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Abstract

This pilot experiment examines if a loss in muscle proteostasis occurs in people with

obesity and whether endurance exercise positively influences either the abundance

profile or turnover rate of proteins in this population. Men with (n = 3) or without

(n = 4) obesity were recruited and underwent a 14-d measurement protocol of daily

deuterium oxide (D2O) consumption and serial biopsies of vastus lateralis muscle.

Men with obesity then completed 10-weeks of high-intensity interval training (HIIT),

encompassing 3 sessions per week of cycle ergometer exercise with 1 min intervals at

100%maximumaerobic power interspersed by 1min recovery periods. The number of

intervals per session progressed from4 to8, andduringweeks8–10 the14-dmeasure-

ment protocol was repeated. Proteomic analysis detected 352 differences (p < 0.05,

false discovery rate<5%) in protein abundance and19 (p<0.05) differences in protein

turnover, including components of the ubiquitin-proteasome system. HIIT altered the

abundance of 53 proteins and increased the turnover rate of 22 proteins (p< 0.05) and

tended to benefit proteostasis by increasing muscle protein turnover rates. Obesity

and insulin resistance are associated with compromised muscle proteostasis, which

may be partially restored by endurance exercise.
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1 INTRODUCTION

The pathogenesis of obesity and type II diabetes is underpinned

by defects in metabolic homeostasis, including hyperinsulinemia and

insulin resistance [1]. However, there is uncertainty regarding the

effects of obesity and insulin resistance on protein metabolism in

human muscle [2]. Gains in muscle mass can coincide with the ele-

vation in fat mass associated with obesity, but people with obesity

are also more susceptible to age-related muscle loss (i.e., sarcopenic

obesity). Chronically elevated insulin signalling dampens muscle glu-

cose uptake but other aspects of the insulin receptor signalling cas-

cade, including mTORC1 activation and subsequent effects on protein

turnover, may remain stimulated [1]. Indeed, kinase activity profiling

[3] found evidence of hypo-activation of negative regulators of the

mTORC1 pathway in the muscle of people with obesity and insulin

resistance.

Protein turnover is essential to protein homeostasis (proteostasis)

but under fasting conditions [4, 5] or in the post-absorptive state [6],

the turnover of mixed protein may be lower in the muscle of people

with obesity.When proteins of themyofibrillar fraction are studied, no

differences in protein turnover are evident between individualswith or

without obesity, but healthy-weight individuals have a greater rise in

myofibrillar protein fractional synthesis rate (FSR) after a protein-rich

meal [7]. The average FSR of proteins in themusclemitochondrial frac-

tion is also less in people with obesity [6, 5], but the protein synthetic

response to amino acids may be either impaired [6] or enhanced [5]. In

part, the lack of consensus regarding the effects of obesity on muscle

protein turnover could arise due to the lack of protein specific detail.

The abundanceprofile of proteins is different between themuscle of

people with and without obesity [8], and proteins with different func-

tions have different turnover rates in humanmuscle [9]. Moreover, the

connection between gene expression and protein abundance is dysreg-

ulated in obesity,which implies differences in either protein translation

or degradation. In the muscle of people with obesity, mitochondrial

proteins are downregulated at both the transcript and protein level,

whereas, the down regulation of transcripts relating to protein trans-

lation and amino acid metabolism is not evident at the protein level

[10]. There are also blunted and disparate transcriptome, proteome,

and phosphoproteome responses to acute aerobic exercise in themus-

cle of people with obesity [10], which may impact their responsiveness

to exercise training.

The above observations implicate dysregulation of muscle protein

turnover in the context of obesity and question whether protein-

specific responses may occur rather than changes en masse to the

turnover of muscle proteins. While it is challenging to measure the

turnover of individual proteins using isotope-labelled amino acid trac-

ers in humans, the stable isotope deuterium oxide (D2O) can be readily

combined with peptide mass spectrometry to generate robust data on

the synthesis rate and abundance of each protein [11]. The current

study used D2O labelling and proteomics to investigate differences

in the turnover and abundance of muscle proteins between men with

and without obesity. We hypothesized that obesity is associated with

select differences in the turnover, as well as abundance, of proteins in

Significance Statement

Skeletal muscle dysfunction contributes to the metabolic

abnormalities in people with obesity, but it is uncertain

whether the turnover of muscle proteins is increased or

decreased. This study demonstrated that humans with obe-

sity exhibit widespread alterations in the abundance and

turnover rate of individual muscle proteins. Fundamental

components of the proteostasis network, including the ubiq-

uitinproteasomesystemandheat-shockprotein chaperones,

featured prominently amongst the differences between the

muscle proteomes of people with and without obesity. Ten

weeks of high-intensity interval exercise training tended to

improve muscle proteostasis in people with obesity but did

not fully mitigate indicators of poor proteome health.

humanmuscle, and that aprogrammeof aerobic exercisewould restore

muscle proteostasis.

2 MATERIALS AND METHODS

2.1 Study design

Normal-weight men (n = 4) and men with obesity (n = 3) between

the ages of 30–45 years were recruited. Each participant gave

their informed consent to the experimental procedures approved

(16/WM/0296) by the Black CountryNHSResearch Ethics Committee

(West Midlands, UK) and conformed with the Declaration of Helsinki,

except registration in a clinical trials database. Anthropological and

physiological data were collected at least 3 days prior to commencing

the first 14-day period of D2O consumption (i.e., baseline investigation

period). Throughout baseline measurements, saliva and blood sam-

ples were collected, and muscle samples were obtained before D2O

administration (0 day) and after 4, 9, and 14 days of D2O consumption.

Normal-weight participants completed the baseline investigation only,

whereas themenwithobesity alsoundertooka10-weekHIIT interven-

tion. During the final 2 weeks of the HIIT intervention (weeks 8 to 10),

participants consumed D2O and samples were collected consistent

with the baseline investigation (Figure 1). Physiological measurements

were repeated in men with obesity at least 72 h after completing the

10-weekHIIT intervention.

