 66.8)

135.2 (128.7, 194.1)*,#

SaO2, %
Base excess, mEq L-1
Hematological adaptations
Hematocrit, %

MCV, fL
MCH, pg
MCHC, g dl

-1

*

Values are median (25th percentile, 75th percentile). MCV, mean corpuscular volume; MCH,
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration. Blood gas
data were available for 7 normoxic, 7 pair-fed and 8 hypoxic mice. Level of significance: * p < 0.05
compared to normoxic mice, # p < 0.05 compared to pair-fed mice.
62

Hypoxia-induced loss of muscle Oxphen in mice

*

90

2

0

3

6

9

12

Day of experiment

D

Fat weight

*
*,#

*,#

50

EPI

15

ING

18

,#

*

1500

**

I/IIa

9

12

15

Day of experiment

18

21

*,#

IIx/b
Normoxia

*

*

100

500

IIa

6

110

1000

I

3

Muscle weight

*

*,#

90
80
70

SOL

F

2000

0

120

SOL

2500

0

21

EDL

GAS

PLA

TIB

EDL

500
400

2000

*,#

*,#

1500

300
1000
200
500

100
0

Pair-fed

I

IIa

I/IIa

IIx/b

0

Hypoxia

Figure 1 | Aged mice exposed to hypoxia develop cachexia, which is only partly explained by
reduced food intake. A, Body weight as percentage of starting weight (mean ± SD). Significance
indicated for comparison on day 21. B, Food intake was determined per cage and averaged over
the number of mice in the cage (mean ± SD). C, Paired fat weight of both fat pads per animal. EPI,
epididymal fat pad; ING, inguinal fat pad. D, Paired muscle weight of both muscles per animal. SOL,
soleus; EDL, extensor digitorum longus; GAS, gastrocnemius; PLA, plantaris; TIB, tibialis anterior.
E-F, Fiber-type specific cross-sectional areas in the soleus (E) and EDL (F). Number of animals per
group: normoxic n = 6, pair-fed n = 8, hypoxic n = 8, except in panel C: normoxic n = 5. Box plots
indicate median and interquartile range, whiskers indicate minimum and maximum. Level of
significance: * p < 0.05 compared to normoxic mice, # p < 0.05 compared to pair-fed mice. Data in
panels A-D partly overlap with our previous study (63).
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Figure 2 | In aged mice, hypoxia increases type I/IIa hybrid fiber proportion. A-B, Fiber-type
composition in the soleus (A) and EDL (B). C-D, Myosin heavy chain gene expression levels in
the soleus (C) and EDL (D). Number of animals per group: normoxic n = 6, pair-fed n = 8, hypoxic
n = 8, except in panel A: normoxic n = 5, panel C: pair-fed n = 7. Box plots indicate median and
interquartile range, whiskers indicate minimum and maximum. Level of significance: * p < 0.05
compared to normoxic mice, # p < 0.05 compared to pair-fed mice.

Figure 3 | In aged mice, oxidative capacity is mildly affected by hypoxia. A-B, Metabolic enzyme
activity in the soleus (A) and EDL (B). C-D, Protein content of labile subunits of OXPHOS complexes
in the soleus (C) and EDL (D). E-F, Gene expression of subunits of OXPHOS complexes in the soleus
(E) and EDL (F). G and I, Gene expression of regulators of oxidative metabolism in the soleus (G)
and EDL (I). H and J, Protein content of PGC‑1α in the soleus (H) and EDL (J). CS, citrate synthase;
HAD, 3-hydroxyacyl-CoA dehydrogenase; COX, cytochrome c oxidase; PFK, phosphofructokinase.
NDUFB3, OXPHOS complex I; SDHB, OXPHOS complex II; CYC1, OXPHOS complex III; COX-Va,
OXPHOS complex IV, nuclear encoded; COX-II, OXPHOS complex IV, mitochondrially encoded;
PGC‑1, PPAR gamma coactivator 1; PPAR, peroxisome proliferator-activated receptor; ERRα,
estrogen-related receptor α; NRF, nuclear respiratory factor; Tfam, mitochondrial transcription
factor A. Number of animals per group: normoxic n = 6, pair-fed n = 8, hypoxic n= 8, except in
panel B, D and J: normoxic n = 5, panel B, E and G: pair-fed n = 7. Box plots indicate median and
interquartile range, whiskers indicate minimum and maximum. Level of significance: * p < 0.05
compared to normoxic mice, # p < 0.05 compared to pair-fed mice.
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Expression of key regulators of muscle oxidative phenotype in skeletal muscle

Because gene expression of some of the OXPHOS subunits was repressed by
hypoxia, we measured gene expression levels of important regulators of oxidative
phenotype. Expression of PGC‑1α, PGC‑1β and ERRα was reduced by hypoxia, but
mainly in the soleus of aged mice (Figure 3G). We could however not detect differences
in PGC‑1α content (Figure 3H).

Chapter 3

Age-dependent differences in hypoxia effects on body and muscle
composition

Age-related differences of hypoxia-associated changes were observed on body
weight, fiber-type composition and OXPHOS gene expression. In response to hypoxia, the
aged mice lost body weight, which was still significantly decreased at day 21 compared
to the normoxic as well as the pair-fed animals (Figure 1A). In contrast, the body weight
of the adult hypoxic mice had recovered by the end of the experiment (Figure 4A). The
hypoxic young mice had significantly lower body weights by the end of the experiment,
but this was not different compared to pair-fed mice (Figure 5A). In the young mice,
reduced body weight appeared to be related to a food-dependent stagnation of growth
rather than weight loss as was observed in the aged animals.
Hypoxic mice of all ages showed an increased proportion of hybrid type I/IIa fibers
in the soleus (Figure 2, Figure 6 and Figure 7), but in addition the young mice showed
a significant decrease of the type IIa fiber proportion (Figure 6A). Furthermore, MyHC
type I gene expression was increased in the soleus of young hypoxic mice (Figure 6C).
In summary, hypoxia appears to cause a change in soleus fiber-type distribution in mice
of all ages, although a direction can only be discerned in the young mice: the increased
hybrid type I/IIa and decreased type II proportions combined with the increased gene
expression levels of type I MyHC appear to indicate a fiber shift from type IIa fibers
towards hybrid type I/IIa fibers. The more apparent fiber-type changes in the young
mice were in contrast to the hypoxia-associated repression of OXPHOS subunit gene
expression, which was generally strongest in the aged hypoxic mice (Figure 3, Figure 8
and Figure 9).

Protein oxidation of muscle proteins

To assess whether oxidative stress was increased in the muscle after exposure to
hypoxia, we measured protein carbonylation in the soleus and EDL (Figure 10). There
were no significant differences, except for the EDL of 4-week old mice, where oxidation
was significantly lower with pair-feeding and hypoxia. Protein carbonylation in the EDL
of 4-week old mice correlated significantly with COX activity (Figure 10C).
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Figure 4 | Adult mice exposed to hypoxia develop cachexia, which is only partly explained by
reduced food intake. A, Body weight as percentage of starting weight (mean ± SD). Significance
indicated for comparison on day 21. B, Food intake was determined per cage and averaged over
the number of mice in the cage (mean ± SD). Note that half of the adult pair-fed mice were
accidentally deprived of food on day 11 and consequently had lower body weight on day 12. On
day 12 extra food was provided to compensate; this is reflected by the steep weight gain on day
13. C, Paired fat weight of both fat pads per animal. EPI, epididymal fat pad; ING, inguinal fat pad.
D, Paired muscle weight of both muscles per animal. SOL, soleus; EDL, extensor digitorum longus;
GAS, gastrocnemius; PLA, plantaris; TIB, tibialis anterior. E-F, Fiber-type specific cross-sectional
areas in the soleus (E) and EDL (F). Number of animals per group: normoxic n = 8, pair-fed n = 8,
hypoxic n = 8, except in panel E and F: normoxic n = 7, panel E: pair-fed n = 7. Box plots indicate
median and interquartile range, whiskers indicate minimum and maximum. Level of significance: *
p < 0.05 compared to normoxic mice, # p < 0.05 compared to pair-fed mice.
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Figure 5 | Young mice exposed to hypoxia show growth stagnation due to hypofagia, but also
experience food intake-independent loss of fat and muscle weight. A, Body weight as percentage
of starting weight (mean ± SD). Significance indicated for comparison on day 21. B, Food intake was
determined per cage and averaged over the number of mice in the cage (mean ± SD). Note that
all young pair-fed mice were accidentally deprived of food on day 11 and consequently had lower
body weight on day 12. On day 12 extra food was provided to compensate; this is reflected by the
steep weight gain on day 13. C, Paired fat weight of both fat pads per animal. EPI, epididymal fat
pad; ING, inguinal fat pad. D, Paired muscle weight of both muscles per animal. ESOL, soleus; EDL,
extensor digitorum longus; GAS, gastrocnemius; PLA, plantaris; TIB, tibialis anterior. E-F, Fibertype specific cross-sectional areas in the soleus (E) and EDL (F). Number of animals per group:
normoxic n = 6, pair-fed n = 8, hypoxic n = 9, except in panel A and F: hypoxic n = 8, panel E: pair-fed
n = 7, panel F: normoxic n = 5. Box plots indicate median and interquartile range, whiskers indicate
minimum and maximum. Level of significance: * p < 0.05 compared to normoxic mice, # p < 0.05
compared to pair-fed mice.

68

Hypoxia-induced loss of muscle Oxphen in mice

In this study we show that three weeks of hypoxia only mildly attenuates
muscle oxidative phenotype in mice, whereas muscle weight and fat weight are clearly
decreased in a hypoxia-dependent manner. Moreover, hypoxia-associated changes were
age-dependent: altered fiber-type composition was most prominent in young mice,
whereas aged mice specifically show hypoxia-associated reductions of mitochondrial
regulators and components.
In the current study we aimed to establish the effect of hypoxia on muscle
oxidative phenotype in aged mice to be able to translate these findings to patients
with COPD and chronic respiratory failure, which predominates in the older population.
Hence, we mainly focused on 52-week old mice in this study. Ishihara et al. indeed
showed that the age of rats exposed to hypoxia affects how hypoxia impacts muscle
fiber-type composition (32). Limb muscles of rats undergo a postnatal shift from
glycolytic to oxidative fiber types (67). Hypoxia exposure during this developmental
period supposedly inhibits this shift and results in a smaller proportion of oxidative
fibers in hypoxic young rats (32). However, Wigston et al. showed that murine postnatal
development of the muscle does not include a shift in fiber type towards oxidative
fibers (67). Therefore, an inhibition of such developmental shift by hypoxia is not to
be expected in mice. Nevertheless, we found an effect of age on the hypoxia response,
because changes in fiber-type composition were more prominent, albeit still modest, in
the youngest mice. This is potentially related to a higher adaptive plasticity of muscle
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Figure 6 | In young mice, hypoxia appears to shift soleus fiber-type composition from type IIa
to type I/IIa hybrid fibers. A-B, Fiber-type composition in the soleus (A) and EDL (B). C-D, Myosin
heavy chain gene expression levels in the soleus (C) and EDL (D). Number of animals per group:
normoxic n = 6, pair-fed n = 8, hypoxic n = 9, except in panel A: pair-fed n = 7, panel B: normoxic n =
5 and hypoxic n = 8. Box plots indicate median and interquartile range, whiskers indicate minimum
and maximum. Level of significance: * p < 0.05 compared to normoxic mice, # p < 0.05 compared
to pair-fed mice.
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Figure 7 | In adult mice, hypoxia increases type I/IIa hybrid fiber proportion. A-B, Fiber-type
composition in the soleus (A) and EDL (B). C-D, Myosin heavy chain gene expression levels in the
soleus (C) and EDL (D). Number of animals per group: normoxic n = 8, pair-fed n = 8, hypoxic n =
8, except for panel A and B: normoxic n = 7, panel -: pair-fed n = 7. Box plots indicate median and
interquartile range, whiskers indicate minimum and maximum. Level of significance: * p < 0.05
compared to normoxic mice, # p < 0.05 compared to pair-fed mice.

Figure 8 | In young mice, oxidative capacity is only mildly affected by hypoxia. A-B, Metabolic
enzyme activity in the soleus (A) and EDL (B). C-D, Protein content of labile subunits of OXPHOS
complexes in the soleus (C) and EDL (D). E-F, Gene expression of subunits of OXPHOS complexes
in the soleus (E) and EDL (F). G and I, Gene expression of regulators of oxidative metabolism
in the soleus (G) and EDL (I). H and J, Protein content of PGC‑1α in the soleus (H) and EDL (J).
CS, citrate synthase; HAD, 3-hydroxyacyl-CoA dehydrogenase; COX, cytochrome c oxidase;
PFK, phosphofructokinase. NDUFB3, OXPHOS complex I; SDHB, OXPHOS complex II; CYC1,
OXPHOS complex III; COX-Va, OXPHOS complex IV, nuclear encoded; COX-II, OXPHOS complex
IV, mitochondrially encoded; PGC‑1, PPAR gamma coactivator 1; PPAR, peroxisome proliferatoractivated receptor; ERRα, estrogen-related receptor α; NRF, nuclear respiratory factor; Tfam,
mitochondrial transcription factor A. Number of animals per group: normoxic n = 6, pair-fed n =
8, hypoxic n = 9. Box plots indicate median and interquartile range, whiskers indicate minimum
and maximum. Level of significance: * p < 0.05 compared to normoxic mice, # p < 0.05 compared
to pair-fed mice.
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in young compared to old mice, analogous to what has been observed in response to
electrical stimulation (42) and denervation (46).
Interestingly, the young mice exposed to hypoxia appear to shift towards type I/
IIa fibers in the soleus, with a concomitant reduction of the proportion of type IIa fibers,
suggesting co-expression of MyHC I in IIa fibers. It should be noted that the proportion
of type I/IIa fibers is still small (median 4.2%, interquartile range [1.85; 6.34]). An
increase of MyHC I expression is however in line with our recent in vitro findings, where
hypoxia exposure of C2C12 myotubes stimulated the expression of type I MyHC gene
and protein (57). In soleus muscle of mice, it has been shown that type IIa fibers have
a higher oxidative potential than type I fibers (7). Moreover, Gouspillou et al. recently
reported on variations in rodent and human muscle fiber types: whereas mouse type IIa
fibers have a higher mitochondrial content than type I, in human muscle type I is more
enriched in mitochondria than type IIa (22). Therefore, a shift from type IIa fibers to type
I/IIa fibers and/or type IIx/b fibers in mouse could be adaptive to decrease oxidative
phenotype in the muscle in response to reduced oxygen supply. This would be analogous
to a type I to II fiber-type shift in the skeletal muscle of COPD patients, where fibers
also shift towards less oxidative types. The finding that fiber-type changes appear more
prominent in the young mice suggests that hypoxia mainly affects developing muscle
fibers and could implicate that hypoxia-associated fiber-type changes occur during the
muscle regeneration phase in patients with COPD.
Although the changes in fiber-type composition are associated with decreased
citrate synthase activity, no change in protein expression levels of OXPHOS subunits
was apparent. In contrast, patients with mild to moderate COPD were shown to have
decreased content of several OXPHOS subunits in the quadriceps muscle (64). Possibly,
the changes in the hypoxic mice are modest due to the relative short period of hypoxia
exposure. Expression of PGC‑1α, PGC‑1β and ERRα, which are important regulators of
mitochondrial biogenesis (3, 54, 68), was repressed in the aged mice. This is in line with
the reduced gene expression of OXPHOS subunits in soleus of the aged mice and could
indicate that changes were still under way. In line with results in patients with chronic
respiratory failure, we found that cytochrome c oxidase (COX) activity was significantly
increased in the young hypoxic mice. In the patients, COX activity inversely correlates
with arterial oxygen pressure (52). Altogether, hypoxia-associated changes of muscle
Figure 9 | In adult mice, oxidative capacity is marginally affected by hypoxia. A-B, Metabolic
enzyme activity in the soleus (A) and EDL (B). C-D, Protein content of labile subunits of OXPHOS
complexes in the soleus (C) and EDL (D). E-F, Gene expression of subunits of OXPHOS complexes
in the soleus (E) and EDL (F). G and I, Gene expression of regulators of oxidative metabolism
in the soleus (G) and EDL (I). H and J, Protein content of PGC‑1α in the soleus (H) and EDL (J).
CS, citrate synthase; HAD, 3-hydroxyacyl-CoA dehydrogenase; COX, cytochrome c oxidase;
PFK, phosphofructokinase. NDUFB3, OXPHOS complex I; SDHB, OXPHOS complex II; CYC1,
OXPHOS complex III; COX-Va, OXPHOS complex IV, nuclear encoded; COX-II, OXPHOS complex
IV, mitochondrially encoded; PGC‑1, PPAR gamma coactivator 1; PPAR, peroxisome proliferatoractivated receptor; ERRα, estrogen-related receptor α; NRF, nuclear respiratory factor; Tfam,
mitochondrial transcription factor A. Number of animals per group: normoxic n = 8, pair-fed n =
8, hypoxic n = 8. Box plots indicate median and interquartile range, whiskers indicate minimum
and maximum. Level of significance: * p < 0.05 compared to normoxic mice, # p < 0.05 compared
to pair-fed mice.
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Oxphen appear subtle in the mice, which is in line with the modest response of HIF‑1
signaling in response to hypoxia in human skeletal muscle (43) as well as our recent
finding that hypoxia-associated changes of OXPHOS and MyHCI gene expression in vitro
were HIF-dependent (57).
Hypoxia stimulated fiber atrophy in both soleus and EDL. Again, age appeared
to affect the hypoxia effect, as the strongest decrease of cross-sectional area appeared
to occur in the aged mice, but this difference between age groups was not significant
(data not shown). Especially the type II fibers were prone to atrophy. This is in line with
skeletal muscle of patients with COPD, where atrophy is most pronounced in type II fibers
(19). A sensitivity of glycolytic fibers for hypoxia-associated atrophy has been reported
before (13). Hypoxia has been shown to induce expression of myostatin (MSTN) (24).
Moreover, MSTN expression is positively correlated to MyHC type IIb content (9). These
two observations may explain why type II fibers are more prone to hypoxia-associated
fiber atrophy. Interestingly, Hayot et al. showed increased MSTN expression in chronic
hypoxemic COPD patients as well (24).
The difference in muscle weight between normoxic and hypoxic animals was
largest in the young mice. Possibly this is the result of retarded growth rather than
increased weight loss. This suggestion is indeed supported by the body weight response,
which shows growth retardation rather than weight loss in both pair-fed and hypoxic
young mice; the similar body weights in pair-fed and hypoxic mice indicate that growth
retardation occurred mainly due to reduced food intake and not due to hypoxia per se.
In the adult mice, reduced food intake was also the main reason for loss of body weight.
However, in the aged mice hypoxia had an additive effect to reduced food intake on
the body weight loss, which suggests that aged mice are more susceptible to hypoxiaassociated weight loss. Interestingly, weights of the epididymal and inguinal fat depots
in the hypoxic mice were significantly reduced compared to those of both pair-fed and
normoxic mice. This suggests that fat weight is lost in the hypoxic animals independent
of the reduced food intake. Possibly, this is an indication of an altered metabolic rate
under influence of hypoxia. Indeed, we recently reported increased expression of
oxidative metabolic markers and lipolysis genes in the fat depots in hypoxia-exposed
aged mice (63). The increased lipolysis could result in more circulating fatty acids that
in turn stimulate expression of oxidative type I MyHC in the muscle, possibly through
PPARδ which has been shown to shift MyHC content to slower isoforms (44). Moreover,
chronic administration of arachidonic acid to aged rats has been shown to increase
the number of MyHCI-positive cells and increase the relative content of MyHCIIx while
reducing MyHCIIb content (30).
We found that muscle of aged mice was most affected by hypoxia both in terms of
markers of oxidative capacity and fiber cross-sectional area. We expected that muscle of
young mice would be characterized by a stronger adaptive plasticity, because increasing
age has been shown to reduce the amplitude of adaptations in response to stresses such
as limb ischemia, chronic electrical stimulation and disuse caused by denervation (42,
46, 50, 51). For example, attenuated hypoxia-associated induction of VEGF expression
has been shown in aged rabbits (50). This was associated with reduced HIF‑1 activity
(50) and is suggested to explain the impairment of angiogenesis in response to ischemia
in old compared to young mice and rabbits (51). This could imply that young mice adapt
better to hypoxic conditions by improving capillarization and therefore can maintain
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oxidation with cytochrome c oxidase (COX) activity in the EDL of 4-week old mice. Number
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Oxphen status. An impaired capillary adaptability in the aged mice could thus underlie
the more pronounced loss of muscle Oxphen observed in these mice.
Another explanation for the stronger effects of hypoxia in the aged mice is
accumulation of oxidative stress-derived damage during their life. Postmitotic cells have
been shown to be more prone to accumulate oxidative damage (48). This damage could
make the cells more sensitive to hypoxia or less effective in compensation of hypoxiaassociated stress. Moreover, it has been shown that oxidatively modified proteins are
prone to degradation (47, 58), which could explain the increased fiber atrophy in hypoxic
aged mice. However, we could not detect a significant difference between the levels of
skeletal muscle protein carbonylation in the normoxic mice of the three age groups.
Unexpectedly though, the young mice showed a decreased level of protein carbonylation
in the EDL muscle with pair-feeding and hypoxia, in contrast to the adult and aged
pair-fed and hypoxic mice in which protein carbonylation was unchanged. The protein
carbonylation in the young mice correlated with COX activity, which was increased in
the 4-week old mice after hypoxia exposure. Fukuda et al. have reported that hypoxia
stimulates the HIF-dependent replacement of COX IV isoform 1 (COX IV-1) with COX IV
isoform 2 (COX IV-2) to optimize efficiency of respiration at lower oxygen concentrations
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(17). COX containing the COX IV-2 isoform has been shown to be more active under
hypoxic conditions than COX with the COX IV-1 isoform, but also to produce less H2O2 in
hypoxia (17). A change in the composition of the COX protein complex could thus explain
both increased COX activity and lower protein carbonylation. Future research will have
to prove whether the replacement of COX IV-1 with COX IV-2 occurs in mouse muscle
in vivo and can account for the decrease in protein carbonylation as observed in this
study. However, in mouse sternohyoid muscle (40) and heart (2), 2-3 weeks of hypoxia
has previously been shown to increase protein carbonylation. It is unclear whether our
results diverge from the literature due to a difference in muscle type (skeletal muscle
vs. respiratory muscle and heart), as reports on protein carbonylation in skeletal muscle
after chronic hypoxia are missing. Alternatively, increased hypoxia-associated oxidative
stress is resolved during the three weeks of exposure. Previous work from our group
showed that muscle atrophy already is ongoing at 4 days into the experiment (13).
Therefore, we are unable to disprove that a transient increase of carbonylated protein
underlies muscle atrophy in our model.
The differential response of the muscle of young, adult, and aged mice to hypoxia
suggests that age does matter and that the aged mouse is indeed a better model for
translation of findings to elderly patients with chronic respiratory disease. In addition to
the role of hypoxia in the cachectic processes of muscle and fat weight loss, we now also
show that hypoxia can reduce expression of markers of mitochondrial metabolism and
shift oxidative fiber types to less oxidative types. Hypoxia-associated effects on Oxphen
are subtle, but compared to the clinical situation of patients with COPD, loss of Oxphen
in this model occurred in a relatively short time period.
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SUPPLEMENTAL MATERIALS
Table S1 | Number of fibers analyzed per fiber type.
Normoxia

