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Muscle of obese insulin-resistant humans exhibits losses in proteostasis and
attenuated proteome dynamics that are improved by exercise training.
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Abstract

We examined muscle proteostasis in obese insulin-resistant (OIR) individuals to determine whether
endurance exercise could positively influence proteome dynamics in this population. Male OIR (n = 3)
and lean, healthy controls (LHC; n = 4) were recruited and underwent a 14-d measurement protocol
of daily deuterium oxide (D,0) consumption and serial biopsies of vastus lateralis muscle. The OIR
group 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 % maximum aerobic power (Wmax)
interspersed by 1 min recovery periods. The number of intervals per session progressed from 4 to 8,
and during weeks 8-10 the 14-d measurement protocol was repeated. The abundance and turnover
rates of 880 and 301 proteins, respectively, were measured. OIR and LHC muscle exhibited 352
differences (p < 0.05, false discovery rate < 5%) in protein abundance and 19 (p < 0.05) differences in
protein turnover. OIR muscle was enriched with markers of metabolic stress, protein misfolding and
components of the ubiquitin-proteasome system, and the turnover rate of many of these proteins
was less compared to LHC muscle. HIIT altered the abundance of 53 proteins and increased the
turnover rate of 22 proteins (p < 0.05) in OIR muscle and tended to restore proteostasis, evidenced by
increasing muscle protein turnover rates and normalizing proteasome composition in OIR
participants. In conclusion, obesity and insulin resistance are associated with compromised muscle

proteostasis, which can be partially restored by endurance exercise.
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Introduction

The pathogenesis of obesity and type Il diabetes is underpinned by defects in metabolic homeostasis,
including hyperinsulinaemia and insulin resistance (Kolb et al., 2020). Skeletal muscle accounts for up
to 80 % of insulin-stimulated glucose uptake in healthy individuals (Baron et al., 1988), and a loss in
muscle responsiveness to insulin is a central feature of human metabolic disease. In addition to
diminishing muscle glucose uptake, insulin resistance contributes to sustained elevations in insulin
secretion and chronic hyperinsulinaemia that inhibit adipose tissue lipolysis and hepatic
gluconeogenesis. Insulin is also an important regulator of muscle protein turnover (James et al.,
2017), but there is uncertainty regarding the combined effects of obesity, dyslipidemia and insulin
resistance on protein metabolism in human muscle (Freitas & Katsanos, 2022). Chronically elevated
insulin levels suppress translocation of glucose transporters to the cell membrane but other aspects
of the insulin receptor signalling cascade, including mTORC1 signalling and subsequent effects on
protein turnover, may remain stimulated (Kolb et al., 2020). Indeed, kinase activity profiling in muscle
from healthy lean vs obese insulin-resistant (OIR) individuals (Qi et al., 2020) found hyperactivation of
JNK stress kinase signalling and hypo-activation of negative regulators of the mTOR pathway in OIR

muscle.

The average turnover rate of muscle proteins is lower in obese individuals under fasting conditions
(Tran et al., 2016; Tran et al., 2018) and in the post-absorptive state (Guillet et al., 2009). However,
when recreationally active lean and obese individuals are studied, there is no difference in the
average turnover rate of muscle proteins, either at rest or after a bout of resistance exercise (Hulston
et al., 2018). When proteins of the myofibrillar fraction are studied, no differences in fractional
synthesis rate (FSR) amongst healthy-, over-weight or obese individuals are evident; however,
healthy-weight participants exhibit a greater rise in myofibrillar protein FSR after a protein-rich meal
(Beals et al., 2016). The average FSR of proteins in the muscle mitochondrial fraction is less in the
muscle of obese humans compared to normal-weight controls (Guillet et al., 2009; Tran et al., 2018).
However, the protein synthetic response to amino acid provision may be either relatively impaired
(Guillet et al., 2009) or enhanced (Tran et al., 2018) amongst mitochondrial proteins from obese
versus normal-weight humans. The various differences in experimental design and the metabolic
state of participants in the aforementioned studies make it challenging to reach a consensus on the
effects of obesity on muscle protein metabolism. In addition, analyses of mixed-protein data

generated from short-duration amino acid tracer studies lack detail on protein-specific responses.

Non-targeted proteomic studies have consistently highlighted decrements to oxidative

phosphorylation, a greater reliance on glycolytic metabolism and a shift toward a fast-twitch myofibre
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81 profile in the muscle of obese individuals and people with type 2 diabetes (Srisawat et al., 2017).

82 Multi-omic investigation, (Vanderboom et al., 2022), similarly found transcriptomic and proteomic

83  signatures of impaired mitochondrial function in the muscle of obese individuals, but the down

84 regulation of transcripts relating to protein translation, ribosome and amino acid metabolism in the
85 muscle of obese individuals was not evident at the protein level. The muscle of obese individuals also
86 exhibited blunted and disparate transcriptome, proteome and phosphoproteome responses to acute
87 exercise compared to lean healthy controls. In particular, the transcriptional response to exercise was
88  absentin the muscle of obese participants. Nevertheless, proteins associated with protein translation
89 decreased in abundance and proteins associated with protein degradation increased in abundance,
90  specifically in the muscle of obese participants after exercise (Vanderboom et al., 2022). These

91  findings further implicate dysregulation of muscle protein turnover in the context of obesity and

92 indicate that protein-specific responses may occur rather than changes en masse to the turnover of

93 all muscle proteins.

94  Whileitis challenging to measure the turnover of individual proteins using isotope-labelled amino

95 acid tracers in humans, the stable isotope deuterium oxide (D,0) can be readily combined with

96 peptide mass spectrometry to generate synthesis data on a protein-by-protein basis in humans

97 (Burniston, 2019). D,0 can be administered in the drinking water of free-living humans over days or

98  weeks and is, therefore, less invasive than applications involving isotope-labelled amino acid tracers

99  thatrequire intravenous infusion. The analysis of D,O-labelled samples by peptide mass spectrometry
100  and proteomic profiling techniques, generates robust data on the synthesis rate and abundance of
101 each protein (Srisawat et al., 2019). Combining protein abundance and turnover data can greatly aid
102 biological interpretation and add a new dimension to muscle analyses (Camera et al., 2017). In the
103 current work, we used D,0 labelling and proteomics to investigate differences in the turnover and
104 abundance of muscle proteins between men that were either lean, healthy individuals or obese
105 individuals with insulin resistance. We hypothesized that obesity is associated with select differences
106 in the turnover, as well as abundance, of proteins in human muscle, and that a programme of aerobic

107 exercise would restore muscle protein homeostasis.

108
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Methods

Participants

Men were invited to participate in the study if they were between 30 — 45 years of age and identified
as being either overweight/ obese and living a sedentary lifestyle or normal weight and engaged in
regular endurance exercise training. Potential participants were given verbal and written details of
the study, including potential risks. Inclusion was based on habitual physical activity levels,
determined using the Paffenbarger physical activity questionnaire. The potential participants were
initially screened by questionnaire and a preliminary health check, including measurement of systolic
and diastolic blood pressures, body weight, height, and calculation of body mass index (BMI). Our
subsequent inclusion criteria consisted of a reference group of lean, healthy participants (n = 4) and
participants with obesity (n = 3). Each participant gave their informed consent to the experimental
procedures approved (16/WM/0296) by the Black Country NHS Research Ethics Committee (West
Midlands, UK) and conformed with the Declaration of Helsinki, except registration in a clinical trials

database.