2.2 Physiological assessment

Body composition was measured using dual-energy x-ray absorptiom-

etry (DEXA; Hologic QDR Series). Maximal aerobic power (Wmax)

and peak oxygen uptake (VO2peak) were determined using a progres-

sive exercise test to exhaustion [12] on an electronically braked cycle
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F IGURE 1 Experimental design. A 2-week deuterium oxide (D2O) labelling experiment was conducted with normal-weight healthy control
(NWC; n= 4) and obese insulin resistant (OIR; n= 3) participants to collect baseline data (weeks−2 – 0). Saliva sampling andD2O administration
(4× 50mL) were conducted daily and venous blood samples were collected every other day. Percutaneous biopsies of vastus lateralis muscle were
conducted on days 0, 4, 9, and 14. TheOIR group then completed a 10-week high-intensity interval training (HIIT) program. During the last
2 weeks of the training intervention, a repeat of the labelling experiment was conducted to investigate the effects of exercise on theOIRmuscle
proteome. Physiological data, including peak aerobic power (Wmax), peak oxygen uptake (VO2peak) and oral-glucose tolerance (OGTT), were
measured 72 h prior to the collection of baseline biological samples or 72 h after completion of the 10-weekHIIT intervention.

ergometer (Lode BV). The initial load was 95W for 3 min, followed by

increments of 35Wevery3minuntil cadencewas reduced to<50 rpm.

Respiratory gasses were measured using a metabolic cart (Moxus),

VO2peak was recorded as the highest value during the last 30 s of the

test. On a separate occasion, insulin sensitivity was assessed by oral

glucose tolerance test (OGTT) after an overnight fast (>10h), and after

having refrained from vigorous exercise in the preceding 48 h period.

2.3 HIIT protocol

After a 3-min warm-up cycling at 50 W, participants performed

repeated cycling bouts at 100%maximum power output (Wmax) for 60

s, interspersed with 60 s low-intensity recovery cycling at 50W, main-

taining a cadence < 50 rpm. Participants trained three times per week

for 10 weeks. Initially, participants performed four intervals per ses-

sion, which increased by one interval after every 2 weeks of training,

such that participants performed 8 intervals per session during weeks

9 and 10.

2.4 Stable isotope labelling in vivo

Participants consumed 50 mL of 99.8 atom % of deuterium oxide

(D2O; Sigma-Aldrich) four times per day (200 mL per day) approxi-

mately 3–4 h apart, during each 14-day labelling period. Body water

D2O enrichment was measured in plasma and saliva samples using gas

chromatography-mass spectrometry after exchange with acetone, as

described previously [9].

2.5 Muscle analysis

Muscle biopsies were performed after an overnight fast (>10 h) on

day 0, 4, 9, and 14 of each labelling period. Local anaesthetic (0.5%

Marcaine) was administered and samples (∼100mg) of vastus lateralis

muscle were obtained by conchotome, snap-frozen in liquid nitrogen

and stored at−80˚C for subsequent analysis. Participants received two

muscle biopsies from each leg in a randomized order over the 14-day

experimental periods.

Muscles were processed to myofibrillar and soluble fractions

according to routinemethods optimized for skeletalmuscle [9]. Protein

concentrations were measured by Bradford assay and tryptic diges-

tion was performed overnight. Samples containing 4 µg of peptides

were de-salted using C18 Zip-tips (Millipore) and resuspended in 20 µL

of 2.5% (v/v) ACN, 0.1% (v/v) FA containing 10 fmol/µL yeast alcohol

dehydrogenase (ADH1;Waters Corp.).

Myofibrillar fractionswere analysedusing aNanoAcquityUPLCsys-

tem (Waters Corp.) and Q-TOF Premier mass spectrometer (Waters

Corp.), whereas soluble muscle proteins were analysed using an Ulti-

mate 3000 nano system (Thermo Scientific) coupled to a Fusion mass

spectrometer (Thermo Scientific). In each case, samples were sep-

arated by RP chromatography over a duration of 90 min and the

mass spectrometer settings were optimized for label-free quantita-

tion of peptide mass spectra. Further details are provided in the online

Supporting Information.

Mass spectrometry raw files were processed using Progenesis

Quantitative Informatics for proteomics version 4.2 (Waters Corp.)

consistent with our previous work [9]. MS/MS spectra in Mas-

cot generic format were searched against the Swiss-Prot database

restricted to Homo-sapiens (20,272 sequences) using a locally imple-

mented Mascot server (v.2.8; www.matrixscience.com). Enzyme speci-

ficity was trypsin (1 missed cleavage), carbamidomethyl modification

of cysteine (fixed) and oxidation of methionine (variable). QTOF data

were searched usingm/z errors of 0.3 Da, FUSION datawere searched

using MS error 10 ppm and MS/MS error 0.6 Da. Protein abundances

were calculated using nonconflicting peptides and normalized to the

three most abundant peptides of yeast ADH1 to derive abundance

measurements in fmol/µg protein.
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2.6 Measurement of protein synthesis rates

Protein fractional synthesis rates (FSR) were calculated per our previ-

ous work [9]. The incorporation of deuterium into newly synthesized

protein causes a decrease in themolar fraction of the peptidemonoiso-

topic (m0) peak [13]. Changes in mass isotopomer distribution follow a

nonlinear bi-exponential pattern due to the rise-to-plateau kinetics in

D2O enrichment of the body water compartment (measured in plasma

samples by GC-MS) and the rise-to-plateau kinetics of D2O-labelled

amino acids into newly synthesized protein (measured in muscle pro-

teins by LC-MS). Data were fitted using a machine learning approach

to optimize for the rate of change in the relative abundance of the

monoisotopic (m0) peak. The rate of change in mass isotopomer dis-

tribution is also a function of the number of exchangeable H sites; this

fact was accounted for by referencing each peptide sequence against

standard tables that reported the relative enrichment of amino acids

by deuterium in humans.

2.7 Statistical and bioinformatic analysis

Statistical analysis was performed in R (Version 3.6.2). Baseline pro-

tein abundances were calculated in each participant from the median

abundance of each protein across the time-series, whereas post-

exercise protein abundances were quantified from the final biopsy

only.

Baseline comparisons of participant physiological data, protein

abundances, and protein turnover rates between the NWC and

OIR groups were analysed using between-subjects ANOVA. Whereas

within-subjects ANOVAwas used to assess differences between base-

line and post-exercise measures in OIR participants. Significance was

identified as p < 0.05. False-discovery rates (q-values) were calcu-

lated for all protein data to test for false positives. Gene ontology

analysis (GO) and protein interactions were investigated using the

search tool for the retrieval of interacting genes/proteins (STRING)

[14].

