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Abstract

Exercise can have a positive therapeutic effect in people with chronic obstructive pulmonary disease
(COPD), where skeletal muscle dysfunction is strongly associated with poor prognosis. However, the
precise effect of exercise on skeletal muscle mitochondrial biology in COPD is not yet understood.
COPD is an inflammatory lung condition that is characterised by obstructed airflow from the lungs.
Around 390 million people are affected across the globe, with exposure to environmental tobacco
smoke being the greatest risk factor. While it is described as a chronic disease, complications can lead
to acute respiratory failure. Different types of physical exercise may have a potential therapeutic
benefit, but COPD often limits such activities in affected people. Here we explored the effect that a
session of eccentric or concentric cycling can induce in the proteome of mitochondria isolated from
skeletal muscle of COPD individuals. We report changes in the abundance of proteins that have been
associated with mitochondrial ultrastructure and morphology, with some sex-specific changes, while
others are common to both male and female participants. We found that the changes in protein
expression are distinct between the different types of cycling exercise and that there are more proteins
with significantly altered abundance in response to both types of exercise, in males. Rapid, exercise
specific changes in the skeletal muscle mitochondrial proteome clearly demonstrate that treatment
strategies for this common and debilitating condition should be managed differently in males and
females. Immediate proteomic changes have not been measured previously and could be interpreted
as a more ‘reflexive’ effect of exercise, least moderated by background heterogeneity. Our data show
that all exercise types probably do not elicit the same quality of therapeutic benefit and therefore
should be evaluated carefully before recommendation to people with COPD.

Keywords: COPD; mitochondria; proteomics; eccentric; concentric; skeletal muscle; sex differences

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a global disease that is estimated to impact
10.3% of people aged 30 to 79 years old, which amounts to over 390 million people[1]. The 2022 report
published by the Global Initiative for Chronic Obstructive Lung Disease (GOLD) defines COPD as a
“common, preventable, and treatable disease that is characterized by persistent respiratory
symptoms and airflow limitation[2]. The most significant risk factor for COPD is exposure to
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environmental tobacco smoke[3]. The major pathophysiology of COPD is the narrowing of the
bronchioles in the lungs, due to inflammation and fibrosis, resulting in impaired airflow and gas
exchange[4]. The impaired airflow leads to the characteristic symptom of dyspnoea, while acute
respiratory failure is a common event associated with severe exacerbation of the disease[5].

Hypoxia of lung alveoli contributes to the hypoxemia observed in COPD patients[6], which is
linked to muscle dysfunction and wasting observed in COPD[7]. Reduced blood oxygen is likely to
impact the function of the mitochondria, as they depend upon oxygen delivery to cells, where ATP
is produced by oxidative phosphorylation. COPD patients with a low BMI (which could be attributed
to sarcopenia) have reduced respiratory chain function in the vastus lateralis when compared with
COPD patients with a normal BMI and healthy control trial participants[8]. It has been speculated
that skeletal muscle dysfunction could be associated with abnormal mitochondrial adaptation to
episodes of cell hypoxia. Mitochondrial oxygen consumption and ATP production in state 3
respiration were both decreased in the vastus lateralis and the external intercostalis of mild to
moderate COPD patients undergoing surgery for lung cancer. Also, cytochrome c oxidase activity
showed a significant negative relationship with arterial oxygen tension[9].

Mitochondrial function has been clearly connected with COPD pathology since increased levels
of uncoupling protein 3 (UCP3) transcription have been measured[8], increased reactive oxygen
species (ROS) in both skeletal muscle and bronchial tissue[9,10], decreased mitochondrial membrane
potential in bronchial tissue of GOLD grade 2 COPD patient bronchial tissue, and decreased
expression of respiratory complex proteins in the bronchial tissue mitochondria of both GOLD grade
2 COPD patients and GOLD grade 3/4 skeletal muscle mitochondria[10]. The role of the inner
mitochondrial fusion protein OPA1 has also been studied with respect to the pathophysiology of
COPD; short OPA1 isoforms maintain mitochondrial bioenergetic function and cristae structure and
appear to be significantly elevated in COPD patient lung tissue[11,12].

While COPD limits the capacity for exercise of those living with the disease[13], exercise therapy
has long been considered for the physical and psychosocial wellbeing of patients with this
condition[14]. Contemporary studies with exercise regimes that have a low cardiorespiratory
demand also demonstrate the benefits of exercise as a therapeutic intervention for COPD[15]. The
effectiveness of exercise therapy for other chronic respiratory diseases, including cystic fibrosis and
asthma in children, has been reviewed[16]. Until now, changes to the mitochondrial proteome, which
could be associated with improved skeletal muscle function resulting from exercise, remains largely
undefined in individuals with respiratory diseases such as COPD.