Experimental Protocol

Figure 1 provides an overview of the experimental protocol, which consists of a cross-sectional study
between OIR and LHC participants at baseline and a longitudinal study of the effect of 10-weeks high
intensity interval training (HIIT) in OIR participants only. Anthropological and physiological data,
including BMI, body composition, insulin sensitivity and exercise capacity, were collected from all LHC
and OIR participants at least 3 d prior to commencing the first 14-day period of D,O consumption (i.e.
baseline investigation period). Throughout baseline measurements, saliva and blood samples were
collected (every day and every 2" day, respectively), and muscle samples were obtained before D,0
administration (0 day) and after 4, 9, and 14 days of D,O consumption. The LHC group completed the
baseline assessment period only, whereas the OIR group undertook a 10-week HIIT intervention.
During the final 2 weeks of the HIIT intervention (weeks 8 to 10), the OIR group underwent a second
14-d period of D,0 consumption, including the collection of saliva, blood and muscle samples.
Anthropological and physiological measurements were repeated in OIR participants at least 72 h after

completing the 10-week HIIT intervention.

Assessment of body composition, aerobic exercise capacity, and blood glucose homeostasis

Body composition was measured using whole-body fan-beam dual-energy x-ray absorptiometry

(DEXA; Hologic QDR Series, Discovery A, Bedford, MA, USA). Participants were scanned (~180 s) in a
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supine position, and scans were automatically analysed (QDR software) with manual correction of
trunk and limb regions where necessary. Total fat mass (kg), lean mass (kg), and percent body fat (%)

are presented as subtotal values excluding head measurements to reduce measurement error.

Following the DEXA scan, participants performed a progressive exercise test to exhaustion on an
electronically braked cycle ergometer (Lode BV, Groningen, The Netherlands) to determine their
maximal aerobic power (Wmax) and peak oxygen uptake (VOypeak). Respiratory gasses were measured
using an online gas collection system (Moxus metabolic cart, AEI Technologies, Pittsburgh,
Pennsylvania, USA). The test consisted of an initial load of 95 W for 3 min, followed by sequential
increments of 35 W every 3 min until cadence was reduced to <50 rpm, at which point the test was

terminated. VOypeak Was recorded as the highest value obtained during the last 30 s of the test.

On a separate occasion, participants attended the laboratory after an overnight fast (>10 h), having
refrained from vigorous exercise in the preceding 48 h period, and underwent an oral glucose
tolerance test (OGTT) to determine insulin sensitivity. A resting blood sample (10 ml) was taken
before subjects consumed a bolus of 75 g glucose in 250 ml water. Blood samples were collected at
15, 30, 45, 60, 90 and 120 min after glucose consumption. Isotonic saline was used to maintain
cannula patency, and blood was collected in serum separator and EDTA-coated vacutainers. Serum
and plasma samples were obtained through centrifugation at 1,000 g for 10 min at 4°C and stored at -
80°C for subsequent analysis. Plasma glucose concentrations were determined
spectrophotometrically using a glucose oxidase kit and semi-automatic analyser (RX Daytona+;
Randox Laboratories, Antrim, UK). Insulin concentrations were determined using a commercially
available direct insulin enzyme-linked immunosorbent assay (ELISA) kit (#HKAQ1251; Thermo Fisher
Scientific, UK). Insulin sensitivity index (ISI) was calculated from fasting plasma glucose and insulin
concentrations according to (Matsuda & DeFronzo, 1999; DeFronzo & Matsuda, 2010) and these

procedures were repeated after the HIT in OIR participants.

HIIT Protocol

The HIIT protocol was similar to that reported by Gillen et al., (Gillen et al., 2013). After a 3-min warm-
up cycling at 50 W, the OIR group performed repeated cycling bouts at 100 % maximum power
output (Wmax) for 60 s, interspersed with 60 s low-intensity recovery cycling at 50 W, maintaining a
cadence <50 rpm. Participants trained three times per week for 10 weeks. All participants completed
at least 28 (~93 %) of the 30 sessions. Initially, participants performed 4 intervals per training session,
which increased by 1 interval after every 2 weeks of training, such that participants performed 8

intervals per training session during weeks 9 and 10.
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Stable isotope labelling in vivo

Biosynthetic labelling of newly synthesised proteins was achieved by oral consumption of deuterium
oxide (Sigma-Aldrich, UK), consistent with our previous work (Camera et al., 2017). Participants
consumed 50 ml of 99.8 atom % of D,0 four times per day (totaling 200 ml per day) approximately 3-

4 hours apart, every day over each 14-day labeling period.

Muscle Biopsy Protocol

Muscle biopsies were taken on day 0, 4, 9 and 14 of each labelling period. All samples were obtained
after an overnight fast (> 10 h). Local anesthetic was administered (0.5 % Marcaine) under the skin
and over the fascia; samples (~100 mg) of vastus lateralis muscle were taken using the conchotome
technique. Muscle samples were blotted to remove excess blood, and visible fat and connective
tissue were removed through dissection. Muscle tissue was snap-frozen in liquid nitrogen and stored
at -80 °C for subsequent analysis. In total, subjects received two muscle biopsies from each leg in a

randomized order over the 14-day experimental periods.

Calculation of D20 Enrichment

During each 14-day period of D,0 consumption, saliva samples were collected in cryotubes using a
passive drool for 60 s prior to the first drink each day. Participants brought saliva samples to the
laboratory in cool bags, which were stored at -80 °C for later analysis. A 7 ml venous blood sample
was collected from an antecubital vein every 2" day during D,O consumption. Blood samples were
collected into serum separator vacutainers, centrifuged at 1,000 g for 10 min at 4°C and stored at -80

°C for subsequent analysis.

Body water enrichment of D,O was measured in plasma and saliva samples against external standards
constructed by adding D,0 to PBS over the range from 0.0 to 5.0 % in 0.5 % increments. D,0
enrichment of aqueous solutions was determined by gas chromatography-mass spectrometry after
exchange with acetone (McCabe et al., 2006). Samples were centrifuged at 12,000 g, 4°C for 10 min,
and 20 pl of plasma supernatant or standard was reacted overnight at room temperature with 2 pl of
10 M NaOH and 4 pl of 5% (v/v) acetone in acetonitrile. Acetone was then extracted into 500 pl
chloroform, and water was captured in 0.5 g Na,SO, before transferring a 200 pl aliquot of
chloroform to an auto-sampler vial. Samples and standards were analysed in triplicate using an
Agilent 5973 N mass selective detector coupled to an Agilent 6890 gas chromatography system
(Agilent Technologies, Santa Clara, CA, USA). A CD624-GC column (30 m 30.25 mm 31.40 mm) was
used in all analyses. Samples (1 pl) were injected using an Agilent 7683 auto sampler. The

temperature program began at 50°C, increased by 30°C/min to 150°C and was held for 1 min. The
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split ratio was 50:1 with a helium flow of 1.5 ml/min. Acetone eluted at ~3 min. The mass
spectrometer was operated in the electron impact mode (70 eV), and selective ion monitoring of m/z

58 and 59 was performed using a 10 ms/ ion dwell time.

Muscle processing

Proteins were extracted from muscle samples as previously described (Camera et al., 2017; Hesketh
et al., 2020). Muscle samples were ground in liquid nitrogen, then homogenized on ice in 10 volumes
of 1 % Triton X-100, 50 mM Tris, pH 7.4 (including complete protease inhibitor; Roche Diagnostics,
Lewes, United Kingdom) using a PolyTron homogenizer. Homogenates were incubated on ice for 15
min, then centrifuged at 1000 x g, 4 °C, for 5 min to fractionate myofibrillar (pellet) from soluble
(supernatant) proteins. Soluble proteins were decanted and cleared by further centrifugation at
12,000 x g, 4 °C, for 45 min. Myofibrillar proteins were resuspended in a half-volume of
homogenization buffer and centrifuged at 1000 x g, 4 °C, for 5 min. The washed myofibrillar pellet
was then solubilized in lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris, pH 8.5) cleared by
centrifugation at 12,000 x g, 4 °C, for 45 min. Protein concentrations of the myofibrillar and soluble
protein fractions were measured by Bradford assay. Aliquots containing 500 g protein were
precipitated in 5 volumes of ice-cold acetone and incubated for 1 h at -20 °C, and proteins were

resuspended in lysis buffer to a final concentration of 5 pg/ ul.