Pair-fed

Hypoxia

6

7

9

Type I

131.0 (79.5, 189.5)

130.0 (105.0, 185.0)

128.0 (96.0, 158.0)

Type IIa

269.0 (170.0, 329.3)

241.0 (203.0, 285.0)

191.0 (152.5, 250.5)

49.0 (23.0, 89.8)

54.0 (44.0, 67.0)

66.0 (41.5, 71.0)

3.0 (0.0, 8.8)

17.0 (12.0, 22.0)

16.0 (6.0, 32.5)

Total

477.5 (263.5, 601.0)

444.0 (356.0, 531.0)

395.0 (318.0, 503.5)

EDL, n

5

8

8

4 weeks
Soleus, n
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Type IIb/IIx
Type I/IIa

Type I

1.0 (0.0, 2.0)

1.0 (0.0, 6.0)

3.5 (2.0, 6.8)

54.0 (38.5, 74.5)

74.5 (50.8, 102.5)

74.5 (25.3, 106.5)

367.0 (255.5, 472.5)

419.0 (354.5, 640.3)

583.5 (392.0, 649.3)

2.0 (0.0, 9.5)

1.5 (0.0, 7.8)

8.5 (0.5, 22.5)

453.0 (301.5, 536.5)

519.0 (406.8, 748.3)

677.0 (439.8, 782.8)

7

7

8

Type I

109.0 (99.0, 129.0)

136.0 (90.0, 152.0)

120.0 (84.0, 135.0)

Type IIa

213.0 (196.0, 269.0)

223.0 (169.0, 267.0)

214.5 (156.8, 280.5)

29.0 (11.0, 53.0)

36.0 (13.0, 57.0)

30.5 (26.0, 43.8)

2.0 (1.0, 4.0)

3.0 (2.0, 6.0)

12.0 (2.8, 21.5)

Total

372.0 (316.0, 469.0)

399.0 (259.0, 488.0)

396.0 (267.5, 458.0)

EDL, n

7

8

8

Type IIa
Type IIb/IIx
Type I/IIa
Total
12 weeks
Soleus, n

Type IIb/IIx
Type I/IIa

Type I
Type IIa
Type IIb/IIx
Type I/IIa

0.0 (0.0, 2.0)

0.0 (0.0, 5.0)

0.0 (0.0, 0.0)

31.0 (13.0, 45.0)

61.0 (31.3, 68.3)

75.5 (26.0, 87.8)

304.0 (207.0, 366.0)

295.0 (237.0, 479.3)

408.5 (284.8, 488.3)

0.0 (0.0, 0.0)

0.0 (0.0, 0.0)

0.0 (0.0, 0.0)

316.0 (232.0, 411.0)

334.0 (297.3, 547.5)

484.0 (318.5, 572.5)

5

8

8

Type I

107.0 (101.0, 143.5)

134.0 (127.3, 150.3)

113.0 (96.5, 146.0)

Type IIa

213.0 (129.0, 236.0)

227.5 (163.0, 270.0)

173.0 (133.8, 236.5)

21.0 (20.5, 40.5)

26.0 (13.3, 34.5)

24.0 (19.8, 37.8)

2.0 (1.5, 5.5)

1.5 (0.3, 8.3)

7.0 (4.3, 13.5)

341.0 (257.0, 421.5)

390.5 (311.3, 440.0)

302.0 (275.8, 426.3)

Total
52 weeks
Soleus, n

Type IIb/IIx
Type I/IIa
Total
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Normoxia

Pair-fed

Hypoxia

EDL, n

6

8

8

Type I

0.0 (0.0, 1.3)

0.0 (0.0, 0.0)

0.5 (0.0, 1.8)

Type IIa
Type IIb/IIx
Type I/IIa
Total

47.0 (37.3, 60.3)

44.0 (38.0, 70.3)

57.0 (46.5, 64.8)

349.5 (278.3, 396.8)

299.0 (244.8, 440.8)

393.0 (379.8, 419.8)

0.0 (0.0, 0.0)

0.0 (0.0, 0.0)

0.0 (0.0, 0.0)

395.5 (324.5, 451.8)

345.5 (283.3, 493.3)

449.0 (428.0, 485.5)
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Table S1 (continued) | Number of fibers analyzed per fiber type.

Values are median (25th percentile, 75th percentile).

Table S2 | Muscle and fat pad weight loss in hypoxic relative to normoxic mice.
Young (n = 9)

Adult (n = 8)

Aged (n = 8)

Soleus, %

−14 (−23, −12)

−9 (−11, −6)*

EDL, %

−30 (−36, −23)

−13 (−14, −11)

Gastrocnemius, %

−25 (−31, −20)

−12 (−14, −11)*

−13 (−15, −10)*

Plantaris, %

−29 (−38, −22)

−10 (−15, −8)*

−13 (−16, −7)*

Tibialis, %

−25 (−29, −21)

−8 (−10, −3)*

−8 (−13, −7)*

Epididymal

−62 (−66, −53)

−39 (−55, −25)*

−66 (−73, −60)#

Inguinal

−31 (−38, −25)

−25 (−31, −23)

−55 (−58, −51)*,#

Muscles
−4 (−13, −2)*
*

−10 (−13, −7)*

Fat pads

Values are median (25th percentile, 75th percentile). Data were available for 9 young, 8 adult
and 8 aged hypoxic mice. Level of significance: * p < 0.05 compared to 4 weeks, # p < 0.05
compared to 12 weeks.
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Figure S1 | Representative Western blots of subunits of the five OXPHOS complexes. A,
Representative Western blot of the five OXPHOS subunits in soleus. All bands are from the same
blot and were reorganized to respect the ascending order of the five subunits. COX-I (complex IV)
is a highly hydrophobic protein that consequently appears as a broad band on the gel. B, Ponceau
S stain that was used to normalize the blot depicted in A. C, Representative Western blot of the
five OXPHOS subunits in EDL. All bands are from the same blot and were reorganized to respect
the ascending order of the five subunits. D, Ponceau S stain that was used to normalize the blot
depicted in C. N, normoxia; P, pair-fed; H, hypoxia.
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Figure S2 | Representative Western blots of PGC‑1α. A, Representative Western blot of PGC‑1α
in soleus. B, Ponceau S stain that was used to normalize the blot depicted in A. C, Representative
Western blot of PGC‑1α in EDL. D, Ponceau S stain that was used to normalize the blot depicted in
C. N, normoxia; P, pair-fed; H, hypoxia.

83

Chapter 3
H
|

|

U D

U
|

P
U D
|

D

|

U

|

U D

N

|

U D

H
|

D

52 weeks

P

|

U

|

|

U D

N

|

H
|

|

U D
|

|

D

12 weeks

P

|

4 weeks
N

|

A

Oxyblot

Chapter 3
B

GAPDH

Figure S3 | Western blot depicting protein oxidation by Oxyblot. A, Protein oxidation in soleus. B,
Western blot of GAPDH. The bands in the untreated control lanes were used for normalization of
the blot depicted in A. N, normoxia; P, pair-fed; H, hypoxia; D, derivatized side chains; U, untreated
control.
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Loss of quadriceps muscle oxidative
phenotype and decreased endurance in
patients with mild-to-moderate COPD
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Being well-established in advanced chronic obstructive pulmonary disease
(COPD), skeletal muscle dysfunction and its underlying pathology have been
scarcely investigated in patients with mild-to-moderate airflow obstruction.
We hypothesized that a loss of oxidative phenotype (Oxphen) associated with
decreased endurance is present in the skeletal muscle of patients with mildto-moderate COPD. In quadriceps muscle biopsies from 29 patients with COPD
(forced expiratory volume in 1 s [FEV1] 58 ± 16%pred, body mass index [BMI] 26 ±
4 kg/m2) and 15 controls (BMI 25 ± 3 kg/m2) we assessed fiber-type distribution,
fiber cross-sectional areas (CSA), oxidative and glycolytic gene expression, OXPHOS
protein levels, metabolic enzyme activity, and levels of oxidative stress markers.
Quadriceps function was assessed by isokinetic dynamometry, body composition
by dual-energy X-ray absorptiometry, exercise capacity by an incremental load
test, and physical activity level by accelerometry. Compared with controls,
patients had comparable fat-free mass index, quadriceps strength, and fiber CSA,
but quadriceps endurance was decreased by 29% (p = 0.002). Patients with COPD
had a clear loss of muscle Oxphen: a fiber type I-to-II shift, decreased levels of
OXPHOS complexes IV and V subunits (47% and 31%, respectively; p < 0.05), a
decreased ratio of 3-hydroxyacyl-CoA dehydrogenase/phosphofructokinase
(PFK) enzyme activities (38%, p < 0.05), and decreased peroxisome proliferatoractivated receptor-γ coactivator-1α (40%; p < 0.001) vs. increased PFK (67%; p
< 0.001) gene expression levels. Within the patient group, markers of Oxphen
were significantly positively correlated with quadriceps endurance and inversely
with the increase in plasma lactate relative to work rate during the incremental
test. Levels of protein carbonylation, tyrosine nitration, and malondialdehyde
protein adducts were comparable between patients and controls. However,
among patients, oxidative stress levels were significantly inversely correlated
with markers of Oxphen and quadriceps endurance. Reduced muscle endurance
associated with underlying loss of muscle Oxphen is already present in patients
with mild-to-moderate COPD without muscle wasting.
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Skeletal muscle dysfunction is a hallmark of advanced chronic obstructive
pulmonary disease (COPD) and significantly contributes to decreased exercise capacity
and poor quality of life (1, 5). Peripheral skeletal muscle wasting and a loss of oxidative
phenotype (Oxphen) are the two major myopathological findings recognized in
patients with advanced COPD, being associated with decreased muscle strength (9)
and endurance (2), respectively. Important to note is that studies investigating skeletal
muscle dysfunction and its underlying pathology in COPD have been performed almost
exclusively in patients with GOLD stages 3–4 with significant muscle wasting. In the
INTERCOM trial, Van Wetering et al. (43) recently showed that patients with mild-tomoderate COPD (mean forced expiratory volume in 1 s [FEV1] 60% of predicted) responded
well to a lifestyle intervention program in terms of improvement in cycle endurance
capacity and health status. Muscle strength and muscle mass of that study group were
within the normal range, but no information was available regarding peripheral muscle
endurance and markers of skeletal muscle Oxphen.
Loss of peripheral muscle Oxphen in advanced COPD includes a I-to-II fiber type
shift and reduced activities of enzymes involved in oxidative energy metabolism (2,
15, 37). In addition, Remels et al. (33) previously showed that key Oxphen regulators
(peroxisome proliferator-activated receptors [PPARs], PPAR-γ coactivator-1α [PGC‑1α],
and mitochondrial transcription factor A [Tfam]) were reduced in muscles of patients
with advanced COPD. Moreover, loss of muscle Oxphen may render the muscle more
susceptible to oxidative stress (21, 22, 31). Oxidative stress is believed to be an important
player in skeletal muscle wasting and dysfunction in COPD (6, 10). However, data on
muscle Oxphen and oxidative stress in patients with COPD and milder degrees of airflow
obstruction are scarce.
In the current study we compared markers of Oxphen measured in biopsies of
quadriceps muscle from patients with mild-to-moderate COPD and from healthy controls
matched for age, sex, and body mass index (BMI). In addition, we explored associations
between muscle metabolic profile and quadriceps function, exercise capacity, physical
activity level, and skeletal muscle oxidative stress. We hypothesized that a loss of
Oxphen, associated with decreased endurance, is already present in skeletal muscle of
patients with mild-to-moderate COPD.
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The study population comprised 29 patients with clinically stable mild-to-moderate
COPD and 15 healthy controls. Patients were recruited from the outpatient clinic of the
Maastricht University Medical Center+ (MUMC+, Maastricht, The Netherlands) and via
advertisements in local newspapers. Patients were excluded if they were on long-term
oxygen therapy, used oral prednisolone, or had an acute exacerbation of symptoms
with hospital admission in the previous 8 wk and rehabilitation in the previous 6 mo.
Patients with a known comorbidity that could potentially interfere with study outcome
parameters were carefully excluded. These included diabetes, recent cardiovascular
event, inflammatory bowel disease, obstructive sleep apnea, thyroid disease, and cancer.
Healthy controls were recruited via advertising in local newspapers. The absence of
these diseases in the healthy subjects was verified through history-taking by a physician
and pulmonary function tests to verify the absence of airflow limitation. Care was taken
to select a group of healthy controls with similar age, BMI, and sex distribution as the
patients with COPD regardless of their daily physical activity level. Written, informed
consent was obtained from all subjects and the ethical review board of the MUMC+
approved the study (08-2-059). The trial was registered at http://www.trialregister.nl as
NTR1402.
On day 1, body composition and quadriceps function were assessed as described
below, and subjects started wearing an accelerometer for 6 days to objectively quantify
physical activity level. On day 7, the accelerometry data were retrieved, quadriceps
tissue samples were obtained, pulmonary function was assessed, and an incremental
load test was performed.

Pulmonary function, smoking status, and exercise capacity

Pulmonary function testing included forced spirometry and single-breath diffusion
capacity measurement (Masterlab, Jaeger, Würzburg, Germany). Instruments were
calibrated twice a day. All values obtained were expressed as a percentage of reference
values (32). Smoking status was based on self-report, and those who had smoked or
were current smokers were designated as ever-smokers. All subjects performed an
incremental load cycling test to determine peak oxygen uptake (V̇ O2 peak) and peak load
(W peak) as previously described (12). Arterial punctures of the radial artery at rest and
at V̇ O2 peak were available from 19 patients with COPD and 11 healthy subjects. Arterial
blood gas analyses and lactate concentrations were determined (Blood gas analyzer 865;
Chiron Diagnostics, Emeryville, CA).

Anthropometry and body composition

Height in meters and weight in kilograms were assessed on a standard scale. BMI
was calculated as weight/height2. Whole-body dual-energy X-ray absorptiometry was
performed to assess body composition as described (42). Fat-free mass index (FFMI) was
calculated as fat-free mass/height2. The prevalence of muscle depletion was explored by
applying the criteria described by Schols et al. (38) (FFMI <16 kg/m2 for men and FFMI
<15 kg/m2 for women).
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Isokinetic muscle endurance and strength of the dominant knee extensor
(quadriceps muscle) were measured using a dynamometer (Biodex System; Biodex,
Shirley, NY). Subjects were seated upright on the chair of the dynamometer with the
back supported. Subjects were secured with straps at the level of the chest, pelvis, and
thigh. The hip joint was at an angle between 90 and 100° of flexion during testing. The
test consisted of 30 sequential volitional maximal contractions at an angular velocity of
90°/s, during which the subject was strongly encouraged. Maximal isokinetic strength
was defined as the highest peak torque (in N·m) in this series of 30. To determine
isokinetic quadriceps endurance, the proportional decline in peak torques (relative to
the highest peak torque) per repetition (%N·m/rep) was used as determined by linear
regression, as described previously (11). We used this slope as a measure of quadriceps
endurance (i.e., a slope closer to zero indicates a better endurance). Valid quadriceps
endurance measures were available for 24 patients with COPD and 13 healthy controls.

Daily physical activity

Physical activity (PA) was measured using a dual-axis GT1M accelerometer
(ActiGraph; Fort Walton Beach, FL) for 6 consecutive days (4 week days and 2 weekend
days). Subjects were instructed to wear the accelerometer during the time they were not
asleep, except when showering or bathing (46). The accelerometer was firmly attached
to an elastic belt worn at the waist. The accelerometer registers PA in counts, which are
the summation of the accelerations measured during a specified time interval (epoch),
which was set at 1 min. Counts represent the intensity of activity in that epoch. Nonwear time was defined as 60 consecutive counts of 0 in which up to two epochs <100
counts were allowed (41). Only days with ≥10 h of wear time were accepted as valid
days (41). The total amount of PA was expressed as the total counts divided by the total
wear time (counts/min). Cutoff points for sedentary lifestyle and combined moderateto-vigorous PA (MVPA) intensity levels were defined as <100, 100–759, and ≥760 counts/
min, respectively (20, 41). The time spent in each category of intensity was presented as
a percentage of total wear time. Furthermore, we analyzed the number, duration, and
intensity of MVPA bouts (≥10 consecutive min spent in MVPA) (19). The classification
of MVPA bouts was motivated by the PA recommendations of the Centers for Disease
Control and Prevention, the American College of Sports Medicine (26), and the British
Association of Sport and Exercise Sciences (24), which call for MVPA to be accumulated
in bouts of ≥10 min to achieve health benefits. Moreover, these recommendations call
for at least 150 min/wk of bouted MVPA. We investigated whether the participants in
our study complied with these recommendations, accounting for the number of valid
accelerometry days.

Skeletal muscle biopsy

Biopsies of the quadriceps muscle (vastus lateralis) from the dominant leg were
obtained using a needle biopsy technique (8). Muscle tissue was frozen in melting
isopentane precooled in liquid nitrogen and stored at −80°C for histological purposes.
Another specimen was snap-frozen in liquid nitrogen and stored at −80°C for gene and
protein expression analyses and for enzyme activity assays.
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Serial cryosections (5 μm) with fibers in transverse orientation were cut from OCTembedded muscle biopsies on a cryostat microtome (Leica CM 1900; Meyer Instruments)
at −20°C and mounted on SuperFrost microscope slides (Menzel-Glüser, Braunschweig,
Germany) to be stored at −80°C until further analyses. For immunohistochemistry,
sections were incubated with primary antimyosin heavy chain (MyHC)-I [Developmental
Studies Hybridoma Bank (DSHB), University of Iowa, Ames, IA], anti-MyHC-IIa (DSHB), and
anti-laminin (Sigma, Zwijndrecht, The Netherlands) followed by secondary antibodies
labeled with Alexa Fluor 555, Alexa Fluor 488, and Alexa Fluor 350 (Invitrogen, Breda,
The Netherlands). Fiber typing was aided by means of myosin ATPase-activity staining
with acidic preincubation at pH 4.40 (25). Immunofluorescence-stained and ATPasestained sections were microscopically photographed at 10× magnification. In a blinded
fashion, fibers were classified primarily on the basis of immunofluorescence, with
ATPase-stained sections used to confirm type I/IIa and type IIa/IIx hybrid fiber types.
Fiber cross-sectional area was measured with Lucia 4.82 software (Laboratory Imaging,
Prague, Czech Republic) on the basis of laminin staining of the basement membrane
(45).