When a muscle is used in exercise then its contraction can be isometric, where its length does not
change during contraction, or isotonic, where the muscle can become either shorter or longer while
tension is kept constant[17]. Isotonic contraction is defined as concentric, where the muscle shortens
while producing force, or eccentric, when it lengthens. As eccentric cycling has been shown to have a
lower cardiopulmonary demand than concentric exercise when mechanical loads are matched[18], it
presents an easier way to exercise for people who have difficulty with breathing and muscle strength
(e.g. in COPD)[19].

Eccentric exercise promotes the highest forces with the lowest energy requirement[20], when
compared with concentric exercise. There have been efforts to understand the impact of eccentric
exercise on mitochondria in humans and other animals. The results have been mixed, where
mitochondrial calcium content has been shown to be elevated, which leads to increased
mitochondrial permeability transition pore (MPTP) sensitivity[21]. However, other aspects of
mitochondrial physiology remain unaltered, including respiratory chain activity of skeletal muscle
from participants with COPDI[22], despite suggestions that the high levels of muscle damage
associated with eccentric exercise might lead to significant changes[23]. This is in comparison to the
impact of concentric exercise on mitochondrial physiology, where a study of rats found that 20 days
of concentric exercise training increased maximal respiration in gastrocnemius and soleus muscles
but eccentric training did not, and eccentric training caused an increase in H20: output in vastus
intermedius muscles[24].
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Proteomic profiling has been used in studies of COPD, both to develop a deeper understanding
of the pathophysiological changes in disease relevant tissues[25-27], and as a potential diagnostic
tool from minimally invasive sample collection procedures[28]. The mitochondrial proteome has also
been widely studied across a range of model organisms[29-32], as well as different states of human
health and disease[33-35]. Contemporary methods of label-free mass spectrometry are increasingly
used for quantitative proteomic studies in place of more expensive and often time-consuming sample
labelling methods[36]. Orbitrap technology has been widely adopted in proteomic studies since the
early 2000s and has allowed for high-sensitivity, high-resolution studies of biological samples[37,38].
The acquired datasets can be analysed downstream using bioinformatics tools such as STRING-db
and KEGG, offering novel biological insights based on the proteomic profile of the sample in
question[39,40]. These bioinformatics data can then be pursued further by classical molecular biology
and biochemical experimentation.

Here we measured changes in skeletal muscle mitochondria in response to cycling. We
quantified protein level differences of mitochondrial fractions in response to i) eccentric or concentric
exercise, and ii) sex of the participant. Label-free mass spectrometry and western blot were used to
determine the proteome of isolated mitochondria. Biochemical assays, including ATPase activity and
lipid peroxidation (MDA), were used to further characterise the mitochondrial changes in response
to the exercise.

2. Methods

2.1. COPD Patient Exercise and Tissue Sampling

COPD quadriceps biopsy samples were collected as part of a previous study[15]. Full details of
participants, exercise regime and sampling methodology can be found in the earlier study.

The protocol was approved by the Leicestershire South Regional Ethics Committee (Identifier:
IRAS 214536). All participants gave informed written consent before taking part. Separate informed
written consent was obtained for biopsy sampling.

Local area ethical approval was applied for and approved by the University of Nottingham
approval number 3628 220728 HTA.

In brief, participants performed 20-minute bouts of eccentric and concentric exercise at 65% peak
workload. Biopsies were obtained at rest and 60 s after exercise cessation from incisions at least 2 cm
apart. Biopsies for eccentric exercise and concentric exercise were obtained from opposite legs.
Approximately 100 mg of tissue was removed under local anaesthetic using the modified Bergstrom
technique. Tissue was frozen immediately in liquid nitrogen and stored at -80°C until analysis.

2.2. Mitochondrial Isolation

Mitochondria were isolated from 25 mg of tissue per biopsy sample via differential
centrifugation, using previously described standard methods[41]. Male and female samples for pre-
and post-exercise condition were chosen (n=3 biological replicates, 24 samples in total). In brief, tissue
was lysed in mitochondrial isolation buffer with a Dounce homogeniser. The lysate was centrifuged
at 850 g for 10 mins to remove insoluble material. The supernatant was centrifuged at 1050 g for 10
mins, and the supernatant collected before centrifugation at 10,000 g for 15 mins to generate the
mitochondrial pellet, and subsequent supernatant was discarded.

2.3. SDS-PAGE

The mitochondrial pellet generated from each 25 mg tissue sample was subject to SDS-PAGE.
The pellet was resuspended in 5 pL PBS, 3 pL DTT, and 3 pL LDS. The resuspended sample was
loaded onto polyacrylamide pre-cast gels (NuUPAGE™ 4 to 12%, Bis-Tris, 1.0 mm, Mini Protein Gel,
12-well). A fixed voltage (200 V) was applied to the gel until the dye front reached 2 cm into the gel
and the gel was then stained with ProtoBlue Safe Coomassie G-250. The gels were de-stained with
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deionised water, and stained protein bands were excised from the gel and added to 1.5 mL microfuge
tubes.