Tryptic digestion was performed using the filter-aided sample preparation (FASP) method (Wisniewski
et al., 2009). Aliguots containing 100 pg protein were washed with 200 ul of UA buffer (8 M urea, 100
mM Tris, pH 8.5). Proteins were incubated at 37 °C for 15 min in UA buffer containing 100 mM
dithiothreitol, followed by incubation (20 min at 4 °C) protected from light in UA buffer containing 50
mM iodoacetamide. UA buffer was exchanged for 50 mM ammonium bicarbonate, and sequencing-
grade trypsin (Promega, Madison, WI, USA) was added at an enzyme-to-protein ratio of 1:50.
Digestion was allowed to proceed at 37 °C overnight then peptides were collected in 100 pl 50 mM
ammonium bicarbonate containing 0.2 % trifluoroacetic acid. Samples containing 4 ug of peptides
were de-salted using Cis Zip-tips (Millipore) and resuspended in 20 ul of 2.5 % (v/v) ACN, 0.1 % (v/v)
FA containing 10 fmol/ pl yeast alcohol dehydrogenase (MassPrep standard; Waters Corp., Milford,
MA).

Liquid Chromatography-mass Spectrometry of the myofibrillar fraction
Label-free liquid chromatography-mass spectrometry of myofibrillar proteins was performed using
nanoscale reverse-phase ultra-performance liquid chromatography (NanoAcquity; Waters Corp.,

Milford, MA) and online electrospray ionization quadrupole-time-of-flight mass spectrometry (Q-TOF
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Premier; Waters Corp.). Samples (5 pl corresponding to 1 ug tryptic peptides) were loaded by partial-
loop injection on to a 180 um ID x 20 mm long 100 A, 5 um BEH Cig Symmetry trap column (Waters
Corp.) at a flow rate of 5 pl/ min for 3 minin 2.5 % (v/v) ACN, 0.1% (v/v) formic acid. Separation was
conducted at 35 °C via a 75 pm ID x 250 mm long 130 A, 1.7 um BEH Cys analytical reverse-phase
column (Waters Corp.). Peptides were eluted using a nonlinear gradient that rose to 37.5 %
acetonitrile 0.1% (v/v) formic acid over 90 min at a flow rate of 300 nl/ min. Eluted peptides were
sprayed directly into the mass spectrometer via a NanoLock Spray source and Picotip emitter (New
Objective, Woburn, MA). Additionally, a LockMass reference (100 fmol/ pl Glu-1-fibrinopeptide B) was
delivered to the NanoLock Spray source of the mass spectrometer at a flow rate of 1.5 pl/ min and
was sampled at 240 s intervals. For all measurements, the mass spectrometer was operated in
positive electrospray ionization mode at a resolution of 10,000 full width at half maximum (FWHM).
Before analysis, the time-of-flight analyser was calibrated using fragment ions of [Glu-1]-

fibrinopeptide B from m/z 50 to 1990.

Mass spectra for liquid chromatography-mass spectrometry profiling were recorded between 350 and
1600 m/z using mass spectrometry survey scans of 0.45-s duration with an interscan delay of 0.05 s.
In addition, equivalent data-dependent tandem mass spectrometry (MS/MS) spectra were collected
from each baseline (day 0) sample. MS/MS spectra of collision-induced dissociation fragment ions
were recorded over 50—2000 m/z from the 5 most abundant precursor ions of charge 2+ 3+ or 4+
detected in each survey scan. Precursor fragmentation was achieved by collision-induced dissociation
at a high (20-40 eV) collision energy throughout 0.25 s per parent ion with an interscan delay of 0.05
s. Acquisition was switched from MS to MS/MS mode when the base peak intensity exceeded a
threshold of 30 counts/s and returned to the MS mode when the total ion chromatogram (TIC) in the
MS/MS channel exceeded 50,000 counts/s or when 1.0 s (5 scans) were acquired. To avoid repeated

selection of peptides for MS/MS, the program used a 30-s dynamic exclusion window.

Liquid Chromatography-mass Spectrometry of the soluble protein fraction

Data-dependent label-free analysis of soluble protein fractions was performed using an Ultimate 3000
RSLCTM nano system (Thermo Scientific) coupled to a Fusion mass spectrometer (Thermo Scientific).
Samples (3 uL corresponding to 600 ng of protein) were loaded on to the trapping column (Thermo
Scientific, PepMap100, Cis, 75 um X 20 mm), using partial loop injection, for 7 minutes at a flow rate
of 9 uL/min with 0.1 % (v/v) TFA. Samples were resolved on a 500 mm analytical column (Easy-Spray
Ci8 75 um, 2 um column) using a gradient of 96.2 % A (0.1 % formic acid) 3.8 % B (79.9 % ACN, 20 %
water, 0.1 % formic acid) to 50 % A 50 % B over 90 min at a flow rate of 300 nL/min. The data-

dependent program used for data acquisition consisted of a 120,000 resolution full-scan MS scan
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(AGC set to 4% ions with a maximum fill time of 50 ms) with MS/MS using quadrupole ion selection
with a 1.6 m/z window, HCD fragmentation with a normalized collision energy of 32 and LTQ analysis
using the rapid scan setting and a maximum fill time of 35 msec. The machine was set to perform as
many MS/MS scans as to maintain a cycle time of 0.6 sec. To avoid repeated selection of peptides for

MS/MS the program used a 60 s dynamic exclusion window.

Label-free quantitation of protein abundances

Progenesis Quantitative Informatics for proteomics (Waters Corp.) was used to perform label-free
guantitation consistent with our previous work (Camera et al., 2017; Hesketh et al., 2020; Brown et
al., 2022). Where appropriate, analytical data were LockMass corrected using the doubly charged
monoisotopic ion of the Glu-1- fibrinopeptide B. Prominent ion features were used as vectors to warp
each data set to a common reference chromatogram. An analysis window of 15—-105 min and 350—
1500 m/z was selected. Log-transformed MS data were normalized by inter-sample abundance ratio,
and relative protein abundances were calculated using nonconflicting peptides only. Abundance data
were then normalised to the 3 most abundant peptides of yeast ADH1 to derive abundance
measurements in fmol/ ug protein (Silva et al., 2006). MS/MS spectra were exported in Mascot
generic format and searched against the Swiss-Prot database (2018.7) restricted to Homo-sapiens
(20,272 sequences) using a locally implemented Mascot server (v.2.2.03; www.matrixscience.com).
Enzyme specificity was trypsin, which allowed 1 missed cleavage, carbamidomethyl modification of
cysteine (fixed). QToF data was searched using m/z errors of 0.3 Da, FUSION data were searched
using MS error 10 ppm and MS/MS error 0.6 Da. Mascot output (xml format), restricted to

nonhomologous protein identifications, was recombined with MS profile data.

Measurement of protein synthesis rates

Protein fractional synthesis rates (FSR) were calculated per our previous work (Camera et al., 2017).
Mass isotopomer abundance data were extracted from MS spectra using Progenesis Quantitative
Informatics (Waters Corp.). The abundance of me—ma4 mass isotopomers was collected over the entire
chromatographic peak for nonconflicting peptides used for label-free quantitation. Mass isotopomer
information was processed in R version 3.6.2. The incorporation of deuterium into newly synthesized
protein causes a decrease in the molar fraction of the peptide monoisotopic (mo) peak (Burniston,
2019). Throughout the experiment, changes in mass isotopomer distribution follow a nonlinear bi-
exponential pattern due to the rise-to-plateau kinetics in D,O enrichment of the body water
compartment (measured in plasma samples by GC-MS) and the rise-to-plateau kinetics of D,0O-
labelled amino acids into newly synthesized protein (measured in muscle proteins by LC-MS). Data

were fitted using a machine learning approach to optimize for the rate of change in the relative
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abundance of the monoisotopic (mg) peak. The rate of change in mass isotopomer distribution 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 (Price et al., 2012).

