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Abstract

Background: Racehorses undergo profound physiological changes with training and

competition, but current biomarkers inadequately capture the complex molecular

dynamics of exercise. This study aimed to identify novel plasma biomarkers of train-

ing adaptation and peak load using high-throughput proteomics.

Objectives: We hypothesised that systematic training and racing induce distinct

plasma proteomic signatures, enabling the discovery of candidate biomarkers linked

to training status, oxidative stress, inflammation and metabolic remodelling.

Study Design: In vivo longitudinal study.

Methods: Forty-nine Arabian and Thoroughbred racehorses underwent standardised

high-intensity training. Plasma samples were collected at rest, immediately post-

exercise and after recovery during three phases: initial training (T1), mid-season con-

ditioning (T2) and race-phase (R). In total, 314 samples were analysed using tandem

mass tags based quantitative proteomics and Orbitrap mass spectrometry. Protein

abundance changes were assessed with multiple-testing correction (q < 0.05), and

pathway enrichment was performed using STRING and ShinyGO.

Results: Proteomic responses differed by phase. T1 showed broad activation of inflam-

matory (S100A8/A9), antioxidant (superoxide dismutase 1, catalase) and metabolic pro-

teins (glucose-6-phosphate dehydrogenase, phosphoglycerate kinase 1). T2 displayed a

more refined profile with remodelling and redox regulators (decorin, thymosin β4, gluta-

thione S-transferase). Racing elicited the strongest response, with over 100 up-regulated

proteins linked to energy metabolism, oxidative defense and cytoskeletal adaptation.

Several proteins: including S100A8, thymosin β4, prothymosin-α, cofilin-1 and lipocalins,

were consistently modulated across phases, highlighting their biomarker potential.

Main Limitations: Breed imbalance and incomplete follow-up sampling may affect

generalisability. Validation in larger, diverse cohorts with targeted assays is required.

Conclusions: This study identifies a panel of promising plasma proteins as candidate

biomarkers of exercise adaptation and overload in racehorses. These findings may

support improved monitoring of performance, training load and early detection of

overtraining in equine athletes.
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1 | INTRODUCTION

Racehorses and sport horses undergo significant physiological adapta-

tions to exercise, driven by both evolutionary processes and selective

breeding. Regular training enhances muscle mass, improves aerobic

capacity and promotes a shift towards muscle fibres that are more

resistant to fatigue,1 enhanced glycogen storage,2 and improved car-

diovascular efficiencies.3 However, the molecular mechanisms behind

these adaptations remain poorly understood. Traditional methods of

assessing exercise adaptation, such as heart rate, lactate levels and

standardised exercise tests, provide useful data but fail to capture the

complex metabolic and stress-related changes in the body. Therefore,

there is a need to identify new biomarkers that can more accurately

assess training status and detect subclinical signs of overload.4,5

Proteomics, the large-scale study of proteins, is a powerful

approach for examining the molecular changes induced by exercise.

Proteins lie at the core of biological function, and profiling the plasma

proteome enables a nuanced view of the functional adaptations elicited

by training.6 Modern proteomic techniques, particularly mass spectrom-

etry, allow for the detection of hundreds of proteins simultaneously,

providing a deeper understanding of metabolic, inflammatory and

immune responses that might be missed by traditional assays. Previous

proteomic studies have demonstrated that exercise alters the expres-

sion of proteins related to energy storage, inflammation and oxidative

metabolism in racehorses.7–10 Moreover, proteomics holds promise for

identifying biomarkers of overtraining,11,12 such as an increase in alpha-

1-antitrypsin, which could indicate training overload.8

Despite the advances in proteomics, there is a lack of research

focusing on the changes in protein production in horses monitored dur-

ing various phases of racing training. This gap underscores the need for

a comprehensive study that tracks these changes across the different

training phases. Our study aims to address this gap by using proteomics

to investigate the molecular basis of equine exercise adaptation. By

identifying proteins that reflect the horse's response to physical stress

during training and heavy exercise, we hope to better understand the

molecular processes behind exercise adaptation and, importantly, help

identify biomarkers for performance and training peak load.

2 | MATERIALS AND METHODS

2.1 | Animals

The study involved 49 racehorses, consisting of 37 Arabians and

12 Thoroughbreds (15 mares, 33 stallions and 1 gelding), aged 2–

7 years (median age: 3 years) (Table S1). All horses were trained by the

same experienced trainer, following a consistent high-intensity training

regimen. Each horse was housed in individual stables with proper

bedding and had the opportunity for outdoor turnout, weather permit-

ting. They received a standardised diet that included high-quality hay,

commercial concentrate feed and vitamin-mineral supplements, with

unrestricted access to fresh water. All horses were clinically healthy,

dewormed and vaccinated prior to the racing season and remained

under continuous veterinary supervision throughout the study.

The sample size was determined based on previous proteomic

studies in horses and other large animals, which revealed substantial

inter-individual variability and complex patterns of protein regulation.

These factors necessitated the use of relatively large cohorts, as in

earlier research: 16 horses,11 13 horses,10 and 12 horses in compara-

ble studies.12 While earlier studies often included 12–16 subjects per

group, recent evidence suggests enhanced statistical power with at

least 12–20 paired observations in within-subject designs.10–13

Assuming a large effect size (Cohen's d ≈ 1.0) for key proteins related

to immune and stress responses (e.g., afamin, apolipoprotein E and

protein alpha-1-microglobulin/bikunin precursor),8,10,11 power analy-

sis using G*Power (v3.1) for a two-tailed, paired t-test indicated that

16 horses (i.e., 16 paired pre- and post-training samples) would be suf-

ficient to detect significant differences with 80% power at α = 0.05.

The training regimen was conducted six days a week, weather

permitting. Each session began with a 10-min warm-up walk under

saddle, followed by 800 m of trotting and another 800 m of relaxed

cantering. The conditioning phase included 1400–2400 m of moder-

ate cantering (16–22 s per 200 m), followed by a high-intensity gallop

over 500–1200 m at 80–100% of maximum speed (13–15 s per

200 m). Each session concluded with a 30–40 min cool-down using a

mechanical walker. High-intensity galloping was scheduled every 5–

10 days to enhance performance.