2.4. Label-Free Mass Spectrometry

The mitochondrial protein samples were sent to the Centre of Excellence for Mass Spectrometry
at the University of York for analysis. Protein was in-gel digested overnight at 37°C with 0.2 pg
sequencing grade trypsin and Lys-C protease mixture (Promega V5073), following reduction 10 mM
dithioerythritol and S-carbamidomethylation with 50 mM iodoacetamide.

Extracted peptides were loaded onto an mClass nanoflow UPLC system (Waters) equipped with
ananoEaze M/Z Symmetry 100 A Cis, 5 um trap column (180 pm x 20 mm, Waters) and a PepMap, 2
um, 100 A, Cis EasyNano nanocapillary column (75 um x 500 mm, Thermo). The trap wash solvent
was aqueous 0.05% (v:v) trifluoroacetic acid and the trapping flow rate was 15 pL/min. The trap was
washed for 5 min before switching flow to the capillary column. Separation used gradient elution of
two solvents: solvent A, aqueous 0.1% (v:v) formic acid; solvent B, acetonitrile containing 0.1% (v:v)
formic acid. The flow rate for the capillary column was 330 nL/min and the column temperature was
40°C. The linear multi-step gradient profile was: 3-10% B over 7 mins, 10-35% B over 30 mins, 35-99%
B over 5 mins and then proceeded to wash with 99% solvent B for 4 min. The column was returned
to initial conditions and re-equilibrated for 15 min before subsequent injections.

The nanoL.C system was interfaced with an Orbitrap Fusion Tribrid mass spectrometer (Thermo)
with an EasyNano ionisation source (Thermo). Positive ESI-MS and MS? spectra were acquired using
Xcalibur software (version 4.0, Thermo). Instrument source settings were: ion spray voltage, 1,900 V;
sweep gas, 0 Arb; ion transfer tube temperature; 275°C. MS! spectra were acquired in the Orbitrap
with: 120,000 resolution, scan range: m/z 375-1,500; AGC target, 4e% max fill time, 100 ms. Data
dependant acquisition was performed in top speed mode using a 1 s cycle, selecting the most intense
precursors with charge states >1. Easy-IC was used for internal calibration. Dynamic exclusion was
performed for 50 s post precursor selection and a minimum threshold for fragmentation was set at
5e3. MS? spectra were acquired in the linear ion trap with: scan rate, turbo; quadrupole isolation, 1.6
m/z; activation type, HCD; activation energy: 32%; AGC target, 5e3; first mass, 110 m/z; max fill time,
100 ms. Acquisitions were arranged by Xcalibur to inject ions for all available parallelizable time.

Peaklists in .raw format were loaded into PEAKS Studio X Pro (Version 10.6, Bioinformatics
Solutions Inc.) for peptide identification and peak area-based label-free relative quantification.
Database searching was performed against the human subset of the UniProt database (20476
sequences), specifying: Enzyme, trypsin; Max missed cleavages, 2; Fixed modifications,
Carbamidomethyl (C); Variable modifications, Oxidation (M); Peptide tolerance, 3 ppm; MS/MS
tolerance, 0.5 Da. Subsequent PEAKS-PTM searching was used to consider all Unimod listed
modifications for PEAKS-DB identified proteins. Peptide identifications were filtered to 1% false
discovery rate as assessed empirically against a decoy database. Protein quantification was
performed using MS1 precursor ion areas following LC-MS chromatogram alignment. Protein
quantifications were set to require a minimum of two unique peptides to be considered quantifiable.
727 proteins were accepted as quantifiable among samples. MS intensity was normalized between
samples by total MS1 ion signal. An ANOVA comparison was applied for significance testing with
the null hypothesis that proteins are of equal abundance between sample groups tested. The
Hochberg and Benjamini multiple test correction was used to convert p-values to g-values. For
pairwise comparisons multiple unpaired t tests were applied in GraphPad Prism.

2.5. Enrichment Analysis and Hierarchical Clustering

Protein accession numbers were uploaded to STRING-db for enrichment analysis, and
additional analysis of data was completed in GraphPad Prism. Hierarchical clustering analysis was
completed using Morpheus (https://software broadinstitute.org/morpheus). Data are presented with
average-linkage and one minus Pearson correlation distance.
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2.6. ATPase Assay

The ATPase activity of tissue lysates from patient tissue samples was measured using the
ab234055 ATPase Assay Kit — Colorimetric (Abcam), according to the manufacturer’s instructions.
Briefly, 10 mg of quadriceps tissue sample was homogenised with a Dounce homogeniser in ATPase
assay buffer, before centrifugation (10,000 g, 4°C, 10 mins) to pellet insoluble material. Ammonium
sulphate method was used to remove endogenous phosphate. Samples were added to a 96 well plate
and activity was measured in endpoint mode at wavelength 650 nm.

