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Summary
Background Urinary proteomic profiling (UPP) provides insights in disease mechanisms and origin of symptoms. 
Using UPP, this study aimed at deepening insight in the biology of exercise tolerance.

Methods In the HOMAGE trial, 268 patients at risk of heart failure underwent the incremental shuttle walk test 
(SWT) and UPP by capillary electrophoresis coupled with mass spectrometry at baseline (discovery) and the 9-month 
final visit (replication). Sequencing of 1498 urinary peptides identified 170 non-collagen and 40 collagen-derived 
proteins. Ten exercise-related variables, including heart rate and blood pressure responses, symptoms and 
walking distance were summarised into a single factor, higher values indicating exercise intolerance. In 
exploratory analyses, exercise intolerance was related to the UPP, first in linear and logistic regression models, 
considering one peptide at a time, and next by elastic net regression considering the peptides retained in the 
previous step. Replicated proteins were subjected to pathway analysis.

Findings Twenty-nine non-collagen and 31 collagen-derived peptides were associated with reduced exercise capacity 
with correction for multiple testing. In elastic net regression, exercise intolerance was in >50% of 1000 bootstrap 
runs associated with the non-collagen proteins FXYD2, GAPDH, HBB, KCNB1, MB, MYOCD, SECTM1, SNX9, 
TACC3, TMSB4X, and TTN and with collagens COL5A1, COL6A1, COL11A2, and COL28A1. Enriched pathways
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involved oxygen homoeostasis, oxidative stress regulation, metabolic and developmental processes, and muscle 
biology.

Interpretation In HOMAGE patients, UPP identified parent proteins regulating exercise endurance, which are 
involved in oxygenation, vascular and muscle structure and function, maintenance of the circulating volume, and 
protection against oxidative stress.

Funding European Union.

Copyright © 2026 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
Exercise capacity provides important diagnostic and 
prognostic information in patients with cardiac 1,2 or 
pulmonary 3 conditions. Incremental cardiopulmonary 
exercise testing with metabolic gas exchange measure-
ment (CPET) is the standard method to assess maximal 
aerobic capacity. 4 However, CPET is a complex pro-
cedure. The incremental shuttle walk test (SWT) is a 
symptom-limited maximal exercise test (Appendix, pp 
3–7) used to assess exercise tolerance in patients with 
chronic heart failure (HF). 5 The correlation coefficients 
between the SWT distance covered and peak oxygen 
consumption measured by CPET range from 0.67 to 
0.95. 6 Reduced exercise endurance, as reflected by 
deficient chronotropic and haemodynamic responses to 
exercise, is an independent predictor of cardiovascular 
endpoints, post-surgical complications, and all-cause 
mortality, especially in older adults, patients with res-
piratory disease, a history of myocardial infarction, 
cancer, or chronic kidney disease. 7,8 These observations

justify further research in exercise intolerance for the 
timely diagnosis of subclinical changes in left ventric-
ular structure and function, in particular HF with pre-
served ejection fraction, which is prevalent among 
women and is often only characterised by unexplained 
breathlessness. 9

Sequenced peptides in the urinary proteome identify 
parent proteins. 10,11 Extensive PubMed searches (upda-
ted until 17 June 2026) and comprehensive reviews 12,13 

revealed that proteomics is widely used to assess mus-
cle physiology, 14–17 exercise endurance, and trainability 
in healthy individuals, 18 athletes, 19–22 and patients with 
metabolic disorders. 23–25 However, there were no reports 
of the relation between exercise tolerance and the 
parent proteins identified by urinary proteomic 
profiling (UPP) with the exception of one acute inter-
vention study with little relevance in 10 firefighters. 26 

This knowledge gap was addressed in the Heart 
Omics in Ageing (HOMAGE) study, 27 an open-label, 
randomised clinical trial, in which patients at risk of

Research in context

Evidence before this study
PubMed searches for studies published in English were 
updated until 17 June 2026, using as search terms “exercise” 
AND “endurance” AND “proteomics” in the title or abstract. 
The searches returned 70 articles published from 2008 to 
2026. All summaries were examined for relevance. The full 
text of 13 articles was reviewed to establish the current state 
of knowledge. Tissue and circulating proteomics, without or 
with genetic profiling and multi-omics, were applied in 
experimental, observational, and interventional studies to 
assess muscle physiology, exercise endurance and trainability 
of healthy individuals, athletes, or patients with various 
disorders. However, no study related exercise tolerance to the 
urinary proteome in spite of the molecular and 
pathophysiological information that can be derived from 

sequenced urinary peptides that identify parent proteins.

Added value of this study
This study summarised 10 variables measured during an 
incremental shuttle walk test into a single factor. The analysis 
showed a relation between exercise tolerance and the parent 
proteins of urinary peptides, which included FXYD2, GAPDH, 
HBB, KCNB1, MB, MYOCD, SECTM1, SNX9, TACC3, TMSB4X, 
TTN, COL5A1, COL6A1, COL11A2, and COL28A1. These 
proteins are involved in pathways related to oxygen 
homoeostasis, oxidative stress regulation, metabolic and 
developmental processes, and cytoskeletal organisation of 
muscle cells.

Implications of all the available evidence
The current study proved the feasibility of using a single 
factor combining 10 exercise-related features and showed 
correlations with the urinary proteome of patients at high 
risk of heart failure. Modifying the biological pathways 
involved in exercise limitation may be a strategy for future 
therapy.
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HF were randomised to usual therapy with or without 
spironolactone. Of 527 randomised patients, 268 pa-
tients underwent SWT testing and had the UPP 
measured at baseline and at the 9-month terminating 
visit (Fig. 1).

Methods
Study participants
HOMAGE is a multicentre open-label trial with blinded 
endpoint evaluation (registration number: 
NCT02556450). 27 The protocol was approved by the 
Greater Manchester Central Research Ethics Commit-
tee (reference: 16/NW/0012; EudraCT number: 2015-
000413-48) and by each clinical site’s local Ethics 
Committee (Appendix p 11). All patients signed an

informed written consent form with no provisions for 
data sharing, given the European General Data Pro-
tection Regulation. 28

Patients of either sex (self-reported), aged ≥60 years, 
were eligible, provided that they were at high risk of 
developing HF, because they already had or were likely 
to develop coronary heart disease (CHD). Patients had 
serum N-terminal pro-B-type natriuretic peptide (NT-
proBNP) of 17–140 pmol/L (125–1000 ng/L) or serum 
B-type natriuretic peptide (BNP) of 10–81 pmol/L 
(35–280 ng/L). These ranges excluded patients at low 
HF risk and those with advanced disease requiring 
further investigation and intensive treatment. Patients 
with acute or chronic HF were therefore excluded from 
the trial. Of 877 screened patients, 527 were rando-
mised to spironolactone 25–50 mg per day (n = 265) in
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Fig. 1: Diagram illustrating the selection of patients, the technique of capillary electrophoresis coupled with mass-spectrometry, the selection 
of sequenced peptides identifying the parent proteins, and the flow of the analyses (exploratory analyses using generalised linear models or 
logistic models with three steps of increasingly stringent adjustment, the main analysis based on elastic net regression, feature importance 
explained by SHAP, and the pathway analysis).
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addition to usual treatment or usual treatment alone 
(n = 262). 27 Of the UPP data, only sequenced urinary 
peptides with a detectable signal in at least 30% of pa-
tients at baseline and the 9-month terminating visit 
(n = 290) were analysed. Of these 290 patients, 22 did 
not undergo SWT testing, leaving 131 patients from the 
control group and 137 randomised to spironolactone. 
Previous HOMAGE publications showed that spi-
ronolactone had no effect on exercise endurance, 7,8 so 
that for the current analysis, the 268 patients were 
pooled. All required exercise data were available 
(Appendix Fig. S1), with the baseline and 9-month data 
constituting the discovery and replication datasets. A 
previous HOMAGE publication on the effects of spi-
ronolactone on the UPP 29 suggested that a sample size 
of 268 patients would be sufficient to address the ob-
jectives of the current study. Left ventricular mass was 
determined in all patients by transthoracic echocardi-
ography during screening and the ejection fraction in 
224 patients at baseline and in 180 at the 9-month visit.