RNA extraction and RT-qPCR analysis

Muscle tissue (10–30 mg) was homogenized in denaturation solution (ToTALLY
RNA Kit; Ambion, Foster City, CA) using a Polytron PT 1600 E (Kinematica, Littau/Luzern,
Germany) and was RNA-extracted according to the supplier’s protocol followed by
genomic DNA removal and cleanup with the RNeasy Mini Kit with RNase-free DNase
(Qiagen, Venlo, The Netherlands). After elution, RNA concentration was determined
using a spectrophotometer (NanoDrop ND-1000; Isogen Lifescience, IJsselstein, The
Netherlands) and integrity was verified for a selection of samples by gel electrophoresis
and on a bioanalyzer (Agilent Technologies, Amstelveen, The Netherlands). RNA (400
ng) was reverse transcribed to cDNA with anchored oligo(dT) primers according to the
supplier’s protocol (Transcriptor First Strand cDNA Synthesis Kit; Roche Diagnostics,
Woerden, The Netherlands). RT-qPCR primers were designed on the basis of Ensembl
transcript sequences or selected from literature (3, 44) and ordered from Sigma Genosys
(Zwijndrecht, The Netherlands). The genes encoding PGC‑1α, PGC‑1β, PGC-related
coactivator (PRC), PPAR-α, Tfam, Nuclear Respiratory Factor (NRF)-1, NRF-2α, MyHC-I,
muscle phosphofructokinase (PFKM), MyHC-IIa, and MyHC-IIx were the target genes.
RT-qPCR reactions contained SensiMix SYBR Hi-ROX Kit (Quantace-Bioline, London, UK)
with 300 nM primers and were run in a 384-well MicroAmp Optical 384-Well Reaction
Plate (Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands) on a 7900HT Fast
Real-Time PCR System (Applied Biosystems). Standard curves prepared from pooled
cDNA and melt curves were analyzed to verify efficiency and specificity of amplification.
Twelve reference genes (ALAS1, ACTB, B2M, PPIA, GAPDH, GUSB, HMBS, HPRT1, RPL13A,
RPLP0, UBC, YWHAZ) were measured and stability of expression was assessed by visual
inspection of expression differences between the study groups and a stability assessment
by geNorm (44). Eventually, nine reference genes (all except ACTB, GAPDH, and UBC)
were used to calculate a geNorm factor, which was used to normalize expression levels
of the target genes.
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Tissue (10–20 mg) was crushed in liquid nitrogen and homogenized in 400 μl
of IP lysis buffer (50 mM Tris, 150 mM NaCl, 10% glycerol, 0.5% Nonidet P40, 1 mM
EDTA, 1 mM Na3VO4, 5 mM NaF, 10 mM β-glycerophosphate, 1 mM Na4O7P2, 1 mM
dithiothreitol, 10 μg/ml leupeptin, 1% aprotenin, 1 mM PMSF, pH 7.4) with a Polytron
PT 1600 E (Kinematica). After homogenization, samples were incubated for 15 min on a
rotating wheel at 4°C and spun for 30 min at maximum speed (20,817 × g) in a centrifuge
cooled to 4°C. Supernatant was aliquoted, snap-frozen, and stored without sample
buffer at −80°C until analysis.
Protein concentration in lysates was determined using the bicinchoninic acid
assay (Pierce; Thermo Fisher Scientific, Breda, The Netherlands). For Western blot
analysis, aliquots were supplemented with 4× sample buffer [250 mM Tris-HCl pH 6.8,
8% (wt/vol) sodium dodecyl sulfate, 40% (vol/vol) glycerol, 0.4 M dithiothreitol, 0.02%
(wt/vol) bromophenol blue] and kept on ice. Per sample, 5 μg unboiled protein was
separated on gel (4–12% Bis-Tris XT gel; Criterion, Bio-Rad Laboratories, Hercules, CA)
with XT MOPS running buffer (Bio-Rad). One sample was loaded on all gels to facilitate
gel-gel comparisons. Proteins were transferred to a 0.45-μm nitrocellulose membrane
(Protran; Schleicher and Schuell, ‘s-Hertogenbosch, The Netherlands) in transfer buffer
[25 mM Tris, 192 mM glycine, 20% (vol/vol) methanol] by electrophoresis. After transfer,
membranes were blocked from nonspecific protein binding with blocking solution, which
contains 5% (wt/vol) nonfat dry milk (Campina, Eindhoven, The Netherlands) in Trisbuffered saline with Tween20 [TBST; 25 mM Tris, 137 mM NaCl, 2.7 mM KCl, 0.05% (vol/
vol) Tween20, pH 7.4], for 1 h at room temperature, followed by incubation in primary
antibody solution overnight at 4°C [mouse anti-Total OXPHOS Rodent WB Antibody
Cocktail (MS604–300; Abcam, Cambridge, UK) diluted 1:1,000 in blocking solution
or rabbit anti-GAPDH (#2118; Cell Signaling Technology, Leiden, The Netherlands)
diluted 1:5,000 in TBST]. Membranes were incubated in secondary antibody solution
[peroxidase-labeled horse anti-mouse IgG or goat anti-rabbit IgG (PI-2000 and PI-1000,
respectively; Vector Laboratories, Burlingame, CA] diluted 1:5,000 in blocking solution)
for 1 h at room temperature before incubation with enhanced chemiluminescence
substrate (Pierce SuperSignal West PICO Chemiluminescent Substrate; Thermo Fisher
Scientific). Protein bands were detected using Super RX films (Fujifilm, Düsseldorf,
Germany) and scanned on a GS-800 densitometer (Bio-Rad). Bands were quantified
using Quantity One software (v4.6.2; Bio-Rad), with GAPDH as loading control (GAPDH
levels were not different between patients with COPD and controls).
Protein content of oxidative stress markers was identified using specific primary
antibodies for protein carbonylation (anti-2,4-DNP moiety antibody, Oxyblot kit; Chemicon
International, Temecula, CA), total protein nitration (anti-3-nitrotyrosine antibody,
Invitrogen, Eugene, OR), and total malondialdehyde (MDA)-protein adducts (anti-MDA
antibody; Academy Biomedical, Houston, TX). For protein carbonylation, carbonyl
groups in the protein side chains were first derivatized to 2,4-dinitrophenylhydrazone
(DNP) using the Oxyblot kit (Chemicon) according to the manufacturer’s instructions.
Briefly, 15 μg of protein was used per derivatization reaction; proteins were then
denatured by addition of 12% SDS. The samples were subsequently derivatized by
adding 10 μl of 1× 2, 4-dinitrophenylhydrazine solution and incubated for 20 min. Finally,
7.5 μl of neutralization solution and 2-mercaptoethanol were added to the sample
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mixture. Immunoblotting was similar as described above with some minor differences:
polyvinylidene difluoride (PVDF) membranes were used, which were scanned with the
Molecular Imager Chemidoc XRS System (Bio-Rad) and bands were quantified using the
software Image Lab version 2.0.1 (Bio-Rad). Values of total reactive carbonyl groups,
total protein tyrosine nitration, and total MDA-protein adducts in a given sample were
calculated by addition of optical densities (arbitrary units) of individual protein bands in
each case. Final optical densities obtained in each specific group of subjects corresponded
to the mean values of the different samples (lanes) of each antigen studied. Actin (antialpha-sarcomeric actin antibody, clone 5C5; Sigma-Aldrich, St. Louis, MO) was used as
the loading control for all the oxidative stress markers (10, 34).

Enzyme activity assays
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Tissue (15–30 mg) was crushed in liquid nitrogen and homogenized in 350 μl
SET buffer (250 mM sucrose, 2 mM EDTA, 10 mM Tris, pH 7.4) with a Polytron PT 1600
E (Kinematica). After homogenization, samples were incubated for 10 min on a rotating
wheel at 4°C and spun for 5 min at maximum speed (20,817 × g) in a centrifuge cooled
to 4°C. An aliquot of supernatant was stored for protein determination. To the remaining
supernatant, 5× aqueous BSA solution was added to a final BSA concentration of 1% (vol/
vol) and samples were aliquoted, snap-frozen, and stored at −80°C until analysis. Protein
concentration in SET lysate aliquots without BSA was determined using the bicinchoninic
acid assay (Pierce). Citrate synthase (CS, EC 2.3.3.1), 3-hydroxyacyl-CoA dehydrogenase
(HADH, EC 1.1.1.35) and PFK (EC 2.7.1.11) activities were assayed spectrophotometrically
(Multiskan Spectrum; Thermo Labsystems, Breda, The Netherlands) as previously
described (7, 18, 39). Absolute CS, HADH, and PFK activities were normalized to total
protein.

Statistics

Differences between patients with COPD and controls were tested using Student’s
t-tests, Mann-Whitney-U tests, or χ2 tests as appropriate. Correlations were tested using
the Pearson correlation coefficient or the Spearman ρ in case of non-normally distributed
data. Analyses were performed using PASW Statistics 17.0 (SPSS, Chicago, IL). A p value
< 0.05 was considered statistically significant.
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RESULTS

The control subjects were matched to the patients with COPD on the basis of
age, sex, and BMI (Table 1). FEV1 was between 30 and 50% of the predicted value in 13
patients (45%), between 50–70% of predicted value in 11 patients (38%), and >70% of
predicted value in 5 patients (17%). V̇ O2 peak and W peak were significantly decreased
in the patients with COPD (Table 1). FEV1 (% of predicted) was strongly correlated with
V̇ O2 peak (% of predicted) in the total population (r = 0.83, p < 0.001), within the group
of patients with COPD (r = 0.78, p < 0.001), and within the controls (r = 0.53, p = 0.044).
Table 1 | Main characteristics of healthy controls and patients with COPD
Controls (n = 15)

Patients (n = 29)

Age, yr

65 (6)

65 (6)

Sex, % men

60

55

Ever-smoker, %

53

100†

BMI, kg/m2

24.9 (3.3)

25.5 (3.6)

FEV1, %pred

113 (15)

58 (16)†

FVC, %pred

120 (17)

104 (22)*

FEV1/FVC, %

74 (5)

45 (11)

DLCO, %pred

95 (19)

53 (18)†

Peak VO2, %pred

123 (8)

72 (4)†

Peak WR, %pred

133 (7)

61 (4)†

ΔBorg dyspnea score

3.4 (0.8)

3.6 (0.4)
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Pulmonary function

Incremental load test

ΔBorg leg fatigue score

2.7 (0.6)

2.3 (0.4)

ΔPaO2, kPa

1.04 (0.53)

−0.38 (0.31)*

ΔLactate/WR (mmol/L/W)

0.039 (0.003)

0.035 (0.003)

BMI, body mass index; DLCO, diffusion capacity of the lungs for carbon monoxide; FEV1, forced
expiratory volume in 1 s; FVC, forced vital capacity; WR, work rate. * p < 0.05, † p < 0.001.

Quadriceps muscle endurance and markers of oxidative phenotype

Quadriceps muscle endurance was significantly lower in the patients with COPD
(Figure 1A). The mean decline in peak torque per repetition was −1.67 ± 0.09% N·m/rep
in patients with COPD vs. −1.18 ± 0.10% N·m/rep in the controls (p = 0.002). Patients
had a lower proportion of type I fibers and a higher proportion of type IIa, type IIa/IIx,
and IIx fibers than controls, indicative of a I-to-II fiber type shift (Figure 1, B–D). The
mean mRNA expression levels of the key regulator of oxidative metabolism PGC‑1α and
of the structural marker of oxidative fibers, MyHC-I, were significantly decreased in the
patients with COPD compared with controls, and reached borderline significance for
Tfam (Figure 1E). Other (co-)transcription factors implicated in driving oxidative gene
expression (PPAR-α, PGC‑1β, PRC, NRF-1, and NRF-2α) were not differentially expressed
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between the patient and control groups. Gene expression levels of the key glycolytic
enzyme PFKM and of the structural markers of glycolytic fibers (i.e., MyHC-IIa and
MyHC-IIx) were significantly higher in patients with COPD (Figure 1F). Congruently, mean
OXPHOS subunit protein levels were all lower in patients with COPD than in controls,
reaching statistical significance for those of complexes IV and V (Figure 1, F and G). The
mean differences in HADH, CS, and PFK enzyme activity were not statistically significant
(Figure 1H), yet the ratio HADH/PFK was significantly lower in patients with COPD. The
ratio CS/PFK reached borderline significance (Figure 1I).

Quadriceps strength, muscle mass, and fiber cross-sectional area
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Neither FFMI nor quadriceps peak torque were significantly different between
the patients with COPD and controls (Figure 2, A and B). The prevalence of muscle
wasting was not different between patients with COPD and controls (20.7% vs. 13.3%,
respectively; p = 0.70). Congruently, there were no differences in muscle fiber CSA
(Figure 2C).

Daily living physical activity level

From all the subjects, 5.5 ± 0.9 valid accelerometry days were available with
a mean of 14 ± 1 h of wear time per day. Total PA was significantly lower in patients
with COPD than controls, and patients spent more time in sedentary behavior and
less time in MVPA (Table 2). Also, patients had fewer MVPA bouts, which were shorter
and less intense than the MVPA bouts of controls (Table 2). Total PA (counts/min) was
positively correlated with FEV1 (% of predicted) in the entire study population (r = 0.58,
p < 0.001) and also within the group of patients with COPD (r = 0.55, p = 0.002) but not
in the controls (r = −0.06, p = 0.82). Within the group of patients with COPD, FEV1 (%
of predicted) was negatively correlated with time spent in sedentary PA (r = −0.54, p =
0.002) and positively correlated with time spent in MVPA (r = 0.61, p < 0.001), number of
MVPA bouts per day (r = 0.46, p = 0.013), and with time spent in MVPA bouts (r = 0.41,
p = 0.039). Only 31% of the patients fulfilled the criteria of 150 min/wk of bouted MVPA
time vs. 80% of the controls (p = 0.004). Within the patient group, those who fulfilled
Figure 1 | Quadriceps muscle endurance, fiber type distribution, gene expression, OXPHOS
protein expression, and enzyme activity. A, quadriceps endurance as assessed by isokinetic dynamometry. The p value denotes the statistical significance of the difference in slopes between
patients with COPD and healthy controls. B, quadriceps muscle fiber type distribution as determined by fluorescent immunohistochemistry and ATPase staining. C, box plot of fiber type IIa/IIx
proportion. Boxes represent 25th and 75th percentiles; whiskers represent 10th and 90th percentiles. D, box plot of fiber type IIx proportion. Boxes represent 25th and 75th percentiles; whiskers
represent 10th and 90th percentiles. E, quadriceps muscle mRNA expression of peroxisome proliferator-activated receptor (PPAR)-γ; coactivator-1α (PGC‑1α); myosin heavy chain (MyHC) I, IIa, and
IIx; mitochondrial transcription factor (Tfam); PPAR-α; PGC‑1β; nuclear respiratory factor (NRF)-1;
NRF-2α; PGC-related coactivator (PRC); and phosphofructokinase muscle (PFKM) as determined
by RT-qPCR. F, representative Western Blot of the five OXPHOS protein subunits and GAPDH from
three healthy controls and three patients with COPD. All bands are from the same blot and were
reorganized for illustrative purposes because patients and controls were randomized over the blot
and to respect the ascending order of the five subunits. G, levels of the five OXPHOS protein
subunits as determined by Western Blot. H, 3-hydroxyacyl-CoA dehydrogenase (HADH), citrate
synthase (CS), and phosphofructokinase (PFK) enzyme activities. I, ratios between HADH/PFK and
CS/PFK. * p < 0.05; **p < 0.01; *** p < 0.001.
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Figure 2 | Fat-free mass index, quadriceps strength, and fiber cross-sectional area. A, fat-free
mass index as determined by whole-body dual-energy X-ray absorptiometry; p > 0.05. B, quadriceps peak torque as determined by isokinetic dynamometry; p > 0.05. C, quadriceps muscle fiber
cross-sectional areas presented for total fibers and per fiber type; all p > 0.05.

these criteria had a significantly higher FEV1 compared with patients who did not fulfill
these criteria (67 ± 5% vs. 54 ± 3% of predicted; p = 0.049).

Associations with quadriceps Oxphen in patients with COPD

In the group of patients with COPD, quadriceps endurance was significantly,
positively correlated with MyHC-I gene expression and PGC‑1α gene expression, and
showed a trend toward a positive correlation with type I fiber proportion (Figure 3,
A–C). In line with this finding, type IIx fiber proportion was negatively correlated with
quadriceps endurance (ρ = −0.434, p = 0.038). Moreover, type I fiber proportion was
negatively correlated with the increase in lactate relative to work rate (Figure 3D).
No significant correlations were found between markers of Oxphen and
quadriceps peak torque, pulmonary function, exercise capacity, total PA, time spent in
sedentary PA or MVPA, or any of the MVPA bout-related variables (data not shown).
Table 2 | Accelerometry data from patients with COPD and controls
Controls (n = 15)

Patients (n = 29)

Total activity, counts/min

360 (134)

220 (101)‡

Time spent in sedentary PA, % of total wear time

60.5 (6.6)

67.4 (9.4)†

Time spent in lifestyle PA, % of total wear time

25.5 (4.6)

24.3 (6.5)

Time spent in MVPA, % of total wear time

13.8 (5.3)

8.6 (5.3)†

Total number of MVPA bouts

12 (8–18)

5 (3–11)†

Number of MVPA bouts per day

2.0 (1.3–2.0)

1.0 (0.6–2.2)*

Time spent in MVPA bouts, min

267 (108–494)

68 (38–204)†

Mean MVPA bout duration, min

22.1 (9.4)

14.7 (3.7)†

Mean intensity of MVPA bouts, countsa

2700 (605)

1913 (498)‡

Compliance with MVPA recommendation, %b

80

31†

MVPA, moderate-to-vigorous physical activity; PA, physical activity; a Weighted for individual
MVPA bout duration; b At least 150 min/wk of bouted MVPA time; * p < 0.05; † p < 0.01; ‡ p <
0.001.
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Figure 3 | Correlations among patients with COPD between markers of skeletal muscle oxidative
phenotype and quadriceps endurance, and the rise in blood lactate relative to work rate during
an incremental cycling test. A, correlation between the proportion of type I fibers and quadriceps
endurance. B, correlation between myosin heavy chain I mRNA expression and quadriceps endurance. C, correlation between PGC‑1α mRNA expression and quadriceps endurance. D, correlation
between the proportion of type I fibers and the rise in blood lactate relative to work rate during
an incremental cycling test.