Statistical and bioinformatic Analysis

Statistical analysis was performed in R (Version 3.6.2). Baseline abundance for individual proteins
guantified in more than one biopsy were calculated in each participant by taking the median
abundance of the protein across the time-series. The post-exercise protein abundances were

qguantified from the final biopsy only.

Baseline comparisons of participant health/ physiological data (e.g., BMI, MI, VO2peak and, Wax),
protein abundances, and turnover rates between the LHC and OIR groups were analysed using
between-subjects ANOVA. Whereas within-subjects ANOVA was used to assess the difference

between baseline and post-exercise differences in OIR participants.

Along with a comparison of protein-specific data, the median of the individual protein data of each
participant was calculated and used in the statistical analysis to compare the average synthesis rate of
all the proteins measured between the groups. Significance was identified as P < 0.05. False-discovery
rates (g-values; (Storey & Tibshirani, 2003)) were calculated for all protein data to test for false
positives. Gene ontology analysis (GO) and protein interactions were investigated using bibliometric
mining in the search tool for the retrieval of interacting genes/proteins (STRING) (Szklarczyk et al.,

2019).
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322 Results

323 Participant health and exercise characteristics

324 Lean participants engaged in regular aerobic exercise training (~3 sessions of 60 minutes per week)
325 and had a BMI of 24.2 + 2.4 kg.m™?, whereas participants with obesity performed less exercise (< 2
326 sessions of 30 minutes per week) and had a BMI of 34.0 £ 5.8 kg.m™(Table 1). Obese participants had
327  asignificantly (P < 0.01) lower VO,peak compared to lean individuals (26.1 £ 4.4 vs 45.5 + 7.9 ml.kg"
328 1. min7, respectively) and significantly lower peak power output (185 + 26 vs 260 + 48 W, respectively;
329 P =0.04) during cycle ergometry exercise. The total fat mass of obese participants was 2.4-fold

330  greater than lean participants (P = 0.037), which equated to an average 12 % greater (P = 0.032) body
331  fat percentage in the participants with obesity. Fasting insulin concentrations tended (P = 0.07) to be
332 greaterin the obese (32.4 + 21.6 pulU.ml?) compared to lean participants (8.6 £ 2.9 pulU.ml?) at

333 baseline, but fasting blood glucose concentrations were not different between lean and obese

334 individuals (5.0 + 0.3 and 5.3 = 1.4 mmol.I'%, respectively; P = 0.7). In response to the OGTT, the area
335 under the curve (AUC) for plasma glucose was similar between the obese (893.3 + 371.0 mmol.I'!) and
336 lean (703.3 + 81.5 mmol.IY; P = 0.36) groups, whereas for the AUC of insulin tended (P = 0.08) to be
337  greater in obese (13,426 + 7162 plU.mlY) compared to lean (5422 + 2627 ulU.ml™?). Participants from
338  the obese group were classified as insulin-resistant based on Matsuda Index (Ml; 1.7 £ 0.6 mmol),

339  which was significantly (P < 0.01) less than lean participants (5.7 + 1.4 mmol). Based on the above

340  characteristics, obese insulin resistant (OIR) and lean, healthy controls (LHC) are used throughout the

341 manuscript when referring to data from obese or lean individuals, respectively.

342 After 10-weeks of HIIT, the VO,peak of OIR participants increased by 9 % (2.4 ml.kg™*.min"% P = 0.25),
343 and aerobic peak power increased 14 % (P = 0.06) from 185 + 26 W at baseline to 210 + 23 W after
344 the HIIT intervention. There was no change in fat mass, lean mass, or body fat percentage (all P >

345  0.05) and exercise training did not significantly alter fasting concentrations of glucose (pre =5.3 + 1.4,
346 post =5.6+ 0.6 mmol.I't; P=0.57) or insulin (pre = 32.4 + 21.6, post =29.1 + 19.5; P=0.27). The

347 mean glucose and insulin AUC were less (by 110 mmol.I"t and 456 ulU.ml?, respectively, over the 120
348 min OGTT) in response to OGTT after the 10-week exercise programme, but these improvements did
349 not reach statistical significance (P = 0.16 and 0.95, respectively). Similarly, the Matsuda index of OIR
350 participants (2.0 £ 1.0) was 18 % greater than baseline (1.7 £ 0.6) after the HIIT intervention, but this
351 improvement in insulin sensitivity was not statistically significant (P = 0.45). Anthropological and

352 physiological data at baseline and after HIIT are presented in Table 1.
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Dynamic proteome profiling of human muscle.

Proteomic analysis encompassed 28 muscle samples, including day 0, 4, 9 and 14 time points at
baseline (n=4 LHC and n=3 OIR) and during weeks 8-10 of the HIIT intervention (n=3, OIR only).
Overall, 1,614 proteins were confidently identified (>1 unique peptide at a false identification
threshold of 1 %). After filtering to exclude missing values amongst biological replicates, the
abundance of 880 proteins was measured across all sampling times in at least n = 3 participants per
group. Protein abundances were stable (Figure 2A) in each participant across each time-series (day O,
4,9 and 14) of samples used to investigate the biosynthetic labelling of proteins in each experimental
condition. Between groups ANOVA highlighted 352 significant (P < 0.05, g < 0.05) differences in
protein abundance, including 289 proteins that were more abundant in OIR and 63 that were more
abundant in LHC muscle at baseline (Figure 2C). In addition, within-subject ANOVA of day O baseline
samples and samples were taken after 10 weeks HIIT in OIR participants highlighted 53 statistically
significant (P < 0.05, g > 0.4) changes in protein abundance, including 33 proteins that increased and

20 proteins that decreased in response to the HIIT intervention (Figure 2F).

Deuterium enrichment of body water rose from 0.25 + 0.06 %/d to a maximum of 3.54 + 0.5 % during
the first 14-day measurement period. By day O 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. High-quality peptide mass
isotopomer data were collected for 301 proteins matched across at least n = 3 participants in both
OIR and LHC groups at baseline or 386 proteins matched across the n=3 OIR participants at baseline
and after the HIIT intervention. Protein-specific turnover values were aggregated to derive the
average rate of turnover (%/d) of mixed protein, which tended (P = 0.061) to be ~2-fold greater in LHC
(1.95 + 0.68) than OIR (0.91 + 0.32) muscle at baseline (Figure 2D) and increased 1.5-fold (P =0.12) to
1.59 + 0.63 %/d in OIR muscle during weeks 8-10 of HIIT (Figure 2G).

Nineteen individual proteins exhibited significant (p <0.05, q < 0.04) differences in turnover rate at
baseline (Figure 2E), including 11 greater in LHC and 8 greater in OIR. Seven proteins were
significantly more abundant in OIR muscle, but their turnover rate was significantly less than in LHC
muscle. In addition, 10 proteins exhibited significant differences in the turnover rate but were not
different in abundance between OIR and LHC groups (Figure 2H). There were significant (P < 0.05)
changes in the turnover of 22 individual proteins between baseline and the final 2-weeks of training.

Twenty-one proteins changed in turnover independent of changes in protein abundance (19
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386 increasing, 2 decreasing in turnover rate) (Figure 5d). Whereas only 1 protein, 14-3-3 protein Epsilon

387 (14-3-3E), increased in abundance and FSR in response to the HIIT.

388 Proteins that exhibited significant differences between LHC and OIR baseline or changes in OIR from
389 pre- to post- HIIT were enriched for KEGG pathways relating to energy metabolism (Figure 3),
390  proteasome and cell stress (Figure 4), and the patterns of proteodynamics for each of these biological

391 collections is presented below.