Urinary proteomics and biomarkers
Mosaiques-Diagnostics GmbH, Hannover, Germany 
(MOS), performed UPP profiling for all patients. The 
methods for sample preparation, capillary electropho-
resis coupled with mass spectrometry (CE-MS), peptide 
sequencing, and for the evaluation, calibration, and 
quality control of the mass spectrometric data have 
been previously described in multiple publications 10,11 

and in the Appendix, pp 8–10. In the CE-MS step, 29 
endogenous urinary peptides were used as internal 
standards to calibrate signal intensity. This procedure is 
highly reproducible and addresses, in a single calibra-
tion step, both analytical and dilutional variances, 
including those caused by variability in renal function. 30 

The UPP dataset comprised 1498 sequenced urinary 
peptides with detectable signals in at least 30% of pa-
tients. Undetectable peptides were set to the distribu-
tion minimum, multiplied by a factor randomly varying 
from 0.95 to 1.05, to avoid the accrual of an excessive 
number of peptide levels with the same value (the 
minimum). 31 The distributions of the urinary peptides 
(Appendix Fig. S2) were rank normalised by sorting 
measurements from the smallest to the highest value 
and then applying the inverse cumulative normal 
function. 32 Rank-normalised variables have a mean of 
0 and a SD of 1. Centring the urinary peptides on the 
mean also addresses batch effects, such as for instance, 
those related to the background medical treatment, 
changes in renal function, or small procedural vari-
ability across successive UPP runs. 33

The UPP dataset consisted of 389 peptides from 170 
non-collagen parent proteins and 1109 fragments 
derived from 40 distinct collagen alpha chains. The 
number of urinary peptides by which a parent protein is 
represented increases the likelihood of finding an

association with the outcome variable, i.e., exercise 
tolerance. For instance, 421 peptide fragments origi-
nated from COL1A1 (collagen alpha-1[I] chain) and 27 
from PIGR (polymeric immunoglobulin receptor). 
Furthermore, along the renal tubules and along the 
upper and lower urinary tract, proteases cleave pep-
tides, so that longer peptides represent a greater and 
therefore more representative fraction of the parent 
protein. 34 To address both issues, a two-pronged 
approach was implemented. First, the Protein Atlas 
(https://proteinatlas.org) and several publications 12–25 

were searched for non-collagen proteins and for 
collagen-alpha chains with functional and expression 
data in the cardiovascular system, adrenal glands, kid-
ney, skeletal and vascular muscle, and myocardium. 
The Protein Atlas searches were carefully documented 
in an Excel report, which is available online as sup-
porting information (Selection of Proteins.xlsx). This 
file contains the protein symbol, the laboratory identi-
fication number, the protein function as described in 
the Protein Atlas, the expression profile either as RNA 
or protein in the tissues of interest, the intracellular 
location of the proteins, a colour code representing the 
selection, and a justification of the selection. Second, if 
multiple peptides identified the same parent protein, 
those with low mass were excluded. This reduced the 
number of peptide fragments included in statistical 
analysis to 198 for non-collagen proteins and to 152 for 
the collagen alpha-chains. Throughout this article, uri-
nary peptides are labelled by the laboratory identifica-
tion number (Mosaiques-Diagnostics) and parent 
proteins by their symbol and accession number in the 
UniProt database (www.uniprot.org). Glomerular 
filtration rate was estimated (eGFR) from serum creat-
inine by the Chronic Kidney Disease Epidemiology 
Collaboration (CKD-EPI) formula. 35 Serum NT-proBNP 
was measured by electro-chemi-luminescence (ELEC-
SYS ® 2010 analyser; Roche Diagnostics, Mannheim, 
Germany).

Exercise tolerance index
The raw SWT distance (number of shuttles completed) 
is commonly used by clinicians as an easily imple-
mentable substitute for CPET, which requires bicycle 
testing and metabolic gas exchange measurement in a 
specialised laboratory. 1–3 However, the SWT distance 
only captures a single dimension of exercise capacity. 
Exercise elicits profound haemodynamic responses, 
including steep increases in blood pressure (BP) and 
heart rate (Appendix Fig. S3), followed by a partial re-
turn to the pre-exercise values. 7,8 The SWT distance 
provides no information on these haemodynamic re-
sponses to exercise, symptoms occurring during the 
test, such as breathlessness, and on whether the SWT 
test was stopped on the initiative of the patient (symp-
tom-limited) or the observer (medical indication). All
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these factors, 10 in total, were captured by a single 
variable, of which the derivation is described in the 
statistical analysis section.

Statistical analysis
For database management and statistical analysis, SAS 
software, version 9.4, maintenance level 7, was used 
(SAS Institute Inc., Cary, NC). Deviation from the 
normal distribution was assessed by the Shapiro–Wilk 
statistic. For normally distributed data, the central ten-
dency (spread) of the distributions was presented by the 
arithmetic mean (SD) and for transformed data by the 
geometric mean or median (interquartile range [IQR]). 
Arithmetic and geometric means were compared using 
the large-sample Z-test and proportions by the χ 2 sta-
tistic or Fisher exact test, as appropriate based on cell 
frequencies. Among the clinical and biochemical vari-
ables used in the analyses, 26 missing values were 
imputed, using linear regression: 11 for the waist-to-hip 
ratio (WHR), 8 for eGFR, and 7 for echocardiographic 
left ventricular hypertrophy (LVH) as derived from left 
ventricular mass, indexed to body surface area. Pearson 
correlation coefficients were used to quantify the in-
terrelations between the urinary peptides, separately for 
the non-collagen fragments and collagen-derived pep-
tides. Statistical tests were two-sided. The flow of the 
analyses comprised four steps.

Derivation of the exercise tolerance index
Using data obtained at screening, exercise performance 
was summarised into a single exercise tolerance index 
(ETIF), using the PROC FACTOR procedure with the 
minimal eigenvalue set at 1 and varimax rotation. The 
method option applied was principal component anal-
ysis, which extracts factors that capture the maximum 
variation in the data. 36 The components considered 
were the resting systolic BP and heart rate immediately 
before the SWT test; the number of shuttles completed; 
three design variables (0, 1) respectively coding for (a) 
the early stoppage of exercise on the patient’s or 
supervisor’s initiative; (b) moderate to severe breath-
lessness (≥6 on the 10-point Borg scale), and (c) 
symptom-limited exercise; and the following ratios 
(Appendix Fig. S3): systolic BP immediately post- to 
pre-exercise, systolic BP and heart rate at 5 min post-
exercise to the corresponding values immediately 
postexercise, and the heart rate at 5 min postexercise to 
pre-exercise (heart rate recovery).