Skeletal muscle oxidative stress

The levels of protein carbonylation, tyrosine nitration, and MDA-protein adducts
were not different between patients and controls (Figure 4). Among the patients
with COPD, we found inverse correlations between protein carbonylation and type I
fiber proportion, MyHC-I gene expression, and quadriceps endurance, and a positive
correlation between protein carbonylation level and MyHC-IIa expression (Figure 5).
In line with this finding, protein carbonylation was positively correlated with type IIx
fiber proportion (ρ = 0.429, p = 0.023). Additionally, tyrosine nitration was inversely
correlated with quadriceps endurance (r = −0.422, p = 0.040), and MDA-protein adducts
were inversely associated with MyHC-I gene expression (r = −0.384, p = 0.044). Markers
of oxidative stress were not correlated with FFMI or fiber CSA among patients with
COPD, and no correlations were found between oxidative stress markers and markers of
Oxphen in the healthy subjects (data not shown).
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Figure 4 | Levels of skeletal muscle oxidative stress. The levels of protein carbonylation, tyrosine
nitration, and MDA-protein adducts were not different between patients with COPD and controls;
all p > 0.05.
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heavy chain mRNA expression (C), and myosin heavy chain IIa mRNA expression (D).
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Whereas previous studies have clearly shown skeletal muscle dysfunction in
patients with advanced COPD, the main novelty of the current study is that we identified
a loss of quadriceps Oxphen and decreased quadriceps endurance in patients with mildto-moderate COPD. Interestingly, these abnormalities existed even in the absence of
significant muscle wasting. Also, we found consistent, inverse correlations between
markers of Oxphen and oxidative stress among the patients with COPD. Note that
our study was of cross-sectional nature and did not allow for longitudinal inferences.
However, linking the various cross-sectional studies across COPD severity stages, the
available data suggest that the loss of skeletal muscle endurance and skeletal muscle
Oxphen already occur in patients with mild-to-moderate COPD and progress with
declining lung function, and suggest a potential involvement of oxidative stress.
We assessed a large panel of markers of skeletal muscle Oxphen and found that
many were significantly decreased in our patients with mild-to-moderate COPD compared
with well-matched controls. More specifically, the loss of Oxphen in our group of patients
with COPD was characterized by a decreased proportion of type I fibers, decreased gene
expression of PGC‑1α and MyHC-I, decreased protein expression of subunits of OXPHOS
complexes IV and V, and decreased HADH/PFK enzyme activity. The mean differences in
proportions of type I, IIa, and IIx fibers between our patients with mild-to-moderate COPD
and matched healthy controls were 20%, 15%, and 4%, respectively. For comparison,
pooled analyses from a meta-analysis in patients with advanced COPD showed these
differences to be 22%, 7%, and 13%, respectively (15). These combined data suggest that
a decrease in slow-oxidative type I fiber proportion already occurs in the early stages of
COPD, and that a further shift from fast-oxidative type IIa to fast-glycolytic type IIx fibers
continues in advanced COPD toward even more dependence on glycolytic metabolism.
It should be acknowledged that decreased expression of subunits of the key respiratory
chain complexes does not necessarily indicate decreased cytochrome c oxidase (COX)
activity or overall lower mitochondrial respiration. Several other studies have assessed
COX activity in muscle biopsies of patients with COPD and showed contrasting results.
For example, reduced skeletal muscle COX activity has been reported in patients with
moderate COPD by some authors (14, 16, 23), whereas others reported even higher COX
activity in patients with moderate-to-severe COPD (30, 36). Between-study differences
remain unexplained; therefore, these data provide further indication for studying
mitochondrial respiration in more detail in different COPD disease stages, including the
early stages.
We found that markers of oxidative phenotype were significantly correlated
with quadriceps endurance, implying that the magnitude of loss of oxidative phenotype
reached the level of clinical importance in terms of quadriceps endurance. Similar findings
were previously reported in a population of patients with advanced COPD with significant
muscle wasting (2). Our data show that these abnormalities are already present in early
COPD even in the absence of muscle wasting. In a recent study by Saey et al. (35), the
change in lactate/work rate during a constant work rate test was significantly higher in
patients with COPD and muscle wasting (mean FEV1 45% of predicted) compared with
controls. This coincided with a decreased proportion of type I fibers and increased type
IIa fibers, and a wide array of increased glycolytic markers. The authors argued that
increased glycolysis underlies the increased change in lactate/work rate. Although this
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seems plausible, no correlations between the change in lactate/work rate and metabolic
markers were presented by Saey et al. (35). We did, however, find that the proportion
of type I fibers was associated with an increased change in lactate/work rate during an
incremental load test in patients with COPD without muscle wasting.
PGC‑1α is considered the major regulator of skeletal muscle oxidative metabolism.
Indeed, its expression is known to be significantly induced upon aerobic exercise, which
subsequently orchestrates oxidative gene expression to prepare the muscle for a next
bout of exercise (28). Puente-Maestu et al. (29) have recently shown that moderateintensity exercise increased skeletal muscle PGC‑1α gene expression in patients with
COPD (FEV1 50% of predicted) with normal FFMI. Because we found that PGC‑1α gene
expression was decreased by 40% in our group of patients, this would suggest that the
muscle oxidative machinery fails, at least in part, at the regulatory level. The downstream
target of PGC‑1α, Tfam, tended to be decreased expressed as well. Expression levels
of other co-transcription factors implicated in the regulation of Tfam expression (e.g.,
PGC‑1β, PRC, NRF-1, and NRF-2α) were not differentially expressed between patients
with COPD and controls.
Physical inactivity, or deconditioning, has been proposed to contribute to skeletal
muscle dysfunction in COPD (47). We used accelerometry to assess both quantitative and
qualitative daily living physical activity, and studied the relations with muscle Oxphen.
We did not specifically select the healthy subjects on the basis of sedentary behavior,
so the finding that our patients with COPD were on average 39% less physically active
compared with the controls was not surprising. In addition, we found that our group
of patients engaged in less MVPA bouts and that these bouts were shorter and less
intense than those of controls. The level and intensity of physical activity was positively
correlated with FEV1 within the group of patients with COPD, which is consistent with
previous reports (13, 17, 40). Interestingly, however, we could not identify any relation
between markers of Oxphen and total physical activity level nor its intensity in our group
of patients. Although we did not select our healthy controls on the basis of sedentary
behavior, our data do not support the presumption that physical inactivity is the principal
determinant of impaired skeletal muscle Oxphen in mild-to-moderate COPD. Still, the
fact that no association between loss of Oxphen and physical inactivity was found does
not exclude the possibility that physical activity plays a role in the multifactorial pathways
involved in loss of Oxphen.
Whereas basal levels of skeletal muscle oxidative stress were comparable
between our patients and controls, we found that markers of muscle oxidative stress
were significantly associated with the loss in muscle Oxphen among patients with COPD,
but were not related to muscle mass. Oxidative stress has been suggested to render
the muscle susceptible to atrophy because damaged (oxidized) proteins are prone to be
degraded. However, this concept has recently been challenged because no differences in
basal skeletal muscle oxidative stress levels were found between patients with advanced
COPD with and without muscle wasting (10). Enhanced mitochondrial production of
reactive oxygen species (ROS) has been observed in patients with moderate-to-severe
COPD, which has been proposed to be linked to the proportional increase in type II
fibers (27). Recently, it has also been demonstrated that OXPHOS complex III is the main
site of ROS production within peripheral muscles of patients with COPD, who exhibited
similar clinical features as those recruited in the current investigation (31). Furthermore,
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compared with type I fiber mitochondria, type II fiber mitochondria exhibit enhanced
ROS production, as was shown in rats (4). Taken together, the associations encountered
between protein oxidation levels and the slow-to-fast phenotype shift among patients
with mild-to-moderate COPD may be partly explained by mitochondrial dysfunction and
enhanced ROS production.
In peripheral skeletal muscle of emphysematous hamsters, decreased citrate
synthase activity and increased lipid peroxidation have been reported, which were not
related to decreased body weight, muscle mass, or physical activity level (21, 22). In
line with these findings, in a rat model of emphysema, Zhang et al. (48) reported no
change in muscle mass but showed increased skeletal muscle lipofuscin inclusions (a
marker of oxidative stress), which was correlated with decreased muscle endurance.
Collectively, the available data suggest a relation between oxidative stress and the loss of
oxidative capacity in COPD-related muscle dysfunction and it can be speculated that loss
of Oxphen, through enhanced oxidative stress, may eventually augment muscle wasting
as well.
In conclusion, this study shows evidence for a loss of muscle Oxphen and
decreased quadriceps endurance in patients with mild-to-moderate COPD without
overt loss of muscle mass. Our results indicate that timely intervention strategies aimed
at improving muscle Oxphen in early COPD may improve or prevent a further loss in
quadriceps endurance.
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Already in an early disease stage, patients with chronic obstructive
pulmonary disease (COPD) are confronted with impaired skeletal muscle
function and physical performance due to a loss of oxidative type I muscle fibers
and oxidative capacity (i.e. oxidative phenotype; Oxphen). Physical activity is
a well-known stimulus of muscle Oxphen and crucial for its maintenance. We
hypothesized that a blunted response of Oxphen genes to an acute bout of
exercise could contribute to decreased Oxphen in COPD. For this, 28 patients
with less advanced COPD (age 65±7 yrs, FEV1 59±16% predicted) and 15 age- and
gender-matched healthy controls performed an incremental cycle ergometry
test. The Oxphen response to exercise was determined by the measurement of
gene expression levels of Oxphen markers in pre and 4h-post exercise quadriceps
biopsies. Because exercise-induced hypoxia and oxidative stress may interfere
with Oxphen response, oxygen saturation and oxidative stress markers were
assessed as well. Regardless of oxygen desaturation and absolute exercise
intensities, the Oxphen regulatory response to exercise was comparable between
COPD patients and controls with no evidence of increased oxidative stress. In
conclusion, the muscle Oxphen regulatory response to acute exercise is not
blunted in less advanced COPD, regardless of exercise-induced hypoxia. Hence,
this study provides further rationale for incorporation of exercise training as
integrated part of disease management to prevent or slow down loss of muscle
Oxphen and related functional impairment in COPD.
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Loss of skeletal muscle oxidative phenotype (Oxphen) is prevalent in chronic
obstructive pulmonary disease (COPD) (13, 24, 25). It includes a proportional shift
from slow-oxidative type I muscle fibers towards the fast-glycolytic type II fibers,
associated with a reduced capacity of oxidative metabolism and in advanced disease
also mitochondrial dysfunction (1). Loss of muscle Oxphen is related to functional
impairments, such as a reduction in muscle endurance (1), whole body exercise capacity,
and mechanical efficiency (19), and it has been proposed as a driver of cardiovascular
and metabolic risk (42) and cachexia (36). Loss of muscle Oxphen is most prominent in
severe COPD, but we recently showed that the process is already ongoing in patients
with less advanced COPD (43). Hence, this earlier stage of the disease is of particular
importance to gain mechanistic insight into the onset of Oxphen loss in COPD.
Exercise is an important stimulus for maintenance of muscle Oxphen. Because
patients with COPD are physically less active (30), it is tempting to attribute Oxphen
loss in these patients to disuse. However, several recent reports could not show such
an association between physical activity level and Oxphen (14, 28, 43). Physiologically,
muscle Oxphen is progressively stimulated and maintained by repeated bouts of
exercise through induction of among others peroxisome proliferator-activated receptor
(PPAR) coactivator-1α (PGC‑1α), PPAR-α and -δ, and mitochondrial transcription factor
A (TFAM) (23, 33). We hypothesized that the response of Oxphen regulation to acute
bouts of exercise is blunted in COPD, which could contribute to a loss of muscle Oxphen
irrespective of physical activity level. To test this hypothesis we compared Oxphen
markers and their regulators in muscle biopsies obtained before and after an acute
bout of exercise, between less advanced COPD patients and healthy controls who were
matched for age and body mass index (BMI).
Hypoxia is known to increase muscle glycolytic capacity relative to oxidative
capacity (17, 26). In humans, hypoxic exposure also induces loss of muscle oxidative
capacity by reducing mitochondrial volume (reviewed in (16)). Exercise-induced oxygen
desaturation even occurs in some patients with less advanced COPD, potentially
reflecting or leading to hypoxia in the exercising muscle. Experimental research in mice
has shown that exposure to acute hypoxia can also induce oxidative stress in skeletal
muscle mitochondria (22). Indeed, elevated levels of oxidative stress markers have been
shown in muscles of COPD patients with chronic hypoxemia (18). Moreover, enhanced
exercise-induced oxidative stress has frequently been observed in muscle of patients
with severe COPD (27), particularly in the wasted subgroup (6). Interestingly, in severe
patients, oxidative stress is inversely associated with muscle endurance (10) and in vitro
permeabilized muscle fibers of patients with severe COPD produce significantly more
reactive oxygen species than those of healthy controls (31). This is possibly related
to a fiber-type shift, since studies in rats have shown that mitochondria within type II
fibers release significantly more H2O2 than those within oxidative fibers (5). As such,
oxygen desaturation and/or muscle oxidative stress could mediate an anticipated
blunted Oxphen response in COPD. A secondary objective was therefore to determine
the involvement of exercise-induced oxygen desaturation and oxidative stress in the
response to an acute exercise bout.
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METHODS

Ethics statement

Written informed consent was obtained from all subjects and the ethical review
board of the Maastricht University Medical Center+ approved the study (08-2-059). The
study was registered at www.trialregister.nl as NTR1402.

Patient characteristics
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The study population included 28 clinically stable mild to moderate COPD patients
(FEV1 59±16% predicted; Pa,O2 9.3±1.0 kPa) and 15 healthy controls. Recruitment of
patients and controls and exclusion criteria were previously described (43). Briefly,
patients were recruited from the outpatient clinic of Maastricht University Medical
Center+ (MUMC+, Maastricht, The Netherlands) and via advertisements in local
newspapers. Exclusion criteria were long-term oxygen therapy, oral corticosteroid use,
acute exacerbation requiring hospital admission in the past eight weeks, rehabilitation in
the past six months and known co-morbidities potentially interfering with study outcome
parameters. Healthy controls were recruited via advertising in local newspapers and
absence of co-morbidities and airflow limitation was verified through history-taking
by a physician, and pulmonary function tests. Healthy controls were matched to COPD
patients on age, BMI and sex distribution. Study subjects were carefully characterized
regarding body composition, lung function, smoking status and daily physical activity
level, as reported previously (43). The protocol used to determine quadriceps function
on a dynamometer was previously described (43). Briefly, under strong encouragement,
subjects performed thirty sequential volitional maximal contractions at an angular
velocity of 90°/s. Isokinetic quadriceps endurance was determined as proportional
decline in peak torques (relative to the highest peak torque) per repetition (%/rep).

Experimental protocol

To study the response of Oxphen regulators and oxidative stress to acute exercise,
subjects performed an incremental load cycle ergometry test. Quadriceps muscle biopsies
were obtained directly before and 4 h after the exercise test for Oxphen and oxidative
stress analyses to obtain a maximal response of metabolic and oxidative stress-related
genes after exercise. During the entire exercise test, oxygen saturation was measured
by means of traditional finger pulse oximetry, as well as using a portable continuouswave near-infrared spectroscopy (NIRS) system to examine oxygen saturation locally at
the muscular level. Arterial punctures were performed before exercise and at maximal
exertion for gas and lactate analyses.

Acute exercise protocol

All subjects performed an incremental load cycle ergometry test. The rationale
for this protocol was to invoke a rapid exercise response in terms of Oxphen regulation
particularly in the quadriceps muscle (see below). Peak oxygen uptake (V′O2peak) and
peak work load were determined as previously described (11). Anaerobic threshold was
determined from ergospirometry data using the v-slope method (7). Arterial punctures
of the radial artery at rest and at V′O2peak were available from n = 19 COPD patients and
n = 11 healthy subjects. Arterial blood gas and lactate concentrations were analyzed on
a Chiron blood gas analyzer 865 (Chiron Diagnostics, Emeryville, CA).
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Arterial oxygen saturation was continuously monitored using a finger pulse
oximeter. By post hoc stratification the patients were divided into those who desaturated
during exercise (Sp,O2 fall ≥ 4%; COPDD, n = 13) and those who did not (Sp,O2 fall < 4%;
COPDND, n = 15) according to ATS criteria (4). Quadriceps muscle oxygenation was measured
using the PortaMon portable continuous-wave near-infrared spectrophotometer (NIRS,
Artinis Medical Systems, Zetten, The Netherlands). The probe was attached with Velcro
straps on the vastus lateralis of the non-biopsied leg approximately 10 cm proximally
from the knee joint, and covered with a black cloth to eliminate environmental light.
Measurements started 3 minutes before exercise while the subject was still at rest and
continued for 2–5 minutes after the exercise test until the signal had stabilized. Baseline
values were established during 3 minutes of unloaded cycling before the incremental
exercise test. Tissue oxygenation was measured continuously. Traces were analyzed with
OxySoft Software (v2.1.2; Artinis Medical Systems). The tissue saturation index (TSI) was
calculated using spatial resolved spectroscopy using the equation below, with [O2Hb]
and [HHb] representing concentrations of oxygenated and deoxygenated hemoglobin/
myoglobin.
[O2Hb]
TSI = 100×
[O2Hb]+[HHb]
Values were reported as change from baseline (Δ). Using mono-exponential
curve fitting, the time constant of muscle reoxygenation (tau, τ) was determined from
the slope of the TSI curve during the reoxygenation phase. Twelve subjects (4 COPDND,
4 COPDD patients, and 4 healthy controls) were excluded from further NIRS analyses
mainly because their skin fold at the site of the NIRS measurement was greater than 3
cm (which is the operational limit for the NIRS probe), or because the signal was poor or
did not show a clear drop in TSI.

Muscle biopsy and analyses

Biopsies were obtained at rest and 4 h after the exercise test from quadriceps
muscle (vastus lateralis) of the dominant leg from two separate incisions approximately
2 cm apart using the needle biopsy technique (9). The interval between the exercise
test and the second biopsy was chosen after careful study of the literature to obtain a
maximal response of metabolic genes after exercise (e.g., (32, 45)). Muscle tissue was
frozen in melting isopentane precooled in liquid nitrogen and stored in aliquots at −80°C
for histology and molecular analyses.
Techniques for sample preparation for analyses of fiber-type composition,
gene expression, oxidative stress markers, metabolic enzyme activity as well as
the corresponding analyses have been previously described (43). Briefly, fiber-type
composition was determined on 5 µm serial cryosections using antibodies against myosin
heavy chain (MyHC) I, MyHC IIa (both from Developmental Studies Hybridoma Bank,
University of Iowa, USA), and laminin (Sigma, Zwijndrecht, the Netherlands). Fiber-type
classification was aided by myosin ATPase-activity staining with acidic pre-incubation
at pH 4.40 (29). For qRT-PCR, RNA was extracted from 10–30 mg muscle tissue using
the ToTALLY RNA™ Kit (Ambion Ltd., Foster City, CA, USA) according to the supplier’s
protocol, followed by genomic DNA removal with the RNeasy Mini Kit with RNasefree DNase (Qiagen, Venlo, The Netherlands). 400 ng RNA was reverse transcribed to
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cDNA with anchored oligo(dT) primers according to the supplier’s protocol (Transcriptor
First Strand cDNA Synthesis kit, Roche Diagnostics, Woerden, The Netherlands). qRTPCR primers were designed based on Ensembl transcript sequences or selected from
literature (2, 44) and ordered from Sigma Genosys (Zwijndrecht, the Netherlands),
with primer details shown in Table 1 and Table 2. Using these analyses, regulators and
markers of oxidative and glycolytic metabolism as well as oxidative stress were assessed.
Contents of antioxidant enzymes were determined with the western blot protocol using
anti-catalase antibody (Calbiochem, San Diego, CA, USA) and anti-manganese superoxide
dismutase and anti-Cu/Zn superoxide dismutase antibodies (Santa Cruz Biotechnology,
CA, USA). Protein content of oxidative stress markers were identified using antibodies
for protein carbonylation (anti-2,4-DNP moiety antibody, Oxyblot kit, Chemicon
International Inc., Temecula, CA, USA), total protein nitration (anti-3-nitrotyrosine
antibody, Invitrogen, Eugene, OR, USA), and total malondialdehyde (MDA)-protein
adducts (anti-MDA antibody, Academy Biomedical Company Inc., Houston, TX, USA). For
protein carbonylation, carbonyl groups in the protein side chains were first derivatized
to 2,4-dinitrophenylhydrazone (DNP) using the Oxyblot kit (Chemicon International Inc.,
Temecula, CA, USA) according to the manufacturer’s instructions. Exercise responses
of gene expression and oxidative stress product variables were summarized with fold
inductions, which were calculated by dividing post-exercise values by baseline values.
Contents of representative subunits of oxidative phosphorylation (OXPHOS) complexes
were determined by western blot using an anti-total OXPHOS antibody cocktail (MS604300, Abcam, Cambridge, UK) with GAPDH (anti-GAPDH, #2118, Cell Signaling Technology,
Leiden, The Netherlands) as a loading control. Metabolic activities for citrate synthase
(CS, EC 2.3.3.1) and 3-hydroxyacyl-CoA dehydrogenase (HADH, EC 1.1.1.35) were
assayed spectrophotometrically (Multiskan Spectrum; Thermo Labsystems, Breda, The
Netherlands) as previously described (8, 20, 38). Absolute CS and HADH activities were
normalized to total protein.

Statistics

The assumptions of normality and homogeneity of variances were checked for all
experimental groups with the Shapiro-Wilk test and Levene’s test. Three different sets
of statistical comparisons were made. First, baseline comparisons between the COPD
patients and controls were tested using independent Student’s t test or Mann-Whitney
test as appropriate. Comparisons between COPDND, COPDD and control groups were
made using one-way ANOVA (post hoc Gabriel), Welch’s ANOVA (post hoc Games-Howell)
or Kruskal-Wallis non-parametric ANOVA (post hoc Mann-Whitney U with Bonferroni
correction) as appropriate. Discontinuous variables were tested using Fisher’s Exact
test. These same tests were subsequently employed to analyze differences in exerciseinduced response of skeletal muscle metabolic genes and oxidative stress markers
between the groups (expressed as fold inductions), whereas paired Student’s t test or
Wilcoxon signed-rank test were performed to analyze such changes within each study
group. Correlations were tested using Pearson’s correlation coefficient, or Spearman’s
ρ in case of non-normally distributed data. Analyses were performed using IBM SPSS
Statistics 20.0 (IBM Corp., Armonk, NY). A p-value < 0.05 was considered statistically
significant.
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Name

5-Aminolevulinate
synthase 1

Beta-actin

Beta-2-microglobulin

Peptidyl-prolyl cistrans isomerase A;
Cyclophilin A

Glyceraldehyde3-phosphate
dehydrogenase

Beta-glucuronidase

Hydroxymethyl-bilane
synthase

Hypoxanthine
phosphoribosyltransferase 1

Ribosomal protein 13A

Large ribosomal
protein P0

Ubiquitin C

Tyrosine
3-monooxygenase/
tryptophan 5-monooxygenase activation
protein, zeta
polypeptide

Symbol

ALAS1

ACTB

B2M

PPIA

GAPDH

GUSB

HMBS

HPRT1

RPL13A

RPLP0

UBC

YWHAZ
ENSG00000164924

ENSG00000150991

ENSG00000089157

ENSG00000142541

ENSG00000165704

ENSG00000256269

ENSG00000169919

ENST00000229239

ENSG00000196262

ENSG00000166710

ENSG00000075624

ENSG00000023330

Ensembl ID

Table 1 | qRT PCR primer details for reference genes
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ACTTTTGGTACATTGTGGCTTCAA

ATTTGGGTCGCAGTTCTTG

TCTACAACCCTGAAGTGCTTGATATC

CCTGGAGGAGAAGAGGAAAGAGA

TGACACTGGCAAAACAATGCA

GGCAATGCGGCTGCAA

CTCATTTGGAATTTTGCCGATT

GCACCACCAACTGCTTAGCA

CATCTGCACTGCCAAGACTGA

CTGTGCTCGCGCTACTCTCTCTT

AAGCCACCCCACTTCTCTCTAA

CTGCAAAGATCTGACCCCTC

Forward primer (5'→3')

CCGCCAGGACAAACCAGTAT

TGCCTTGACATTCTCGATGGT

GCAGACAGACACTGGCAACATT

TTGAGGACCTCTGTGTATTTGTCAA

GGTCCTTTTCACCAGCAAGCT

GGGTACCCACGCGAATCAC

CCGAGTGAAGATCCCCTTTTTA

TGGCAGTGATGGCATGGA

TTCATGCCTTCTTTCACTTTGC

TGAGTAAACCTGAATCTTTGGAGTACGC

AATGCTATCACCTCCCCTGTGT

CCTCATCCACGAAGGTGATT

Reverse primer (5'→3')

94

133

90

126

94

64

81

96

72

71

73

136

Amplicon
size (bp)
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Name

Cytochrome c oxidase
subunit IV isoform 1

Citrate synthase

Estrogen-related
receptor

GA binding protein
alpha; nuclear
respiratory factor 2
alpha

3 hydroxyacyl-CoA
dehydrogenase/3
ketoacyl-CoA thiolase/
enoyl-CoA hydratase
alpha

Hypoxia inducible
factor 1 alpha

Hexokinase II

Heme oxygenase-1

Nuclear respiratory
factor 1

PFK muscle

Peroxisome
proliferator-activated
receptor gamma
coactivator 1 alpha

Symbol

COX4I1
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CS

ESRRA

GABPA

HADHA

HIF1A

HK2

HMOX1

NRF1

PFKM

PPARGC1A

ENSG00000109819

ENSG00000152556

ENSG00000106459

ENSG00000100292

ENSG00000159399

ENSG00000100644

ENSG00000084754

ENSG00000154727

ENSG00000173153

ENSG00000062485

ENSG00000131143

Ensembl ID

GACCAGTGCTACCTGAGAGAGACTT

CCTGCCCCTCATGGAATGT

ACGTGGCCAGACACAGTCACC

CACCCAGGCAGAGAATGCTGAGTTC

GTAAATACAGTGGATCTCAATCTTCGGG

TGAACATAAAGTCTGCAACATGGA

TGGCTTCCCGCCTTGTC

CTCACCTGGGAACAGAACAGGAA

GCGGCTGGAGCGAGAGGAG

GATGTGTCAGATGAGAAGTTACGAGACT

CCATGGATGAGAAAGTCGAGT

Forward primer (5'→3')
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Table 2 | qRT PCR primer details for genes of interest