3 RESULTS

3.1 Participant health and exercise characteristics

Due to the nature of the protocols used in this pilot investigation

a sample size of n = 4 normal-weight and n = 3 males with obe-

sity completed all protocols and were analysed. Participants were

Caucasian from the Liverpool City region, and their physiological

data are reported in Table 1. Normal-weight participants and those

with obesity had a BMI of 24.2 ± 2.4 kg/m2 and 34.0 ± 5.8 kg/m2,

respectfully. Participants with obesity had a significantly (p < 0.01)

lower VO2peak and Wmax compared to normal-weight individuals

(Table 1). Fasting insulin concentrations tended (p = 0.07) to be

greater in people with obesity, but fasting blood glucose levels were

not different between the groups. In response to the OGTT, the area

under the curve (AUC) of plasma glucose was similar between groups,

whereas for the AUC of insulin tended to be greater in people with

obesity. Participants with obesity were classified as insulin-resistant

based on Matsuda Index (MI; 1.7 ± 0.6 mmol), which was significantly

(p< 0.01) less than normal-weight participants (5.7± 1.4mmol). Based

on the above characteristics, the abbreviations obese insulin resistant

(OIR) and normal-weight controls (NWC) are used throughout the

manuscript when referring to the groups of people with and without

obesity.

After 10-weeks of HIIT, the VO2peak of OIR participants increased

by 9% and Wmax increased 14 % (Table 1). There was no change in

fat mass or body fat percentage and HIIT did not significantly alter

fasting concentrations of glucose or insulin. The mean glucose and

insulin AUCwere less in response to OGTT after the 10-week exercise

programme, but these improvements did not reach statistical signif-

icance. Similarly, the Matsuda index of OIR participants (2.0 ± 1.0)

was 18% greater than baseline (1.7 ± 0.6) after the HIIT intervention,

this improvement in insulin sensitivity also did not reach statistical

significance.

3.2 Dynamic proteome profiling of human muscle

Deuterium enrichment of body water rose at a rate of 0.25 ± 0.06%/d

to a maximum of 3.54 ± 0.5% during the first 14-day measurement

period. After 8 weeks without deuterium oxide consumption (i.e.,

day 0 of the second measurement period), body-water enrichment

of deuterium had returned to 0.08%. During the second 14-day

measurement period, deuterium enrichment of body-water rose at a

rate of 0.22 ± 0.07%/d to a maximum of 3.11 ± 0.5%. There were no

significant differences in the rate of body-water enrichment calculated

from measurements made using equivalent plasma or saliva samples

(data not shown). Proteomic analysis encompassed 40muscle samples,

including day 0, 4, 9, and 14 time points at baseline (n = 4 NWC and

n = 3 OIR) and day 0, 4, 9, and 14 time points during weeks 8 to 10 of

the HIIT intervention (n = 3, OIR only). Overall, 1422 proteins were

confidently identified and after filtering to exclude missing values

amongst biological replicates, the abundance of 919 proteins was

measured across all sampling times in at least n = 3 participants per

group. Protein abundances were stable (Figure 2A) in each partic-

ipant across each time-series (day 0, 4, 9, and 14) of samples used

to investigate the biosynthetic labelling of proteins with deuterium.

OIR and NWC participants were separated by principal component

analyses of protein abundance data (Figure 2C) and between group

ANOVA highlighted 352 significant (p < 0.05, q < 0.05) differences in

protein abundance, including 289 proteins that were more abundant

in OIR and 63 that were more abundant in NWC muscle at baseline

(Figure 2G, Table S1). In addition, within-subject ANOVA of day 0

baseline samples and samples taken after 10 weeks HIIT in OIR

participants highlighted 53 statistically significant (p < 0.05) changes

in protein abundance, including 33 proteins that increased and 20
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F IGURE 2 Dynamic proteome profiling of humanmuscle. (A) Correlationmatrix illustrating the technical reproducibility of muscle protein
abundance data (n= 919 proteins quantified) from a participant sampled at days 0, 4, 9, and 14 of the baseline experimental period. (B) Correlation
matrix illustrating the biological variation of protein fractional turnover rates (n= 378 proteins) quantified in n= 3OIR participants during
baseline experimental period. Principal component analysis illustrating differentiation in OIR andNWCparticipants based on protein abundance
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TABLE 1 Physical and physiological characteristics measured during pre- and post-experimental testing of the normal-weight healthy control
(NWC) and obese insulin resistant (OIR) individuals at baseline and after 10-weeks HIIT exercise. Data presented asmean± standard deviation.
*p< 0.05; **p< 0.01; #p< 0.1 versus OIR baseline.

NWC (n= 4) OIR (Baseline) (n= 3) OIR (Post-exercise) (n= 3)

Age (Years) 38± 8 38± 6

Height (cm) 177.1± 5.9 179.7± 4.1

Weight (kg) 75.6± 5.1 113± 25 112± 27

BMI (kgm2) 24.2± 2.4* 34.0± 5.8 34.8± 6.1

Fat mass (kg) 13.5± 3.9* 32.9± 14.11 32.4± 14.0

Fat freemass (kg) 55.9± 3.0** 70.3± 5.7 70.6± 7.5

Percent body fat (%) 18.3± 4.3* 30.2± 7.5 30.1± 6.4

VO2peak (mL kg−1 min−1) 45.5± 7.9** 26.2± 4.4 28.6± 7.0

VO2peak (mL kg FFM-1 min−1) 61.30± 9.2** 38.8± 2.0 41.8± 7.6

Wattmax (W) 259.8± 48.3* 185.3± 26.0 210.3± 22.5#

Wattmax (W kg FFM−1) 4.65± 0.87** 2.47± 0.27 2.89± 0.56

Exercise test duration (min) 19.2± 3* 13.5± 2.3 15.6± 2

Fasting glucose (mmol l−1) 5.0± 0.3 5.0± 1.6 5.4± 0.4

Glucose AUC (mmol l−1) 703.3± 81.5 849.3± 441.4 739.0± 298.8

Fasting insulin (uIUmL−1) 8.6± 2.9# 36.8± 28.6 31.5± 26.9

Insulin AUC (uIUmL−1) 5422± 2627# 9292± 172 15058± 8023

Matsuda Index 5.7± 1.4* 1.9± 0.7 2.1± 1

Note. Physical and physiological characteristics measured during pre- and post-experimental testing of the normal-weight healthy control (NWC) and obese

insulin resistant (OIR) individuals at baseline and after 10-weeks HIIT exercise. Data presented as mean± standard deviation. *p< 0.05; **p < 0.01; #p< 0.1

versus OIR baseline.

proteins that decreased in response to theHIIT intervention (Figure 2I,

Table S2).