2.2 | Blood sampling

Blood samples were collected as part of routine veterinary monitoring

to assess baseline and exercise-induced changes in haematological

and biochemical parameters related to health and performance. Sam-

ples were taken at three time points: at rest (p0), immediately post-

exercise (p1) and after a 30–40 min recovery (p2). Blood was collected

during three phases of the training season: start-of-season training for

the current campaign called also initial training (T1; n = 49), condition-

ing (T2; n = 44) and the race-phase (R; n = 37), which included official

races or high-intensity gallops. Most horses participated in all three

stages, with some excluded due to early cessation, sale or sample

quality issues. This was a longitudinal, within-subject study with

repeated sampling across training phases; no allocation of animals to

intervention arms was performed.

At T1, 128 plasma samples were analysed (p0 n = 49, p1 n = 49,

p2 n = 30); at T2, 115 samples (p0 n = 44, p1 n = 43, p2 n = 25); and
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during R, 74 samples (p0 n = 37, p2 n = 35). Venous blood was asep-

tically drawn from the jugular vein using sterile, single-use needles. To

minimise artefactual changes due to cellular release, venipuncture was

performed with minimal stasis, and samples were immediately

inverted. Haematology samples were collected in EDTA tubes, and

biochemical samples in serum tubes (Vacutainer, BD). Plasma for pro-

teomic analysis was separated within 4 h and visually inspected for

haemolysis; samples with haemolysis were excluded. Plasma was

stored under controlled conditions until processing.

2.3 | Sample preparation

A total of 314 horse plasma samples were subjected to proteomics

analysis. An internal standard (IS) sample was prepared by pooling

equal volumes of plasma from each horse.

Albumin was depleted from both individual plasma samples and

the IS using a modified reducing agent-mediated precipitation

method. Briefly, 5 μL of plasma was mixed with 20 μL of phosphate-

buffered saline and 15 μL of 500 mM tris(2-carboxyethyl)

phosphine to reach a final concentration of 187.5 mM. Samples were

vortexed at 1000 rpm for 1.5 h at 25�C, followed by centrifugation at

4000 g for 1.5 h at 25�C. Next, 20 μL of the diluted, albumin-depleted

plasma was transferred to a new deep-well 96-well plate for digestion

using a modified SP3 protocol.14 Magnetic beads were prepared by

combining equal volumes of Sera-Mag Carboxyl hydrophilic and

hydrophobic particles (Cytiva). After washing, beads were resus-

pended to a final concentration of 10 μg/μL. To each sample, n-dode-

cyl-D-maltoside detergent to a final concentration of 1%, formic acid

to a concentration of 0.01%, and 50 μL bead suspension were added,

followed by binding with 90% acetonitrile (ACN), washing with 80%

ethanol and methyl methanethiosulphonate (30 mM in water) treat-

ment to block cysteines. After additional washing with 80% ethanol

and 100% ACN, proteins were digested overnight at 37�C in 100 mM

triethylammonium bicarbonate buffer with 1:50 enzyme:protein ratio

trypsin (Promega). Peptide concentrations were measured using the

Pierce Quantitative Colorimetric Peptide Assay (Thermo Scientific)

according to the manufacturer's instructions.

2.4 | Randomisation and batch allocation

Potential batch and run-order bias were minimised by randomising

plasma samples at two levels using a computer-generated sequence

(Excel RAND): (i) allocation to 96-well plate positions during deple-

tion/digestion and (ii) allocation to TMTpro sets and reporter chan-

nels, with stratification by session (T1/T2/R) and timepoint (p0/p1/

p2) to maintain a balanced distribution across sets. Each set included

a common IS (reporter 126) to support cross-set normalisation;

remaining batch effects were evaluated by principal component analy-

sis (PCA) and adjusted with ComBat as described. We also evaluated

alternative normalisation and correction strategies, including Limma-

based adjustment and Internal Reference Scaling correction based on

the IS channel signals. The results obtained with each method were

systematically compared using PCA to inspect sample clustering,

multi-scatter plots with Pearson correlation to assess reproducibility,

boxplots to examine median signal alignment and distribution spread,

and within-sample histograms to detect potential distortions or arte-

facts in the data. Controlled sample randomisation ensured that both

time point and session biological variations were retained following

ComBat batch-adjusted normalisation.

2.5 | TMT labelling and fractionation

Peptides from each sample were labelled with TMTpro 18plex

reagents (Thermo Fisher Scientific) according to the manufacturer's

protocol. In total, 19 independent TMTpro sets were prepared, cover-

ing 314 individual samples and 19 IS samples. The 126-reporter chan-

nel was reserved for the IS in each set. For labelling, 22 μg of peptide

digest from each sample and IS was reacted with 0.4 mg of TMTpro

reagent dissolved in anhydrous ACN. The reaction was quenched with

hydroxylamine. Labelled peptides within each set were combined,

desalted using reversed-phase solid-phase extraction cartridges

(Waters), dried in a SpeedVac concentrator and fractionated by high-

pH reversed-phase chromatography on Acquity ultra-performance liq-

uid chromatography H-class system (Waters). Separation was carried

out on an XBridge Peptide BEH C18 column (4.6 � 250 mm, 130 Å,

5 μm, Waters) at a flow rate of 0.8 mL/min. Mobile phases consisted

of water (A), ACN (B) and 100 mM ammonium hydroxide (C). The per-

centage of phase C was kept constant at 10% throughout the gradi-

ent. Fractions were collected every 1 min starting from the third

minute, and peptide elution was monitored at 214 nm using a UV

detector. Ninety-six fractions were collected for each set and subse-

quently concatenated by combining the first 32 and the last 32 frac-

tions, resulting in 64 final fractions. Samples were dried in a SpeedVac

concentrator and reconstituted in 0.1% formic acid prior to liquid

chromatography-tandem mass spectrometry (LC–MS/MS) analysis.