392 Proteodynamic analysis of proteins associated with muscle energy metabolism pathways.

393 In total, 13 proteins associated with glycolysis/gluconeogenesis (of 24 quantified) were significantly
394  different in abundance between OIR and LHC groups. The majority (11 proteins) of glycolytic proteins
395  were more abundant in OIR muscle. The 2 proteins that were significantly more abundant in LHC

396 were minor muscle isoforms of enolase (a- and y-enolase), whereas the major muscle isoform (-

397 enolase; ENOB), was significantly greater in abundance in OIR muscle. Turnover rates were measured
398  for 17 proteins associated with glycolysis/gluconeogenesis and the turnover of each protein tended to
399 be less in OIR than LHC muscle (Figure 3A). In response to HIIT, 2 proteins associated with glycolytic
400  metabolism (glycerol-3-phosphate phosphatase; PGP) and glycogen phosphorylase; PYGM) increased
401 ~1.2-fold in abundance (P = 0.038 and 0.030, respectively). Similarly, peroxisomal multifunctional

402 enzyme 2 (DHBA4) exhibited a robust increase (~5-fold; P =0.036) in abundance after HIIT (Pre = 4.478
403 +1.408, Post = 23.338 + 5.469 fmol/ug). The turnover rate of triosephosphate isomerase increased (P
404 =0.046) from 0.26 + 0.25 %/d at baseline to 0.45 + 0.31 %/d in trained OIR muscle and the turnover
405 of phosphoglucomutase-1 (PGM1) increased ~3-fold (P = 0.011) between baseline (0.34 + 0.36 %/d)
406 and the final 2-weeks of exercise (0.92 + 0.46 %/d). In each case, the increases in protein turnover
407 rate were not associated with differences in the abundance of these proteins between baseline and

408 HIIT conditions (Figure 3B).

409  Significant differences were detected amongst 6 enzymes (of 20 quantified) involved in fatty acid

410  oxidation (FAQ) and 9 enzymes (of 21 quantified) of the tricarboxylic acid (TCA) cycle. Most enzymes
411 associated with FAO and TCA cycle were more abundant in OIR muscle (5/6 and 8/9, respectively),
412 whereas dihydrolipoamide dehydrogenase (DLD) was significantly greater in abundance in LHC

413 muscle. Similar to the pattern exhibited by enzymes of glycolytic metabolism, the turnover of the FAO
414 enzymes was generally lower in OIR muscle (Figure 3A). For example, the turnover of enoyl-CoA

415 hydratase (ECHM), was 2.4-fold slower (P = 0.044) in OIR (0.60 + 0.42 %/d) compared to LHC (1.41
416 0.23 %/d) and ECHM abundance was 1.8-fold greater (P =0.01, g = 0.02) in OIR muscle. The rate

417 limiting enzyme of vitamin B6 metabolism, pyridoxine-5’-phosphate oxidase (PNPO), was 2.5-fold

418 more abundant but had a 16-fold lower turnover rate in OIR (0.24 + 0.41 %/d) compared to LHC (4.04
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419 £ 2.07 %/d) muscle. The redox enzyme, dehydrogenase/ reductase SDR family member 7 (DHRS7),
420  was 4-fold more abundant (P =0.005, g = 0.01) but had a 2.3-fold (P = 0.015) slower turnover rate in
421 OIR compared to LHC muscle at baseline. Exercise led to changes in the abundance or turnover rate
422 of several proteins associated with metabolic pathways (Figure 3B). Long-chain fatty acid CoA ligase-1
423 (ACSL1) and delta(3,5)-delta(2,4)-dienyol-CoA isomerase, mitochondrial (ECH1) increased in

424 abundance ~1.6 fold (P =0.03 and P = 0.27, respectively). Whilst short-chain specific acyl-CoA

425  dehydrogenase (ACADS) did not change in abundance, ACADS increased (P = 0.024) 2.4-fold in

426 turnover rate in response to exercise training.

427  Proteodynamic analysis of respiratory chain subunits.

428  Overall, 24 proteins (of 61 quantified) belonging to the KEGG pathway “oxidative phosphorylation”
429  (OXPHOS) exhibited significant differences in abundance between OIR and LHC groups (Figure 3A).
430 NADH dehydrogenase (Complex |) exhibited the greatest number of differences and 10 subunits (of
431 28 quantified) exhibited significant differences in abundance between OIR and LHC groups. Six

432 proteins (NDUB5, NDUS3, NDUCR, NDUA2, NDUAS5, and NDUBA) were less abundant in OIR muscle.
433 However, 4 subunits had higher abundance in OIR muscle (NDUB9, NDUS6, NDUS5, and ACPM).

434 Subunits A and B of succinate dehydrogenase (SDH; Complex Il) were significantly (p < 0.05, FDR <
435 5 %) more abundant in OIR muscle compared to LHC, but there was no difference in abundance of the
436 2 membrane-anchoring SDH subunits, C and D. Eight subunits of Complex lll (Cytochrome c

437 reductase) were quantified and 5 exhibited significant differences between OIR and LHC participants.
438 Cytochrome ¢ (CY1) and 2 other core subunits of the cytochrome b-c1 complex (QCR1 and QCR?2)

439  were significantly more abundant in OIR as was subunit 6 (QCR6) which is associated with the low

440 molecular weight component of Complex Ill. However, subunit 8 (QCR8), which is also associated with
441 the low molecular weight sub-complex, was significantly less abundant OIR muscle. Cytochrome ¢

442  oxidase subunit 5A (COX5A) was the only subunit of 7 quantified from Complex IV that was

443 significantly less abundant (P = 0.03, g = 0.04) in OIR muscle. Eleven subunits of ATP synthase

444 (Complex V) were analysed, and 3 exhibited significant differences in abundance between LHC and
445  OIR muscle. ATP synthase subunits f (ATPK) and the endogenous inhibitor (ATIF1) were more

446 abundant (8.4-fold and 2.9-fold, respectively), in OIR muscle. Conversely, ATP5I was more abundant in
447 LHC muscle and (1.8-fold). Alongside protein abundance profiling our analysis quantified the turnover
448 rates of 15 OXPHOS subunits. Generally, the turnover data indicated a theme of lower mean turnover
449 rate in OIR muscle (Figure 3) and the rate of turnover of 1 protein, Cytochrome b-c1 complex subunit
450 Rieske (UCRI), was statistically (P = 0.025) greater in LHC (2.78 + 1.20 %/d) compared to OIR (0.37
451 0.55 %/d) muscle.
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Two subunits of respiratory Complex |, including alpha-subcomplex 12 (NDUAC) and beta subcomplex
subunit 10 (NDUBA) that were significantly less abundant in OIR compared to LHC 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/ug at
baseline to 42.27 fmol/ug post-HIIT. Two other ATP synthase subunits (G; ATP5L and A; ATPA)
exhibited greater turnover rates after 10 weeks HIT 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 baseline to
0.82 + 0.36 %/d across the final 2-weeks of exercise. ATPA increased >2-fold (P = 0.045) in turnover

rate in response to training in OIR muscle.

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

In addition to metabolic enzymes, proteins belonging to the KEGG “Proteasome” pathway were highly
enriched (g = 5.3e™) amongst the significant differences between OIR and LHC 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, g =0.009) in LHC muscle and the abundance of the E3 ligase RNF123, was ~3-fold greater (P =
0.002, g =0.008) in LHC. Three subunits of the COP9 signalosome (a deactivator of Cullin-RING
ubiquitin ligases) were more abundant in OIR muscle, and a protein involved in mitophagy, FUN14
domain-containing protein 2, was ~9-fold greater in abundance in OIR (0.3407 + 0.0920 fmol/ug) than
LHC (0.0374 + 0.0424 fmol/ug).

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, 4 subunits of the 19S base
region (PSMC), 5 subunits of the 195 lid region (PSMD), and one subunit 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 significantly
more abundant in LHC muscle. Protein turnover rates were quantified for 6 proteasome subunits but

no statistically significant differences in turnover were identified between OIR and LHC groups.