Protein turnover rates were measured for 378 proteins that had

high-quality peptide mass isotopomer data matched between n = 3

participants in the OIR and NWC groups at baseline or 409 proteins

matched within the n = 3 OIR participants at baseline and after the

HIIT intervention. Protein-specific turnover valueswere aggregated to

derive the average rate of turnover (%/d) of mixed protein (Table S3),

which tended (p = 0.061) to be greater in NWC (1.95 ± 0.68) than

OIR (0.91± 0.32)muscle at baseline (Figure 2H) and increased 1.5-fold

(p = 0.12) to 1.59 ± 0.63%/d in OIR muscle during weeks 8–10 of HIIT

(Figure 2K).

Nineteen individual proteins exhibited differences (p < 0.05) in

turnover rate at baseline (Figure 2J, Table S4), including 11 greater

in NWC and 8 greater in OIR. Seven proteins were significantly more

abundant in OIR muscle, but their turnover rate was significantly less

than in NWCmuscle. In addition, 10 proteins exhibited significant dif-

ferences in the turnover rate but were not different in abundance

between OIR and NWC groups (Figure 2L). There were significant

(p < 0.05) changes in the turnover of 22 individual proteins between

baseline and the final 2-weeks of training (Figure 2J, Table S5). Twenty-

one proteins changed in turnover independent of changes in protein

abundance (19 increasing, 2 decreasing in turnover rate).Whereas only

1 protein, 14-3-3 protein Epsilon (14-3-3E), increased in abundance

and turnover rate in response to the HIIT.

Proteins that exhibited significant differences between NWC and

OIR baseline or changes in OIR from pre- to post- HIIT were

enriched for KEGG pathways relating to energymetabolism (Figure 3),

profile (C) or fractional turnover rates (D). Principal component analysis illustrating differentiation in OIR at baseline and after 10-weeks of high
intensity interval training (HIIT) participants based on protein abundance profile (E) and fractional turnover rates (F). (G) Volcano plot illustrating
Log2 fold-difference in protein abundance betweenOIR andNWCmuscle at baseline. Statistically significant (p< 0.05) data with a false discovery
rate (FDR)< 5% are highlighted in red. (H) Average turnover rate of proteins (n= 378) quantified in OIR (n= 3) and NWC (n= 4) participants
during the baselinemeasurement period. (I) Scatter plot of co-occurring differences (Log2 transformed data) in protein abundance (x-axis) and
turnover rate (y-axis) in OIR compared to NWCparticipants. (J) Volcano plot illustrating Log2 fold-change in protein abundance in OIR
participants between baseline (day 0) and the end (day 14) of the HIIT intervention. Statistically significant (p< 0.05) data are highlighted in red,
the FDR threshold for this data is> 40%. (K) Average turnover rate of proteins (n= 409) quantified in OIR (n= 3) during the baselinemeasurement
period and final 2-weeks of the HIIT intervention. (L) Scatter plot of co-occurring changes (Log2 transformed data) in protein abundance (x-axis)
and turnover rate (y-axis) in OIR participants after the HIIT intervention.
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F IGURE 3 Dynamic proteome profiling of muscle energymetabolism pathways. Nodes represent proteins organized to their principal energy
metabolism pathway inmuscle and are annotated by their UniProt knowledgebase identifier. (A) Node fill colour represents Log2 fold-difference
in abundance and node boarder colour represents Log2 fold-difference in fractional turnover rate (FSR) between obese-insulin resistant (OIR) and
normal-weight healthy control (NWC) participants at baseline. (B) Node fill colour represents Log2 fold-change in abundance and node boarder
colour represents Log2 fold-chance in fractional synthesis rate in obese-insulin resistant (OIR) after the 10-week high-intensity interval training
(HIIT) intervention. Grey borders indicatemissing FSR data. CI—CV represent mitochondrial respiratory chain complexes.
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proteasome and cell stress (Figure 4), and the patterns of pro-

teodynamics for each of these biological collections is presented

below.

3.3 Proteodynamic analysis of proteins
associated with muscle energy metabolism pathways

Thirteen proteins associated with glycolysis/gluconeogenesis (of 24

quantified) were significantly different in abundance between OIR

and NWC groups. The majority (11 proteins) of glycolytic proteins

were more abundant in OIR muscle. Turnover rates were measured

for 17 glycolytic/gluconeogenic enzymes and the turnover of each

protein tended to be less in OIR than NWC muscle (Figure 3A). In

response to HIIT, two proteins associated with glycolytic metabolism

(glycerol-3-phosphate phosphatase; PGP) and glycogen phosphory-

lase; PYGM) increased ∼1.2-fold in abundance (p = 0.038 and 0.030,

respectively). Similarly, peroxisomal multifunctional enzyme 2 (DHB4)

exhibited a robust increase (∼5-fold; p = 0.036) in abundance after

HIIT (Pre = 4.478 ± 1.408, Post = 23.338 ± 5.469 fmol/µg). The

turnover rate of triosephosphate isomerase increased (p = 0.046)

from 0.26 ± 0.25%/d at baseline to 0.45 ± 0.31 %/d in trained OIR

muscle and the turnover of phosphoglucomutase-1 (PGM1) increased

∼3-fold (p = 0.011) between baseline (0.34 ± 0.36%/d) and the final

2-weeks of exercise (0.92 ± 0.46 %/d). In each case, the increases

in protein turnover rate were not associated with differences in the

abundance of these proteins between baseline and HIIT conditions

(Figure 3B).