2.6 | Mass spectrometry

Fractions were analysed using an Evosep One system (Evosep Biosys-

tems) directly coupled to an Orbitrap Exploris 480 mass spectrometer

(Thermo Fisher Scientific). For each fraction, 2 μg of peptides were

loaded onto disposable Evotips C18 trap columns (Evosep Biosystems)

according to the manufacturer's protocol. After washing, peptides were

eluted and separated on an EV1106 analytical column (Dr Maisch C18

AQ, 1.5 μm beads, 150 μm ID, 15 cm length, Evosep Biosystems) using

the 88 min gradient method (15 samples/day) at a flow rate of 220 nL/

min. Data acquisition was performed in positive ion mode using a data-

dependent acquisition method optimised for TMTpro analysis. Full

mass spectrometry (MS) scans (MS1) were acquired at 60000 resolu-

tion with a normalised automatic gain control (AGC) target of 300%, an

automatic maximum injection time and a scan range of 300–1700 m/z.

MS/MS scans (MS2) were acquired at 30000 resolution in TurboTMT
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mode with a Standard AGC target, an automatic maximum injection

time, selection of the top 25 precursors within a 1.2 m/z isolation win-

dow and a Precursor Fit threshold of 70%. Dynamic exclusion was set

to 20 s with a mass tolerance of ±10 ppm. Precursor ions above an

intensity threshold of 5 � 103 were selected and fragmented by

higher-energy collisional dissociation with normalised collision energy

of 30%. The spray voltage was set to 2.1 kV, with a funnel RF level of

40 and a capillary temperature of 275�C.

2.7 | Data analysis

Raw data were processed withMaxQuant (v2.5.0.0) using the Equus cabal-

lus Uniprot reference proteome (1 entry per gene, 21,432 entries, version

04.2025) and the MaxQuant contaminants database.15 Search parameters

were as follows: enzyme trypsin, maximum 2 missed cleavages, minimum

peptide length 7 aa, first-search tolerance 20 ppm, main-search 4.5 ppm,

reporter-ion tolerance 0.003 Da, fixed methylthio (C) and variable oxida-

tion (M), a false discovery rate-adjusted (FDR) 1% at peptide-spectrum

match and protein levels, ‘isobaricmatch between runs’ on.
Protein groups and quantitative data were further processed in

Perseus (v1.6.15).16 Reverse hits, contaminants and site-only identifi-

cations were excluded. Data were normalised using the median-based

loading factor method, log2-transformed and filtered (proteins present

in ≥50% of samples retained). Remaining missing values were imputed

from a down-shifted normal distribution (width 0.3, down-shift 1.8)

for each sample separately. Batch effects across tandem mass tags

(TMT) sets were corrected using the ComBat algorithm (R package),

with performance evaluated via distribution plots, correlations and

PCA (Figure S1), as described in Section 2.4.

Statistical analyses used paired two-sample t-tests (horse-paired

design) across the full dataset. Differentially expressed proteins were

defined as those meeting q ≤ 0.05 and fold change jFCj ≥ 1.2 (log2 FC

0.26). Differential abundance was defined primarily by FDR q-value

≤0.05, while FCs were reported to facilitate biological interpretation

and were not used as an additional criterion for statistical significance.

Unless stated otherwise, FC is reported as a signed ratiowith the con-

vention ‘positive FC = higher abundance in the first-named condition of

the contrast; negative FC = higher abundance in the second’. Formally,

for contrast A versus B: FC (A, B) = median (A/B) if A ≥ B, otherwise—

median (B/A). As an effect-size threshold, we use jFCj ≥ 1.20. Statistical

filtering proceeds in two steps: first FDR q ≤ 0.05 within each contrast,

then restriction to jFCj ≥ 1.20;we report counts after each stepwhere rel-

evant. Reported q-values are adjusted within contrasts; because multiple

contrasts are analysed, results across contrasts should be interpreted

descriptively with this multiplicity in mind. A global overview of variance

structure is shown by PCA (Figure 1) and a scree plot for this (Figure S2).

Qualitative conclusions were not contingent upon applying any

specific FC threshold; instead, effect sizes are illustrated in the corre-

sponding figures (volcano plots), which demonstrate that the sentinel

proteins display robust, non-marginal changes in the relevant phases.

We control the false discovery rate (Benjamini–Hochberg) within

each contrast and define significance as q ≤ 0.05 together with

jFCj ≥ 1.20. All inferential claims are based on q-values (Tables S2 and S3).

2.8 | Functional enrichment and network analysis

Functional enrichment analyses were performed using ShinyGO v0.82

(http://bioinformatics.sdstate.edu/go/) and STRING v12.0 (https://

string-db.org). Gene ontology (GO) (Biological Processes, Molecular

Functions, Cellular Components) and Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway enrichment were assessed separately

for up- and down-regulated protein sets.
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F IGURE 1 Principal component analysis (PCA) summarising the major sources of variation in the dataset, shown as scatter plots of the first
two components (PC1 vs. PC2). (A) T1—initial training session, (B) T2—mid-season conditioning session and (C) R—race-phase. Colours indicate
sampling timepoints relative to exercise: green p0P0 (pre-training), orange p1 (immediately post-training) and purple p2 (30 min post-training).
Each dot represents an individual sample. Clustering reflects similarity of overall profiles, and separation along PC1/PC2 indicates timepoint-
dependent differences.
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Enrichment was conducted using the default Homo sapiens back-

ground for annotation depth. Results were replicated with

Equus $ Human ortholog mapping in g:Profiler to confirm robust-

ness. Multiple-testing correction was applied, and GO/KEGG terms

were considered significant at q ≤ 0.10 (10% FDR).

STRING was further used to construct protein–protein interac-

tion (PPI) networks, focusing on high-confidence interactions (>0.7).

Hub proteins were defined as the top 10% of nodes ranked by degree

centrality; additional centrality measures (betweenness, closeness)

were also calculated and reported to ensure robustness. Degree ranks

are indicated in the corresponding STRING figures to facilitate

interpretation. Functional modules were identified under default clus-

tering, and subcellular localisation was inferred to assess

compartment-specific regulation. In total, we analysed 314 individual

plasma samples organised into 19 TMTpro-18plex sets. Each set was

fractionated into 64 LC–MS runs, which yielded �1216 raw files in

addition to QC runs.