Fifteen proteins associated with response to stress and chaperone function differed in abundance

between OIR and LHC muscle, including 4 isoforms of peroxiredoxin (PRDX), each more abundant in
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485 OIR than LHC muscle (Figure 4E). PRDX1 exhibited the greatest difference and was ~2.5-fold greater
486 (P=0.008, g =0.02) in OIR muscle. Similarly, PRDX3, PRDX5, and PRDX6 were each ~1.5-fold more
487  abundant in OIR muscle. Parkinson disease protein 7 (PARK7) was 2.5-fold greater (P < 0.001, g =
488  0.001) in abundance in OIR muscle (26.89 + 0.22 fmol/ug) than LHC (10.54 + 1.80 fmol/ug), whereas
489  the mitochondrial superoxide scavenging enzyme, superoxide dismutase (SODM) was greater (P <
490  0.001, g =0.003) in abundance in LHC (1.965 + 0.300 fmol/ug) than OIR muscle (0.3132 + 0.1259
491 fmol/pg).

492  Several proteins associated with maintaining proteostasis were more abundant but had a slower

493 turnover rate in OIR muscle. Heat-shock 70 kDA protein 1 (HSP72) exhibited a > 5-fold slower

494 turnover (P =0.01) in OIR (0.74 + 0.56 %d) compared to LHC muscle (4.11 + 1.14 %/d) whilst being
495  ~1.5-fold more abundant (P=0.017, g = 0.028) in OIR. Similarly, the detoxifying enzyme (aldo-keto
496 reductase, mitochondrial; AK1A1) exhibited a >3-fold greater abundance in OIR muscle but turned
497 over atarate of 1.11 £ 0.31 %/d in OIR and 8.50 + 1.18 %/d in LHC muscle (7.66-fold slower in OIR; P
498 < 0.001). Mitochondrial aldehyde dehydrogenase 2 (ALDH2) is the second major enzyme associated
499 with alcohol metabolism and protects against oxidative stress. ALDH2 also had a significantly greater
500  turnover rate in endurance trained muscle (4.12 + 1.14 %/d) compared to OIR (1.44 + 1.18 %/d),

501 however no difference in abundance was identified. Whereas the plasma protein Hemopexin

502  (HEMO), which protects against heme-mediated oxidative stress was 3-fold greater in abundance (P =

503 0.009, g = 0.19) and 2-fold greater in FSR (P =0.011) in OIR than LHC muscle at baseline.

504  Following the HIIT intervention, 4 proteasome subunits that were more abundant in OIR muscle than
505 LHC under baseline conditions became significantly less abundant after exercise (Figure 4D). Ten

506 weeks of HIIT also led to robust changes in the abundance and/or turnover rates of proteins

507 associated with chaperone functions (Figure 4F). The abundance of the mitochondrial heat shock
508 protein, HSP 75 kDa (TRAP1), increased 1.5-fold (P = 0.021) from 0.096 + 0.030 fmol/ug at baseline to
509 0.143 + 0.026 fmol/ug after 10 weeks HIIT. Similarly, chaperonin 60 (CH60) exhibited a 1.6-fold

510  increase (P =0.041) in abundance after the HIIT intervention from 2.790 + 0.190 fmol/ug at baseline
511  to4.431 % 0.665 fmol/ug post-training. The adapter protein 14-3-3E, which may positively regulate
512 the heat shock response increased in abundance from 8.178 + 1.891 fmol/pg to 9.029 + 2.218

513  fmol/ug post-exercise (P = 0.046). Notably, the abundance of the chaperone, heat shock cognate 71
514  kDa (HSP7C) increased 1.4-fold (P = 0.042) after HIIT specifically in the myofibrillar fraction. The

515  abundance of HSP7C within the soluble fraction remained stable between pre- and post-exercise in
516 OIR muscle, whereas HSP7C turnover increased 2.7-fold (P = 0.004). The chaperone HS90-beta also
517  significantly increased in turnover rate (P = 0.046) between baseline (4.46 + 1.07 %/d) and in

518 response to exercise (5.74 + 1.23 %/d). In addition, exercise training increased the turnover rates of
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519 PRDX2 and ALDH2, which exhibited a significantly greater FSR (P = 0.050 and 0.037, respectively) in
520  trained OIR muscle (0.58 £ 0.25 and 5.58 + 1.87 %/d, respectively) in comparison to baseline (0.43 +
521  0.26and 1.44 + 1.18 %/d) (Figure 4F).
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Discussion

We have used dynamic proteome profiling to report novel differences in both the abundance and
turnover rate of proteins in the muscle of LHC and OIR humans. Our findings point to dysregulation of
proteostasis in OIR individuals, while longitudinal analysis of OIR muscle after a 10-week programme
of HIIT revealed some restoration of muscle proteostasis. Our data complement and extend
knowledge from earlier protein abundance profiling studies, and our application of stable isotope
labeling in vivo afforded new insight into the dynamic state of proteins in the muscle of OIR
participants. Many of the proteins that were more abundant in OIR muscle at baseline exhibited
slower turnover rates compared to the muscle of LHC participants. This pattern may indicate a poorer
quality of proteins in OIR muscle and point to a loss of muscle proteostasis. Indeed, the fundamental
components of the proteostasis network, including the ubiquitin proteasome system (UPS) and heat-
shock protein (HSP) chaperones, featured prominently amongst the differences between OIR and LHC

muscle proteomes.

We discovered differences in the abundance and turnover rate of UPS components, including the 20S
core proteasome, 19S regulatory particle, 11S proteasome activator, ubiquitin (E1, E2 and E3) ligases
and components of super-complexes (e.g. Cop9 signalosome) that regulate protein ubiquitination and
degradation. E3 ubiquitin ligases underpin the selectivity of UPS-mediated protein degradation and
have been a focus of previous 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 (Song et al., 2013). Consistent with our findings, muscle TRIM72 abundance is
greater in models of obesity and insulin resistance, whereas knock-down of TRIM72 protects against
muscle insulin resistance induced by a high-fat diet (Hu & Xiao, 2018). HIIT did not alter TRIM72
abundance but did significantly increase TRIM72 turnover, which may be an early indication of a
beneficial effect of exercise training. OIR muscle also had a greater abundance of the E3 ubiquitin
ligase RNF123, which is the catalytic subunit of the Kip1 ubiquitin promoting complex (KPC). The KPC
is responsible for the degradation of Kip1 (cyclin dependent kinase inhibitor 1B) (Kamura et al., 2004)
and is an acknowledged regulator of the cell cycle that may also protect against stress-induced

apoptosis in striated muscle (Yuan et al., 2019).

OIR muscle also exhibited differences in the Cop9 signalosome, which regulates the large family of
cullin-RING ubiquitin E3 ligases (CRL) by removing the nedd8 ubiquitin-like modifier from cullin
subunits (Mosadeghi et al., 2016). Only Nedd8-modified CRL complexes are catalytically active and 3
subunits of the COP9 signalosome (CSN3, CSN7a and CSN8) were more abundant in OIR muscle at