Linear and logistic regression
At the 1-month (baseline) and 9-month (follow-up) 
visits, ETIF was first related to the urinary peptides 
derived from non-collagen proteins (n = 198) and in 
separate runs to peptides from different collagen alpha-
chains (n = 152), one peptide at a time, using linear 
regression models (Fig. 1). Significance levels were 
corrected by the Benjamini-Hochberg false discovery

rate (FDR). The objective of this step was to exclude 
urinary peptide fragments, which did not retain FDR-
corrected significance (p ≤ 0.05). Covariables were 
selected a priori based on clinical relevance and known 
associations with exercise performance, cardiovascular 
risk and renal function and applied in a hierarchical 
manner. Models were first adjusted for randomisation 
group only (not significant in any run 7,8 ). For basic 
adjustment, the covariables added to randomisation 
group included sex, age, body mass index (BMI), WHR, 
current smoking (0,1), and history of CHD (0,1), as 
obtained at screening. Extended adjustment also 
considered the following screening variables: NT-
proBNP (logarithmically transformed), eGFR, the 
presence of echocardiographic left ventricular hyper-
trophy (LVH), 37 and the visit-specific use of BP-lowering 
medicines by drug class: diuretics, β-blockers, in-
hibitors of the renin-angiotensin system (angiotensin-
converting enzyme inhibitors and angiotensin receptor 
blockers), and vasodilators (calcium-channel blockers 
and α-blockers). These analyses were conducted on the 
baseline (discovery) and the 9-month data (replication). 
The variance inflation factor (VIF) was used to exclude 
collinearity between the variables in linear models with 
extended adjustment. For descriptive purposes 
(Table 1) and in secondary analyses, ETIF was cat-
egorised into quartiles (Appendix Table S1 for non-
collagen urinary fragments and Appendix Table S2 for 
collagen-derived peptides). Using logistic regression 
with three adjustment steps as before, the top quartile 
(greatest risk of exercise intolerance) was contrasted to 
the other quartiles.

Elastic net regression
Given the strong correlations between the urinary 
peptides derived from non-collagen proteins (Appendix 
Fig. S4) or collagens (Appendix Fig. S5), in the next step 
of the analyses, ETIF was related to all covariables and 
to the urinary peptides retained in the foregoing FDR-
corrected eliminatory analyses (29 non-collagen pep-
tides [23 proteins] and 31 collagen fragments [16 
proteins]) by elastic net regression. The objective here 
was to construct a parsimonious model predicting 
exercise intolerance. The λ1 and λ2 regression penalties 
were determined by 10-fold random cross-validation. 
This procedure was bootstrapped 1000 times to obtain 
the final estimates of λ1 and λ2 and the 95% confidence 
intervals (CI) of the regression coefficients, linking 
modelled ETIF (ETIFmod) to the covariables and the 
urinary peptides. As before, these analyses were run 
separately for peptides derived from non-collagen pro-
teins and collagens. Feature selection in elastic net 
regression does not rely on multiple independent tests 
and does not generate p-values. Instead, a multivariable 
machine learning process, combining penalised elastic 
net regression and selection based on stability in 1000 
bootstrap iterations, was applied. 38 Stability selection
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Characteristic All participants Quartiles of the exercise performance index

Q1 Q2 Q3 Q4 p-value

Quartile limits — <−0.6101 <−0.0066 <0.7217 ≥0.7217
Number in group 268 67 67 67 67
Randomised to spironolactone, n (%) 137 (51.1) 31 (46.3) 32 (47.8) 35 (52.2) 39 (58.2) 0.16
Women, n (%) 61 (22.8) 6 (9.0) 16 (23.9) 18 (26.9) 21 (31.3) 0.0026
Men, n (%) 207 (77.2) 61 (91.0) 51 (76.1) 49 (73.1) 46 (68.7)
Risk factors
Current smoking, n (%) 159 (59.3) 39 (58.2) 40 (59.7) 46 (68.7) 34 (50.7) 0.66
Drinking alcohol, n (%) 64 (23.9) 17 (25.4) 24 (35.8) 17 (25.4) 6 (8.9)* 0.012
Office hypertension, n (%) 266 (99.2) 66 (98.5) 67 (100) 66 (98.5) 67 (100) 0.75
Treated hypertension, n (%) 258 (96.3) 63 (94.0) 67 (100) 62 (92.5) 66 (99.5) 0.67
Diuretics, n (%) 32 (11.9) 3 (4.5) 8 (11.9) 9 (13.4) 12 (17.9) 0.023
β-blockers, n (%) 199 (74.2) 51 (76.1) 54 (80.6) 46 (68.7) 48 (71.6) 0.32
RAS inhibitors, n (%) 205 (76.5) 49 (73.1) 54 (80.6) 47 (70.1) 55 (82.1) 0.52
Vasodilators, n (%) 99 (36.9) 20 (29.8) 24 (35.8) 29 (43.3) 26 (38.8) 0.21
Combination therapy, n (%) 194 (72.4) 45 (67.2) 53 (79.1) 46 (68.7) 50 (74.6) 0.67

Diabetes, n (%) 100 (37.3) 17 (25.4) 20 (29.8) 27 (40.3) 36 (53.7) 0.0004
Echocardiographic LVH, n (%) 74 (27.6) 15 (22.4) 15 (22.4) 18 (26.9) 26 (38.8) 0.032
History of CHD, n (%) 219 (81.7) 62 (92.5) 58 (86.6) 54 (80.6) 45 (67.2) <0.0001

Clinical measurements
Age (mean), y 73.6 (6.1) 70.2 (4.8) 73.3 (5.9)* 74.2 (5.1) 76.5 (6.6)* <0.0001
Age (median), y 73.1 (69.0–77.7) 69.9 (66.3–73.7) 72.7 (69.2–78.7)* 74.5 (69.3–77.9) 76.8 (71.2–82.6)* <0.0001
Body mass index, kg/m 2 28.8 (5.2) 28.2 (4.5) 28.1 (4.1) 29.2 (5.1) 30.0 (6.6) 0.11
Waist-to-hip ratio 0.97 (0.06) 0.96 (0.06) 0.97 (0.06) 0.94 (0.07) 0.99 (0.07) 0.14

Biochemical measurements
Serum creatinine, μmol/L 90.9 (22.8) 88.9 (17.6) 89.5 (21.6) 90.4 (22.1) 95.0 (28.4) 0.40
eGFR, mL/min/1.73 m 2 66.9 (15.4) 68.0 (13.1) 67.4 (14.5) 67.3 (14.0) 65.0 (19.4) 0.69
Total serum cholesterol, mmol/L 3.91 (1.09) 3.75 (1.03) 3.92 (1.13) 3.84 (0.98) 4.11 (1.20) 0.24
NT-proBNP, pmol/L 24.7 (15.8–39.0) 20.2 (11.6–30.3) 20.8 (11.7–34.1) 26.7 (18.6–41.2)* 33.9 (21.9–48.3)* <0.0001

Shuttle walk test measurements 
Before exercise
SBP, mm Hg 143.0 (21.9) 137.8 (16.2) 143.4 (20.4)* 146.3 (21.3) 145.0 (24.3) 0.11
DBP, mm Hg 78.1 (10.2) 78.5 (10.1) 78.4 (10.0) 77.7 (11.8) 77.8 (8.8) 0.95
HR, beats per minute 62.2 (10.3) 58.2 (7.4) 61.9 (9.2)* 61.6 (11.1) 64.5 (9.2)* <0.0001