Significant differences were detected amongst six enzymes (of 20

quantified) involved in fatty acid oxidation (FAO) and nine enzymes (of

21quantified) of the tricarboxylic acid (TCA) cycle.Most enzymes asso-

ciated with FAO and TCA cycle were more abundant in OIR muscle

(5/6 and 8/9, respectively), whereas dihydrolipoamide dehydrogenase

(DLD) was significantly greater in abundance in NWC muscle. Sim-

ilar to the pattern exhibited by enzymes of glycolytic metabolism,

the turnover of the FAO enzymes was generally lower in OIR mus-

cle (Figure 3A). For example, the turnover of enoyl-CoA hydratase

(ECHM), was 2.4-fold slower (p = 0.044) in OIR (0.60 ± 0.42%/d) com-

pared to NWC (1.41 ± 0.23%/d) and ECHM abundance was 1.8-fold

greater (p = 0.01, q = 0.02) in OIR muscle. The rate limiting enzyme

of vitamin B6 metabolism, pyridoxine-5′-phosphate oxidase (PNPO),

was 2.5-fold more abundant but had a 16-fold lower turnover rate in

OIR (0.24 ± 0.41 %/d) compared to NWC (4.04 ± 2.07 %/d) muscle.

The redox enzyme, dehydrogenase/ reductase SDR family member 7

(DHRS7), was 4-foldmore abundant (p=0.005, q=0.01) but had a 2.3-

fold (p= 0.015) slower turnover rate in OIR compared to NWCmuscle

at baseline. Exercise led to changes in the abundance or turnover rate

of several proteins associated with metabolic pathways (Figure 3B).

Long-chain fatty acid CoA ligase-1 (ACSL1) and delta(3,5)-delta(2,4)-

dienyol-CoA isomerase, mitochondrial (ECH1) increased in abundance

∼1.6 fold (p= 0.03 and p= 0.27, respectively). Whilst short-chain spe-

cific acyl-CoA dehydrogenase (ACADS) did not change in abundance,

ACADS increased (p = 0.024) 2.4-fold in turnover rate in response to

exercise training.

3.4 Proteodynamic analysis of respiratory chain
subunits

Twenty-four proteins (of 61 quantified) belonging to the KEGG path-

way “oxidative phosphorylation” (OXPHOS) exhibited significant dif-

ferences in abundance between OIR and NWC groups (Figure 3A).

NADH dehydrogenase (Complex I) exhibited the greatest number

of differences and 10 subunits (of 28 quantified) exhibited signifi-

cant differences in abundance between OIR and NWC groups. Six

proteins (NDUB5, NDUS3, NDUCR, NDUA2, NDUA5, and NDUBA)

were less abundant and four subunits (NDUB9, NDUS6, NDUS5, and

ACPM) were more abundant in OIR muscle. Subunits A and B of suc-

cinate dehydrogenase (SDH; Complex II) were significantly (p < 0.05,

FDR < 5%) more abundant in OIR muscle compared to NWC, but

there was no difference in abundance of the twomembrane-anchoring

SDH subunits, C and D. Eight subunits of Complex III (Cytochrome c

reductase) were quantified and five exhibited significant differences

between OIR and NWC participants. Cytochrome c (CY1) and two

other core subunits of the cytochromeb-c1 complex (QCR1andQCR2)

were significantly more abundant in OIR as was subunit 6 (QCR6)

which is associated with the low molecular weight component of

Complex III. Subunit 8 (QCR8), which is also associated with the low

molecular weight sub-complex, was significantly less abundant in OIR

muscle. Cytochrome c oxidase subunit 5A (COX5A) was the only sub-

unit of seven quantified from Complex IV that was significantly less

abundant (p = 0.03, q = 0.04) in OIR muscle. Eleven subunits of ATP

synthase (Complex V) were analysed, and three exhibited significant

differences in abundance between NWC and OIR muscle. ATP syn-

thase subunits f (ATPK) and the endogenous inhibitor (ATIF1) were

more abundant (8.4-fold and 2.9-fold, respectively), in OIR muscle.

Conversely, ATP5I was more abundant in NWC muscle and (1.8-

fold). Alongside protein abundance profiling our analysis quantified

the turnover rates of 15 OXPHOS subunits. Generally, the turnover

data indicated a theme of lower mean turnover rate in OIR muscle

(Figure 3) and the rate of turnover of 1 protein, Cytochrome b-c1 com-

plex subunit Rieske (UCRI),was statistically (p=0.025) greater inNWC

(2.78± 1.20%/d) compared toOIR (0.37± 0.55%/d) muscle.

Two subunits of respiratory Complex I, including alpha-subcomplex

12 (NDUAC) and beta subcomplex subunit 10 (NDUBA) that were

significantly less abundant in OIR compared to NWC at baseline,

increased in abundance by 2.4-fold (p= 0.018) and 7.8-fold (p= 0.045),

respectively after HIIT (Figure 3B). ATP synthase subunit beta (ATPB)

increased (1.3-fold, p = 0.04) from 32.73 ± 9.94 fmol/µg at baseline to

42.27 fmol/µg post-HIIT. Two other ATP synthase subunits (G; ATP5L

and A; ATPA) exhibited greater turnover rates after 10 weeks HIIT but

their abundance was unaffected. ATP5L exhibited a robust increase

(∼4-fold, p = 0.007) in turnover rate from 0.21 ± 0.34%/d at base-

line to 0.82 ± 0.36%/d across the final 2-weeks of exercise. ATPA
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F IGURE 4 Dynamic proteome profiling of themuscle proteostasis network. Nodes represent proteins annotated by their UniProt
knowledgebase identifier and organized to their principal proteostasis network components, including ubiquitin ligase (A and B), proteasome (C
andD) or heat shock protein and antioxidant system (E and F). (A, C, and E) Node fill colour represents Log2 fold-difference in abundance and node
boarder colour represents Log2 fold-difference in fractional synthesis rate (FSR) between obese-insulin resistant (OIR) and normal-weight healthy
control (NWC) participants at baseline. (B, D, and F) Node fill colour represents Log2 fold-change in abundance and node boarder colour
represents Log2 fold-chance in fractional turnover rate in obese-insulin resistant (OIR) after the 10-week high-intensity interval training (HIIT)
intervention. Grey borders indicatemissing FSR data.
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increased > 2-fold (p = 0.045) in turnover rate in response to training

in OIRmuscle.