2.7. Lipid Peroxidation Assay

Lipid peroxidation in tissue samples was quantified using the Lipid Peroxidation
‘malondialdehyde” (MDA) Assay Kit, ab118970 (Abcam) according to the manufacturer’s
instructions. Briefly, 10 mg of tissue was washed with cold PBS, homogenised in MDA lysis buffer
with a Dounce homogeniser, then centrifuged (13,000 g, 4°C, 10 mins). The supernatants were mixed
with thio-barbituric acid (TBA) suspended in glacial acetic acid, then incubated at 95°C (10 mins).
Samples were added to a 96 well plate and MDA content was measured in endpoint mode at
wavelength 532 nm.

2.8. Western Blot

Gel immobilised proteins were transferred to a nitrocellulose membrane at 30 V for 60 minutes.
The membrane was blocked with 3% (w/v) milk powder in TBS-T for 60 minutes with gentle agitation
(RT). The membranes were then probed overnight (18 hours, 4°C) with the primary antibody - anti-
plectin, ab229467; anti-annexin 6, ab196942; anti-annexin 11, ab137424; anti-GLO2, ab154108; anti-
ALDH4A1, ab181256 (Abcam), at a 1:5000 dilution in 3% (w/v) milk powder in TBS-T. Membranes
were washed three times with TBS-T before incubation with secondary antibody, goat anti-rabbit
HRP conjugate, (ab6721, Abcam), at a 1:5000 dilution in 5% (w/v) milk powder in TBS-T. Membranes
were then washed three times with TBS-T before a five-minute incubation with ECL substrate and
chemiluminescence measurement. Band densities were measured using Image ] (NIH) and samples
were normalised to appropriate loading controls[42].

Statistical analysis was performed using GraphPad Prism version 9.3.1.

2.9. P5cDH Gene Methylation

Pre-concentric and post-concentric exercise samples were assessed for methylation of the
P5CDH encoding gene ALDH4A1 by the Genome Centre (Blizard Institute, Queen Mary University
of London). Briefly, DNA was extracted from the tissue using the Qiagen DNeasy Blood & Tissue kit.
DNA was quantified with NanoDrop QC, and double stranded DNA was then quantified with Qubit
2.0 Fluorometer. Agilent 4200 Tapestation was then used to assess the quantity and quality of the
extracted DNA.

Primers were designed to cover 500 bp upstream and 400 bp downstream of exon 1, ALDH4A1
(chr1:18,901,960-18,902,956 997 bp). PCR optimisation was completed with Roche High-Fidelity PCR
system. The amplified PCR products were barcoded and then validated with Agilent 4200
Tapestation. Bisulphite conversion of the DNA (200 - 500 ng) was completed with the Zymo EZ DNA
Methylation Kit, and samples quantified with the Roche High-Fidelity PCR System.

DNA pools were quantified with Qubit 2.0 Fluorometer and determination of average product
size with Agilent 4200 Tapestation. Illumina MiSeq was used for DNA denaturation and loading
before Illumina sequencing. Bismarck mapping was used to determine methylated and unmethylated
DNAJ43].
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3. Results

3.1. Isolated Mitochondrial Fractions Were Enriched with Mitochondrial Proteins

We first confirmed the mitochondrial-enriched fractions had been isolated successfully for
analysis. This could be verified with a high proportion of mitochondrial proteins in the list of ‘hits’.
A cellular compartment (GO) enrichment analysis as performed (Figure 1) and the returned terms,
were ranked by lowest false discovery rate (FDR), and the five terms with the lowest FDR were then
presented based on strength of the enrichment effect. The term “mitochondrion” was highly enriched
in both the total protein list and in the list of proteins with significant variance (ANOVA) across the
eight conditions (pre-/post-eccentric/concentric, male/female), indicating that our method for
mitochondrial enrichment had been successful with this tissue samples set.
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Figure 1. Cellular compartment (GO) enriched terms for mitochondrial isolates. A) Cellular compartment
(GO) enriched terms for all proteins identified across both sexes and exercise conditions; B) all proteins with
significant ANOVA variation identified across both sexes and conditions. Enrichment analysis in STRING-db.
The five pathways with the lowest false discovery rates (FDR) are scored according to strength of the enrichment
effect (Log10(observed/expected)).