GCTCGGCTCGGATTTCCT

GGGCTTCGTCAAATTTCTTCTC

TGGTCACCTCCGCCTGAGTTT

GCCGCTTCACATAGCGCTGCA

CAAGGATTTGAGATGATTCGCTATTCA

TGAGGTTGGTTACTGTTGGTATCATATA

TGGAGCCGGTCCACTATCTTC

ACCCAAGAAATGCAGTCTCGAGC

CTCGGCATCTTCGATGTGCAC

TGGCCATAGCCTGGAACAA

CGTTCGAGCCCCTGTTCA

Reverse primer (5'→3')

97

77

83

278

61

82

78

102

82

77

75

Amplicon
size (bp)
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Name

Peroxisome
proliferator-activated
receptor gamma
coactivator 1 beta

Peroxisome
proliferator-activated
receptor alpha

Peroxisome
proliferator-activated
receptor delta

Peroxisome
proliferator-activated
receptor gamma
coactivator-related 1

Glucose transporter
(GLUT) 1

Mitochondrial
superoxide dismutase
2; MnSOD

Mitochondrial
transcription factor A

Vascular endothelial
growth factor A

Symbol

PPARGC1B

PPARA

PPARD

PPRC1

SLC2A1

SOD2

TFAM

VEGFA

ENSG00000112715

ENSG00000108064

ENSG00000112096

CCAGGCCCTCGTCATTG
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GAAAGATTCCAAGAAGCTAAGGGTGATT

TGGACAAACCTCAGCCCTAACG

TCTGGGCTGCCGGGTTCTAG

GCCCTTTGATCTCTGCTTTGGG

ENSG00000148840

ENSG00000117394

TGACCAAAAAGAAGGCCCGC

CAGAACAAGGAGGCGGAGGTC

GGCGCTTTGAAGTGTTTGGTG

Forward primer (5'→3')

ENSG00000112033

ENSG00000186951

ENSG00000155846

Ensembl ID

Table 2 (continued) | qRT PCR primer details for genes of interest

60

81

81

71

116

81

Amplicon
size (bp)

AAGGAGGAGGGCAGAATCAT

186

TCCAGTTTTCCTTTACAGTCTTCAGCTTTT 67

TGATGGCTTCCAGCAACTCCC

TTTGCAGGCTCCCACAGGC

AAGTCTTCCCGGTTGGAGTCAAG

GTCGTGGATCACAAAGGGCG

AGGTCCAAGTTTGCGAAGC

TGATGAAGCCGTACTTCTCGCCT

Reverse primer (5'→3')
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RESULTS

Pulmonary and anthropometric characteristics

Characteristics of the study subjects are summarized in Table 3. COPD patients
had moderate airflow obstruction (FEV1 59±16). Compared to healthy controls, the
COPD patients had a lower resting arterial oxygen saturation (Sp,O2 96 (95, 97) vs. 98
(98, 100)%) and daily physical activity level (214 (129, 300) vs. 328 (276, 489) counts/
min). COPDD patients did not differ from COPDND patients in terms of pulmonary function
indices, but had a lower BMI.

Oxidative phenotype in quadriceps muscle

Chapter 5

At baseline, as reported previously (43) and listed in Table 4, Oxphen markers
were lower in COPD patients than in controls, which was reflected by lower type I and
higher type II fiber proportions, and reduced content of some subunits of the oxidative
phosphorylation complexes. Oxphen markers were not different between patients who
did or did not desaturate during exercise (Table 4). Moreover, quadriceps endurance was
reduced in this COPD cohort (decline in peak torque −1.74 (−2.04, −1.28) in COPD vs.
−1.09 (−1.57, −0.91)%/repetition in healthy controls), but it was not different between
COPDD and COPDND patients (−1.86 (−2.02, −1.35) in COPDD vs. −1.61 (−2.14, −1.25)%/
repetition in COPDND).

Cycle ergometry performance

Data from the cycle ergometry test are listed in Table 5. As expected, peak work
rate was lower in COPD patients than in controls (72 (56, 96) vs. 156 (134, 255) Watt). No
differences were found between COPDD and COPDND patients.

Exercise-induced metabolic gene expression

The acute exercise clearly evoked an upregulation of genes known to be exerciseresponsive, including PGC‑1α-related co-activator PRC, glycolysis-involved hexokinase
II and the master regulator of the hypoxic response, HIF‑1α (Figure 1). The COPD
patients did not respond differently to exercise than controls regarding expression of
genes associated with muscle oxidative metabolism, nor of genes involved in glycolytic
metabolism or hypoxia signaling. We also did not observe a different response in COPDD
patients compared to COPDND patients.

Exercise response of oxidative stress markers

At baseline, oxidative stress-induced protein modification levels such as
carbonylation, tyrosine nitration and MDA adducts were not different between COPD
patients and controls (43), nor between COPDD and COPDND patients (data not shown).
After exercise, gene expression levels of heme oxygenase-1 (HO-1) and manganese
superoxide dismutase (MnSOD) were increased in both COPD patients and healthy
controls (Figure 2A). An exercise response of the antioxidant enzymes was not detected
at the protein level as manganese and copper/zinc superoxide dismutase and catalase
protein content remained unchanged (Figure 2B). No differential response was shown
between COPDD and COPDND patients.
The increases in HO-1 and MnSOD gene expression did not correlate with
exercise-induced oxidative stress-derived products; only MDA-protein adducts were
slightly increased (Figure 2C) in COPDND patients.
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120 ± 17
95 ± 19
98 (98, 100)
12.1 ± 1.1
5.3 ± 0.2
328 (276, 489)

FVC, % predicted

DL,CO, % predicted

Sp,O2 at rest, %

Pa,O2 at rest, kPa

Pa,CO2 at rest, kPa

Daily physical activity, counts/min

***

214 (129, 300)

5.2 ± 0.5

9.3 ± 1.0 ***

96 (95, 97)

51 ± 16 ***

104 ± 22 *

59 ± 16
***

10 / 18 / 0 **

**

**

56 ± 19 ***

61 ± 13

***

3 / 10 / 0 *

95 (94, 98) ***

97 (96, 97)

5.2 ± 0.4
220 (108, 366)

5.1 ± 0.5
208 (140, 278)

9.1 ± 1.2 ***

47 ± 16 ***

55 ± 16 ***
9.5 ± 0.8 ***

110 ± 24

98 ± 20 *

***

16.9 ± 1.5

7 / 8 / 0 **

23.5 ± 2.3 #

67 ± 10

169 ± 11

65 ± 6

13 (7 / 6)

COPDD

18.0 ± 2.0

26.4 ± 2.5

74 ± 10

168 ± 7

66 ± 7

15 (9 / 6)

COPDND

Chapter 5

Values are expressed as mean ± SD or median (25th percentile, 75th percentile). Abbreviations: BMI, body mass index; FFMI, fat-free mass index; FEV1,
forced expiratory volume in one second; FVC, forced vital capacity; DL,CO, diffusion capacity of the lungs for carbon monoxide; Sp,O2, oxygen saturation
measured via pulse oximetry. Significance of difference compared to controls: * p < 0.05, ** p < 0.01, *** p ≤ 0.001. Level of significance COPDD vs. COPDND
patients: # p < 0.05.

113 ± 15

FEV1, % predicted

17.5 ± 1.8

18.0 ± 1.9
1/7/7

FFMI, kg/m

Smoking status current / former / never

25.1 ± 2.8

24.9 ± 3.3

BMI, kg/m

169 ± 9
71 ± 10

170 ± 11
72 ± 12

65 ± 7

Height, cm

65 ± 6

Age, y

28 (16 / 12)

COPD

Weight, kg

15 (9 / 6)

Healthy controls

N (M / F)

Table 3 | Main characteristics of subjects
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3792 ± 2032
54 ± 22

7214 ± 3139
4694 ± 2613

Type IIa/IIx fiber CSA, μm2

Type IIx fiber CSA, μm2

6073 ± 2742

0.7 (0.4, 1.1)

OXPHOS complex V subunit content, AU

0.5 (0.3, 0.7) *

2.4 (1.1, 3.6) *

1.2 (0.8, 1.7)

**

6274 ± 2810

5838 ± 2766

0.6 (0.3, 0.7)

1.9 (0.6, 3.3) *

2.9 (1.3, 4.1)
0.5 (0.3, 0.8)

1.4 (0.7, 1.8)

2.2 (1.2, 4.2)

1.2 (0.3, 2.4)

19 ± 6

56 ± 21

3257 ± 1799

5341 ± 2396

7001 ± 2144

1.2 (0.9, 1.4)

2.3 (1.6, 2.5)

1.6 (1.0, 1.9)

19 ± 7

52 ± 24

4375 ± 2192

6082 ± 3124

7030 ± 2533

7756 ± 2268

3.2 (0.6, 11.0)

8524 ± 2655

3.6 (0.7, 7.4)

2.2 (0.2, 8.8)

45.4 (39.7, 55.2) ***

32.0 (24.5, 46.1)
4.3 (1.0, 9.4)

6.4 (1.2, 12.7)
*

39.7 (29.8, 47.4) ***

COPDD

5.3 (3.5, 9.0)

40.3 (35.5, 62.3) *

COPDND

Values are expressed as mean ± SD or median (25th percentile, 75th percentile). Abbreviations: CSA, cross-sectional area; CS, citrate synthase; HADH, 3
hydroxyacyl-CoA dehydrogenase; OXPHOS, oxidative phosphorylation; AU, arbitrary units. Significance of difference compared to controls: * p < 0.05, ** p <
0.01, *** p ≤ 0.001.

4.1 (2.8, 8.1)

OXPHOS complex IV subunit content, AU

2.2 (1.5, 3.6)

2.8 (1.7, 4.3)
1.5 (0.7, 2.0)

OXPHOS complex II subunit content, AU

OXPHOS complex III subunit content, AU

1.5 (0.8, 2.1)

2.0 (1.2, 3.9)

OXPHOS complex I subunit content, AU

19 ± 7

63 ± 37
22 ± 9

CS activity, μmol/min/g protein

HADH activity, μmol/min/g protein

5760 ± 2795

7016 ± 2309

6540 ± 2048
7107 ± 2580

8154 ± 2460

Type I/IIa fiber CSA, μm2

8703 ± 1858

Type I fiber CSA, μm2

2.3 (0.5, 9.4) *

3.6 (1.1, 8.1)

40.5 (25.9, 48.9)

5.6 (2.2, 9.5)

39.7 (35.3, 48.6) ***

COPD

Type IIa fiber CSA, μm2

1.0 (0.3, 3.4)
0.5 (0.0, 2.7)

25.5 (16.8, 32.4)

Type IIa proportion, %

Type IIa/IIx proportion, %

8.1 (4.6, 11.0)

Type I/IIa proportion, %

Type IIx proportion, %

62.7 (55.3, 68.3)

Healthy controls

Type I proportion, %
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Table 4 | Main characteristics of vastus lateralis muscle fibers
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156 (134, 255)
133 (106, 152)
1852 (1680, 2785)
120 (102, 155)
66 (61, 80)
100 (97, 106)
1061 (862, 1395)
97 (97, 99)
−1.0 (−2.0, 0.0)
0.0 (0.0, 1.0)

Peak work load, Watt

Work load, % predicted

V′o2peak, ml/min

V′o2peak, % predicted

V′e,peak, % MVV

HRpeak, % HR predicted

ATV′o2, ml/min

Sp,o2 at V′o2peak, %

ΔSp,o2, %

ΔSa,o2, %

**

***

−1.0 (−4.0, 0.0)
*

−4.0 (−8.0, −2.3) ***

92 (87, 95) ***

736 (607, 873)

78 (68, 89) ***

85 (81, 94) ***

74 (55, 84)
***

1130 (1025, 1406) ***

60 (44, 71) ***

72 (56, 96) ***

7.4 (5.5, 9.4)

COPD

−8.0 (−10.0, −6.5) ***, ###
−4.0 (−10.0, −3.0) **, ##

−3.0 (−4.0, 0.0)
−1.0 (−1.8, 1.5)

87 (85, 90) ***, ###

727 (605, 889) **

776 (601, 875)
94 (93, 96) ***

78 (71, 92) **
**

77 (66, 89) **

82 (77, 94) **

89 (82, 94) **

64 (51, 74) ***

78 (66, 88)
***

1084 (901, 1358) ***

57 (37, 69) ***

1162 (1075, 1434) ***

65 (48, 73) ***

66 (53, 96) ***

7.0 (5.7, 9.7) *

7.5 (5.5, 8.9)
76 (66, 100) ***

COPDD
*

COPDND
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Values are expressed as median (25th percentile, 75th percentile). Abbreviations: V′O2, oxygen uptake; V′E, minute ventilation; MVV, maximal voluntary
ventilation, calculated as FEV1 × 37.5; HR, heart rate; HR predicted calculated as (220 − age); ATV′O2, V′O2 at anaerobic threshold; Sp,O2, oxygen saturation
measured via pulse oximetry; Sa,O2, arterial oxygen saturation. Level of significance of difference vs. controls: * p < 0.05, ** p < 0.01, *** p ≤ 0.001. Level of
significance of difference COPDD vs. COPDND patients: ## p < 0.01, ### p ≤ 0.001.

10.0 (8.8, 10.6)

Total exercise time, min

Healthy controls

Table 5 | Results from the maximal cycle ergometry test
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Leg muscle desaturation

Although by definition COPDD patients had significantly reduced end-exercise
systemic saturation compared to COPDND patients and controls, no differences were
detected in quadriceps tissue desaturation or time constant of recovery of muscle oxygen
saturation among the groups (Table 6). Also, no association was found between systemic
and local muscle desaturation (Figure 3). To assess whether the Oxphen response
was influenced by muscle oxygen saturation, we tested correlations between Oxphen
markers and ΔTSI in the combined group of COPD patients and controls, but did not find
significant associations. In addition, we stratified the COPD patients based on the median
value of ΔTSI to high (≤−9.1%) and low muscle desaturation (>−9.1%) groups, due to lack
of a reference value for muscle desaturation. The response of Oxphen markers was not
different between the two groups.

Healthy controls
9.0
6.0
3.0
3.0

* *

*

*

COPDND
COPDD

2.5
2.0
1.5

*

** * * *

1.0
0.5
0.0

PPARα

PPARδ

PGC-1α

PGC-1β

ERRα

PRC

B
Fold induction of gene expression

COPD

* ***

NRF-1

NRF-2α

TFAM

C

***

8.0
3.0
3.0
2.0
1.0
0.0

**

CS

**
HADH

* *

COX4-1

*

**
HK-II

PFK

Fold induction of gene expression
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Fold induction of gene expression

A

20.0

*

5.0
4.0
3.0

* *

*

*

6.0
6.0

*

*
*

2.0
1.0
0.0

HIF-1α

VEGF-A

GLUT1

Figure 1 | Gene expression responses to exercise are not significantly different between COPD
patients and healthy controls, regardless of desaturation status. A, Gene expression inductions
(post/pre) for regulators of Oxphen. PPAR, peroxisome proliferator-activated receptor; PGC,
PPAR gamma co-activator; PRC, PGC‑1-related co-activator; ERRα, estrogen-related receptor α;
NRF, nuclear respiratory factor; TFAM, mitochondrial transcription factor A. B, Gene expression
inductions for metabolic enzymes involved in citric acid cycle, β-oxidation and glycolysis. CS,
citrate synthase; HADH, 3-hydroxyacyl-CoA dehydrogenase; COX4-1, cytochrome c oxidase subunit
IV isoform 1; HK-II, hexokinase II; PFK, phosphofructokinase muscle isoform. C, Gene expression
inductions of hypoxia-associated targets. HIF‑1α, hypoxia-inducible factor 1 alpha; VEGF-A,
vascular endothelial growth factor A; GLUT1, glucose transporter 1. Whiskers indicate minimum
and maximum values. Level of significance: * p <0.05 for post vs. pre.
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A

¶

Fold induction of HO-1 gene
expression

20.0

*

¶

¶

16.0
12.0
8.0

¶

4.0
0.0

Fold induction of MnSOD gene
expression
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2.5
2.0

¶

¶

¶

¶

Healthy controls
COPD

1.5

COPDND

1.0

COPDD

0.5
0.0

B

0.5
0.0

Fold induction 2,4-DNP
moieties (AU)

C
3.0

Carbonylation

2.0

1.0

0.0

2.0
1.5
1.0
0.5
0.0

2.5

2.0

1.0

0.0

Nitration

2.0
1.5
1.0
0.5
0.0
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1.0

3.0

Fold induction MnSOD
content (AU)

1.5

2.5

Fold induction malondialdehyde
content (AU)

Fold induction Cu/ZnSOD
content (AU)

2.0

Fold induction 3-nitrotyrosine
content (AU)

Fold induction catalase
content (AU)

2.5

MDA-protein adducts

6.0

¶

4.0

2.0

0.0

Figure 2 | Oxidative stress in quadriceps muscle is only mildly increased in non-desaturating
COPD patients; both patients and healthy controls show significant induction of antioxidant
genes after exercise. A, Box plots of the response of heme oxygenase-1 (HO-1) and manganese
superoxide dismutase (MnSOD) genes to exercise presented as fold induction (post/pre). B, Box
plot of the exercise-induced fold inductions of catalase, Cu/ZnSOD and MnSOD content. C, Box
plot of the exercise-induced fold inductions of protein carbonylation, tyrosine nitration and
malondialdehyde (MDA)-protein adducts. Whiskers indicate minimum and maximum values. AU,
arbitrary units. Level of significance: *p < 0.05 for post vs. pre.

Table 6 | Quadriceps desaturation during cycle ergometry
Healthy controls COPD

COPDND

COPDD

ΔTSI, %

−13 (−24, −7)

−9 (−14, −6)

−6 (−14, −5)

−9 (−13, −8)

τ, s

24 (17, 26)

25 (18, 40)

28 (18, 46)

24 (18, 37)

Values are expressed as median (25th percentile, 75th percentile). Abbreviations: TSI, tissue
saturation index; τ, time constant of recovery of muscle oxygen saturation.
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Change in muscle saturation (%)
-10

0

0

-5

-10

Healthy controls

Change in systemic saturation (%)

-20

COPDND
COPDD

Figure 3 | Change in quadriceps muscle
saturation during exercise is not associated
with systemic desaturation. Reliable muscle
saturation data was available for 11 COPDND, 9
COPDD patients and 11 healthy controls.

DISCUSSION
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The mechanisms leading to loss of muscle Oxphen in COPD thus far remain
unclear. We recently showed that the Oxphen loss is not limited to advanced disease
but also ongoing in earlier phases of the disease, even in absence of muscle wasting.
Potential determinants such as disease-associated persistent systemic inflammation
and chronic hypoxia are less likely to be causally involved in this stage. As exercise is a
potent Oxphen stimulant we hypothesized that a blunted regulatory Oxphen response
to exercise would occur in less advanced COPD, resulting from either exercise-induced
hypoxia or oxidative stress, or both. However, we did not demonstrate such a blunted
response in quadriceps muscle, regardless of co-occurring oxygen desaturation. Also
exercise-induced oxidative stress was not aggravated in these patients with less advanced
COPD compared to controls. Moreover, as the COPD patients exercised at an intensity
significantly lower than that of healthy controls, it could be argued that, adjusted for
absolute intensity, the exercise response was even larger in the patients as compared to
the controls. In line, after a constant load test at 80% peak capacity in COPD patients and
healthy controls, Steiner et al. also did not find significantly different exercise-induced
changes in absolute magnitude of the muscle metabolites ATP, inosine monophosphate,
phosphocreatine and lactate, despite marked differences in workload between COPD
patients and controls (39).

Exercise intensity and response

One explanation for the comparable exercise responses in the COPD patients and
healthy controls could be that the induction of Oxphen is not linearly related to exercise
intensity but rather determined by a threshold that has to be exceeded to invoke a
maximal response. The fact that in our study the anaerobic threshold was reached in all
healthy controls and almost all COPD patients would be supportive of this hypothesis.
Congruently, in healthy individuals only exercise above the lactate threshold has been
shown to significantly induce muscle PGC‑1α gene expression (34, 41). In COPD patients,
however, exercise both below and above the lactate threshold increased PGC‑1α gene
expression, although the induction was stronger with the latter (34). Puente-Maestu et
al. found increased induction of PGC‑1α mRNA in muscle of COPD patients compared
to healthy controls after a 45-minutes exercise test at 65% of V′O2peak (34). Whereas
the COPD patients in our study had significantly increased PGC‑1α gene expression after
exercise compared to baseline, the induction in healthy controls only showed a trend to
significance. However, we did not observe a significant difference in the magnitude of
the exercise-associated induction between the patients and controls. Puente-Maestu
et al. found an association of PGC‑1α mRNA induction with the amount of ROS that
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was estimated to be produced during the exercise test (34). In our study there was no
evidence of increased oxidative stress in the quadriceps muscle of COPD patients, which
together with the lack of a differential response of PGC‑1α mRNA with exercise, is in line
with the findings by Puente-Maestu.
Transient induction of PGC‑1α gene expression by exercise is well-described
(i.e. (33)). Remarkably, in addition to a mild induction of PGC‑1α gene expression, we
found a strong induction of PRC, a PGC‑1-related coactivator involved in mitochondrial
respiratory function. Induction of PRC with exercise has been described before in healthy
individuals (37), but this is to our knowledge the first time that this marker has been
measured in COPD patients in response to acute exercise.
Exercise-induced elevation of HIF‑1α gene expression has been proposed to be
an important factor in the regulation of adaptive gene responses to exercise (3, 21). In
addition to HIF‑1α, we found increased expression of some of its target genes, such as
VEGF-A, HK-II and GLUT1. The inductions of these genes and PGC‑1α and PRC support
that there is an ongoing exercise response in the muscle. It is thought that induction
of the HIF‑1α gene with exercise does not depend on hypoxia per se, but may result
in increased capillarization and increased glycolytic flux within the mitochondria (21).
Inductions of HIF‑1α gene expression have been found to blunt with training (21),
and the seemingly stronger inductions of HIF‑1α gene expression and its target genes
in COPD patients compared to controls could be a reflection of the on average lower
physical activity level of the patients.