3.5 Proteodynamic analysis of proteins
associated with the proteasome, ubiquitination, or
cellular stress response

Proteins belonging to the KEGG “Proteasome” pathway were highly

enriched (q= 5.3e−4) amongst the significant differences betweenOIR

and NWC muscle. Several enzymes involved in protein ubiquitination

exhibited significantly greater abundance in OIR muscle (Figure 4),

including the E1 enzyme, ubiquitin-like modifier-activating enzyme 1

(UBA1), E2 ubiquitin-conjugating enzymes UBE2N, UBE2K, UB2V2,

and the E3 ligases, UBAC1 and TRI72. There were some exceptions to

this pattern, for example variant 1 of the E2 enzyme, UB2V1, was ∼2-

fold greater (p = 0.003, q = 0.009) in NWCmuscle and the abundance

of the E3 ligase RNF123, was ∼3-fold greater (p = 0.002, q = 0.008)

in NWC. Two subunits of the COP9 signalosome (a deactivator of

Cullin-RING ubiquitin ligases) were more abundant in OIRmuscle, and

a protein involved in mitophagy, FUN14 domain-containing protein 2,

was ∼9-fold greater in abundance in OIR (0.3407 ± 0.0920 fmol/µg)

than NWC (0.0374± 0.0424 fmol/µg).

Our analysis encompassed 24 of the 43 known subunits of the 26S

proteasome, including all 7 alpha (PSMA) and 7 beta (PSMB) subunits

that make up the 20S catalytic core, four subunits of the 19S base

region (PSMC), five subunits of the 19S lid region (PSMD), and one sub-

unit of the 11S proteasome activator (PSME). Non-ATPase regulatory

subunit 3 (PSMD3) and proteasome regulatory subunit 6A (PRS6A)

were significantly more abundant in OIR muscle, alongside greater

abundances of alpha subunits 3, 4, 5, and 6, and beta subunits 1 and 5,

of the core particle (Figure 4C). Conversely beta subunits 2, 3, and 7,

and the proteasome activator complex subunit 1 (PSME1) were signif-

icantly more abundant in NWC muscle. Protein turnover rates were

quantified for 6 proteasome subunits but no statistically significant

differences in turnoverwere identified betweenOIR andNWCgroups.

Fifteen proteins associated with response to stress and chaperone

function differed in abundance betweenOIR and NWCmuscle, includ-

ing four isoforms of peroxiredoxin (PRDX), eachmore abundant in OIR

than NWC muscle (Figure 4E). PRDX1 exhibited the greatest differ-

ence and was ∼2.5-fold greater (p = 0.008, q = 0.02) in OIR muscle.

Similarly, PRDX3, PRDX5, and PRDX6were each∼1.5-foldmore abun-

dant in OIR muscle. Parkinson disease protein 7 (PARK7) was 2.5-fold

greater (p<0.001, q= 0.001) in abundance in OIR muscle (26.89±0.22

fmol/µg) than NWC (10.54 ± 1.80 fmol/µg), whereas the mitochon-

drial superoxide scavenging enzyme, superoxide dismutase (SODM)

was greater (p<0.001, q = 0.003) in abundance in NWC (1.965±0.300

fmol/µg) thanOIRmuscle (0.3132±0.1259 fmol/µg).

Several proteins associated with maintaining proteostasis were

more abundant but had a slower turnover rate in OIR muscle. Heat-

shock 70 kDA protein 1 (HSP72) exhibited a 5-fold slower turnover

(p = 0.01) in OIR (0.74 ± 0.56 %d) compared to NWC muscle

(4.11 ± 1.14 %/d) whilst being ∼1.5-fold more abundant (P = 0.017,

q = 0.028) in OIR. Similarly, the detoxifying enzyme (aldo-keto reduc-

tase, mitochondrial; AK1A1) exhibited a 3-fold greater abundance in

OIR muscle but turned over at a rate of 1.11 ± 0.31%/d in OIR and

8.50 ± 1.18%/d in NWC muscle (7-fold slower in OIR; p < 0.001).

Mitochondrial aldehyde dehydrogenase 2 (ALDH2) is a second enzyme

associated with alcohol metabolism and protects against oxidative

stress. ALDH2 had a significantly greater turnover rate in endurance

trained muscle (4.12 ± 1.14%/d) compared to OIR (1.44 ± 1.18%/d)

and did not differ in abundance between groups. The plasma protein,

Hemopexin (HEMO), which protects against heme-mediated oxidative

stress was 3-fold greater in abundance (p= 0.009, q= 0.19) and 2-fold

greater in FSR (p= 0.011) in OIR than NWCmuscle at baseline.

After the HIIT intervention, four proteasome subunits that were

more abundant in OIR muscle than NWC under baseline condi-

tions became significantly less abundant after exercise (Figure 4D).

Ten weeks of HIIT also led to robust changes in the abundance

and/or turnover rates of proteins associated with chaperone func-

tions (Figure 4F). The abundance of the mitochondrial heat shock

protein, HSP 75 kDa (TRAP1), increased 1.5-fold (p = 0.021) from

0.096 ± 0.030 fmol/µg at baseline to 0.143 ± 0.026 fmol/µg after

10 weeks HIIT. Similarly, chaperonin 60 (CH60) exhibited a 1.6-fold

increase (p = 0.041) in abundance after the HIIT intervention from

2.790 ± 0.190 fmol/µg at baseline to 4.431 ± 0.665 fmol/µg post-

training. The adapter protein 14-3-3E, which may positively regulate

the heat shock response increased in abundance from 8.178 ± 1.891

fmol/µg to 9.029 ± 2.218 fmol/µg post-exercise (p = 0.046). Notably,

the abundance of the chaperone, heat shock cognate 71 kDa (HSP7C)

increased 1.4-fold (p= 0.042) after HIIT specifically in the myofibrillar

fraction. TheabundanceofHSP7Cwithin the soluble fraction remained

stable between pre- and post-exercise in OIR muscle, whereas HSP7C

turnover increased 2.7-fold (p = 0.004). The chaperone HS90-beta

also significantly increased in turnover rate (p = 0.046) between base-

line (4.46 ± 1.07%/d) and in response to exercise (5.74 ± 1.23 %/d).