3.2. Changes to Protein Levels in Response to Concentric and Eccentric Exercise

We used hierarchical clustering to compare the individual samples of males and females for pre-
and post- concentric and eccentric exercise (Figure 2). There were 36 proteins identified with
significant changes in abundance across the four pairwise comparisons (Table 1). As might be
expected with older human tissue samples, there was significant heterogeneity in these data.
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However, there were some consistently changing proteins that could be considered as a ‘rapid
signature’ for each condition.
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Figure 2. Hierarchical clustering heatmap of protein expression for concentric and eccentric exercise. M =
male, F = female, C = concentric, E = eccentric. A) Hierarchical clustering of identified protein expression in pre-
concentric and post-concentric exercise for male and female participants, measured by relative peak areas; B)
Hierarchical clustering of identified protein expression in pre-eccentric and post-eccentric exercise for male and
female participants, measured by relative peak areas. Clustering performed with Morpheus
(https://software.broadinstitute.org/morpheus), average linkage, one minus Pearson correlation. Red = increased

expression, blue = decreased expression.

In response to concentric exercise, plectin relative quantity was upregulated in both, male and
female participants, while annexin A1l was upregulated in males and annexin A6 was upregulated
in females. Canonical mitochondrial proteins with altered expression in the mitochondrial fractions
include MICOS complex subunit MIC27 and delta-1-pyrroline-5-carboxylate dehydrogenase
mitochondrial (P5cDH), also known as aldehyde dehydrogenase 4 family member A1 (ALDH4A1);
relative levels for these proteins were decreased with concentric exercise in males. Post-eccentric
exercise, hydroxy-acyl-glutathione hydrolase mitochondrial (HAGH) increased in males, and MICOS
complex subunit MIC13 decreased in females.
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Table 1. Proteins with significantly altered quantity in pairwise comparisons of concentric and eccentric exercise
conditions for male and female participants. 18 proteins had altered abundance in response to concentric exercise
in males, and 8 proteins had altered abundance in response to concentric exercise in females. 7 proteins had
altered abundance in response to eccentric exercise in males, and 3 proteins had altered abundance in response
to eccentric exercise in females. M= male, F = female. Mean values of relative peak areas, unpaired t test, * P <
0.05. Blue = increased expression, red = decreased expression. Protein names in bold were considered interesting
for further study.

Sex  Exercise condition Protein Fold changeP value

Elongation factor 1-delta

Annexin A11

Plectin

0.039
0.045
0.000

Elongation factor 1-gamma 0.030

MICOS complex subunit MIC27
60S acidic ribosomal protein P1

OCIA domain-containing protein 1

Protein cordon-bleu

Delta-1-pyrroline-5-carboxylate dehydrogenase mitochondrial (P5cDH)

Concentric T -
60S acidic ribosomal protein PO

Isochorismatase domain-containing protein 2

Peptidyl-prolyl cis-trans isomerase FKBP3

Male Vesicle-associated membrane protein-associated protein A

60S ribosomal protein L18

60S ribosomal protein L6

Collagen alpha-2(I) chain

60S ribosomal protein L7

Collagen alpha-1(I) chain

Alpha-1-acid glycoprotein 1
Hydroxyacylglutathione hydrolase mitochondrial (HAGH/GLO2)
Kelch-like protein 41
Eccentric Calpain-1 catalytic subunit

Myosin-9

Complement C4-B

Cytosol aminopeptidase
Collagen alpha-1(VI) chain
Alpha-1-syntrophin
Collagen alpha-3(VI) chain
Myosin regulatory light chain 2 ventricular/cardiac muscle isoform

Concentric
Heat shock protein beta-7

Female Plectin

Annexin A6

Vitronectin

T-complex protein 1 subunit delta

Eccentric Ryanodine receptor 1
MICOS complex subunit MIC13

We had selected a sub-set of available samples, which could be matched with controls, for
proteomic analysis. Therefore, it was possible to interrogate the proteins of interest arising from this
work in the remaining samples set. This was done to increase the number of replicates measured for
the most interesting hits. We proceeded with western blot, to measure the relative quantity of some
of the proteins in additional samples that had not been analysed by mass spectrometry. Included for
western blot analyses were plectin in eccentric exercise males and concentric exercise males and
females, GLO2 in eccentric males, annexin A1l and P5¢DH in concentric males, and annexin A6 in
concentric females. The relative quantity of P5cDH in concentric exercise males and plectin in
concentric exercise females, matched the initial observations within the mass spectrometry proteomic
data (Figure 3), while heterogenous levels of protein (using GAPDH as reference) were observed for
the other proteins (Supplementary Figure 1).
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Figure 3. Western blot of P5cDH in male (concentric exercise) muscle mitochondria fractions and of Plectin in
female (concentric exercise) skeletal muscle mitochondria fractions matches the proteomics findings. A) relative
amount of P5cDH in concentric male skeletal muscle mitochondrial fraction, normalised to GAPDH (pre-
concentric exercise n=3, post concentric exercise n=1); B) relative quantity of Plectin in concentric female skeletal

muscle mitochondprial fraction, normalised to GAPDH (n=1).