During and after exercise
Number of shuttles (mean), n 49.9 (25.0) 72.9 (18.0) 57.2 (20.8)* 39.9 (17.7)* 27.8 (16.3)* <0.0001
Number of shuttles (median), n 48 (30–65) 70 (59–87) 57 (44–66)* 38 (28–50)* 25 (15–38)* <0.0001
SBP increase (median), % 17.4 (6.9–30.1) 33.1 (21.8–48.9) 19.1 (14.1–30.8)* 14.5 (3.7–17.4)* 4.0 (2.8 to −10.9)* <0.0001
SBP decrease (median), % 15.9 (24.5–8.6) 28.4 (31.9–22.4) 20.0 (25.3–12.6)* 13.7 (17.2–8.0)* 5.7 (12.9 to −0.01)* <0.0001
HR decrease (median), % 12.6 (23.9–3.8) 23.9 (35.0–13.4)* 16.5 (26.1–6.6)* 12.8 (18.6–3.3)* 3.8 (8.9–0.1)* <0.0001
HR recovery (median), % 6.6 (0.1–17.6) 25.0 (12.1–36.2) 8.3 (1.6–14.9)* 4.3 (0.1–9.5) 0 (4.6 to −3.3)* <0.0001
Test stopped, n (%) 249 (92.9) 56 (83.6) 60 (89.6) 66 (98.5) 67 (100) <0.0001
Symptom-limited test, n (%) 75 (28.0) 4 (6.0) 10 (14.9) 14 (20.9) 47 (70.2) <0.0001
Breathlessness score (median) 10 (5–15) 13 (9–15) 9 (4–14)* 8 (1–12) 9 (5–19) 0.012

Values are mean (SD), median (interquartile range), or number of participants (%). For NT-proBNP, which is logarithmically transformed, the geometric mean (interquartile range) is given. Hypertension 
is a blood pressure of ≥140 mm Hg systolic or ≥90 mm Hg diastolic or use of antihypertensive medications. Diabetes is the use of antidiabetic drugs, fasting blood glucose of ≥7.0 mmol/L, random 

blood glucose ≥11.1 mmol/L, or diabetes documented in practice or hospital records. Use of alcohol is the habitual consumption of alcoholic beverages daily or weekly. Systolic blood pressure (SBP) 
increase is the percent difference between the resting SBP before the shuttle walk test (SWT) and SBP immediately after the test. SBP/heart rate (HR) decrease is the percent difference between the SBP/ 
HR immediately after the test and 5 min later. HR recovery is the percent difference between the pretest HR and HR 5 min after stopping the test. Test stopped means that either the supervisor or the 
patient ended the SWT test early, because of a medical indication or symptoms. Symptom-limited test refers to the early termination of the test, because of symptoms perceived as severe by the 
patient. The breathlessness score is the sum of the scores on the 10-point Borg scale immediately after the test and at 1, 2, 3, and 5 min postexercise. Abbreviations: SBP, systolic blood pressure, DBP, 
diastolic blood pressure; HR, heart rate, LVH, left ventricular hypertrophy; CHD, coronary heart disease; eGFR, glomerular filtration rate derived from serum creatinine by the Chronic Kidney Disease 
Epidemiology Collaboration equation; NT-proBNP, N-terminal pro-B-type natriuretic peptide. RAS inhibitors refer to inhibitors of the renin-angiotensin system (angiotensin converting-enzyme 
inhibitors and angiotensin receptor blockers). Vasodilators include calcium-channel blockers and α-blockers. The p-value denotes the significance of the linear trend across quartiles. An asterisk indicates 
a significant difference with the left adjacent quartile.

Table 1: Baseline characteristics of all participants and by quartiles of the exercise performance index.
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intrinsically provides finite-sample control over the 
expected number of false discoveries. 38 The SHapley 
Additive exPlanation (SHAP) method, 39 as imple-
mented in R version 4.5.1 (R Core Team, Austria) was 
applied to rank clinical and UPP features for impor-
tance and to visualise their associations with ETIF-
mod in the whole study population and in individual 
patients. In a sensitivity analysis, ETIFmod was 
replaced by the shuttle walk distance covered 
(SWDmod).

Pathway analysis
Finally, for the urinary peptides consistently related to 
ETIFmod, a pathway analysis was conducted, using the 
Gene Ontology (GO) Database (http://www. 
geneontology.org), Reactome (http://www.reactome. 
org), and the Kyoto Encyclopaedia of Genes and Ge-
nomes (KEGG; http://www.genome.jp/kegg). Enrich-
ment analysis was conducted using the Reactome 
Pathway Analysis 40 and clusterProfiler 41 packages in R 
(version 4.5.1). For the GO term analysis, pathways 
were restricted to the biological processes and molec-
ular function terms. Pathways, not exclusively driven by 
collagens, were visualised in DotPlots, using R software 
with q-values corrected for FDR (p ≤ 0.05). 40

Role of the funding source
The funding source had no role in study design, data 
collection, analysis, and interpretation, in the writing of 
the report, and in the decision to submit the paper for 
publication.

Results
Patient characteristics
Table 1 lists the descriptive data for the 268 patients, of 
whom 131 (48.9%) had been randomised to control and 
137 (51.1%) to spironolactone. The patients were 
commonly treated with antihypertensive agents (n = 258; 
96.3%) and lipid-lowering drugs (n = 236; 88.1%), 
mainly statins (n = 231; 86.2%), antiplatelet drugs 
(n = 203; 75.7%), and antidiabetic agents (n = 93; 34.7%), 
including insulin in 8 (3.0%) cases. Compared to the 237 
randomised HOMAGE patients retained in the master 
report (Appendix Fig. S1), 27 but not included in the 
present analyses, the 268 patients analysed had a higher 
risk profile, as evidenced by the greater use of lipid-
lowering drugs, the higher prevalence of antecedent 
CHD, higher serum cholesterol levels and lower eGFR 
(Appendix Table S3). Appendix Fig. S6 describes the 
factor loadings and scoring coefficients of the compo-
nents of ETIF. Higher ETIF values indicate worse exer-
cise tolerance (Table 1). Across increasing quartiles of 
ETIF, the proportion of women, the prevalence of dia-
betes, and the serum level of NT-proBNP increased, 
whereas proportion of patients with a history of CHD

decreased (Table 1). ETIF was positively correlated with 
age and inversely with the walking distance covered 
(Appendix Fig. S7). The median left ventricular ejection 
fraction was 62.4% (IQR, 57.1–65.7%; 5th–95th 
percentile interval, 50.2–71.8%) at baseline (n = 224) and 
62.7% (IQR, 57.0–66.4%; 5th–95th percentile interval, 
51.9–71.9%) at the 9-month visit (n = 180). Median eGFR 
was 62.1 mL/min/1.73 m 2 (IQR, 57.0–78.3 mL/min/ 
1.73 m 2 ; 5th–95th percentile interval, 44.2–91.0 mL/ 
min/1.73 m 2 ).