Exercise-associated hypoxia

In contrast to what we expected, exercise-induced desaturation did not blunt the
Oxphen response in COPD patients. This could indicate that acute local hypoxia does
not hamper the Oxphen response. Another explanation for the comparable exercise
responses between the COPDND and COPDD subgroups is that “systemic” oxygen
desaturation as measured by finger pulse oximetry does not reflect oxygen desaturation
locally in the exercising limb muscle. To define exercise-induced oxygen desaturation,
we used the criterion by the American Thoracic Society (ATS), which specifies that the
drop in saturation during exercise should be ≥4% (4). It has also been suggested that
desaturation is only clinically relevant when saturation drops below 90% (40), which
applied to 12 patients in the current study. However, the outcomes did not change
when we used this alternative criterion (results not shown). Indeed, we did not find an
association between systemic and skeletal muscle desaturation. The mismatch between
systemic and muscle desaturation could be explained by an increased oxygen extraction
rate from the systemic circulation to maintain oxygen tension in the muscle but resulting
in decreased arterial oxygen saturation in some patients. Nevertheless, we found no
significant difference in exercise-induced muscle oxygen desaturation levels among the
groups, including the healthy controls, and no associations of muscle desaturation with
markers of the Oxphen response.

121

Chapter 5

Regulatory gene responses to exercise
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Exercise-associated oxidative stress response
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Previous research in advanced COPD demonstrated an increased resting and
exercise-induced oxidative stress response. We also investigated relevant oxidative
stress markers in this study to see if a similar enhancement is seen in less advanced
COPD, in particular in desaturating patients. No striking differences were observed
between COPD patients, subgroups and healthy controls. In contrast Puente-Maestu et
al. recently described increased exercise-induced oxidative stress in mild to moderate
COPD patients, who, similar to those in our study, had a slight loss of muscle Oxphen
(35). However, differences in the intensity of exercise (15 minutes constant work rate
at ~65% Wmax vs. incremental exercise until exhaustion) and the timing of the muscle
biopsy after the exercise test (1 h vs. 4 h) hamper comparison between our study and
theirs.
Although we did not find increased oxidative stress-derived products after
exercise, gene expression levels of the antioxidants MnSOD and HO-1 were increased,
which is a normal response to exercise (15, 32). The induction of MnSOD and HO-1 gene
expression could indicate that the stimulation of the antioxidant system by exercise is
not blunted in COPD patients and increased formation of reactive oxygen species by
exercise is well-balanced by the antioxidant system (12).

Limitations of the study

A limitation of this study is that only one biopsy was taken after the exercise bout.
The timing of the single post biopsy was chosen after careful review of the literature
focusing on Oxphen gene expression after exercise, but no inferences can be made
regarding differences in the temporal pattern of gene expression changes between
COPD patients and controls.
An important constraint of the near-infrared spectroscopy (NIRS) technique is the
limited optical penetration depth. As such, subcutaneous fat disturbs or even obstructs
the quadriceps NIRS measurement. Therefore, subjects with a large skin fold at the site
of the NIRS probe were excluded from the NIRS measurement in our study. We explicitly
report this methodological issue as it often seems to be overlooked in the existing
literature.
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CONCLUSION

Taken together, the data in this study suggest that patients with less advanced
COPD do not have a blunted muscle oxidative regulatory response to acute exercise,
regardless of exercise-induced systemic desaturation. This observation, together with
a normal oxidative stress response, further supports that incorporation of exercise
training as integrated part of COPD management already in early disease could have
a pivotal role to prevent or slow down loss of muscle Oxphen and related functional
impairment. Further research is needed to investigate if the muscle oxidative regulatory
response is blunted in more severe disease stages (i.e. chronic respiratory failure) and
disentangle potential contributing factors that may require additional modulation to
optimize exercise training in these stages.
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Chronic obstructive pulmonary disease (COPD) is a lung disease with multiple
systemic manifestations that increase disease burden, including skeletal muscle weakness
(41, 74). Skeletal muscle of patients with COPD is often characterized by wasting and a
loss of oxidative phenotype (Oxphen), which includes a reduced proportion of oxidative
muscle fiber types and mitochondrial capacity (26, 28). Since 2001, severity of COPD is
classified by the Global Initiative for Chronic Obstructive Lung Disease (GOLD) staging
according to the degree of airflow limitation or obstruction measured using pulmonary
function tests (Table 1) (1). However, original GOLD staging is incomplete, because
airflow limitation is not the only factor that determines severity as other factors (e.g.
overweight/obesity, comorbidities, and physical fitness) influence symptoms and quality
of life as well. Since 2011 the GOLD stages are therefore replaced by GOLD grades that
include symptoms and exacerbations (Table 2) (2).
The two main lung pathologies included in COPD are chronic bronchitis and
emphysema. Chronic bronchitis involves chronic inflammation of the lining of the
airways resulting in fibrosis and increased resistance, whereas emphysema involves
damage of the alveolar walls and consequent impaired gas exchange. Depending on
these two subtypes, patients may experience various degrees and frequencies of oxygen
desaturation which could result in tissue hypoxia and tissue dysfunction, for example
during exercise (exertional desaturation) (72), during the night (nocturnal desaturation)
(38), short-term during disease exacerbations or chronically due to severely impaired
lung function, such as in the case of chronic respiratory failure (37). Respiratory failure
according to GOLD is defined by an arterial partial pressure of O2 (PaO2) < 8.0 kPa (60
mmHg) with or without arterial partial pressure of CO2 (PaCO2) > 6.7 kPa (50 mmHg)
breathing ambient air (2).
Table 1 | Classification of COPD severity according to the Global Initiative for Chronic
Obstructive Lung Disease (GOLD) 2001 guidelines
GOLD stage

Criteria

Symptoms

I

Mild COPD

FEV1/FVC < 70%;
FEV1 ≥ 80% predicted

Sometimes chronic cough and
sputum production

II

Moderate
COPD

FEV1/FVC < 70%;
FEV1 50-79% predicted

Shortness of breath typically
developing on exertion

III Severe COPD

FEV1/FVC < 70%;
FEV1 30-49% predicted

Greater shortness of breath,
reduced exercise capacity, repeated
exacerbations which have an impact
on patients’ quality of life

Very severe
IV
COPD

FEV1/FVC < 70%;
FEV1 < 30% predicted, or < 50%
predicted in the presence of
chronic respiratory failure

Quality of life very impaired,
exacerbations may be life-threatening

FEV1: forced expiratory volume in 1 second. FVC: forced vital capacity. Respiratory failure: PaO2
< 8.0 kPa (60 mmHg) and/or SaO2 < 90% with or without PaCO2 > 6.7 kPa (50 mmHg) when
breathing room air.
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Table 2 | Classification of COPD severity according to the updated Global Initiative for Chronic
Obstructive Lung Disease (GOLD) 2011 guidelines
GOLD grade

Criteria

A

Low risk, low symptom burden

Low symptom burden (mMRC of 0-1 OR CAT score <
10) AND FEV1 of 50% or greater (old GOLD 1-2) AND
low exacerbation rate (0-1/year)

B

Low risk, higher symptom burden

Higher symptom burden (mMRC of 2 or more OR CAT
of 10 or more) AND FEV1 of 50% or greater (old GOLD
1-2) AND low exacerbation rate (0-1/year)

C

High risk, low symptom burden

Low symptom burden (mMRC of 0-1 OR CAT score
< 10) AND FEV1 < 50% (old GOLD 3-4) AND/OR high
exacerbation rate (2 or more/year)

D

High risk, higher symptom burden

Higher symptom burden (mMRC of 2 or more OR CAT
of 10 or more) AND FEV1 < 50% (old GOLD 3-4) AND/
OR high exacerbation rate (2 or more/year)

Although no clear relationship has been shown between muscle abnormalities
and disease severity based on airflow limitation, skeletal muscle dysfunction has been
shown to be a predictor of morbidity and mortality, independent of lung function
impairment measured as FEV1 (69). Indeed, we showed in a large cohort that the COPD
population is heterogeneous and that muscle dysfunction is not related to FEV1 (49).
However, a weak association was found between diffusion capacity for carbon monoxide
(DLCO) in the lung and skeletal muscle type I fiber proportion (49). It was previously
described that loss of Oxphen is more prominent in patients with emphysema, who are
characterized by a lower DLCO (27). Figure 1 shows the relationship of DLCO with type I
fiber proportion in the combined group of COPD patients (Figure 1A) or healthy subjects
(Figure 1C) from our previous study (49) and the study described in Chapter 4. Moreover,
type I fiber proportion was significantly associated with arterial oxygen tension (PaO2) in
the COPD patients (Figure 1B). This relationship has been reported before for patients
with advanced COPD by Jakobsson et al. (35) and implicates involvement of hypoxemia
in the reduced type I proportion that is observed in lower-limb muscle of COPD patients.
The definition of hypoxemia is arterial oxygen tension or partial pressure of
oxygen (PaO2) below normal. Normal PaO2 for an adult breathing room air at sea level is
80-100 mmHg (40), so hypoxemia would be PaO2 < 80 mmHg. The degree of hypoxemia
determines the propensity for tissue hypoxia. Therefore, hypoxemia is classified as
being mild (60-79 mmHg), moderate (45-59 mmHg), or severe (<45 mmHg) (40). In the
absence of other oxygenation problems, mild hypoxemia is unlikely to result in tissue
hypoxia, because SaO2 remains over 90%. Moderate hypoxemia could result in hypoxia
when compensating mechanisms are insufficient to maintain oxygenation, for example
due to cardiovascular disease. Severe hypoxemia presents a critical condition that will
likely result in tissue hypoxia and needs to be dealt with (40). The American Thoracic
Society (ATS) recommends oxygen therapy if a patient has ‘severe hypoxemia’, which is
defined as a resting PaO2 ≤ 55 mmHg (7.3 kPa) or SpO2 ≤ 88% (58). The Dutch Society
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FEV1: forced expiratory volume in 1 second. FVC: forced vital capacity. Symptom burden is
measured by the modified Medical Research Council questionnaire (mMRC) or the COPD
assessment test (CAT).
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Figure 1 | Relationships of DLCO and PaO2 with type I fiber proportion. Data are combined from
two studies ((49) (black dots) and Chapter 4 (white dots)) for patients with COPD (A, B) and healthy
controls (C, D). Correlations were tested using Pearson’s correlation coefficient. DLCO, diffusion
capacity of the lungs for carbon monoxide; PaO2, partial pressure of oxygen in arterial blood.

of Physicians for Lung Diseases and Tuberculosis (NVALT) recommends oxygen therapy
when the patient has persistent hypoxemia (PaO2 < 7.3 kPa (55 mmHg)) or a combination
of PaO2 of 7.3-8.0 kPa (55-60 mmHg) and peripheral oedema, right atrial enlargement (P
pulmonale on the ECG) or hematocrit >55 % (3). As was shown by Engelen et al., many
COPD patients have a PaO2 lower than that of healthy physically active and inactive agematched controls (19).

ONSET OF LOSS OF SKELETAL MUSCLE OXIDATIVE PHENOTYPE
IN COPD

Many factors related to COPD are potentially involved in the loss of muscle
Oxphen, so to resolve underlying mechanisms it would be helpful to know in what stage
of the disease loss of Oxphen is initiated. In Chapter 4 we showed that loss of skeletal
muscle Oxphen is already present in patients with mild to moderate COPD (GOLD
2-3), although these patients did not yet show overt muscle atrophy. A recent study
by Gagnon et al. showed that patients with GOLD 1 COPD are not yet characterized
by decreased endurance and loss of Oxphen, which was determined based on fibertype distribution and citrate synthase and hydroxyacyl dehydrogenase activities (21).
However, they did find that gene expression of pro-angiogenic factors was depressed in
COPD, despite normal capillarization, which indicates that regulation of angiogenesis is
disturbed already in mild COPD. With regard to the loss of Oxphen, it would therefore
be interesting to investigate Oxphen regulators, such as PGC‑1α, in patients with GOLD
I COPD.
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In Chapter 4 we also showed that the reduced proportion of type I muscle fibers
correlated with quadriceps endurance, which implies that the loss of Oxphen is of
clinical relevance as it indeed affects quadriceps endurance. Reduced physical activity
levels have been associated with lower mitochondrial capacity in healthy subjects (16)
and have been hypothesized to explain loss of Oxphen in patients with COPD as well
(75). Gagnon et al. found reduced physical activity already in patients with GOLD 1 COPD
(21), which suggests that reduced physical activity could be a factor involved in initiation
of loss of Oxphen. However, no relationships were found between markers of Oxphen
and total physical activity level or intensity of physical activity in the patients in the study
described in Chapter 4 (GOLD 2-3) or in our previous study of a large COPD cohort of
114 patients (GOLD 3-4) (49). Nevertheless, these studies are of cross-sectional nature,
so a role for physical activity cannot be completely ruled out until a longitudinal study
has been performed.

Previous findings of a relationship between type I fiber proportion and PaO2
(35) strengthen the hypothesis that hypoxia is involved in the loss of Oxphen. Because
exercise is a physiological stimulant of Oxphen and patients with COPD often suffer
from exercise-induced oxygen desaturation (72), in Chapter 5 we focused on the
role of exertional oxygen desaturation on the response of Oxphen to acute exercise.
We hypothesized that the response of Oxphen regulators was blunted due to oxygen
desaturation. The patients were pre-stratified according to arterial oxygen desaturation
during exercise to study the effect of exercise desaturation on Oxphen and oxidative
stress response to exercise. Although the patients exercised at a significantly lower
intensity, we did not demonstrate a blunted response of Oxphen regulators, regardless
of co-occurring oxygen desaturation. In addition to systemic oxygen desaturation, we
measured oxygen desaturation in the muscle using near-infrared spectroscopy (NIRS).
We did not find an association between systemic and muscle oxygen desaturation. Also,
muscle desaturation was not different between healthy controls and patients, although
healthy controls appeared to desaturate more than patients (not significant). Possibly
this is related to the higher exercise intensity of the controls. Moreover, stratification
according to muscle desaturation did not yield significant differences in the response
of Oxphen regulators in patients and controls. A possible explanation for the difference
between systemic and muscle oxygen saturation is that the working muscle demands
increased oxygen extraction from the systemic circulation to maintain oxygen tension
in the muscle, which results in a decreased arterial oxygen saturation when it is not
sufficiently compensated for by gas exchange in the lung. Although our results do not
support a role for exertional desaturation in the loss of skeletal muscle Oxphen in
this disease stage, further research is warranted to investigate the impact of muscle
desaturation in a larger group of patients and controls and to verify that processes
downstream of gene transcription (e.g. protein translation, synthesis and breakdown) in
response to exercise are not altered in skeletal muscle of patients with COPD.
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The switch in muscle fiber-type composition could possibly result in increased
oxidative stress, because it has been shown in rats that mitochondria within type II
fibers release significantly more H2O2 than those within oxidative fibers (4). Increased
oxidative stress has been shown in muscle of patients with severe COPD (44), especially
in patients with wasted muscle (6). Moreover, an association has been found between
oxidative stress and endurance (12). Indeed, in Chapter 4 we found a negative
correlation of type I fiber proportion and markers of oxidative stress. However, these
oxidative stress markers did not differ between patients and controls. Also, patients did
not have a stronger response of oxidative stress markers after the acute exercise test,
although gene expression of oxidative-stress enzymes (MnSOD, HO-1) was increased
(Chapter 5). Possibly this indicates that stimulation of the antioxidant system by exercise
is not blunted in mild to moderate COPD and increased reactive oxygen species (ROS)
formation is adequately tackled by the antioxidant system in this disease stage. This
is in line with a previous report of an increased muscle total antioxidant capacity in
patients with severe COPD (25). However, total antioxidant capacity is reported to
be reduced in patients with wasted muscle, who accordingly have increased levels of
oxidative stress markers in muscle (73). Moreover, it was shown that muscle-wasted
patients have depressed mitochondrial function (60). Interestingly, Rabinovich et al.
found that reduced mitochondrial function was associated with lower arterial oxygen
concentration (PaO2) (60), whereas Sauleda et al. and Puente-Maestu et al. reported
an association of reduced PaO2 with increased cytochrome c oxidase (COX) activity in
skeletal muscle of COPD patients (56, 65). However, two other groups showed decreased
COX activity in skeletal muscle of patients with COPD (27, 47). It is unclear how these
differences can be explained, unless COX activity depends on PaO2: the patients in the
studies with elevated COX activity (56, 65) had lower PaO2 than those in the study by
Gosker et al. (27). The patients with mild to moderate COPD characterized in this thesis
(Chapter 4 and 5) had a mean PaO2 similar to those in the study by Gosker et al. and
did not have different COX activity compared to healthy controls (Figure 2). The in vivo
activity of COX is regulated by several mechanisms, including phosphorylation (subunits
I, IV and Va), allosteric regulation by ATP and ADP (subunit IV), and transcriptionally
through specific isoform expression (subunit IV, VIa, VIb, VIIa and VIII) (32). It has been
shown that hypoxia stimulates the HIF-dependent replacement of COX IV isoform 1
(COX IV-1) with COX IV isoform 2 (COX IV-2) to optimize efficiency of respiration at lower
oxygen concentrations (20). COX containing the COX IV-2 isoform has been shown to be
approximately 2-fold more active than COX with the COX IV-1 isoform (33). However, it
has been shown in neural cells that the replacement of COX IV-1 with COX IV-2 results in
abolition of the allosteric inhibition of COX by ATP, which results in increased COX activity
independently of cellular energy level and concomitantly increased production of ROS
(31). Indeed, evidence is accumulating that COX dysfunction is associated with increased
mitochondrial ROS production in multiple diseases (67). Possibly, a gradual replacement
of the COX IV-1 isoform with COX IV-2 with lower PaO2 explains the increased COX activity
in skeletal muscle of patients with COPD as reported by Sauleda and Puente-Maestu (56,
65). Therefore, it would be interesting to assess protein content of COX IV-1 and COX IV-2
in patients with COPD that have higher COX activity compared to those with lower COX
activity and healthy controls.
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Figure 2 | COX activity in quadriceps muscle
of patients with mild to moderate COPD.
Cytochrome c oxidase (COX, EC 1.9.3.1) was
assayed spectrophotometrically as previously
described (24). Boxes indicate median and
interquartile range; whiskers indicate minimum
and maximum values.
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To investigate the hypothesis that hypoxia is involved in the loss of muscle Oxphen
in COPD, it is valuable to have a study group of patients with hypoxemia. Despite our effort,
we did not manage to include a sufficient number of severely hypoxemic patients in our
study. Severely hypoxemic patients are hard to find, because upon diagnosis of severe
hypoxemia they receive oxygen therapy. However, mild or moderate hypoxia could affect
muscle as well and especially in patients with COPD, in which endothelial dysfunction
and cardiovascular disease are prevalent (17, 46), mild or moderate hypoxemia might be
associated with tissue hypoxia.
To study hypoxia-associated loss of Oxphen in muscle in vivo and without the
confounders such as inactivity and medication that are present in patients with COPD,
we used a model of mice exposed to chronic hypoxia. In addition, we used an in vitro
model of C2C12 myotubes to assess the effect of hypoxia on skeletal muscle per se and
involvement of regulators such as the PPARs and HIF‑1α, and to modulate expression
of these regulators. Together, both the in vitro and the in vivo mouse study support
that hypoxia can decrease oxidative capacity while at the same time it can stimulate
myosin heavy chain (MyHC) type I (Chapter 2 and 3). In Chapter 2 we found that gene
expression of oxidative phosphorylation (OXPHOS) genes as well as regulators including
PPARα, PPARδ, ERRα, PGC‑1α and PGC‑1β and PPAR transcriptional activity were
depressed under hypoxic conditions. Depression of PPAR activity was HIF‑1α-dependent
and occurred through PGC‑1α. On the other hand, expression and content of MyHC type
I was induced by hypoxia in a HIF‑1α-dependent manner. The finding of increased MyHC
type I mRNA by hypoxia was confirmed in the mouse model, although changes were
more subtle in the mouse than in the in vitro experiments. The finding of increased MyHC
type I is interesting, because patients with COPD show reduced expression of MyHC type
I. However, the C2C12 cells are of murine origin and in contrast to human muscle fibers,
rodent fibers expressing MyHC type I are less oxidative than fibers expressing MyHC
type IIa (29). Therefore, these results should be confirmed in cultured human myotubes
to verify if hypoxia specifically stimulates expression of MyHC type I, or if it promotes
expression of a less oxidative MyHC gene in general.
A possible mechanism through which hypoxia affects expression of Oxphen
modulators is through microRNAs (miRNAs). Previously, El Azzouzi et al. showed in
cardiac muscle that the miRNA cluster miR-199a/214 targets PPARδ to stimulate glycolytic
metabolism (18). Expression of miR-199a/214 is regulated by Twist1 (18), which is a
hypoxia-sensitive transcription factor (78). To investigate if this pathway was involved
in loss of Oxphen in C2C12 myotubes as well, we tried to measure Twist1 expression,
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but could not detect its mRNA using qPCR. Even so, expression of miR-214 was slightly
induced by hypoxia in the myotubes (Figure 3). PGC‑1α is a predicted target of miR-214.
However, because Twist1 is not expressed in the myotubes, a different hypoxia-sensitive
pathway is expected to regulate miR-214 in the myotubes. Further research is needed
to implicate miR-214 in the repression of PGC‑1α gene expression and to elucidate the
pathways that are involved.
Expression of the myosin heavy chain genes is also affected by certain miRNAs, so
in addition to miR-199a/214 we measured expression of muscle-specific microRNAs, of
which some are known to regulate MyHC expression. miR-208b was significantly induced
by hypoxia (Figure 3). miR-208b is encoded in the MyHC type I gene (also known as
cardiac β-MyHC), and it has been shown in heart to inhibit expression of α-MyHC and to
increase the β-MyHC proportion (43). However, because miR-208b is expressed together
with MyHC type I, it is unclear whether miR-208b expression is intentionally increased
by hypoxia or increased as a consequence of stimulated transcription of MyHC type I.
Moreover, it is not yet clear whether miR-208b can inhibit expression of fast MyHC in
skeletal muscle, because α-MyHC is cardiac specific. Strikingly, quadriceps muscle of
patients with COPD showed a trend of increased expression of miR-208 (39). In contrast,
miR-499 expression was not different (39). Based on this observation, it seems unlikely
that miR-208b is involved in a fiber shift of type I to type II fibers in COPD.
Hypoxia significantly upregulated expression of miR-133a and miR-206.
Described functions of these miRNAs are related to muscle differentiation (11, 42), but
our experiments were performed in already differentiated myotubes. Moreover, miR486 has a role in differentiation, but is also involved in muscle hypertrophy (30). Further
research is needed to investigate the meaning of hypoxia-associated upregulation of
these miRNAs as well as their role in the hypoxia-associated changes of MyHC type
I and PGC‑1α expression. Expression of miR-133 and miR-206 has been measured in
quadriceps muscle of patients with COPD, but was not different compared to controls
(39). Lewis et al. showed that miR-1 expression was associated with type I fiber
proportion in quadriceps of COPD patients (39). However, our in vitro data show no
change of miR-1 expression after 24 or 48 hours of exposure to hypoxia. Therefore, miR1 does not appear to be involved in the acute response of PGC‑1α and MyHC type I gene
expression to hypoxia.
In the mouse experiment, mice at the age of 4 weeks, 12 weeks and 52 weeks
were exposed to hypoxia for 3 weeks (Chapter 3). Hypoxic exposure significantly
reduced body, muscle and fat pad weights, independent of reduced food intake.
However, hypoxia-associated repression of oxidative capacity was much more subtle.
Mitochondrial regulators were repressed stronger in the oldest mice, whereas fiber-type
changes and muscle atrophy were most prominent in the youngest mice. Although gene
expression of regulators of oxidative capacity and OXPHOS subunits were depressed by
hypoxia, no changes were detectable at the protein level for OXPHOS.
The subtle changes of skeletal muscle Oxphen in the mouse study contrast the
prominent hypoxia-associated reductions of the expression of oxidative capacity-related
genes and proteins in the in vitro study. Possibly there is an adaptive effect ongoing in
the mice. Hypoxia exposure lasted for 3 weeks, which gives the tissue ample time to
adapt and optimize oxygen delivery, for example through increased vascularization. Such
adaptive processes are impossible in a cell culture environment with only myotubes
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and myoblasts. Alternatively, 3 weeks could be too short to mediate large changes in
muscle Oxphen: patients with COPD are exposed to hypoxia for years and have a more
pronounced loss of Oxphen. However, the mice in the in vivo study where otherwise
healthy, so the more pronounced loss of Oxphen in COPD patients could very well be
accelerated by underlying conditions such as impaired capillarization (17, 36, 46) or
systemic inflammation (22, 53). A period of 3 weeks is interesting, however, when we
consider that patients with COPD experience periods of disease exacerbations that are
characterized by hypoxia (37). Indeed, Crul et al. showed that patients have decreased
expression of genes related to oxidative phosphorylation and the mitochondrial
respiratory chain during an exacerbation (13). Regardless, it would be interesting to
explore in future studies what happens with markers of Oxphen after a longer period of
hypoxic exposure.