3.3. P5cDH Gene Methylation Is not the Mechanism for Decreased Abundance of this Protein Immediately
After Concentric Exercise

Post-exercise alterations of epigenetic states in skeletal muscle have been documented[44,45]. As
P5cDH was decreased following concentric exercise, we measured DNA methylation levels within a
regulatory region of this gene. The P5cDH promoter is located within a CpG island containing 75
CpG sites on chromosome 1p36.13. Bisulfite sequencing showed that ALDH4A1 is almost completely
unmethylated in all human skeletal muscle tissue samples tested (N=3), and that concentric exercise
does not influence this epigenetic state at the time-point when the tissue samples were collected
(Figure 4).
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Figure 4. the CpG island upstream of the P5cDH gene (ALDH4A1) is unmethylated in human skeletal muscle
and remains unmethylated post-concentric exercise. The beta value (number of methylated reads/total number
of reads) was not significantly different for any of the CpG sites (numbered on x-axis) located on chromosome

1: 18902000 — 18903000 (multiple unpaired t tests, error bars = SEM, N=3 biological replicates).

3.4. Concentric Exercise in COPD Males: Enrichment for Translation Elongation Factors

Enrichment analysis of proteins with altered abundance in each of the four pairwise
comparisons (Table 1) revealed that the proteins associated with male concentric exercise were
significantly enriched for factors operating in the ‘eukaryotic translation elongation’ network (Figure
5). For example, the tRNA delivery proteins elongation factor 1-delta (EEF1D) and elongation factor
1-gamma (EEF1G), are both present in the enrichment cluster and are upregulated. In contrast, five
ribosomal subunit proteins, also present in this cluster, are downregulated (Figure 5).
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Figure 5. Protein-protein interaction network of proteins with significantly altered expression in concentric
exercise male participants. Nodes are proteins, and edges indicate functional and physical interactions, with
edge thickness indicative of the strength of supporting data. Red nodes show local network cluster enrichment
for the term ‘eukaryotic translation elongation’. The minimum required interaction score was 0.700 (high

confidence), and the PPI enrichment p-value < 1.0e-16.

3.5. Carbonic Anhydrases I-11I, Haemoglobin Subunits, and Haemoglobin Associated Proteins Are Present in
COPD Skeletal Muscle Mitochondria

We have previously found certain proteins associated with mitochondria that are interesting in
ageing, particularly haemoglobin and carbonic anhydrase II (CA-II) [41,46,47]. Haemoglobin subunit
o and haemoglobin subunit § were found in all the samples we measured, as was haemoglobin
subunit 5. We didn’t find significant variation (Figure 6) when comparing these proteins between
sexes and exercise conditions. Hemopexin and haptoglobin were also found in these mitochondrial
samples, as were CA-I, CA-II, and CA-IIL
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Figure 6. Expression of haemoglobin subunits, haptoglobin, hemopexin, and carbonic anhydrase I, II and III
across both sexes and exercise conditions. M = male, F = female, C = concentric, E = eccentric. Relative percentage
abundance of A) haemoglobin subunit a; B) haemoglobin subunit #; C) haemoglobin subunit §; D) haptoglobin;
E) hemopexin; F) carbonic anhydrase I; G) carbonic anhydrase II; H) carbonic anhydrase III. Data presented as
mean of relative percentage abundance within concentric exercise samples and eccentric exercise samples, n=3
biological replicates, SEM, one-way ANOVA P *<0.05.
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3.6. Tissue ATPase Activity and Levels of Lipid Peroxidation Did not Change Significantly in Response to
Concentric or Eccentric Exercise

A clear, yet not significant decrease in ATPase activity of the post-concentric exercise samples
(unpaired t test, P = 0.095) was observed (Figure 7). Lipid peroxidation (MDA) levels in the same
quadriceps samples were also measured; neither concentric nor eccentric exercise resulted in a
significant difference in lipid peroxidation (MDA) levels.
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Figure 7. ATPase activity and lipid peroxidation levels of male quadriceps samples pre- and post-concentric and
eccentric exercise. A) Exercise resulted in a slight, but not significant decrease in ATPase activity (U/mL) of
COPD patient quadriceps tissue; B) Exercise resulted in no significant difference in the level of lipid peroxidation
(MDA) in the tissue samples post-concentric and eccentric exercise. n=3 biological replicates, error bars = SEM,
unpaired t test *p = 0.05.

4. Discussion

This is the first study in which sex-specific alterations to the mitochondrial proteome in response
to eccentric and concentric exercise have been explored and identified in the context of COPD. We
also investigated potential epigenetic modulation of the P5cDH gene expression as an explanation
for the reduction of this protein after exercise. We confirmed the presence of proteins interesting in
the context of ageing, in the mitochondrial proteome of individuals with COPD. We measured
ATPase activity and lipid peroxidation levels in the skeletal muscle samples studied.