2.9 | Candidate ranking

Candidate biomarkers were selected and ranked according to prede-

fined criteria: (i) statistical robustness (paired design, FDR q ≤ 0.05),

(ii) effect size (jFCj ≥ 1.20, used for interpretation rather than hypoth-

esis testing), (iii) consistency across timepoints (directionally stable in

≥2 contrasts), (iv) network centrality (top 10% by degree within

STRING high-confidence networks, score >0.7; betweenness and

closeness assessed for robustness), (v) technical robustness (≥2 unique

peptides and detection in ≥50% of samples after filtering),

(vi) biological plausibility in exercise physiology (literature evidence)

and (vii) artefact-risk auditing (haemolysis/red blood cell (RBC) admix-

ture exclusion). To account for TMT ratio compression, emphasis was

placed on q-values and directional consistency rather than large FCs

alone, with the expectation that targeted assays may yield higher

effect sizes. The selected candidates are summarised in Table 1.

As this study was designed as a discovery-phase proteomic screen,

candidate selection followed established biomarker-development

frameworks in which untargeted LC–MS/MS data are sufficient for the

discovery stage, while targeted verification parallel reaction monitoring

(PRM) or enzyme-linked immunosorbent assay (ELISA) is reserved for

subsequent phases once the most promising markers have been nomi-

nated. This approach is consistent with current best-practice guidance

and avoids premature validation using non-optimised immunoassays,

whichmay introduce bias rather than increase confidence.17,18

3 | RESULTS

3.1 | Identification of proteins with significant
changes following initial training (T1)

Relative to baseline (p0), p1 versus p0 yielded 529 proteins with

q ≤ 0.05, of which 63 passed jFCj ≥ 1.2 (54 up, 9 down). In p2 versus

p0, 475 proteins met q ≤ 0.05; 75 passed jFCj ≥ 1.2 (59 up, 16 down).

In the direct p1 versus p2 comparison, 14 proteins met q ≤ 0.05 and

jFCj ≥ 1.2 (8 higher at p1, 6 higher at p2). Session-level volcano plots

are shown in Figure 2, with numbers on the plots corresponding to

protein IDs listed in Table S2. In all volcano plots presented in the

main text statistical significance was determined using FDR-adjusted

p-values (Benjamini–Hochberg correction). For Figure S3, unadjusted

p-values are shown, as none of the proteins in these comparisons

passed the FDR threshold for multiple testing correction.

3.1.1 | Up-regulated protein expression following
the initial training session (T1)

Immediately post-exercise (p1 vs. p0), increases centred on alarmins/

S100-family and cytoskeleton/energy metabolism proteins such as

prothymosin-α (PTMA; q = 9.8 � 10�8; FC = 1.73), S100A8

TABLE 1 Candidate panel of plasma proteins for monitoring training adaptation and peak physiological strain.

Protein Direction (T1/T2/R; p2) Typical FC rangea Function Artefact risk Validation priority

S100A8 " T1 p1/p2; "T2; " R p2 1.6–2.0 Alarmin; neutrophil activation Low–moderate (secreted/EV) High

S100A9 " T1 p1/p2; "T2; " R p2 1.5–1.9 Alarmin; innate immunity Low–moderate (secreted/EV) High

TMSB4 " T1/T2; " R p2 1.3–1.9 Actin dynamics; repair Low High

PTMA " T1; " R p2 1.7–2.3 Cell growth; chromatin Low Medium

PGK1 " T1/T2; " R p2 1.4–1.6 Glycolysis Moderate (RBC-susceptible) Medium

G6PD " T1/T2; " R p2 1.3–1.6 PPP; NADPH/redox Moderate (RBC-susceptible) High

SOD1 " T1; " R p2 1.2–1.5 Antioxidant defense Moderate (RBC-susceptible) Medium

Catalase " T1; " R p2 1.2–1.5 Antioxidant defense Moderate (RBC-susceptible) Medium

CFL1 " T1/T2; " R p2 1.3–1.7 Actin cytoskeleton Low Medium

Decorin (DCN) " T1/T2; " R p2 1.2–1.6 ECM/modulation Low Medium

Abbreviations: CFL1, cofilin-1; ECM, extracellular matrix; G6PD, glucose-6-phosphate dehydrogenase; NADPH, nicotinamide adenine dinucleotide

phosphate; PGK1, phosphoglycerate kinase 1; PTMA, prothymosin-α; RBC, red blood cell; SOD1, superoxide dismutase 1; TMSB4, thymosin β4.
aFold change ranges are indicative and used for interpretation/ranking only (jρj < 0.20 Low; 0.20–0.40 Moderate; ≥0.40 High).
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(q = 2.47 � 10�15; FC = 1.71), S100A9 (q = 2.07 � 10�15;

FC = 1.60), phosphoglycerate kinase 1 (PGK1; q = 1.91 � 10�5;

FC = 1.58), decorin (DCN; q = 1.94 � 10�9; FC = 1.58), peptidyl-

prolyl cis–trans isomerase (PPIA; q = 2.07 � 10�15; FC = 1.50),

glucose-6-phosphate dehydrogenase (G6PD; q = 5.55 � 10�5;

FC = 1.46), S100A12 (q = 2.38 � 10�8; FC = 1.44) and cofilin-1

(CFL1; q = 2.24 � 10�10; FC = 1.44). Full lists are in Table S2.

At 30 min (p2 vs. p0, n = 59), elevations largely persisted or

strengthened for S100A8 (q = 2.45 � 10�7; FC = 1.76), S100A9

(q = 1.23 � 10�7; FC = 1.73), LCN9 (q = 5.83 � 10�8; FC = 1.60),

nucleobindin-1 (q = 1.18 � 10�10; FC = 1.56), S100A12

(q = 1.07 � 10�4; FC = 1.54), PGK1 (q = 3.54 � 10�4; FC = 1.46),

thymosin-β4 (TMSB4; q = 1.18 � 10�8; FC = 1.46), tropomyosin-α4

(q = 1.08 � 10�6; FC = 1.45), PPIA (q = 1.36 � 10�8; FC = 1.44) and

adenosine kinase (ADK; q = 2.7 � 10�4; FC = 1.33).

Analysis revealed distinct expression patterns between p1 and

p2, with eight proteins exhibiting significant up-regulation and six pro-

teins displaying significant down-regulation at p1 relative to p2.