Limitations of our hypoxia models

For the in vitro experiments, myotubes were kept in normoxic (21% O2) and
hypoxic (4% O2) incubators. Because we could not determine intracellular oxygen
concentration or the extracellular oxygen concentration near the muscle cell in the
dish, we did an optimization experiment to verify hypoxic (HIF) signaling in the cells. We
chose 4% O2 for further experiments because morphological differences and cell viability
were least affected, which is essential because we want to study loss of Oxphen and not
muscle atrophy.
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MyomiRs

Figure 3 | microRNA expression in five-day differentiated myotubes after hypoxia. Myotubes
were exposed to 4% oxygen for 24h (A) or 48h (B). Expression of the miRNAs of interest was
corrected for reference RNAs RNU1a and RNU6 using geNorm. Differences between normoxic and
hypoxic condition were analysed using Mann-Whitney test. * p < 0.05; mean + SD.

Chapter 6

To investigate the integrated responses to hypoxia at the level of the whole
organism, we studied a mouse model of chronic hypoxia. Although a more complete view
is obtained regarding the primary and secondary effects of hypoxia on muscle Oxphen,
it should be appreciated that in patients with COPD hypoxia may develop downstream
of the lung, for example due to reduced oxygen diffusion over the alveolar–capillary
barrier in the lung or impaired muscle capillarization, which is different from a reduced
oxygen tension in the inspired air. To study the sole effect of hypoxia on muscle, an in
vitro model is preferred. However, the in vivo situation adds extramuscular factors that
may influence muscle Oxphen and occur in patients as well.

PERSPECTIVES FOR IMPROVING OXPHEN IN COPD

Chapter 6

The most obvious treatment for severe hypoxemia is oxygen therapy. In the past,
Payen et al. showed in hypoxemic patients with COPD that skeletal muscle oxidative
metabolism can be acutely improved with oxygen supplementation (52). However,
muscle oxidative capacity was still lower in patients with oxygen supplementation
compared to healthy controls, which suggests that structural muscle abnormalities,
possibly loss of Oxphen, underlie the reduced exercise capacity in COPD. Jakobsson et
al. showed that long-term oxygen therapy structurally improved oxidative capacity in
hypoxemic patients, whereas that in hypoxemic patients without oxygen therapy further
deteriorated in time (34). However, these studies concern patients with advanced COPD
and severe hypoxemia, whereas in Chapter 4 we showed that patients without mild to
moderate hypoxemia already show loss of Oxphen. These patients do not qualify for
oxygen therapy. There are nevertheless alternative approaches, both established and
new, that could be employed to boost Oxphen in COPD, which will be discussed below.
Chapter 5 showed that patients with mild to moderate COPD have a normal
induction of Oxphen regulators in response to exercise. Together with the result from
Chapter 2 that PPAR activity could be induced by a PPARδ agonist even under hypoxic
conditions. Indeed, intervention studies have shown that exercise capacity of patients
with COPD can be improved by exercise training (10, 57, 62). Although we do not yet
have evidence of a normal Oxphen response in patients with advanced COPD, our
results support that the incorporation of exercise training as integrated part of COPD
management already in earlier stages of the disease could have a pivotal role to prevent
or slow down loss of muscle Oxphen and related functional impairment. Moreover,
Gagnon et al. propose rehabilitation already in GOLD 1 COPD, because these mild
patients already have decreased physical activity levels (21).
Furthermore, pharmacological or nutritional modulation of the PPAR/PGC‑1
pathway to improve training outcome should be investigated. Polyunsaturated fatty
acids (PUFAs) are physiological stimulators of the PPARs. An intervention study by
Broekhuizen et al. indeed showed significant improvement of exercise capacity in COPD
patients who received nutritional supplementation with PUFAs, in addition to the effect
of exercise training (9). Although no information was available on changes in skeletal
muscle oxidative capacity, it can be speculated that the PUFA-induced improvement in
exercise capacity was mediated by an improved muscle oxidative capacity. Alternatively,
PPARs could be activated by synthetic ligands, such as GW501516 which specifically
binds to PPARδ and has been shown to improve exercise capacity in mice (48). The drug
was tested in clinical trials, but long-term rodent studies showed that GW501516 caused
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cancers (23, 51) and this led to termination of drug development. The World Anti-Doping
Agency advised athletes against the use of GW501516, which is still available on the
black market as Endurobol (77). Possibly, GW501516 might still be of interest for patients
with COPD, who already have decreased life expectancy and whose quality of life could
be improved by supplementation with GW501516 during rehabilitation.
Another interesting target for pharmacological modulation is 5’-adenosine
monophosphate-activated protein kinase (AMPK). Natanek et al. showed that the
phosphorylated state of this protein was decreased in patients with COPD who are
characterized by a fiber-type shift (50). The AMPK activator 5-aminoimidazole-4carboxamide-1-β-D-ribofuranoside (AICAR) has successfully been used in animal
models to stimulate exercise capacity (48). Clinical trials have been done to test the
applicability of AICAR in treating diabetes because animal studies have shown increased
glucose uptake after AICAR treatment (45, 64). The results from human studies are
however inconclusive in regard to modulation of glucose uptake (5, 7, 8, 14). AMPK
phosphorylation was not changed after AICAR treatment in these studies (5, 7, 14) and
there are no clues yet whether AICAR can improve endurance or Oxphen in humans.
Resveratrol is a polyphenolic compound that is present in grapes, red wine,
nuts and berries. Resveratrol has been shown to modulate AMPK via Sirtuin 1 (SIRT1)
(55). With AMPK, SIRT1 is involved in regulation of cellular energy homeostasis and
mitochondrial biogenesis (63). In obese humans, resveratrol has been shown to increase
PGC‑1α protein in skeletal muscle (70). Therefore, resveratrol would appear an interesting
compound to improve skeletal muscle Oxphen in patients with COPD. Resveratrol has
also been shown to have anti-inflammatory effects, some of which are mediated through
inhibition of cyclooxygenase-2 (68). In rats exposed to cigarette smoke and LPS to model
COPD, supplementation with resveratrol and AICAR lowered serum and muscle TNF-α
and improved mitochondrial abnormalities in skeletal muscle (59). Resveratrol has been
used in clinical trials related to inflammation, obesity and cardiovascular diseases, but
results are not as convincing as those of animal studies (15, 54, 79).
Finally, a compound that has recently been shown to improve endurance is
SR9009, which is a Rev-erbα agonist (66). Rev-erbα is a nuclear receptor that regulates
circadian rhythm and mitochondrial biogenesis (71, 76). Clinical trials with SR9009 are
underway, but animal studies prove promising (66, 76). Although several promising
drugs to improve skeletal muscle Oxphen exist, incorporation of aerobic exercise is still
advised, because effects elicited by contracting muscle are more comprehensive and
beneficial to health than those obtained by taking the pharmacological agents alone
(61).
Overall, from the results described in this thesis it can be concluded that hypoxia
indeed decreases several markers of skeletal muscle oxidative metabolism. However,
differences between the mouse model and the clinical situation of a patient with COPD
include a plethora of factors that possibly modify the effects of hypoxia on muscle
Oxphen. From the in vivo study, it appears that hypoxia only subtly affects muscle
Oxphen. However, hypoxia could act as a modifier of other disease-related factors such
as inflammation, medication and inactivity. To obtain a more translationally applicable
model, it would be relevant to investigate the interaction of hypoxia with other factors
defining COPD.
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INTRODUCTION

COPD staat voor “Chronic Obstructive Pulmonary Disease” en is niet alleen een
chronische longziekte maar wordt vaak ook gekenmerkt door meerdere systemische
manifestaties die de ziektelast vergroten, waaronder skeletspierzwakte. De skeletspier
van patiënten met ernstige COPD wordt vaak gekarakteriseerd door verlies van
spiermassa en een verlies van het oxidatief fenotype. Onder verlies van oxidatief
fenotype worden een verminderd aantal oxidatieve spiervezels en een verminderde
capaciteit van het oxidatieve metabolisme in deze spiercellen verstaan. Het verlies van
het oxidatief fenotype ligt ten grondslag aan een verminderd uithoudingsvermogen van
de beenspieren, zoals wordt waargenomen bij patiënten met COPD. Mogelijke COPDgerelateerde factoren die aan dit verlies ten grondslag kunnen liggen zijn systemische
ontsteking, verlaagde zuurstofspanning (hypoxie), medicatie (glucocorticoïden),
verminderde fysieke activiteit en ongezonde voedingsgewoonten. Echter, of en in welke
mate elk van deze factoren daadwerkelijk bijdraagt is tot op heden nog onduidelijk. Dit
proefschrift richt zich specifiek op de rol van hypoxie in het verlies van het oxidatief
fenotype van de skeletspier. Daarbij is gekozen voor een translationele aanpak: het
effect van chronische hypoxie op de spiercel op zichzelf is onderzocht (in vitro), alsook
het effect van hypoxie op de spier in de context van een heel organisme. Tevens werd
onderzocht of tijdelijke hypoxie tijdens inspanning een verstorende rol speelt in de
natuurlijke stimulatie van het oxidatief fenotype in de COPD patiënt.

HYPOXIE-SENSOR HIF‑1α MODULEERT HET OXIDATIEVE
METABOLISME VIA DE REGULATOR PGC‑1α

S

Afhankelijk van de ernst van de longaandoening kan in het spierweefsel van
een COPD patiënt een verlaagde zuurstofspanning optreden. De functie van het
spierweefsel, met name het zuurstofafhankelijke metabolisme, kan daardoor verstoord
raken. In Hoofdstuk 2 is daarom onderzocht of en via welk mechanisme chronische
hypoxie de indicatoren van het oxidatief fenotype negatief reguleert in een in vitro
model van spiercellen. Het oxidatief fenotype bestaat grofweg uit een structurele
component, dit zijn de eiwitten die zorgen voor contractie van de spiercellen, en een
metabole component bestaande uit de eiwitten die betrokken zijn bij de productie
van energie. Uit dit experiment bleek dat de expressie van mitochondriële eiwitten
die betrokken zijn bij energieproductie via oxidatieve fosforylering verlaagd is onder
hypoxische omstandigheden. Dit gaat gepaard met een verlaagde expressie en activiteit
van regulatoren van het oxidatieve metabolisme, waaronder de belangrijke regulator
PGC‑1α alsook transcriptiefactoren die het activeert, waaronder PPARα, PPARδ en ERRα.
Er is verder aangetoond dat de verlaagde genexpressie van PGC‑1α wordt gemedieerd
door HIF‑1α, een belangrijke regulator van de reactie op hypoxie.
In de mens is type I myosine een belangrijke component van het contractiele
apparaat van de meest oxidatieve spiervezels. In patiënten met ernstige COPD is
eerder aangetoond dat het aandeel spiervezels dat type I myosine tot expressie brengt
gereduceerd is. Echter, de meest oxidatieve spiervezels van knaagdieren bevatten
type IIa myosine in plaats van type I. In Hoofdstuk 2 is ook aangetoond dat hypoxie de
expressie van type I myosine stimuleert in de gekweekte muizenspiercellen. Dit effect
wordt wederom gemedieerd door HIF‑1α. Uit Hoofdstuk 2 blijkt dus dat HIF‑1α een
belangrijke rol speelt in de hypoxie-afhankelijke verstoring van zowel de structurele
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als de metabole component van het oxidatief fenotype in spiercellen, wat betekent
dat hypoxie inderdaad het verlies van oxidatief fenotype in de beenspieren van COPD
patiënten zou kunnen verklaren.

In tegenstelling tot de spiercellen in een kweekschaaltje kunnen spiercellen in een
organisme indirect beïnvloed worden door hypoxie, bijvoorbeeld via effecten op andere
organen of weefsels. In Hoofdstuk 3 wordt daarom het effect van chronische hypoxie (3
weken) op het oxidatief fenotype van skeletspier in een muismodel behandeld. Eerder
werd in ratten aangetoond dat de leeftijd van de rat bij blootstelling aan hypoxie een
belangrijke invloed heeft op de effecten van hypoxie op het oxidatief spierfenotype. De
studie is daarom uitgevoerd in muizen in drie leeftijdsgroepen van 4 weken (in de groei),
12 weken (stabiel lichaamsgewicht) en 52 weken (middelbare leeftijd).
In overeenstemming met de in vitro resultaten wordt in Hoofdstuk 3 aangetoond
dat chronische hypoxieblootstelling ook in vivo in een verlaging van de genexpressie
van indicatoren van het oxidatief metabolisme resulteert, zij het slechts subtiel. De
hoeveelheid van de eiwitten betrokken bij oxidatieve fosforylering was echter niet
aangedaan door hypoxie. In lijn met Hoofdstuk 2 wordt in Hoofdstuk 3 een verhoging
van de expressie van type I myosine gevonden onder invloed van hypoxie. De negatieve
effecten van chronische hypoxie op het oxidatief fenotype in skeletspier worden door
beide studies bevestigd, alhoewel de resultaten van de in vivo studie wat genuanceerder
zijn.
Een secundaire vraagstelling in Hoofdstuk 3 is of de leeftijd van de muis bij
blootstelling de effecten van chronische hypoxie beïnvloedt, zoals eerder aangetoond
in ratten. Inderdaad blijkt leeftijd het effect van hypoxie te moduleren: de oude muizen
vertonen een sterkere afname van gentranscripten voor eiwitten betrokken bij het
oxidatief metabolisme en ondergaan ook een groter verlies van spier- en vetmassa onder
invloed van hypoxie. De jongste muizen daarentegen vertoonden grotere veranderingen
met betrekking tot vezeltype en spieratrofie. Bij het modelleren van componenten uit
een ziekte die voorkomt in een populatie van middelbare tot hogere leeftijd, zoals het
geval is bij COPD, lijkt het dus verstandig om de leeftijd van de muizen hierop aan te
passen.

VERLIES VAN HET OXIDATIEF SPIERFENOTYPE TREEDT OP IN
MILDERE STADIA VAN COPD

Hoewel het al langer bekend is dat in patiënten met ernstige COPD een verlies
van het oxidatief fenotype in skeletspier optreedt, zijn er nog relatief weinig studies
gedaan naar spierafwijkingen in mildere stadia van de ziekte. In Hoofdstuk 4 is daarom
een groep patiënten met milde tot matige COPD bestudeerd. Hoewel deze patiënten
nog geen significant spiermassaverlies vertonen, is er wel een verlaging van indicatoren
van het oxidatief fenotype meetbaar. Onder andere de genexpressie van de regulator
PGC‑1α, die belangrijk is voor het oxidatieve metabolisme, is verlaagd. In Hoofdstuk 2
werd al aangetoond dat in spiercellen in vitro PGC‑1α expressie verlaagd werd onder
hypoxische omstandigheden door de hypoxie-afhankelijke regulator HIF‑1α. Mogelijk ligt
dit mechanisme ook ten grondslag aan het verlaagde expressieniveau van PGC‑1α in de
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spier van de patiënten. Wel duidelijk is dat het verlies van oxidatief fenotype in de spier
klinisch relevant is, omdat het gepaard gaat met een verminderd uithoudingsvermogen
van die zelfde spier in deze patiëntengroep. Afwijkingen van het spiermetabolisme treden
dus reeds op in een milder stadium van de ziekte, onafhankelijk van spiermassaverlies.
Patiënten met COPD zijn gemiddeld minder actief. Ook fysieke inactiviteit kan
resulteren in een verlies van oxidatief fenotype van de spier. In Hoofdstuk 2 is echter
geen verband gevonden tussen indicatoren van het oxidatief fenotype en de totale
fysieke activiteit van de COPD patiënten of de intensiteit van die activiteit. Een rol voor
inactiviteit in het verlies van oxidatief fenotype kan echter niet worden uitgesloten,
omdat onze studie transversaal en niet longitudinaal van opzet was.