Our observations are limited in the way many physiology studies involving human participants
are. The heterogeneity of human samples after over half a century of life with different environments,
including diet and activity is difficult to overcome, without large sample sets. In this experiment, we
were also limited by the previous study design which provided us with the muscle biopsies. We were
only able to measure the immediate changes in protein expression with exercise. Nevertheless, we
report some interesting pathways and proteins that might be “first responders’ in the skeletal muscle
mitochondrial milieu. We have also discovered sex specific differences at this molecular level in
COPD skeletal muscle mitochondria.
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4.1. Concentric Exercise Upregulates Plectin and Annexin Proteins in Male and Female Participants

Sex specific adaptations of the mitochondrial proteome in response to the concentric and
eccentric cycling is one of the key findings of this study. The differences between male and female
samples include the numbers of proteins with altered abundance, and the specific proteins that were
identified (Table 1). Exercise type revealed uniform responses; concentric cycling induced
upregulation of plectin and annexin proteins (annexin All in males, annexin A6 in females) in male
and female participants. Plectin is a member of the plakin family of cytolinker proteins, and is a major
component of intermediate filament networks of muscle tissue[48,49]. Beyond its role in cellular
structure, multiple studies have shown plectin to be an important modulator of mitochondrial
morphology and function, in particular in the structural organisation of mitochondria within muscle
tissue[50,51].

The plectin 1b isoform has been shown to bind to the outer mitochondrial membrane, where it
links mitochondria to intermediate filaments, and deficiency of the plectin 1b isoform results in
elongated mitochondria in primary fibroblast cells[52]. In addition, plectin 1b isoform deficiency in
mice has been shown to reduce the mitochondrial respiratory capacity in heart, soleus, and
gastrocnemius tissue[53]. It is therefore possible that the upregulation of plectin in the mitochondrial
fraction of skeletal muscle in response to concentric exercise is taking place to better provide for the
bioenergetic demands of exercise. In COPD this upregulation could make it easier for individuals to
maintain physical activity, which would lead to further gains.

Annexin A6 has been shown to be an important calcium channel in the inner mitochondrial
membrane[54]. Fibroblast mitochondria from annexin A6 knockout mice were highly fragmented,
and it was shown that annexin A6 inhibits Drpl mediated mitochondrial fission[55,56]. Drpl has
already been implicated in the pathology of skeletal muscle in COPD and is linked to cigarette smoke
exposure which is known to be the greatest risk factor for developing COPD.

4.2. Mitochondrial Protein Abundance Alterations Are Sex-Specific in Response to Concentric and Eccentric
Exercise

We set up the proteomics analyses so that we could identify potential sex-specific responses to
the two different exercise conditions. We found that in male skeletal muscle fractions, concentric
exercise led to decreased expression of several proteins (Table 1). Known mitochondrial proteins that
decreased in expression were the MICOS complex subunit MIC27 (MIC27) and delta-1-pyrroline-5-
carboxylate dehydrogenase (P5CDH). The mitochondrial contact site and cristae organizing system
(MICOS) complex is one of the key inner membrane organisation structures, as well as being a hub
for protein-protein interactions[57]. A double knockout study of MIC26 and MIC27 in HAP1 cells
reported that the two subunits have a cooperative role in maintaining the integrity of respiratory
super-complex and ATP synthase structures, through modulation of cardiolipin levels[58].
Lysocardiolipin acyltransferase (LYCAT) regulates the fatty acid composition of cardiolipin and is
expressed at high levels in lung epithelial cells exposed to cigarette smoke[59]. It could be that
cardiolipin regulation is a key factor in COPD pathology.

P5CDH is responsible for the second step in the degradation of proline, and a study of the D.
melanogaster orthologue reported that a homozygous mutant (CG7145/46335/CG7145/433) had elevated
proline levels and a swollen mitochondrial morphology [60]. There is not that much known about the
P5CDH protein but a transcriptomics study of the effect of cigarette smoke on human bronchial
epithelial cells, as a model of COPD, highlighted pathways associated with its transcript[61].

Male participants had a significant increase in the expression of mitochondrial
hydroxyacylglutathione hydrolase (GLO2) protein, while in female participants the expression of the
MICOS complex subunit MIC13 could no longer be detected post-eccentric exercise. GLO2 is part of
a defence mechanism that is used against dicarbonyl stress which is reduced in skeletal muscle with
exercise[62]. MIC13 knockout cells have been shown to have impaired cristae junction formation and
a decreased basal and maximal respiratory capacity, with MIC13 also shown to be necessary for the
integration of MIC26 and MIC27 into the MICOS complex structure[63].
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4.3. Western Blotting Shows that P5cDH Is Decreased in Samples Not Analysed by Mass Spectrometry

We completed analyses of all the samples we had not used for proteomics by western blot, to
complete the dataset. Western blots also showed there was decreased expression of the P5¢cDH
protein (Figure 3). We measured methylation of the gene that encodes P5cDH, to check whether this
mechanism of regulation was applicable in this case[44]. We used targeted bisulfite sequencing but
did not find any significant levels of methylation, at the CpG island we had identified upstream of
the gene (Figure 4). Pathways that could downregulate this protein at the post-translational level are
the next point of interrogation.