Proteins up-regulated at p1 included DCN (q = 3.14 � 10�6;

FC = 1.77), secretogranin-1 (CHGB; q = 1.33 � 10�2; FC = 1.59),

serglycin (SRGN; q = 1.30 � 10�4; FC = 1.47), PTMA

(q = 3.52 � 10�2; FC = 1.35), CAP1 (q = 4.54 � 10�2; FC = 1.26)

and haemoglobin subunits (HBB q = 1.33 � 10�2; FC = 1.22; HBA

q = 1.51 � 10�2; FC = 1.21). The p2 > p1 changes were an alcohol

dehydrogenase E chain (q = 2.61 � 10�2; FC = 1.22), peptidyl-prolyl

cis–trans isomerase B (PPIB; q = 7.0 � 10�5; FC = 1.37), transgelin

(TAGLN; q = 4.1 � 10�2; FC = 1.22), betaine homocysteine

S-methyltransferase (q = 2.61 � 10�2; FC = 1.28), galectin (q = 1.51

� 10�2; FC = 1.39), nucleobindin-1 (NUCB1, q = 8.47 � 10�9;

FC = 1.56).

Up-regulated at time point p1 proteins formed a robust PPI net-

work meaning statistically non-random, high-confidence connectivity

in STRING (Figure S4A); hubs α-actinin-1 (ACTN1), CFL1, non-muscle

myosin heavy chain IIA, Myosin-9 (MYH9), valosin-containing protein,

p97 (VCP) and superoxide dismutase 1 (SOD1) implicated cytoskeletal

remodelling, proteostasis and redox defense. KEGG enrichment

(Figure 3A)19 highlighted FcγR-mediated phagocytosis, bacterial inva-

sion of epithelial cells, tight junction and actin cytoskeleton regulation,
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F IGURE 2 Volcano plot showing differentially abundant plasma proteins following the initial training session (T1). Protein numbers on the
plot indicate IDs of proteins with jFCj > 1.5, corresponding to the identifiers listed in Table S2. (A) Significantly up-regulated proteins (post-
exercise vs. pre-exercise) (red) include PPIA (ID 1052), S100A8 (ID 412), S100A9 (ID 608), PGK1 (ID 413), PTMA (ID 51) and DNC (ID 1311),

reflecting early activation of redox metabolism and cytoskeletal remodelling. (B) Strongly up-regulated proteins (post-recovery vs. pre-exercise)
include S100A8 (ID 412), S100A9 (ID 608), S100A12 (ID 1101), NUCB1 (ID 235) and LCN9 (ID 310), representing innate immune activation and
lipid-binding responses. Blue dots represent down-regulated proteins. DNC, dynactin subunit 1; NUCB1, nucleobindin-1; PGK1,
phosphoglycerate kinase 1; PPIA, peptidyl-prolyl cis–trans isomerase; PTMA, prothymosin-α.
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with functional clustering. GO Biological Process terms (Figure 4B)

emphasised neutrophil/immune activation, oxidative-stress response

and cytoskeletal control, a profile consistent with acute exercise-

induced remodelling.

3.1.2 | Down-regulated protein expression
following the initial training session (T1)

Down-shifts were fewer and of smaller magnitude. At p1 versus p0,

examples included LY75 (q = 2.52 � 10�3; FC = �1.32), TIMP1

(q = 1.70 � 10�2; FC = �1.29), EFEMp2 (q = 3.92 � 10�4;

FC = �1.27), PLA1A (q = 4.44 � 10�10; FC = �1.25), FCGR3A

(q = 3.06 � 10�3; FC = �1.24) and GAS6 (q = 2.55 � 10�2;

FC = �1.23) (Table S2).

Proteins down-regulated at p2 versus p0 included CD34 molecule

(CD34, q = 4.55 � 10�3; FC = �1.26), gelsolin (q = 2.7 � 10�2;

FC = �1.25), low affinity immunoglobulin gamma Fc region receptor III-A

(LOC100051526; q = 1.5 � 10�3; FC = �1.31), GAS6 (q = 3.71 � 10�2;

FC = �1.26), integrin alpha-1 (q = 4.0 � 10�4; FC = �1.25), chymotryp-

sin C (q = 3.6 � 10�2; FC = �1.22), sphingomyelin phosphodiesterase

1 (q = 9.92 � 10�3; FC = �1.21), carboxylic ester hydrolase

2 (q = 3.24 � 10�2; FC = �1.23), integrin alpha-11 (q = 1.98 � 10�4;

FC = �1.25), cystatin C (q = 2.47 � 10�3; FC = �1.22), integrin subunit

alpha 5 (q = 2.55 � 10�2; FC = �1.25), exostosin-1 (q = 9.42 � 10�3;

FC = �1.22), activating transcription factor 6 beta (q = 6.25 � 10�3;

FC = �1.23), semaphorin-6D (q = 1.32 � 10�3; FC = �1.25) and Ig-like

domain-containing proteins (q = 3.03 � 10�2; FC = �1.60).

STRING analysis of the down-regulated set showed limited direct

connectivity (Figure S4C). After adding functional neighbours

(STRING ‘More’), implicated pathways included stress/endoplasmic

reticulum (ER)-signalling (ADPRH, CIPC, ARL6IP6), immune/cytokine

signalling (FCGR3A, IL13RA1), extracellular matrix (ECM)/tissue remo-

delling (TIMP1, EFEMP2, PODXL), survival/inflammation (GAS6) and

Ca2+/metabolic adaptation (PEF1). GO terms (Figures 3B and S4D)

pointed to immune effector regulation (e.g., antibody-dependent cel-

lular cytotoxicity, natural killer cells activity), wound healing/cell

migration and protease inhibition, suggesting a controlled down-

tuning of inflammatory/remodelling programs during early recovery.