baseline (Figure 4), which may indicate lesser activation of CRL enzymes. Cullin-associated NEDD8-
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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 culinl to prevent
neddylation (Shiraishi et al., 2007). No difference in CAND2 abundance was detected, but the
turnover of CAND2 was lesser in OIR compared to LHC at baseline and increased in OIR muscle after
exercise training. In addition, the deubiquitinating enzyme, ubiquitin carboxyl-terminal hydrolase
isozyme L3 (UCHL3), which hydrolyzes the peptide bond of both ubiquitin and nedd8 modifications
(Wada et al., 1998), 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 different abundances between OIR and
LHC muscle, particularly those associated with the regulation of K®-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 K®3-polyubiquitin chains; whereas UBE2K is
responsible for generating branched chains containing both k*- and k®-linked ubiquitins.
Polyubiquitin chains joined at ubiquitin K*are an acknowledged degradative signal, whereas the
inclusion of K® linkages may counter the signal for proteasomal degradation (Yang et al., 2014). The
UBE2N/V2 heterodimer (each more abundant in OIR muscle) is associated with protection against
DNA damage (Andersen et al., 2005) whereas only UBE2V1 isoform was enriched in LHC muscle.
UBE2V1 modulates ubiquitin proteasome responses to proteotoxic stress (Xu et al., 2020) and the
greater likelihood of UBE2N/UBE2V1 heterodimers in LHC muscle may be associated with greater
proteome stability. Conversely, UBE2V2 can be modified by reactive electrophiles and may lead to
hyperactivation of UBE2N to promote K®-polyubiquitination and genome protection (Zhao et al.,
2018). However, UBE2K was also significantly more abundant in OIR muscle and is responsible for the
formation of branched polyubiquitin chains that contain K*- as well as K®-linkages (Pluska et al.,
2021). UBE2K may enhance proteasomal degradation of proteins carrying K®3-polyubiquitin chains
(Ohtake et al., 2018). These findings highlight a complex interplay between E2 ligases and suggest the

distribution of K*8- and K®-linked polyubiquitin chains was 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 LHC muscle. The beta-1 and beta-5 subunits were significantly more abundant in
OIR muscle, whereas the beta-2 subunit was significantly less abundant than LHC muscle; four alpha
ring subunits were also more abundant in OIR muscle. Previous studies (Hwang et al., 2010;
Vanderboom et al., 2022) similarly report some but not all proteasome subunits exhibit differences
amongst the muscle of lean, obese and T2DM patients. Currently, it is uncertain whether the

abundance of individual proteasome subunits measured in muscle homogenates reflects the activity
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of the proteasome (Jenkins et al., 2020). Proteasome activity is also modified by changes to regulatory
subunits, including the 11S proteasome activator (PA28a; PSME1), which increases specifically in the
muscle of obese participants after acute exercise (Vanderboom et al., 2022). Similarly, we found
PSME1 was more abundant in OIR muscle after 10-weeks HIIT (Figure 4D) and our earlier analysis of
rat heart responses to exercise (Burniston, 2009) also demonstrated that endurance training
increases the abundance of the PSME1 subunit. Overexpression of PA28a is associated with increased
degradation of oxidatively damaged proteins in rat neonatal ventricular myocytes (Li et al., 2011).
Whereas streptozotocin-induced insulin-dependent diabetes is associated with reduced muscle
PA28a content and loss of proteasome activity (Merforth et al., 2003). Furthermore, PA28-null mice
exhibit hepatic steatosis, decreased hepatic insulin signaling, and increased hepatic glucose
production (Otoda et al., 2013). Therefore, despite ambiguous differences in catalytically active
subunits of the core proteasome, 10-weeks HIIT likely improved the capacity for proteasomal

degradation in OIR muscle via 11S proteasome activation.

Heat shock proteins (HSP) are the second major constituents of the proteostasis network and are
widely-acknowledged components of muscle responses to exercise. HSP are categorized based on
their molecular weight into major families and the 90 kDa-, 70 kDa- and small (< 45 kDa) heat-shock
proteins. Small heat shock proteins (sHSP) exhibited differences in abundance between OIR and LHC
muscle that were consistent with previous literature. For example, HSP27 (HSPB1) was significantly
more abundant in OIR and is also more abundant in the muscle of Goto-Kakizaki rats (Mullen et al.,
2011) and in myoblasts generated from the muscle of type 2 diabetic patients (Al-khalili et al., 2013).
HSPB1 and HSPB6 (HSP20) are well studied in the context of skeletal muscle responses to exercise
and each of these proteins exhibited higher rates of turnover after 10-weeks HIIT (Figure 4F). Small
HSP (sHSP) function 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 efficiently with misfolded proteins but lack ATPase activity and cannot (re-) fold substrate
proteins directly (Haslbeck et al., 2019). Therefore, sHSP work cooperatively with other chaperone
complexes, e.g. by preparing proteins for refolding by HSP70 (Goncalves et al., 2021). The inducible
HSP72 and the constitutively expressed heat shock cognate (HSP7C) were each more abundant in OIR
than LHC muscle. HSP72 abundance increases in human muscle after exhaustive exercise but returns
to basal levels within 3 h after the cessation of exercise (Febbraio et al., 2002). We report chronic
elevation of HSP72 in OIR muscle, which may be evidence of sustained stress and an elevated
requirement for refolding damaged proteins (Gupta et al., 2010). Indeed, muscle-specific

overexpression of HSP72 can protect against the development of insulin resistance induced by a high-
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624  fat dietin mice (Chung et al., 2008). In the current work, HIIT did not effect HSP72 but did significantly
625 increase the turnover rate of HSP7C, which may support a general improvement in proteome quality
626 by enhancing the capability of HSP7C to orchestrate chaperone-mediated degradative process

627  (Fernandez-Fernandez & Valpuesta, 2018).

628 HSP70 complexes may, in turn, pass client proteins to HSP90 complexes, including HSP90-alpha

629 (HS90A) and HSP90-beta (HS90B), which are abundant cytosolic proteins that (re-) fold newly

630  synthesized or incorrectly folded protein clients. Pharmacological inhibition (Lee et al., 2013) or

631 knockdown (ling et al., 2018) of HSP90 improves insulin sensitivity in rodent models of diabetes or
632 diet-induced obesity. Consistent with findings in patients with type 2 diabetes (Venojarvi et al., 2014),
633 HSP9O0B was more abundant in OIR muscle (Figure 4E). HIIT did not alter the abundance of either

634  HSP90 isoform but the turnover rate HS90B increased significantly in OIR muscle after 10-weeks of
635  training (Figure 4F). HSP90 function is regulated by post-translational modifications, including

636  oxidation (Backe et al., 2020), and a greater turnover of HSP90 in trained muscle may equate to a

637 greater proportion of non-modified HSP90 proteins, which have preserved functional capacity (Beck
638 et al., 2012). In addition, the mitochondrially targeted homolog of HSP90, TRAP1, was more abundant
639  in OIR muscle after HIIT, and TRAP1 may offer greater protection against mitochondrial apoptosis

640 induced by reactive oxygen species (Montesano Gesualdi et al., 2007).

641 Redox signalling contributes to the muscle response to exercise, and oxidative stress is a proposed
642 mechanism of muscle dysfunction associated with obesity. PARK7 (DJ-1) and peroxiredoxins (PRDX)
643  were generally more abundant in OIR than LHC muscle. PARK7 is a redox-sensitive chaperone that
644  may reverse methylglyoxal and glyoxal-glycated protein modifications (Richarme et al., 2015) that can
645 be elevated in the muscle of obese individuals with type 2 diabetes (Mey et al., 2018). PRDX enzymes
646 are the primary scavengers of cellular H,0, and may underpin the hormesis response of muscle to
647 exercise-induced oxidative stress (Xia et al., 2023). Our findings (Figure 4E and F) add to reports that
648 PRDX2 and PRDX6 are more abundant in the skeletal muscle of type 2 diabetic patients (Brinkmann et
649  al., 2012), and that PRDX5 in more abundant in myoblasts derived from muscle biopsies of type 2

650  diabetic patients (Al-khalili et al., 2013). We found no change in PRDX abundances after the 10-week
651 HIIT intervention, whereas (Brinkmann et al., 2012) reported muscle PRDX5 abundance increases in
652  type 2 diabetic patients after exercise training. PRDX enzymes undergo reversible redox

653 modifications, for example, PRDX3 becomes more oxidized in human muscle during HIIT (Pugh et al,,
654  2021). We report that the turnover rate of PRDX3 was relatively low in OIR compared to LHC muscle
655  and further declined after the 10-week HIIT intervention, which may be associated with changes to