DE REGULATOIRE RESPONS VAN OXIDATIEF FENOTYPE OP
INSPANNING IS NORMAAL IN PATIËNTEN MET MILDE TOT
MATIGE COPD

S

In gezonde personen zorgt inspanning voor verhoging van de genexpressie van
PGC‑1α en stimulatie van het oxidatief fenotype in de spier. De vraagt rijst in hoeverre een
verlaagde zuurstofspanning in het bloed tijdens inspanning, een geregeld voorkomend
symptoom bij COPD patiënten, een verstoring oplevert van de natuurlijke stimulatie van
het oxidatief fenotype door inspanning. Daarom is in Hoofdstuk 5 de inspanningsreactie
van genen coderend voor eiwitten betrokken bij het oxidatief metabolisme in de
beenspier bestudeerd in dezelfde groep milde tot matige COPD patiënten waarbij in
Hoofdstuk 4 reeds een verlies van oxidatief fenotype werd geconstateerd. Bij de helft van
de patiënten werd tijdens de fietstest een verlaagde zuurstofspanning in het arteriële
bloed gedetecteerd. De genen van indicatoren van het oxidatief fenotype, waaronder
PGC‑1α, reageerden in deze test echter niet anders in de patiënten dan in de controles,
ondanks dat patiënten op een lagere intensiteit fietsten. Ook was er geen onderscheid
in de respons van patiënten met inspanningsgeassocieerde verlaagde zuurstofspanning
en patiënten met normale zuurstofspanning.
Naast de arteriële zuurstofspanning werd ook de zuurstofspanning in de spier
gevolgd met behulp van infraroodspectroscopie (NIRS). In Hoofdstuk 5 is aangetoond dat
er geen significante verschillen zijn in de zuurstofspanning in de spier tussen patiënten
en controles of tussen patiënten met normale en verlaagde arteriële zuurstofspanning
tijdens de fietstest. Ook was er geen verband tussen de zuurstofspanning in de arteriën
en die in de spier tijdens de fietstest. De respons van de genen van indicatoren van
het oxidatief fenotype bleek ook niet verschillend in patiënten met een hoge of lage
zuurstofspanning in de spier tijdens de fietstest. Op dit niveau van regulatie van het
oxidatief fenotype vertonen de patiënten dus een normale reactie op inspanning. Er
is echter niet onderzocht in hoeverre processen na deze initiële regulatie verstoord
zijn in de patiënten. Een intacte respons van regulatoren van het oxidatief fenotype op
inspanning impliceert dat patiënten met milde tot matige COPD baat kunnen hebben
bij geregelde fysieke activiteit om het oxidatief fenotype van de beenspieren op pijl te
houden.
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GEEN VERHOOGDE OXIDATIEVE STRESS IN DE SPIER IN
MILDERE STADIA VAN COPD

Uit eerder onderzoek is bekend dat glycolytische spiervezels, die minder
afhankelijk zijn van zuurstof dan oxidatieve vezels, een grotere hoeveelheid oxidatieve
stress veroorzaken. Oxidatieve stress ontstaat als de hoeveelheid schadelijke reactieve
zuurstofverbindingen groter is dan de capaciteit van de cel om deze verbindingen op
te ruimen. De reactieve zuurstofverbindingen ontstaan tijdens verschillende cellulaire
processen, waaronder het mitochondrieel metabolisme. In Hoofdstuk 4 is aangetoond
dat er inderdaad een negatieve correlatie bestaat tussen het aandeel oxidatieve type I
vezels en de aanwezigheid van producten van oxidatieve stress in de beenspieren van
COPD patiënten. Hoewel de patiënten relatief minder oxidatieve vezels in de beenspier
hebben, is de hoeveelheid oxidatieve stressproducten echter niet verschillend tussen
patiënten en controles. Bovendien is In Hoofdstuk 5 aangetoond dat ook tijdens de
fietstest er geen verhoogde ophoping optreedt van oxidatieve stressproducten in de
spier van patiënten vergeleken met controles, onafhankelijk van eventueel verlaagde
arteriële zuurstofspanning tijdens de test. De patiënten vertoonden in vergelijking
met de gezonde controles echter wel een verhoogde genexpressie van zogenaamde
antioxidant enzymen betrokken bij de verdediging tegen oxidatieve stress. Uit deze
resultaten blijkt dat zowel basale alsook inspanningsgeïnduceerde oxidatieve stress in
deze mildere stadia van COPD nog niet verhoogd is in de spier, zoals eerder wel werd
aangetoond voor patiënten met ernstige COPD.
In Hoofdstuk 6 worden de resultaten van de studies zoals beschreven in dit
proefschrift bediscussieerd. Hoewel er voorheen in de COPD patiënten geen duidelijk
verband is aangetoond tussen spierafwijkingen en de ernst van de ziekte (gebaseerd
op de mate van luchtwegobstructie), vonden wij in een gecombineerde analyse van de
studie beschreven in Hoofdstuk 4 en een eerdere studie wel enig verband tussen de mate
waarin de long zuurstof kan opnemen (bepaald als DLCO) en het aandeel oxidatieve type
I spiervezels in de quadriceps beenspier. Ook vonden wij in deze gecombineerde analyse
voor de milde tot matige COPD patiënten een verband van het aandeel type I spiervezels
met de arteriële zuurstofspanning, wat eerder al werd aangetoond in ernstige COPD. Dit
wijst op een potentiële rol voor verlaagde zuurstofspanning in het bloed (hypoxemie)
in het verlies van oxidatief fenotype zoals aangetoond in de beenspieren van COPD
patiënten. Deze aanwijzingen worden onderbouwd door de bevindingen in de spiercellen
in vitro en in het muismodel, waar indicatoren van het oxidatieve metabolisme negatief
werden beïnvloed door hypoxie. Meer onderzoek naar de onderliggende moleculaire
mechanismen zullen kunnen leiden tot de ontwikkeling van interventies om een verlies
van het oxidatief fenotype van skeletspieren te voorkomen of af te zwakken en daarmee
de kwaliteit van leven van de COPD patiënt te verbeteren.
Samengevat kan uit de resultaten zoals beschreven in dit proefschrift worden
geconcludeerd dat hypoxie inderdaad verscheidene indicatoren van het oxidatief
metabolisme van de skeletspier verlaagt. Niettemin zijn er vele factoren die verschillen
tussen het muismodel en de klinische situatie van een COPD patiënt die mogelijk de
effecten van hypoxie op het oxidatief spierfenotype beïnvloeden. Uit de in vivo studie
blijkt dat chronische hypoxie op zichzelf slechts een milde aantasting van het oxidatief
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fenotype van de spier oplevert. Echter, hypoxie kan de uitwerking van andere ziektegerelateerde factoren, zoals ontsteking, medicatie en fysieke inactiviteit, op het oxidatief
fenotype beïnvloeden. Om een beter toepasbaar translationeel onderzoeksmodel te
verkrijgen is het daarom relevant om de interacties van hypoxie met andere factoren die
COPD definiëren te onderzoeken.
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WHAT IS THE PROBLEM AND HOW DO WE CONTRIBUTE?

V

Chronic obstructive pulmonary disease (COPD) is a lung disease characterized by
irreversible obstruction of airflow in the lungs. The main risk factor for development of
COPD is active smoking, but second-hand smoke, frequent lower respiratory infections,
dust, chemical fumes, and air pollution in the workplace or the environment also
contribute. In addition, there are genetic disorders that predispose to develop COPD.
COPD is frequently diagnosed in people aged over 40 because disease development is
slow. According to estimates by the World Health Organization, approximately 65 million
people worldwide are affected by COPD. The ‘global burden of disease’ study indicates
that in 2020 COPD will be the third leading cause of death and the fifth leading cause
of years lost through early mortality or handicap. In The Netherlands 1 in 50 people are
diagnosed with COPD. From people over 80 years of age, 1 in 6 people are affected.
COPD is not limited to the lung; systemic manifestations including skeletal muscle
dysfunction seriously affect disease burden. Loss ovf skeletal muscle mass due to muscle
fiber atrophy results in reduced muscular strength and is independently associated with
increased morbidity and mortality. Furthermore, a reduced proportion of oxidative
muscle fiber types and mitochondrial metabolism (loss of oxidative phenotype; Oxphen)
in the limb muscle is associated with increased muscular fatigability and reduced
exercise capacity. Moreover, patients are more susceptible to comorbidities such as the
metabolic syndrome and cardiovascular disease. Interestingly, loss of Oxphen has been
proposed to be associated with muscle wasting and to be a driver of cardiovascular and
metabolic risk in COPD. Delaying or even reversing loss of Oxphen might therefore be a
promising therapeutical approach, increasing quality of life and decreasing health care
costs by reducing the amount of hospital admissions.
Skeletal muscle of a COPD patient is exposed to multiple deleterious factors,
such as low-grade systemic inflammation, malnutrition, hypoxia, physical inactivity,
corticosteroid medication, and oxidative and nitrosative stress. All these factors may be
implicated in skeletal muscle dysfunction and their role in skeletal muscle wasting has
been described before. However, their role in loss of Oxphen is not elaborately explored.
In the research described in this thesis, we focused on the role of hypoxia in the loss
of skeletal muscle Oxphen. We investigated the effect of chronic hypoxia on muscle
cells directly (in vitro) and on muscle as a part of the mouse (in vivo). In addition, we
investigated the effect of acute hypoxia as a consequence of exercise-induced systemic
oxygen desaturation in COPD patients. The results reported in this thesis suggest
that hypoxia per se can play a role in the loss of muscle Oxphen. Consequently, the
research described in this thesis certainly has substantial societal impact, albeit not with
immediate monetary value.
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One of the main findings of this research in relation to COPD was that patients
with mild to moderate disease already have a loss of skeletal muscle Oxphen, while
muscle weakness and atrophy are not (yet) present. Another main finding from the
exercise study described in this thesis is that the initial regulatory gene expression
response to exercise, which is a natural stimulant of muscle Oxphen, is intact in the
skeletal muscle of mild to moderate COPD patients. This would implicate that patients
already at an early disease stage would benefit from an intervention program that
includes endurance training while pulmonary rehabilitation (PR) is currently mostly
considered in more advanced disease. Early exercise intervention and counseling may
also be more cost effective as in more advanced disease often a multidisciplinary PR
approach is required, including not only exercise training but also nutritional counseling
and psychosocial interventions. During early disease, patients are less symptomatic and
exercise training is only moderately hampered by ventilatory impairment which may also
from a metabolic perspective enhance intervention efficacy.
Findings from the in vitro research described in this thesis include that hypoxia
attenuates the activity of PPAR transcription factors by reducing expression of their
coactivator PGC‑1α in a HIF‑1α-dependent manner. PPARs and PGC‑1α are important
regulators of muscle oxidative phenotype and their expression has been shown to be
decreased in skeletal muscle of COPD patients, even in mild to moderate COPD as shown
in this thesis. The in vitro experiments showed that PPAR transcriptional activity could
be boosted under hypoxic conditions using the PPARδ ligand GW501516. Furthermore,
removing HIF‑1α, which is a master regulator of the hypoxic response, under hypoxic
conditions could restore PGC‑1α gene expression and PPAR transcriptional activity. These
findings indicate that nutritional or pharmacological interventions targeted at these
regulatory molecules could help maintain or boost skeletal muscle oxidative phenotype
in patients with COPD. These interventions could be combined with exercise training
for a synergistic effect. Previously it has been shown that supplementation with polyunsaturated acids in addition to exercise training indeed significantly improves exercise
capacity of patients with advanced COPD (1). However, since no muscle biopsies were
taken in that study, there is no information available regarding molecular changes in the
muscle.

FOR WHOM IS IT OF INTEREST AND HOW SHOULD WE
PROCEED?

The results from this thesis are of interest for primary health care physicians, chest
physicians and physiotherapists to optimize COPD therapy and improve patients’ quality
of life. Particularly general practitioners (GPs) are in a position to recognize symptoms
of COPD in an early stage and to contribute to counteract the loss of Oxphen already
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in early COPD. Analyses by the American Thoracic Society and European Respiratory
Society indicate that PR in advanced COPD is cost-effective: hospitalizations are of
shorter duration and lower frequency in the years following PR. It stands to reason that
earlier exercise intervention and potentially nutritional or pharmacological intervention
can further improve patient health and reduce health care costs. However, there is still
research to be done in this area. From our results it appears that the response to a
single exercise bout is not abnormal in patients with mild to moderate COPD. Future
research should uncover whether the training response downstream of the regulators’
gene expression is also intact in these patients.
The results regarding nutritional and pharmacological intervention will eventually
also be of interest for the nutrition and pharmaceutical industries that can develop
medical nutrition and supplements for patients with COPD. However, this thesis
only slightly touched upon the subject of pharmacological intervention and further
experimentation both in vitro and in vivo is necessary before it is financially feasible to
be pursued by commercial parties.

FEASIBILITY

A potential obstacle for early exercise/nutritional/pharmacological intervention to
boost Oxphen is that patients that are not (yet) symptomatic will likely be less motivated
to work to improve their health. Therefore, early implementation of (pre-emptive)
intervention programs does not only depend on well-timed prescription by health care
workers, but also on the intrinsic motivation of patients. Consequently, an effort should
be made to increase patients’ awareness of the benefits of early intervention.

SPREAD

V

To increase societal impact, a large spread is essential. Ultimately we would
like the patients, especially those with mild to moderate disease, to benefit from our
findings. A first place to start the spreading would therefore be the GP office. GPs see
the patients first when they present with mild symptoms of what possibly is COPD.
Therefore, GPs should be made aware that intervention by physical exercise programs at
this stage could improve the outlook for patients by delaying or maybe even preventing
progression of the disease. Secondly, pulmonologists should be informed on the
potential benefits of early exercise/nutritional/pharmacological intervention for their
patients. Information can be spread at conferences. Clinicians can relay this information
to the patients. Thirdly, patients should be made aware of the importance and benefit of
early exercise/nutritional/pharmacological intervention to boost their muscle Oxphen.
This information can be relayed through patient groups, who also visit the national
Lung Days, a yearly conference visited by researchers, clinicians and patient groups. In
addition, patients to include in early exercise intervention trials should be recruited via
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for example newspaper advertisements, so that patient recruitment is not biased by the
willingness of clinicians to cooperate with patient inclusion. If the trials turn out to be
beneficial for the patients, patients can then further spread the word to their doctors so
these doctors will be convinced not just from the academic perspective, but also from
the perspective of the patients, who are the ultimate beneficiaries.
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LIST OF ABBREVIATIONS

A

ACTB
ADP
AICAR
ALAS1
AMP
AMPK
ANOVA
ARDS
ARNT
ATF2
ATP
ATS
ATVO2
AU
B2M
β-gal
BMI
BOLD
BSA
C2C12
CaMK
cAMP
Canx
CAT
CBP
cDNA
CHF
CMV
Cn
COPD
COPDD
COPDND
COX
CP
CRE
CREB
CS
CSA
CXCL
CYC1
DLCO
DMEM
DMSO
DNA
DNP
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β-actin
adenosine diphosphate
5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside
5-aminolevulinate synthase 1
adenosine monophosphate
adenosine monophosphate-activated protein kinase
analysis of variance
acute respiratory distress syndrome
aryl hydrocarbon nuclear receptor
activating transcription factor 2
adenosine triphosphate
American Thoracic Society
oxygen uptake (VO2) at anaerobic threshold
arbitrary units
β2-microglobulin
β-galactosidase
body mass index
‘global burden of disease’ study
bovine serum albumin
mouse skeletal muscle cell line
Ca2+/calmodulin-dependent protein kinase
cyclic adenosine monophosphate
calnexin
COPD assessment test
CREB binding protein
complementary DNA
chronic heart failure
cytomegalovirus
calcineurin
chronic obstructive pulmonary disease
COPD patients that desaturated during exercise (SpO2 fall ≥ 4%)
COPD patients that did not desaturate during exercise (SpO2 fall < 4%)
cytochrome c oxidase
Chuvash polycythemia
cAMP response element
cAMP response element-binding protein
citrate synthase
cross-sectional area
chemokine (C-X-C motif) ligand
cytochrome c-1
diffusion capacity of the lungs for carbon monoxide
Dulbecco’s Modified Eagle’s Medium
dimethyl sulfoxide
deoxyribonucleic acid
2,4-dinitrophenylhydrazone

DSHB
DTT
EC
ECG
EDL
EDTA
eIF4E
ENSG
ENST
EPI
ERR
ESRRA
ETC
EV
FADH
FBS
FEV1
FFA
FFMI
FIH-1
FVC
GABPA
GAPDH
GAS
GCN5
gDNA
GLUT
GOLD
GP
GSK-3β
GUSB
h
HAD/HADH(A)
HAT
HBSS
HCO3HDAC
HHb
HIF
HIV
HK
HMBS
HMOX1
HO-1
HPRT1

Developmental Studies Hybridoma Bank
dithiothreitol
Enzyme Commission number
electrocardiogram
extensor digitorum longus
ethylenediaminetetraacetic acid
eukaryotic translation initiation factor 4E
Ensembl Gene annotation
Ensembl Transcript annotation
epididymal
estrogen-related receptor
estrogen-related receptor α
electron transport chain
empty vector
flavin adenine dinucleotide
fetal bovine serum
forced expiratory volume in 1 s
free fatty acids
fat-free mass index
factor inhibiting HIF-1
forced vital capacity
GA binding protein alpha
glyceraldehyde 3-phosphate dehydrogenase
gastrocnemius
general control non-derepressible 5
genomic DNA
glucose transporter
Global Initiative for Chronic Obstructive Lung Disease
general practitioner
glycogen-synthase kinase 3β
β-glucuronidase
hour(s)
3-hydroxyacyl-CoA dehydrogenase /3 ketoacyl- CoA thiolase/enoyl-CoA
hydratase alpha
histone acetyltransferase
Hank’s Buffered Salt Solution
bicarbonate
histone deacetylase
deoxygenated hemoglobin/myoglobin
hypoxia-inducible factor
human immunodeficiency virus
hexokinase
hydroxymethyl-bilane synthase
heme oxygenase-1
heme oxygenase-1
hypoxanthine phosphoribosyl-transferase 1
169

A

List of abbreviations

List of abbreviations

A

HR
HRE
IGF-1
ING
IP
kDa
LPS
LTOT
MAPK
MCH
MCHC
MCPT
MCV
MDA
MEF2
MHC
min
miRNA
mM
μM
μm
mMRC
MOPS
mPGC1α
mPPARα
mRNA
MSTN
mtDNA
mTOR
MUMC+
MVPA
MVV
MyHC
NAD+
NADH
nDNA
NDUFB
NFAT
NF-κB
NIRS
nM
NR
NRF
NTR
NVALT
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heart rate
hypoxia-responsive element
insulin-like growth factor 1
inguinal
immunoprecipitation
kilodalton
lipopolysaccharide
long-term oxygen therapy
mitogen-activated protein kinase
mean corpuscular hemoglobin
mean corpuscular hemoglobin concentration
muscle carnitine palmitoyltransferase
mean corpuscular volume
malondialdehyde
myocyte enhancer factor-2
myosin heavy chain
minute(s)
microRNA
millimolar
micromolar
micrometer
modified Medical Research Council questionnaire
3-(N-morpholino)propansulfonic acid
mouse PGC-1α
mouse PPARα
messenger RNA
myostatin
mitochondrial DNA
mammalian target of rapamycin
Maastricht University Medical Center+
moderate to vigorous physical activity
maximal voluntary ventilation
myosin heavy chain
nicotinamide adenine dinucleotide, oxidized
nicotinamide adenine dinucleotide, reduced
nuclear DNA
NADH dehydrogenase (ubiquinone) 1 beta
nuclear factor of activated T-cells
nuclear factor kappa-light-chain-enhancer of activated B cells
near-infrared spectroscopy
nanomolar
nuclear receptor
nuclear respiratory factor
Nederlands Trial Register
Nederlandse Vereniging van Artsen voor Longziekten en Tuberculose
(Dutch Society of Physicians for Lung Diseases and Tuberculosis )

List of abbreviations

oxygenated hemoglobin/myoglobin
Optimal Cutting Temperature compound
oxygen-dependent degradation domain
oxidative phenotype
oxidative phosphorylation
physical activity
protein domain first discovered in Per, Arnt and Sim proteins
phosphate-buffered saline
phosphocreatine
polymerase chain reaction
pyruvate dehydrogenase complex
pyruvate dehydrogenase kinase
phosphofructokinase
phosphofructokinase, muscle isoform
peroxisome proliferator-activated receptor γ, co-activator 1α/β
prolyl hydroxylase domain enzyme
protein kinase A
plantaris
phenylmethylsulfonyl fluoride
peroxisome proliferator-activated receptor α/δ/γ
peroxisome proliferator-activated receptor γ, co-activator 1α/β
peptidyl-prolyl cis–trans isomerase A
pulmonary rehabilitation
PGC-1-related coactivator
protein arginine N-methyltransferase 1
poly-unsaturated fatty acid
polyvinylidene difluoride
respiratory failure
RNA-induced silencing complex
ribonucleic acid
RNA interference
small nuclear RNA
reactive oxygen species
ribosomal protein 13A
large ribosomal protein P0
rat PPARδ
reverse-transcription polymerase chain reaction
standard deviation
succinate dehydrogenase complex, subunit B
sodium dodecyl sulfate
sucrose/EDTA/Tris buffer
small interfering RNA
sirtuin 1
glucose transporter (GLUT) 1
superoxide dismutase
soleus

A

O2Hb
OCT
ODDD
Oxphen
OXPHOS
PA
PAS
PBS
PCr
PCR
PDC
PDK
PFK
PFKM
PGC-1α/β
PHD
PKA
PLA
PMSF
PPARα/δ/γ
PPARGC1A/B
PPIA
PR
PRC or PPRC
PRMT1
PUFA
PVDF
RF
RISC
RNA
RNAi
RNU
ROS
RPL13A
RPLP0
rPPARδ
RT-PCR
SD
SDHB
SDS
SET
siRNA
SIRT1
SLC2A1
SOD
SOL
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SpO2
arterial oxygen saturation
SRC-1/3
steroid receptor coactivator-1/3
SRF
serum response factor
TBS
Tris-buffered saline
TBST
Tris-buffered saline with Tween-20
TCA
tricarboxylic acid
TFAM
mitochondrial transcription factor A
TFB1M/TFB2M mitochondrial transcription factor B1/2
TIB
tibialis anterior
TK
thymidine kinase
TNF-α
tumor necrosis factor α
TR
thyroid hormone receptor
TSI
tissue saturation index
Tuba1a
α-tubulin 1A
UBC
ubiquitin C
v/v
volume/volume (concentration)
VEGF
vascular endothelial growth factor
VHL
von Hippel-Lindau protein
VO2max
maximal oxygen consumption
w/v
weight/volume (concentration)
WB
western blot
WR
work rate
YWHAZ
tyrosine 3-monooxygenase/ tryptophan 5-mono-oxygenase activation
protein, zeta polypeptide
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