3.2 | Protein expression changes reflecting
adaptation after mid-season conditioning (T2)

In p1 versus p0, 311 proteins had q < 0.05; 27 met jFCj ≥ 1.2. (26 up-

regulated and 1 down-regulated). In p2 versus p0, 330 met q < 0.05;

44 passed jFCj ≥ 1.2 (31 up-regulated and 13 down-regulated). In p2

versus p1, eight proteins reached q < 0.05, six with jFCj ≥ 1.2
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F IGURE 3 Functional analyses
of proteins with altered expression
after the initial training session
(T1). KEGG pathway enrichment
for up-regulated (A) and down-
regulated proteins (B) (ShinyGO
v0.82; species background Homo
sapiens). Bubble size indicates the
number of proteins mapped to

each pathway; colour represents
statistical significance as �log10
(FDR). FDR, false discovery rate.
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(Table S2). The differential protein abundance relative to baseline for

the T2 session has been presented on volcano plots (Figure 4), with

numbers on the plots corresponding to protein IDs listed in Table S2.

3.2.1 | Up-regulated protein expression following
the mid-season conditioning (T2)

The most prominently up-regulated proteins were S100A8 (q-

value = 2.84 � 10�12; FC = 1.78), DCN (q-value = 3.96 � 10�10;

FC = 1.73), S100A12 (q-value = 1.43 � 10�6; FC = 1.56) and

S100A9 (q-value = 1.50 � 10�9; FC = 1.54). Additional increases

included PPIA (q = 1.69 � 10�9; FC = 1.36), TMSB4

(q = 8.29 � 10�8; FC = 1.34), G6PD (q = 6.62 � 10�7; FC = 1.29),

GSTA3 (q = 5.28 � 10�7; FC = 1.28), LCN9 (q = 6.62 � 10�7;

FC = 1.29) and PGK1 (q = 1.76 � 10�3; FC = 1.41).

In p2 versus p0, the most strongly increased proteins included

NUCB1 (q-value = 2.5 � 10�9; FC = 1.53), S100A8 (q = 3.8 � 10�6;

FC = 1.71), S100A9 (q = 6.95 � 10�6; FC = 1.48), ADH1E

(q = 2.68 � 10�4; FC = 1.67), LCN9 (q = 3.48 � 10�5; FC = 1.53), GST

(q = 5.62 � 10�5; FC = 1.50), GSTA3 (q = 5.01 � 10�4; FC = 1.52)

and S100A12 (q = 2.11 � 10�3; FC = 1.43). Direct comparison of the

two post-training time points showed a single protein up-regulated in p1

versus p2 at T2—DCN (q-value = 3.64 � 10�3; FC = 1.66).

The interaction network (Figure S5A) was well structured, with

ACTR3, CFL1, ANXA1, S100A8 and S100A16 serving as key hubs

involved in cytoskeletal remodelling, calcium signalling and innate

immune response. GO terms (Figure 5) enriched for neutrophil che-

motaxis/migration, positive nuclear factor kappa B (NF-κB) regulation,

zinc sequestration, autocrine signalling, protein nitrosylation. Hierar-

chical clustering of these GO terms (Figure S5B) confirmed that the

up-regulated proteins participate in tightly coordinated immune, met-

abolic and structural adaptation to exercise.

3.2.2 | Down-regulated protein expression
following the mid-season conditioning (T2)

In p1 versus p0, proteomic analysis revealed only CD34 significantly

down-regulated (q = 3.93 � 10�2; FC = �1.24) (Table S2).

12

11

10

9

8

7

6

5

4

3

2

1

0

86420-2-4 86420-2-4

9

412 235

412

310
573

387

33

413

1311

1101

608

8

7

6

5

4

3

2

1

0

T2 – P1 vs PO

-L
og

10
 q

-v
al

ue
 (T

2-
P2

/T
2-

P0
)

-L
og

10
 q

-v
al

ue
 (T

2-
P1

/T
2-

P0
)

Log2 FC (T2-P1/T2-P0) [1e-1]

(B)(A) T2 – P2 vs PO

Log2 FC (T2-P2/T2-P0) [1e-1]

F IGURE 4 Volcano plot for the mid-season training session (T2). Protein numbers on the plot indicate IDs of proteins with jFCj > 1.5,
corresponding to the identifiers listed in Table S2. (A) Up-regulated proteins (post-exercise vs. pre-exercise) include S100A8 (ID 412), S100A9
(ID 608), S100A12 (ID 1101) and DCN (ID 1311), indicating sustained immune activation and extracellular-matrix remodelling under continued
training adaptation. (B) Up-regulated proteins (post-recovery vs. pre-exercise) include S100A8 (ID 412), NUCB1 (ID 235), LCN9 (ID 310), PGK1
(ID 413) and detoxification-related enzymes GST (ID 573), GSTA3 (ID 33) and ADH1E (ID 378), suggesting activation of antioxidant and metabolic
recovery pathways. Blue dots represent down-regulated proteins. FC, fold change; NUCB1, nucleobindin-1; PGK1, phosphoglycerate kinase 1.
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In p2 versus p0, the most prominent decreases were observed for

FAT1 (q = 7.59 � 10�4; FC = �1.27), COL10A1 (q = 9.47 � 10�4;

FC = �1.28), OLFM4 (q = 4.19 � 10�3; FC = �1.43), APOM

(q = 7.58 � 10�3; FC = �1.23), PLXND1 (q = 9.47 � 10�3;

FC = �1.29), PCSK5 (q = 1.66 � 10�2; FC = �1.20), GALNT18

(q = 2.84 � 10�2; FC = �1.25), SDK2 (q = 3.06 � 10�2; FC = �1.33),

GPNMB (q = 4.16 � 10�2; FC = �1.26), THOp1 (q = 4.39 � 10�2;

FC = �1.25) and EFEM p2 (q = 4.39 � 10�2; FC = �1.20).

Direct comparison of the two post-training time points (p1 vs. p2)

showed five proteins down-regulated (i.e., higher in p2) (Table S3).

The latter included NUCB1 (q = 1.92 � 10�6; FC = �1.49), ADH1E

(q = 3.14 � 10�3; FC = �1.44), PPIB (q = 2.04 � 10�2; FC = �1.33),

DHDH (q = 3.39 � 10�2; FC = �1.29) and GLUD1 (q = 2.81 � 10�2;

FC = �1.25).

3.3 | Proteomic response to maximal physical
effort: Race-phase session

In p2 versus p0, 604 proteins reached q ≤ 0.05; 103 were up-

regulated and 23 down-regulated at jFCj ≥ 1.2 (Table S2). Differential

protein abundance for the R session has been presented at Figure 6.