In addition, exercise training increased the turnover rates of PRDX2

and ALDH2, which exhibited a significantly greater FSR (p= 0.050

and 0.037, respectively) in trained OIR muscle (0.58 ± 0.25 and

5.58 ± 1.87%/d, respectively) in comparison to baseline (0.43 ± 0.26

and 1.44± 1.18%/d) (Figure 4F).

4 DISCUSSION

Proteostasis describes the maintenance of proteome quality and

encompasses the processes of protein turnover and the actions of

chaperone systems that safeguard proteins during discrete stages of

their lifecycle. Our current findings point to dysregulation of pro-

teostasis in OIR individuals, while longitudinal analysis of OIR muscle

after a 10-week programme of HIIT revealed some restoration of mus-

cle proteostasis. During their lifecycle, proteins accumulate damage

through irreversible spontaneous modifications (e.g., deamination) in

a time-dependent manner [15]. Deamination caused by nucleophilic

attackmay particularly occur during the catalytic cycle of enzymes [16]

and turnover is required to maintain the quality of the enzyme pool.
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We report glycolytic enzymes were more abundant but had slower

rates of turnover in OIR muscle at baseline (Figure 3), which may indi-

cate a poorer protein quality compared to NWC muscle. In model

systems, the catalytic activity of metabolic enzymes is positively cor-

related with their turnover rate [17]. Therefore, the lesser turnover of

glycolytic enzymes inOIRmuscle agreeswith the lower ratesof glucose

utilisation reported [18] in the muscle of people with obesity. How-

ever, this accumulation of glycolytic enzymes with suboptimal rates

of turnover may burden protein quality control systems responsible

for the removal of damaged proteins. Indeed, the fundamental compo-

nents of the proteostasis network, including the ubiquitin proteasome

system (UPS) and heat-shock protein (HSP) chaperones, featured

prominently amongst the differences between OIR and NWC muscle

proteomes.

E3 ubiquitin ligases underpin the selectivity of UPS-mediated pro-

tein degradation and have been a focus of mechanistic studies. The E3

ubiquitin ligase, tripartite motif-containing protein 72 (TRIM72), was

more abundant and had a lower turnover rate in OIR muscle. TRIM72

ubiquitinates the insulin receptor and insulin receptor substrate-1

(IRS1) and negatively affects muscle insulin signalling [19]. Consistent

with our findings, muscle TRIM72 abundance is greater in models of

obesity and insulin resistance, whereas knock-down of TRIM72 pro-

tects against muscle insulin resistance induced by a high-fat diet [20].

HIIT did not alter TRIM72 abundance but did significantly increase

TRIM72 turnover, which may be an early indication of a beneficial

effect of HIIT. OIR muscle also exhibited differences in the Cop9 sig-

nalosome, which regulates the large family of cullin-RING ubiquitin

E3 ligases (CRL) by removing the nedd8 ubiquitin-like modifier from

cullin subunits. Only Nedd8-modified CRL complexes are catalytically

active and two subunits of the COP9 signalosome (CSN3 and CSN7A)

were more abundant in OIR muscle at baseline (Figure 4), which may

indicate lesser activation of CRL enzymes. Cullin-associated NEDD8-

dissociated protein 2 (CAND2) is also specific to striated muscle

and suppresses the activity of SCF (Skp1-Cullin1-F-box protein)-like

ubiquitin E3 ligase complexes by binding culin1 to prevent neddyla-

tion [21]. No difference in CAND2 abundance was detected, but the

turnover of CAND2was less in OIR compared to NWC at baseline and

increased in OIR muscle after exercise training. In addition, the deu-

biquitinating enzyme, ubiquitin carboxyl-terminal hydrolase isozyme

L3 (UCHL3), which hydrolyses the peptide bond of both ubiquitin

and nedd8 modifications [22], was significantly more abundant in OIR

muscle. Together these findings indicate disruption to nedd8 post-

translational modifications that regulate the activity of key E3 ligase

families in muscle.

Ubiquitin E2 enzymes (UBE2- N, K, V1, and V2) also exhibited dif-

ferent abundances between OIR and NWC muscle, particularly those

associated with the regulation of K63-polyubiquitination. Ubiquitin-

conjugating enzyme E2 N (UBE2N) forms heterodimers with either

UBE2 variant 1 (UBE2V1) or UBE2 variant 2 (UBE2V2) and regulates

the assembly of K63-polyubiquitin chains; whereas UBE2K is responsi-

ble for generating branched chains containing both k48- and k63-linked

ubiquitins. Polyubiquitin chains joined at ubiquitin K48 are an acknowl-

edged degradative signal, whereas the inclusion of K63 linkages may

counter the signal for proteasomal degradation [23]. The UBE2N/V2

heterodimer (each more abundant in OIR muscle) is associated with

protection against DNA damage [24] whereas only UBE2V1 isoform

was enriched in NWC muscle. UBE2V1 modulates ubiquitin protea-

some responses to proteotoxic stress [25] and the greater likelihood

of UBE2N/UBE2V1 heterodimers in NWC muscle may be associated

with superior proteostasis. Conversely, UBE2V2 can be modified by

reactive electrophiles and may lead to hyperactivation of UBE2N to

promote K63-polyubiquitination and genome protection [26]. UBE2K

was also significantly more abundant in OIR muscle and is responsible

for the formation of branched polyubiquitin chains that contain K48- as

well as K63-linkages [27]. UBE2K may enhance proteasomal degrada-

tion of proteins carrying K63-polyubiquitin chains [28]. These findings

highlight a complex interplay between E2 ligases and suggest the dis-

tribution of K48- andK63-linked polyubiquitin chainswas altered in the

muscle of OIR participants.