4.4. Protein Translation and Elongation Factors Changed with Concentric Exercise in Males

Proteins that had significantly altered abundance in male skeletal muscle fractions, post-
concentric exercise, had local network enrichment for the term ‘eukaryotic translation elongation’
(Figure 5). Specifically, the tRNA delivery proteins elongation factor 1-gamma and elongation factor
1-delta were upregulated in expression. The ribosomal proteins 60S ribosomal protein L6, 60S
ribosomal protein L7, 60S ribosomal protein L18, 60S acidic ribosomal protein PO, and 60S acidic
ribosomal protein PO were all downregulated in expression (Table 1).

It has previously been reported that the expression of ribosomal proteins is highly differentiated
across different tissue types[64], and that the elongation factor 1 complex (comprised of alpha, beta,
gamma and delta) has also been shown to have a range of functions beyond protein translation[65].
Eukaryotic translation elongation factor 1-delta is already implicated to interact with a long coding
RNA NONMMUTO033452.2 in an airway inflammation paradigm[66].

The presence of cytosolic ribosomal subunits in the mitochondrial fraction of skeletal muscle
may support the observation by Gold et al. that cytosolic ribosomes can localise to the surface of the
mitochondria through the TOM complex[67]. A decrease in the levels of association between the
cytosolic ribosomes associated with the surface of the mitochondria may indicate a (possibly short-
term) decreased rate of import, of nuclear-encoded mitochondrial proteins, in males doing concentric
exercise.

4.5. Haemoglobin Subunits, Haptoglobin, Hemopexin, and Carbonic Anhydrases 1, Il and III Are Part of the
Mitochondrial Proteome of COPD Skeletal Muscle

We have localised haemoglobin and carbonic anhydrase II to the mitochondria and connected
these proteins to Parkinson’s disease and mitochondrial ageing[41,46,47]. One of the many questions
that remain about non-erythroid haemoglobin is its potential cytotoxicity[68]. We found cell-free
haemoglobin detoxifying protein haptoglobin together with the haem detoxifying protein hemopexin
in the mitochondrial fraction of muscle tissue offering a potential solution to this conundrum (Figure
6).

While carbonic anhydrases VA and VB are the isozymes known to be associated with
mitochondria[69,70], we have made repeated observations of carbonic anhydrases II and III in the
mitochondrial proteome. We previously showed increased levels of mitochondrial carbonic
anhydrase Il is associated with decreased lifespan[47].

Here we can see that carbonic anhydrase I is present in the mitochondrial fraction of COPD
skeletal muscle. This isozyme has previously been found in the cytosol, and it was reported that its
increased expression in the ischemic myocardium of type 2 diabetes increases rates of endothelial cell
death[71]. Without further work it is not possible to say whether this is an association with the outer
mitochondrial membrane or if the protein is located within the organelle. However, considering the
role of carbonic anhydrases in maintaining homeostasis it may be useful to revisit the potential and
dynamic localisations of this group of proteins.
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4.6. ATPase Activity and Levels of Lipid Peroxidation Are Unchanged in Response to Concentric and
Eccentric Exercise

To better understand changes in mitochondrial physiology in response to concentric and
eccentric cycling, we measured ATPase activity from pre- and post-concentric and eccentric cycling
tissue lysates and observed a trend toward decreased ATPase activity, but no statistically significant
changes (Figure 7A). Mitochondria are a major source of endogenous ROS and COPD is associated
with oxidative stress[72], while exercise is also recognised as promoting ‘healthy levels’ of oxidative
stress that ameliorate insulin resistance[73]. However, a lipid peroxidation assay revealed that there
were no changes in the MDA content of the samples pre- and post-concentric and eccentric cycling
(Figure 7B), which suggests the exercise did not promote significant measurable oxidative stress in
skeletal muscle.

5. Conclusions

Eccentric and concentric exercise in COPD induced some rapid changes in the expression profile
of the mitochondrial proteome. Proteins with altered abundance in response to both exercise
conditions include those that have previously been associated with regulating mitochondrial
morphology and ultrastructure. In this study, we have been able to identify proteomic profile changes
that correlate with exercise and the type of muscle action elicited, eccentric or concentric. Most
interestingly, we find clear indications that the proteome response to exercise is influenced by the sex
of the study participant. It is important to address sex differences in the physiology of disease as this
reflects the observed sex specific clinical presentation of COPD. This should be considered when
trialling new therapies for COPD and could be important for the design of treatment for people with
this condition. Changes to mitochondrial morphology may be a positive adaptation to exercise in
COPD and the pathways that are implicated could represent new targets for pharmaceutical
development.
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