3.3.1 | Up-regulated protein expression following
the race-phase session

Maximal effort amplified immune/redox, glycolytic and cytoskeletal

programs. Notable increases included PTMA (q-value = 2.33 � 10�6;

FC = 2.24), S100A8 (q-value = 1.56 � 10�11; FC = 2.02), GSTA3 (q-

value = 7.88 � 10�9; FC = 1.97), ADH1E (q-value = 8.59 � 10�10;

FC = 1.97), TMSB4 (q-value = 1.3 � 10�11; FC = 1.94), DHDH (q-

value = 2.51 � 10�5; FC = 1.86), S100A9 (q-value = 1.51 � 10�10;

FC = 1.84), PPIA (q-value = 1.35 � 10�10; FC = 1.82), S100G (q-

value = 1.52 � 10�8; FC = 1.78) and DDT (q-value = 4.23 � 10�7;

FC = 1.77). Additional significant increases included S100A12 (q-

value = 8.66 � 10�6; FC = 1.61), NUCB1 (q-value = 3.09 � 10�9;

FC = 1.35) and DCN (q-value = 1.26 � 10�4; FC = 1.24).

STRING revealed a dense network with multiple central hubs

(Figure S6A): glycolysis triosephosphate isomerase 1 (TPI1), PGK1, glu-

cose-6-phosphate isomerase (GPI), proteostasis-related (ubiquitin C

[UBC], vasolin-containg protein [VCP]), antioxidant SOD1, cytoskeletal

hubs (ACTN1, CFL1) and strong inflammatory ANXA1/S100A8. KEGG

enrichment (Figure 7A) highlighted glycolysis/gluconeogenesis, the pen-

tose phosphate pathway, fructose/mannose, nitrogen/arginine metabo-

lism, glutathione metabolism, carbon metabolism, amino acid

biosynthesis, drug metabolism-CYP, peroxisome proliferator–activated

receptor signalling, longevity regulation, FcγR phagocytosis. GO terms

(Figure S6B) further emphasised oxidative stress defense and oxidant

detoxification, glutathione pathways and broad nucleotide/

monosaccharide metabolism. The hierarchical GO cluster tree

(Figure S6C) revealed convergence of biological processes involved in

antioxidant protection, cellular metabolism and inflammation resolution.

3.3.2 | Down-regulated protein expression
following the race-phase session

The most prominent decreases were PCDH18 (q-value = 3.46 � 10�4;

FC = �1.39), IGF1 (q-value = 8.21 � 10�4; FC = �1.38), EFEMp2 (q-

value = 3.20 � 10�3; FC = �1.37), TRAV16 (q-value = 1.11 � 10�2;

FC = �1.35), GPNMB (q-value = 5.69 � 10�3; FC = �1.26), IL13RA1

(q-value = 2.04 � 10�4; FC = �1.25), LRRN4 (q-value = 4.84 � 10�2;

FC = �1.25), MYH1 (q-value = 3.87 � 10�3; FC = �1.25) and

EXOC3L4 (q-value = 3.47 � 10�4; FC = �1.24) pointing to modula-

tion of ECM/secretory and immune-regulatory processes (Table S2).
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GO enrichment (Figure 7B) emphasised proteoglycan metabolism,

peptidyl-lysine oxidation, sulphotransferase activity, polysaccharide/

GAG biosynthesis and hints of satellite-cell regulation. Subcellular

localisation analysis indicated enrichment in the Golgi apparatus and

extracellular space, consistent with the secretory or ECM-related roles

of these proteins. Hierarchical clustering revealed tight functional

links between polysaccharide metabolism, glycosaminoglycan biosyn-

thesis and cytokine regulation (Figure S6D). STRING mapping of the

down-regulated set revealed limited direct PPI connectivity, as

expected for secreted/ECM proteins; however, the existing edges and

enriched terms converged on extracellular-matrix organisation

and regulatory signalling (Figure S6C). STRING mapping of the down-

regulated set revealed limited direct PPI connectivity, as expected for

secreted/ECM proteins; however, the existing edges and enriched

terms converged on extracellular-matrix organisation and regulatory

signalling.

3.4 | Proteins with altered expression patterns –
cross-session comparisons

No proteins met the prespecified FDR criterion (q ≤ 0.05; jFCj ≥ 1.20)

in this section; we therefore refrain from claiming statistical signifi-

cance. Nominal p-values reported below are provided solely to

describe patterns and to guide interpretation alongside effect sizes

(jFCj). Volcano plot analysis revealed distinct session- and time-

11

R – P2 vs P0

10

384 412

196 1289

1052

608

387

310

1344

573

876

312 994

292
1278

399
1101

413
1228

652 1213

887

16

892

560

698

51

33

9

8

7

6

5

4

3

2

1

0

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2

-L
og

10
 q

-v
al

ue
 (R

-P
2/

R-
P0

)

Log2 FC (R-P2/R-P0)

F IGURE 6 Volcano plot for the
race session (R) (post-recovery
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the plot indicate IDs of proteins with
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up-regulation of S100A12 (ID 1101),
G6PD (ID 1278), PGK1 (ID 413),
GSTs (ID 573), ADH1E (ID 387),

LCN9 (ID 310), AHSP (ID 892) and
related proteins reflects intense
erythrocyte turnover, oxidative
stress and redox buffering during
maximal exertion. Blue dots
represent down-regulated proteins.
AHSP, alpha hemoglobin stabilizing
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dehydrogenase; PGK1,
phosphoglycerate kinase 1.
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dependent differences in post-exercise protein abundance (Figure S3).

At p1, only limited changes were detected between T2 and T1

(Figure S3A), whereas more pronounced differences emerged at p2

(Figure S3B). Stronger shifts were observed in comparisons involving

the race phase, with multiple proteins differentially abundant (DA) in

R versus T1 (Figure S3C) and R versus T2 (Figure S3D) at p2.

Comparing the two training stages (median FC T1–p1 vs. T2–p1;

positive FC = higher after T1; negative FC = higher after T2), no pro-

teins passed FDR (q < 0.05). However, two proteins met nominal

p < 0.05 (jFCj ≥ 1.20): PCTP (FC = 1.27; nominal p = 7.59 � 10�5)

and SOD1 (FC = 1.20; p = 2.17 � 10�3). Full lists are provided in

Table S3.