Association of ETIF with urinary peptides
In analyses of the baseline and 9-month data with 
FDR correction of significance and adjustment for 
randomisation group, ETIF was associated with 29 of 
198 non-collagen urinary peptides (Table 2) and with 
31 of 152 collagen peptides (Table 3). Of these 29 
non-collagen peptides and 31 collagen fragments, the 
median proportion of imputed values was 37.3% 
(IQR, 17.7–58.9%) at baseline and 38.1% (IQR, 
15.7–62.1%) at follow-up. Positive partial regression 
coefficients indicated worse exercise tolerance and 
negative coefficients better exercise tolerance. The 
regression coefficients at baseline and month 9 
showed complete directional consistency. With 
increasing adjustment, associations of ETIF with the 
UPP weakened. The parent non-collagen proteins of 
eight urinary peptides that kept FDR-corrected sig-
nificance in relation to ETIF at baseline, follow-up or 
both were ADAM18, AHSG, ANXA1, FXYD2, 
KCNK3, MUC12, SECTM1, and SNX9 (Table 2); the 
seven corresponding parent collagen alpha chains 
were COL1A2, COL3A1, COL4A1, COL5A2, COL6A1, 
COL11A2, and COL15A1 (Table 3). To search for 
collinearity, three collagen fragments were selected, 
because they were significantly associated with ETIF 
at baseline and follow-up and at each step of the 
increasing adjustment. These collagen fragments 
(Table 3) were derived from COL3A1 (laboratory 
identification number, 18,864), COL1A2 (18,867), 
and COL6A1 (17,447). VIF associated with all vari-
ables in the six models ranged from 1.04 to 1.66; VIF 
associated with treatment allocation from 1.08 to 
1.09; and VIF associated with the urinary peptides 
from 1.08 to 1.18.

In the categorical analyses of ETIF in relation to 
non-collagen (Appendix Table S1) and collagen-derived 
(Appendix Table S2) urinary peptides, contrasting the 
top vs. the other quartiles, standardised odds ratios 
greater or smaller than unity consistently matched the 
positive and negative regression coefficients in the 
continuous analyses (Tables 2 and 3). The 29 non-
collagen and the 31 collagen-derived urinary peptides, 
respectively representing 23 and 16 parent proteins, 
along with clinical and biochemical covariables were 
carried through to the next assessment step (Fig. 1), the

Articles

www.thelancet.com Vol 130 August, 2026 7

http://www.geneontology.org/
http://www.geneontology.org/
http://www.reactome.org/
http://www.reactome.org/
http://www.genome.jp/kegg
http://www.thelancet.com


Peptides Baseline Month
 
9

Symbol ID Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

ADAM18 12,766 0.230
 
† (0.099, 0.362) 0.123* (0.006, 0.241) 0.128* (0.009, 0.246) 0.216

 
† (0.087, 0.345) — —

AHSG 05802 0.214* (0.070, 0.359) 0.122* (0.011, 0.303) 0.139* (0.008, 0.269) 0.259
 
† (0.102, 0.416) 0.149* (0.006, 0.291) 0.179* (0.035, 0.322) 

AHSG 07656 0.148* (0.012, 0.285) — — 0.176* (0.037, 0.316) — 0.138* (0.011, 0.265) 
ANXA1 04435 0.156* (0.032, 0.281) — 0.123* (0.011, 0.235) 0.253 

† (0.125, 0.380) 0.172 
† (0.057, 0.288) 0.176

 
† (0.062, 0.290) 

ATG12 04609 −0.172* (−0.305, −0.038) — — −0.257 
† (−0.389, −0.126) −0.189

 
† (−0.306, −0.071) −0.150* (−0.270, −0.029) 

FXYD2 00939 −0.128* (−0.249, −0.007) — — — — —
FXYD2 02740 — — — −0.198* (−0.308, −0.027) −0.147* (−0.269, −0.025) −0.137* (−0.261, −0.014) 
FXYD2 05387 −0.181* (−0.301, −0.061) −0.173 

† (−0.279, −0.068) −0.167 
† (−0.276, −0.059) −0.241 

† (−0.360, −0.122) −0.173 
† (−0.279, −0.066) −0.149

 
† (−0.258, −0.041) 

GAPDH 15,365 0.195* (0.059, 0.332) — — 0.162* (0.029, 0.294) — —
HBB 05269 −0.157* (−0.301, −0.013) — — — — —
KCNB1 10,519 — — — 0.134* (0.008, 0.260) — —
KCNK3 13,874 −0.211* (−0.355, −0.068) — −0.146* (−0.271, −0.021) −0.195* (−0.338, −0.053) −0.123* (−0.249, −0.002) −0.155* (−0.239, −0.001) 
MB 04940 0.171* (0.038, 0.304) — — — — —
MB 11,919 0.156* (0.016, 0.297) — — — — —
MGP 00340 0.163* (0.042, 0.284) — — 0.131 

† (0.010, 0.252) — —
MGP 01132 0.218

 
† (0.098, 0.339) 0.121* (0.012, 0.230) — 0.186* (0.070, 0.302) — —

MUC12 17,804 −0.306
 
‡ (−0.429, −0.183) −0.181 

† (−0.297, −0.066) −0.167 
† (−0.282, −0.051) −0.231 

† (−0.356, −0.107) −0.163 
† (−0.274, −0.051) −0.159

 
† (−0.270, −0.047) 

MYOCD 12382 −0.140* (−0.265, −0.014) −0.109* (−0.220, −0.001) — — — —
RAF1 12740 0.181* (0.041, 0.321) — — 0.219

 
† (0.075, 0.363) — —

SECTM1 10594 0.189* (0.047, 0.331) 0.133* (0.040, 0.989) 0.149* (0.024, 0.275) 0.206
 
† (0.065, 0.348) 0.155* (0.030, 0.280) 0.164* (0.039, 0.290)

SETD1B 03624 −0.254
 
† (−0.397, −0.111) −0.157* (−0.283, −0.030) −0.148* (−0.273, −0.022) −0.165* (−0.310, −0.020) — —

SNX9 13327 −0.136* (−0.262, −0.010) −0.116* (−0.222, −0.004) — −0.158* (−0.286, −0.031) −0.139* (−0.250, −0.028) −0.144* (−0.253, −0.034) 
SOD1 06033 — — — −0.175* (−0.303, −0.048) — —
SSP1 15313 0.265 

† (0.127, 0.404) — — 0.202 
† (0.064, 0.341) — —

TACC3 13243 0.159* (0.017, 0.301) — — 0.157* (0.013, 0.302) — —
TMSB4X 20740 0.216

 
† (0.086, 0.346) — — 0.240

 
† (0.110, 0.371) — —

TTN 12157 — — — −0.152* (−0.299, −0.005) — —
UMOD 08455 −0.134* (−0.267, −0.003) — — — — —
UMOD 10189 — — — −0.136* (−0.259, −0.014) — —

The analysis includes 268 patients, who performed the shuttle walk test at screening and had urinary proteomic data at baseline (discovery) and at the 9-month
 
follow-up visit (replication). Exercise performance refers to the standardised factor 

(ETIF) summarising measurements taken immediately before, during, and after the shuttle walk test. Higher values of this factor indicate worse exercise tolerance. Values are standardised regression
 
coefficients given with

 
95%

 
confidence 

interval. Urinary peptides are rank-normalised and are listed with
 
their amino-acid sequence in Appendix Table S4. Model 1 is adjusted for randomisation

 
group only. Model 2 additionally accounts for sex, age, body mass index, waist-to-hip 

ratio, current smoking, and history of coronary heart disease. Model 3 furthermore includes N-terminal pro-B-type natriuretic peptide (logarithmically transformed), the glomerular filtration rate derived from
 

serum
 

creatinine by the Chronic 
Kidney Disease Epidemiology Collaboration equation, the presence of echocardiographic left ventricular hypertrophy, and current treatment with diuretics, β-blockers, inhibitors of the renin-angiotensin system

 
(angiotensin-converting enzyme 

inhibitors or angiotensin receptor blockers), or vasodilators (calcium-channel blockers or α-blockers). Significance of the partial regression coefficients with adjustment for the false discovery rate: *p ≤
 

0.05; 
† p ≤

 
0.01; 

‡ p ≤
 

0.001. An emdash
 

indicates that there is no significant association between
 
exercise performance (ETIF) and the urinary peptide.