656 the modification state and dimerization of PRDX3 in exercised muscle.
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Tran et al., (2019) reports the average turnover of mixed protein is less in the muscle of obese
compared to lean humans and used targeted analysis of ATPB in ?Hio-leucince labelled samples to
report a lesser protein-specific turnover rate of muscle ATB in obese individuals. We also found the
protein-specific turnover rate of ATPB was less in OIR muscle, and our non-targeted analysis, which
encompassed a further 10 subunits of Complex V, highlighted that subunits AT5F1, ATP5L and ATPO
also exhibited lesser rates of turnover in OIR muscle (Figure 3A). When our protein-specific turnover
data are aggregated, the average turnover rate of mixed protein tended to be less in OIR than LHC
individuals (Figure 2D). However, this pattern was not uniform at the protein-specific level and the
turnover of proteins, including kelch-like protein 41 (KLH41), HSPB3 and 2 subunits (PSA6 and PSB3)
of the core proteasome tended to be greater in OIR than LHC muscle (Figure 4E). Furthermore, we
report a trend towards a greater average protein turnover in OIR muscle undergoing HIIT (Figure 2G)
but this response pattern was, again, not uniform at the protein-specific level. In particular, some
subunits of the core proteasome, heat shock proteins and peroxiredoxins exhibited lesser turnover
rates after HIIT in OIR muscle (Figure 4D and F). Therefore, dynamic proteome profiling adds protein-
specific detail to trends observed in mixed protein data and highlights proteins that exhibit responses

that are inverse to the overall trend in average turnover of the protein mixture.

Our analysis of protein abundance and turnover responses in human muscle is unique and has yielded
new insight into losses in muscle proteostasis associated with obesity. However, we acknowledge our
sample size of n =4 LHC and n = 3 OIR participants limits the extrapolation of our findings to larger
populations, and more extensive studies are required to pursue this line of enquiry. Where data exist
in the previous literature, our current findings align well with existing knowledge regarding the effects
of obesity on skeletal muscle. In agreement with our meta-analysis of protein abundance profiling
literature (Srisawat et al., 2017), glycolytic enzymes were enriched in OIR muscle and mitochondrial
Complex | emerged as a point of convergence between the effects of metabolic disease and exercise
training. However, differences in protein-specific turnover rates were the more prominent feature
observed across metabolic enzymes between OIR and LHC at baseline (Figure 3A) or in OIR muscle
before and after the 10-week HIIT intervention (Figure 3B), which add new information on the effects

of obesity in human muscle.

In conclusion, the muscle proteome of obese insulin-resistant humans exhibits widespread evidence
of losses in proteostasis and elevated proteome stress characterised by differences in the abundance
and turnover rate of heat shock proteins and perturbations to the ubiquitin proteasome system. Ten-
weeks of HIIT tended to improve the quality of the proteome by altering proteasome composition

and enhancing the turnover rates of metabolic enzymes. We observed changes in the turnover rate of

energy metabolism enzymes without exercise-induced changes in protein abundance; therefore,
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691 proteodynamic analysis offers new insight into muscle exercise responses. Losses in proteostasis are
692 well-established in age-related diseases, and our discoveries highlight a need to further investigate

693  whether losses in proteostasis also underpin earlier pre-clinical stages of human diseases.
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937  Table 1 - Participant characteristics and physiological data
LHC OIR (Baseline) OIR (Post-Exercise)
(n=4) (n=3) (n=3)
Age (Years) 38+8 38+6
Height (cm) 177.1+5.9 179.7 + 4.1
Weight (kg) 75.6£5.1 110+ 21 109 + 22
BMI (kg.m?) 24.2 £2.4% 34.0+5.8 33.8+6.1
Fat mass (kg) 13.5+3.9* 329+14.11 324+14.0
Lean mass (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.kgt.min) 455 + 7.9%* 26.2+4.4 28.6+7.0
Wattmax (W) 259.8 + 48.3* 185.3+26.0 210.3 £ 22.5%
Fasting glucose (mmol.I) 5.0+0.3 53+1.4 5.6+0.6
Glucose AUC (mmol.I%) 703.3+81.5 893.3+371.0 783.3+259.6
Fasting insulin (ulU.ml?) 8.6+ 2.9 32.4+216 29.1+19.5
Insulin AUC (ulU.ml?) 5422 + 2627* 13,426 £ 7162 12,970 £ 6727
Matsuda Index 57+ 1.4* 1.7+0.6 201
938
939 Physical and physiological characteristics measured during pre- and post-experimental testing of the
940  lean healthy control (LHC) and obese insulin resistant (OIR) individuals at baseline and after 10-weeks
941 HIIT exercise. Data presented as mean + standard deviation. *P < 0.05; **P < 0.01; *P < 0.1 vs OIR

942

baseline.
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Figure Legends

Figure 1 — Experimental design and deuterium incorporation

A two-week deuterium oxide (D,0) labelling experiment was conducted with lean healthy control
(LHC; n = 4) and obese insulin resistant (OIR; n = 3) participants to collect baseline data (weeks -2 — 0).
Saliva sampling and D,0 administration (4 x 50 ml) 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. The OIR 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 the OIR muscle proteome. Physiological data,
including peak aerobic power (Wmax), maximum oxygen uptake (VO,max) and oral-glucose tolerance
(OGT), were measured 48 h prior to the collection of baseline biological samples or 48 h after

completion of the 10-week HIIT intervention.

Figure 2 — Dynamic proteome profiling of human muscle

(A) Representative correlation matrix illustrating the technical reproducibility of muscle protein
abundance data (n = 880 proteins quantified) from a participant sampled at days 0, 4, 9 and 14 of the
baseline experimental period. (B) Representative correlation matrix illustrating the biological variation
of protein fractional turnover rates (n = 301 proteins) quantified in n = 3 OIR participants during
baseline experimental period. (C) Volcano plot illustrating Log, fold-difference in protein abundance
between OIR and LHC muscle at baseline (day 0). Statistically significant (p < 0.05) data with a false
discovery rate (FDR) < 5 % are highlighted in red. (D) Average turnover rate of proteins (n = 301)
guantified in OIR (n = 3) and LHC (n = 4) participants during the baseline measurement period. (E)
Scatter plot of co-occurring differences (Log transformed data) in protein abundance (x-axis) and
turnover rate (y-axis) in OIR compared to LHC participants. (F) Volcano plot illustrating Log, 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 %. (G) Average turnover rate of proteins (n = 301) quantified in OIR (n = 3) during the
baseline measurement period and final two-weeks of the HIIT intervention. (H) Scatter plot of co-
occurring changes (Log, transformed data) in protein abundance (x-axis) and turnover rate (y-axis) in

OIR participants after the IIT intervention.
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Figure 3 — Dynamic proteome profiling of muscle energy metabolism pathways

Nodes represent proteins organized to their principal energy metabolism pathway in muscle and are
annotated by their UniProt knowledgebase identifier. (A) Node fill colour represents Log, fold-
difference in abundance and node boarder colour represents Log, fold-difference in fractional
turnover rate (FSR) between obese-insulin resistant (OIR) and lean healthy control (LHC) participants
at baseline. (B) Node fill colour represents Log, fold-change in abundance and node boarder colour
represents Log, fold-chance in fractional synthesis rate in obese-insulin resistant (OIR) after the 10-
week high-intensity interval training (HIIT) intervention. Grey borders indicate missing FSR data. Cl —

CV represent mitochondrial respiratory chain complexes.

Figure 4 — Dynamic proteome profiling of the muscle 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 and D)
or heat shock protein and antioxidant system (E and F). (A, C and E) Node fill colour represents Log>
fold-difference in abundance and node boarder colour represents Log, fold-difference in fractional
synthesis rate (FSR) between obese-insulin resistant (OIR) and lean healthy control (LHC) participants
at baseline. (B, D and F) Node fill colour represents Log, fold-change in abundance and node boarder
colour represents Log, fold-chance in fractional turnover rate in obese-insulin resistant (OIR) after the

10-week high-intensity interval training (HIIT) intervention. Grey borders indicate missing FSR data.
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