The catalytically active subunits of the core proteasome (beta 1,

2, and 5) differed in abundance between OIR and NWC muscle. The

beta-1 and beta-5 subunits were significantly more abundant in OIR

muscle, whereas the beta-2 subunit was significantly less abundant

compared to NWC muscle. Previous studies [29, 10] similarly report

some but not all proteasome subunits exhibit differences amongst the

muscle of people with and without obesity. Proteasome activity is also

modified by changes to regulatory subunits, including the 11S protea-

some activator (PA28α; PSME1), which increases specifically in the

muscle of people with obesity after acute exercise [10]. Similarly, we

found PSME1 was more abundant in OIR muscle after 10-weeks HIIT

(Figure 4D) and our earlier analysis of responses to exercise in rat heart

[30] also found endurance training increases the abundance of the

PSME1subunit.OverexpressionofPSME1 is associatedwith increased

degradation of oxidatively damaged proteins in rat neonatal ventricu-

lar myocytes [31].Whereas streptozotocin-induced insulin-dependent

diabetes is associated with reduced muscle PSME1 content and loss

of proteasome activity [32]. Therefore, despite ambiguous differences

in catalytically active subunits of the core proteasome, 10-weeks HIIT

may have improved the capacity for proteasomal degradation in the

muscle of OIR participants via 11S proteasome activation.

HSP aremajor constituents of the proteostasis network and are cat-

egorized intomajor families (e.g., 90 kDa-, 70kDa-, and small (<45kDa)

heat-shock proteins) by theirmolecularweight. Small HSP (sHSP) func-

tion in homo- or hetero-oligomers of various sizes and complexity and

the observed differences across several sHSP (Figure 4E) may indicate

changes to the size or composition of sHSP oligomers. sHSP bind effi-

ciently with misfolded proteins but lack ATPase activity and cannot

(re-) fold substrate proteins directly [33] so work cooperatively with

other chaperone complexes, for example, by preparing proteins for

refolding by HSP70 [34]. The inducible HSP72 and the constitutively

expressed heat shock cognate (HSP7C) were each more abundant

in OIR than NWC muscle. Chronic elevation of HSP72 in OIR mus-

cle may be evidence of sustained stress and an elevated requirement

for refolding damaged proteins [35]. Indeed, muscle-specific overex-

pression of HSP72 can protect against the development of insulin

resistance induced by a high-fat diet in mice [36]. Herein, HIIT did
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not affect HSP72 but did significantly increase the turnover rate of

HSP7C, which may support an improvement in proteome quality by

enhancing the capability ofHSP7C toorchestrate chaperone-mediated

degradative process [37].

HSP70 complexes may, in turn, pass client proteins to HSP90

complexes, including HSP90-alpha (HS90A) and HSP90-beta (HS90B),

which are abundant cytosolic proteins that (re-) fold newly synthesized

or incorrectly folded protein clients. Pharmacological inhibition [38] or

knockdown [39] ofHSP90 improves insulin sensitivity in rodentmodels

of diabetes or diet-inducedobesity. Consistentwith findings in patients

with type 2 diabetes [40], HSP90B was more abundant in OIR muscle

(Figure 4E). HIIT did not alter the abundance of either HSP90 iso-

formbut the turnover rateHS90B increased significantly inOIRmuscle

after 10-weeks of training (Figure 4F). HSP90 function is regulated by

post-translationalmodifications, including oxidation [41], and a greater

turnover of HSP90 in trained muscle may equate to a greater propor-

tion of non-modified HSP90 proteins, which have preserved functional

capacity [42]. In addition, the mitochondrially targeted homolog of

HSP90, TRAP1, was more abundant in OIR muscle after HIIT, and

TRAP1 may offer greater protection against mitochondrial apoptosis

induced by reactive oxygen species [43].

Redox signalling contributes to the muscle response to exercise,

and oxidative stress is a proposed mechanism of muscle dysfunction

associated with obesity. PARK7 (DJ-1) and peroxiredoxins (PRDX)

were generally more abundant in OIR than NWC muscle. PARK7 is a

redox-sensitive chaperone thatmay reversemethylglyoxal andglyoxal-

glycated protein modifications [44] that can be elevated in the muscle

of people with obesity or type 2 diabetes [45]. PRDX enzymes are the

primary scavengers of cellular H2O2 and may underpin the hormesis

response of muscle to exercise-induced oxidative stress [46]. Our find-

ings (Figure 4E and F) add to reports that PRDX2 and PRDX6 aremore

abundant in the skeletal muscle of patients with type 2 diabetes [47],

and that PRDX5 in more abundant in myoblasts derived from muscle

biopsies of type 2 diabetic patients [48].

Our protein-by-protein analysis of abundance and turnover

responses has yielded new insight into losses in muscle proteostasis

associated with obesity. Our findings are based on highly stringent

data handling, including critical analysis of the alignment of LC-MS

peptide retention patterns and the exclusion, rather than imputation,

of peptides with missing data. During each measurement period, a

time series of n = 4 samples was collected from each participant

to determine the turnover rate and abundance of each protein in

each experimental condition. Our statistical analyses of protein-level

data were conducted using only those proteins that are detected in

each participant at every timepoint, which is crucial in within-subject

repeated measures designs. We acknowledge our sample size of n = 4

NWCand n=3OIRparticipants limits the extrapolation of our findings

to larger populations. More extensive studies are required to pursue

this line of enquiry in the future and power analyses [11] suggest n>12

may be required. Nevertheless, our current early findings offer new

insight and align well with existing protein abundance profiling studies

(reviewed in [8]) and the limited available data on protein-specific syn-

thesis in themuscle of peoplewith obesity. For instance, Tran et al., [49]

used targeted analysis of ATP synthase beta (ATPB) in 2H10-leucince

labelled samples to report a lesser turnover of ATPB in the muscle of

people with obesity. We also found ATPB turnover was less in OIR

muscle, in addition, our analysis encompassed a further 10 subunits

of Complex V and highlighted that subunits AT5F1, ATP5L, and ATPO

also exhibited lesser rates of turnover in OIRmuscle (Figure 3A).

In conclusion, the muscle proteome of people with obesity exhibits

widespread evidence of losses in proteostasis and elevated pro-

teome stress. Ten-weeks of HIIT tended to improve the quality of

the proteome by altering proteasome composition and enhancing

the turnover rates of metabolic enzymes. Losses in proteostasis are

well-established in age-related diseases, and our current discoveries

highlight a need to further investigate whether losses in proteostasis

also underpin earlier pre-clinical stages of disease in younger adults.
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