Table 2: Association of exercise performance with
 
urinary peptides derived

 
from

 
proteins other than collagens.
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Symbol ID Mass (Da) Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

COL1A1 19111 3802.7 0.198
 
† (0.064, 0.332) — — 0.187* (0.055, 0.319) — —

COL1A1 19152 3818.7 0.162* (0.016, 0.308) — — 0.219* (0.073, 0.366) — —
COL1A1 19279 3871.8 −0.214

 
† (−0.333, −0.095) — — −0.195 

† (−0.312, −0.079) — —
COL1A1 20010 4252.0 −0.193 

† (−0.315, −0.072) — — −0.129* (−0.250, −0.008) — —
COL1A2 18867 3719.7 −0.215 

† (−0.337, −0.093) −0.150* (−0.260, −0.040) −0.147* (−0.257, −0.037) −0.181* (−0.305, −0.056) −0.122* (−0.232, −0.012) −0.112* (−0.222, −0.002)
COL1A2 18907 3735.7 −0.196

 
† (−0.318, −0.074) −0.112* (−0.223, −0.002) — −0.157* (−0.283, −0.031) — —

COL3A1 18864 3718.7 −0.223 
† (−0.344, −0.103) −0.132* (−0.242, −0.021) −0.134* (−0.247, −0.022) −0.229

 
† (−0.349, −0.109) −0.127* (−0.238, −0.016) −0.122* (−0.232, −0.012)

COL3A1 20065 4289.9 −0.129* (−0.252, −0.007) — — −0.138* (−0.258, −0.018) — —
COL3A1 20109 4322.0 0.150* (0.012, 0.289) — — 0.238

 
† (0.098, 0.378) — —

COL4A1 08436 1821.8 −0.139* (−0.275, −0.003) −0.133* (−0.251, −0.015) −0.122* (−0.240, −0.004) −0.139* (−0.164, −0.015) −0.140* (−0.271, −0.010) −0.135* (−0.265, −0.006)
COL4A1 14943 2777.3 0.126* (0.001, 0.252) — — 0.264

 
† (0.136, 0.392) 0.166* (0.049, 0.284) 0.175* (0.059, 0.291)

COL4A3 15360 2847.3 −0.137* (−0.259, −0.014) — — −0.156* (−0.279, −0.033) — —
COL4A5 16342 3048.4 −0.212 

† (−0.347, −0.077) −0.136* (−0.260, −0.012) — — — —
COL5A1 18060 3463.6 −0.148* (−0.273, −0.022) — — — — —
COL5A2 15320 2838.4 0.178

 
† (0.056, 0.300) — — 0.128* (0.008, 0.248) — —

COL5A2 20387 4523.1 −0.303 
† (−0.448, −0.158) −0.221 

† (−0.349, −0.093) −0.207* (−0.336, −0.079) −0.192* (−0.346, −0.037) −0.158* (−0.291, −0.025) −0.174* (−0.306, −0.042)
COL6A1 17131 3231.4 −0.144* (−0.267, −0.022) — — −0.146* (−0.270, −0.022) — —
COL6A1 17447 3304.4 0.256

 
† (0.134, 0.377) 0.138* (0.027, 0.248) 0.123* (0.012, 0.235) 0.258

 
† (0.140, 0.376) 0.132* (0.022, 0.242) 0.122* (0.013, 0.232)

COL6A1 20326 4468.0 −0.201 
† (−0.321, −0.081) — — −0.196

 
† (−0.318, −0.074) — —

COL7A1 20262 4414.0 −0.253 
† (−0.377, −0.129) −0.158* (−0.273, −0.042) −0.133* (−0.249, −0.016) −0.180* (−0.306, −0.054) −0.140* (−0.252, −0.028) —

COL11A1 17283 3265.4 −0.131* (−0.252, −0.009) −0.107* (−0.213, −0.001) — −0.133* (−0.256, −0.009) −0.116* (−0.224, −0.008) —
COL11A2 11726 2259.0 0.158* (0.036, 0.280) — — 0.163* (0.050, 0.279) — —
COL11A2 12367 2339.0 −0.240

 
† (−0.387, −0.094) −0.151* (−0.283, −0.021) −0.141* (−0.271, −0.011) −0.162* (−0.314, −0.011) — —

COL11A2 17650 3350.5 −0.150* (−0.273, −0.026) −0.155* (−0.225, −0.004) — −0.131* (−0.261, −0.002) −0.126* (−0.238, −0.014) −0.119* (−0.231, −0.008)
COL11A2 17871 3411.6 −0.155* (−0.293, −0.016) — — −0.143* (−0.280, −0.006) −0.121* (−0.240, −0.003) —
COL11A2 19210 3839.8 0.241 

† (0.121, 0.361) 0.174* (0.067, 0.280) 0.167* (0.056, 0.277) 0.204
 
† (0.079, 0.330) — —

COL15A1 02352 1161.5 −0.161* (−0.286, −0.037) −0.130* (−0.239, −0.021) −0.118* (−0.228, −0.008) −0.157* (−0.220, −0.032) −0.150* (−0.261, −0.039) −0.130* (−0.241, −0.019)
COL18A1 05725 1529.7 −0.150* (−0.291, −0.008) −0.125* (−0.248, −0.002) — — — —
COL18A1 06356 1600.7 — — — 0.154* (0.030, 0.279) — —
COL26A1 00600 935.5 — — — 0.143* (0.004, 0.283) — —
COL28A1 07469 1716.8 −0.155* (−0.276, −0.033) −0.125* (−0.234, −0.017) −0.118* (−0.226, −0.010) −0.131* (−0.256, −0.006) — —

The analysis includes 268 patients, who performed the shuttle walk test at screening and had urinary proteomic data at baseline (discovery) and at the 9-month
 
follow-up visit (replication). Exercise performance refers to the standardised factor 

(ETIF) summarising measurements taken immediately before, during, and after the shuttle walk test. Higher values of this factor indicate worse exercise tolerance. Values are standardised regression
 
coefficients given with

 
95%

 
confidence 

interval. Urinary peptides are rank-normalised and are listed with
 
their amino-acid sequence in Appendix Table S4. Model 1 is adjusted for randomisation

 
group only. Model 2 additionally accounts for sex, age, body mass index, waist-to-hip 

ratio, current smoking, and history of coronary heart disease. Model 3 furthermore includes N-terminal pro-B-type natriuretic peptide (logarithmically transformed), the glomerular filtration rate derived from
 

serum
 

creatinine by the Chronic 
Kidney Disease Epidemiology Collaboration equation, the presence of echocardiographic left ventricular hypertrophy, and current treatment with diuretics, β-blockers, inhibitors of the renin-angiotensin system

 
(angiotensin-converting enzyme 

inhibitors or angiotensin receptor blockers), or vasodilators (calcium-channel blockers or α-blockers). Significance of the partial regression coefficients with adjustment for the false discovery rate: *p ≤
 

0.05; 
† p ≤

 
0.01; 

‡ p ≤
 

0.001. An emdash
 

indicates that there is no significant association between
 
exercise performance (ETIF) and the urinary peptide.

Table 3: Association of exercise performance with
 
urinary peptides derived

 
from

 
collagens. Articles
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elastic net regression to generate ETIF modelled 
(ETIFmod).

Elastic net regression
The feature stability of ETIFmod across 1000 boot-
strapped runs considering both the baseline and the 9-
month UPP data are summarised in Appendix Table S6 
for non-collagen peptides and in Appendix Table S7 for 
collagen fragments. The clinical and biochemical vari-
ables showing great consistency in the bootstrapped 
runs both at baseline and at 9 months included sex, age, 
BMI, WHR, serum NT-proBNP at screening (logarith-
mically transformed), history of CHD, current smok-
ing, and the use of diuretics, β-blockers, and inhibitors 
of the renin-angiotensin system (Appendix Table S6 
and S7). Fig. 2 shows the relative importance of the 
ETIFmod features in the whole study population and in 
individual patients in analyses involving non-collagen 
and collagen-derived urinary peptides. Panel (a) and 
panel (c) rank the features for non-collagens and col-
lagens according to their importance and panel (b) and

panel (d) show the individual data points for each 
feature. Given the features listed in Fig. 2, there was 
large interindividual variability in the association of 
ETIFmod with the clinical and biochemical variables 
and the UPP components (Appendix Fig. S8). Urinary 
peptides selected in at least 50% of the bootstrapped 
runs indicate feature stability. The corresponding non-
collagen parent proteins included FXYD2, GAPDH, 
HBB, KCNB1, MB, MYOCD, SECTM1, SNX9, TACC3, 
TMSB4X, and TTN (Fig. 3); the stable parent collagens 
were COL5A1, COL6A1, COL11A2, and COL28A1 
(Fig. 3).

Elastic net regression was also applied to relate one 
component of ETIFmod, i.e., the walking distance 
covered (SWDmod) to the same variables as ETIFmod. 
The proteins replicated in the SWDmod analysis 
included FXYD2, MB, MYOCD, and SNX9 for the non-
collagens (Appendix Table S8) and COL11A2 and 
COL28A1 for the collagens (Appendix Table S9). The 
proteins contributing to ETIFmod, SWDmod, or both 
are graphically summarised in Appendix Fig. S8.
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Fig. 2: Importance of features in their association with ETIFmod in the whole study population and in individual patients in analyses involving 
non-collagen (A, B) and collagen-derived (C, D) urinary peptides. Panel (A) and panel (C) rank the features for non-collagen and collagens 
according to their importance and panel (B) and panel (D) show the individual data points for each feature. SHAP values indicate how much 
each feature contributes to ETIFmod, facilitating the understanding of the elastic net regression model. The non-collagen peptides and their 
parent proteins are listed in Appendix Table S4 and the collagen-derived peptides and their parent proteins in Appendix Table S5. Abbre-
viations: NT-proBNP, N-terminal pro-B-type natriuretic peptide (logarithmically transformed), BMI, body mass index; WHR, waist-to-hip ratio; 
CHD, history of coronary heart disease.
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Pathway analysis
Pathway analysis identified 25 (GO biological process 
and molecular function terms), 24 (Reactome), and two 
(KEGG) pathways (FDR-corrected p-value ≤0.05). 
Pathways driven by non-collagen proteins and collagens 
(Fig. 4 and Appendix Table S10) were involved in oxy-
gen homoeostasis (transport and exchange pathways), 
oxidative stress regulation (antioxidant activity, peroxi-
dase functions, and response to reactive oxygen spe-
cies), and metabolic and developmental processes 
(including ATP and nucleotide metabolism, platelet 
activity, cytoskeletal organisation of muscle cells). Of 
the overrepresented pathways, 28 were exclusively 
driven by collagens (Appendix Table S11) and were 
mainly related to collagen biology, dynamics of the 
extracellular matrix (ECM), and cell signalling.

Discussion
The key finding of this article was that in patients at 
high HF risk exercise intolerance as captured by 
ETIFmod was associated with 11 non-collagen proteins, 
FXYD2, GAPDH, HBB, KCNB1, MB, MYOCD, 
SECTM1, SNX9, TACC3, TMSB4X, and TTN, and with

four collagen-derived alpha-chains, COL5A1, COL6A1, 
COL11A2, and COL28A1. Relevant pathways involving 
these proteins included oxygen homoeostasis, oxidative 
stress regulation, metabolic and developmental pro-
cesses, and the cytoskeletal organisation of muscle 
cells. A sensitivity analysis with SWDmod as outcome, 
one of 10 components summarised in ETIFmod, was 
still associated with FXYD2, MB, MYOCD, SNX9, 
COL11A2, and COL28A1.

The application of proteomics in experimental 
studies 14–16 substantially deepened insight in the path-
ophysiology of exercise tolerance. Submaximal exercise 
capacity and its trainability are for about 40% herita-
ble. 42 A seminal study 15 assessed submaximal exercise 
capacity before and after training in relation to 2.5 × 10 6 

single nucleotide polymorphisms, transcriptomics, 
plasma proteomics, and metabolomics in 446 white 
participants from the HERITAGE family study. The 
leading omics features were retested, involving 117 
genes related to submaximal exercise capacity and 90 
related to trainability in genetically engineered mice. 
The most prominent genes and pathways contributing 
to human variability in submaximal exercise capacity as 
compared with trainability differed markedly, but the
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Fig. 3: Parent proteins of the non-collagen (A) and collagen-derived peptides (B), which show feature stability in 1000 times bootstrapped 
runs of the elastic net regression at baseline (discovery) and at the 9-month follow-up (replication). Features selected in ≥50% of runs are 
stable. Bracketed numbers following the protein symbol are the laboratory identification numbers of sequenced peptides identifying the 
parent proteins, as listed in Appendix Table S4 for non-collagens and in Appendix Table S5 for collagens.
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key genes and pathways were involved in the 
morphology and metabolism of skeletal muscles and 
oxygen transport. 15 These findings are in keeping with 
the current pathway analysis pointing to the importance 
of oxygen homoeostasis and the muscular cytoskeletal 
organisation. A recent HERITAGE report included 654 
healthy individuals from families of European or Afri-
can descent, who completed a 20-week non-randomised 
exercise programme and underwent CPET and plasma 
proteomics. 18 Training modulated hundreds of circu-
lating proteins, 40% of which were known to be 
secreted. The investigators discovered novel proteins, 
which play a role in angiogenesis, iron homoeostasis, 
and the turnover of the ECM. 18

The evidence from the studies referenced above is of 
great value in understanding the interactive and net-
worked role of multiple genetic, transcriptomic, prote-
omic, and metabolic biomarkers in the physiology of 
exercise endurance and trainability. However, to some 
extent, the complexity of these studies compounds their 
clinical interpretability. 14–16 This observation justified 
the current strategy to limit the analyses of the non-
collagen and collagen-derived peptidome to parent 
proteins with known function and expression in rele-
vant tissues. Among the selected non-collagen proteins 
(Fig. 3), HBB, MB, MYOCD, FXYD2, TMSB4X, TTN, 
and KCNB1 clearly meet these criteria. HBB and MB 
modulate the oxygen supply to the mitochondria in

skeletal muscle. Endurance training facilitates 
myoglobin (MB) oxygen desaturation. 43 MYOCD is the 
most important coactivator of serum response factor 
(SRF). This protein plays a critical role in the develop-
ment of cardiac myocytes and vascular smooth muscle 
cells. 44 Binding of MYOCD to SRF transcriptionally 
activates a variety of downstream muscle-specific genes, 
such as Sm22a, Acta2, Myh11. MYOCD expression re-
sults in a contractile and differentiated smooth muscle 
phenotype, whereas deficient MYOCD expression leads 
to a dedifferentiated phenotype, a hallmark in athero-
sclerosis. 44 In humans, there are seven tissue-specific 
FXYD proteins, of which FXYD2 (the γ-subunit) is 
expressed as two splice variants, the γa and γb subunits 
in the kidney. 45 Both γ-subunit variants are primarily 
expressed in the thick ascending limb. FXYD4 is 
exclusively expressed in the distal nephron and en-
hances the affinity of Na + /K + -ATPase for sodium. 
FXYD2 and FXYD4 fine-tune sodium affinity along the 
nephron and contribute via sodium reabsorption to the 
regulation of the circulating intravascular volume. 45 

TMSB4X plays a role in actin polymerisation. This 
gene is located on the X-chromosome, but escapes X 
inactivation and has a homolog on chromosome Y. 
TMSB4X is expressed equivalently in the lung tissue of 
women and men, but has male-biased expression in the 
skin, kidney and adipose tissue. 46 Actin filaments are a 
major component of the cytoskeleton, responsible for
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Fig. 4: Pathway analysis using the Gene Ontology, Reactome, and Kyoto Encyclopaedia of Genes and Genomes Databases. The presented 
pathways are driven by non-collagen proteins and collagens. FDR refers to p-values accounting for the false discovery rate. Abbreviations: 
GO:BP, gene ontology biological process; GO:MF, gene ontology molecular function; ROS, reactive oxygen species; ATP, adenosine 
triphosphate; rNTP, ribonucleoside triphosphate; NTP, nucleoside triphosphate; PX, peroxidase; RBC, red blood cell.
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cell shape, movement, and intracellular transport, and 
in association with myosin represent the machinery of 
muscle contraction. TTN is a key component in the 
assembly and functioning of striated muscles. 47 By 
providing connections between individual microfila-
ments, TTN contributes to the balance of forces 
generated by the sarcomere. KCNB1 is a voltage-gated 
potassium channel expressed in excitable cells and is 
a major contributor to the slowly inactivating delayed-
rectifier voltage-gated current in neurons, car-
diomyocytes, smooth muscle cells, and pancreatic 
β-cells. KCNB1 regulates the duration of the action 
potential of cardiomyocytes and ventricular repolarisa-
tion (QT interval). 48 In pancreatic β-cells, KCNB1 limits 
the inward calcium current and insulin secretion in 
response to glucose. GAPDH has glyceraldehyde-3-
phosphate dehydrogenase and nitrosylase activities, 
thereby playing a role in glycolysis and nuclear func-
tions, respectively. Glyceraldehyde-3-phosphate dehy-
drogenase is a key enzyme in glycolysis that catalyses 
the first step of the pathway by converting D-glyceral-
dehyde 3-phosphate (G3P) into 3-phospho-D-glyceroyl 
phosphate. 49 The nuclear functions, including tran-
scription, RNA transport, DNA transport and 
apoptosis, 49 are probably due to the nitrosylase activity 
that mediates cysteine S-nitrosylation of nuclear target 
proteins. Collagen is the major structural protein in the 
skeletal muscular ECM; it accounts for 1–10% of 
muscle mass dry weight. 17 Collagen types I, III, IV, V, 
VI, XI, XII, XIV, XV, and XVIII collagen are expressed 
during skeletal muscle development, but fibrillar types I 
and III predominate in adult muscle. 17

The current study must be interpreted within the 
context of its limitations. First, HOMAGE recruited 
patients at high HF risk, in which insulin resistance 
and adiposity are major drivers of exercise intolerance. 
The proteins to be targeted to mitigate these metabolic 
effect may be different from those identified by UPP. 
Nonetheless, KCNB1 was among the selected proteins 
and in pancreatic β-cells, inhibits insulin secretion in 
response to glucose. Serum insulin was not measured 
in HOMAGE, and insulin resistance could not be 
accounted for in the multivariable-adjusted net elastic 
regression. Second, treatment allocation did not affect 
exercise tolerance. 7,8 However, if spironolactone mean-
ingfully shifts the urinary peptidome, 29 collinearity be-
tween treatment and urinary peptides might bias the 
interpretation, but analysis of VIF for three exemplary 
collagen fragments did not produce any evidence that 
the prerequisite in regression analysis, i.e., indepen-
dence of the explanatory variables, was violated. Third, 
given the relatively small sample size and the short 
follow-up, translating the SWT results and, by exten-
sion, the clinical significance of ETIFmod in hard 
adverse outcomes is impossible. However, there is a 
vast literature showing that exercise intolerance is a 
predictor of mortality 50,51 and cardiovascular 51 and

cardiac 52 endpoints. Fourth, women were underrepre-
sented in this report, limiting its generalisability. Fifth, 
trainability was not among the objectives of the current 
study. Sixth, as evidenced by the distribution of left 
ventricular ejection fraction at baseline and follow-up, 
patients with acute or chronic HF were excluded from 
the trial. This makes it difficult to conceptualise the 
current findings in terms of HF with reduced or pre-
served ejection fraction. However, given the distribu-
tion of age (mean, 73.6 years) and sex (77.2% men) and 
the presence of underlying CHD, HF with reduced 
ejection fraction might well be the most likely long-
term outcome in patients progressing to overt HF. 53 

Seventh, the current observations identified only one 
protein, FXYD2, which is expressed in the renal tubules 
and enhances the affinity of Na + /K + -ATPase for sodium 
and probably affects exercise tolerance via regulation of 
the circulating volume. FXYD2 is not known as primary 
driver of renal disease. On the other hand, the car-
diorenal syndrome encompasses a spectrum of disor-
ders involving both heart and kidneys, in which acute or 
chronic dysfunction in one organ induces acute or 
chronic dysfunction in the other with excessive fibrosis 
as hallmark of organ damage. 54 Additionally, chronic 
kidney disease impairs the quality and quantity of stri-
ated muscles. 55 The current analysis did not reveal any 
protein that might be involved in these interactions 
between heart and kidney, probably because the pa-
tients did not have chronic kidney disease, as high-
lighted by the distribution of eGFR. Finally, an 
extensive literature search did not identify any suitable 
external validation dataset, because the current UPP 
analysis of exercise intolerance is based on the urinary 
peptidome determined by CE-MS. In one small study 
(n = 10), 26 urine samples were collected before and after 
simulated firefighting tasks and analysed by liquid 
chromatographic analysis and proteins were identified 
via a proprietary spectra library. After the test, 360 
proteins were upregulated and 265 down-regulated. The 
design of this small study 26 with an intervention 
running over less than 5 min cannot be compared with 
the HOMAGE design. Indeed, in the current study, the 
baseline and 9-month data were analysed completely 
independently from one another and showed consis-
tency. Admittedly, the baseline and follow-up datasets 
consisted of the same individuals, so that what has been 
shown might be regarded as internal temporal consis-
tency over 9 months rather than as a replication in the 
strict sense of the word.

In conclusion, this article demonstrated that SWT, 
when combined with UPP, is informative for disen-
tangling the mechanisms underlying exercise intoler-
ance. In a proof-of-concept analysis, a composite index 
of exercise intolerance (ETIF) was related to 29 peptides 
from 23 non-collagen proteins and 31 peptides from 16 
collagens. Via elastic net regression, using ETIFmod as 
dependent variable, 11 non-collagen parent proteins
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and four collagens identified by sequencing of the uri-
nary peptides were associated with exercise intolerance 
via relevant pathways involving oxygen homoeostasis, 
regulation of oxidative stress, metabolic and develop-
mental processes, and the cytoskeletal organisation in 
muscle.
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