Comparing the two training stages (median FC T1–p2 vs. T2–p2),

no proteins passed FDR (q < 0.05). However, five proteins met nomi-

nal p < 0.05 (jFCj ≥ 1.20); see Table S3. Relative to T1, R

(p2) exhibited higher abundance of multiple markers of oxygen trans-

port, cytoskeletal/actin dynamics, redox/homeostatic responses and

lipid/fatty-acid handling. Multiple proteins reached statistical signifi-

cance after FDR control; counts and per-protein statistics are

reported in Table S3.

At 30-min post-exercise (p2), 85 proteins reached q ≤ 0.05 in R

versus T2, of which 56 met jFCj ≥ 1.20 (50 higher in R; 6 higher in T2)

see Table S3 for the complete list.

Based on proteins consistently modulated across sessions, we

propose a preliminary candidate panel for monitoring training adapta-

tion and peak load (Table 1). The panel integrates immune/stress sen-

sors (S100A8, S100A9, TMSB4), antioxidant enzymes (SOD1,

catalase, GST/G6PD), metabolic markers (PGK1, G6PD, lipocalins) and

structural modulators (DCN, CFL1). Median FC values from within-

and between-session contrasts are reported to illustrate effect sizes.

These targets warrant validation by ELISA or LC–MRM/PRM in larger,

independent cohorts. Six example proteins with the largest session-

wide shifts are summarised in Figure 8 and Table S4.

3.5 | Key results

Initial training (T1) yielded 63 DA proteins at p1 versus p0 (54"/9#)
and 75 at p2 versus p0 (59"/16#); mid-season conditioning

(T2) showed 27 and 44, respectively; race-phase (R) produced

126 (103"/23#) at p2 versus p0. R versus T2 (p2) added 56 features

(50" in R/6" in T2). Across all sessions, a consistent sentinel subset

emerged: S100A8, S100A9, S100A12, TMSB4, PTMA, PGK1, G6PD,

SOD1, CAT, CFL1 and DCN, representing coordinated axes of innate

immune activation, redox and energetic support and cytoskeletal–

ECM remodelling.

(A)

(B)

Cellular oxidant detoxification
Cellular detoxification

Glutathione metabolic proc.
Cellular response to toxic substance

Detoxification
Nucleoside diphosphate phosphorylation

Nucleotide phosphorylation
Response to toxic substance

Monosaccharide metabolic proc.
Response to oxidative stress

Small molecule biosynthetic proc.
Monocarboxylic acid metabolic proc.

Carboxylic acid metabolic proc.
Oxoacid metabolic proc.

Organic acid metabolic proc.
Small molecule metabolic proc.

Reg. of cell death
Cellular response to chemical stimulus

Catabolic proc.
Reg. of biological quality

N. of Genes

10
20

30

40

-log10(FDR)
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7

8

9

10

100 20

100 20 30

Fold Enrichment

Mucopolysaccharide metabolic proc.
Cellular polysaccharide metabolic proc.

Polysaccharide biosynthetic proc.
Polysaccharide metabolic proc.

Glycogen metabolic proc.
Glycosaminoglycan biosynthetic proc.

Glycosaminoglycan metabolic proc.
Aminoglycan biosynthetic proc.

Aminoglycan metabolic proc.

Cellular carbohydrate metabolic proc.
Reg. of ERK1 and ERK2 cascade

Negative reg. of cytokine production 

ERK1 and ERK2 cascade
Glycoprotein metabolic proc.

Carbohydrate metabolic proc.

Cytokine production
Cell adhesion

2
3
4
5
6
7

-log10(FDR)

1.35
1.40
1.45
1.50
1.55

Fold Enrichment
1.60

Carbohydrate biosynthetic proc.

Monosaccharide metabolic proc.

Reg. of cytokine production

F IGURE 7 Functional analyses of
proteins with altered expression after
the race session (R). KEGG pathway
enrichment for up-regulated (A) and
down-regulated proteins
(B) (ShinyGO v0.82; species
background Homo sapiens). Bubble
size indicates the number of proteins
mapped to each pathway; colour

represents statistical significance as
�log10(FDR).
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4 | DISCUSSION

4.1 | Early proteomic response to initial training
session (T1)

The first training session elicited a rapid, broad proteomic response

spanning innate immunity, energy/redox metabolism and

cytoskeletal—matrix remodelling. Members of the S100 family—

S100A8/S100A9 (calprotectin) with S100A12—dominated the early

signal (the top FC/q hits at p1 versus p0, sustained at p2 versus p0).

This pattern is consistent with neutrophil priming and alarmin-

mediated signalling triggered by exercise-induced microtrauma

(i.e., DAMP activity20,21). It also corresponds to the pronounced post-

exercise induction of S100 genes reported in horses22 and may reflect

compartmental dynamics, such as sweat-associated protein loss

immediately following endurance work.23 Additionally, it parallels con-

texts in which elevated S100 levels are observed in disease states,

including transport-associated respiratory disease and colic in

horses.24–26 Functionally, KEGG enrichment pointed to FcγR-

mediated phagocytosis, bacterial invasion of epithelial cells and tight-

junction signalling, while GO terms emphasised neutrophil activation,

chemotaxis and leukocyte migration. Together with the actin-centred

hubs (ACTN1, CFL1, MYH9) in the PPI map, these pathways support

a picture of cytoskeleton-dependent immune cell mobilisation and

phagocytic competence early after load initiation.

Metabolically, the data indicate acute reprogramming towards

glycolysis and nicotinamide adenine dinucleotide phosphate (NADPH)

support: increases in PGK1 and G6PD (pentose phosphate pathway)

suggest both higher ATP demand and redox poise maintenance via

NADPH provision. KEGG/GO enrichment corroborated this ener-

getic/redox axis, given the centrality of pentose phosphate pathway

(PPP) to reactive oxigen species (ROS) detoxification in working mus-

cle.27–29

Early lipid-associated protein changes were present but more

modest. Increases in lipocalin (e.g., LCN9; sustained at p2P2) are com-

patible with training-induced lipid remodelling.30 By contrast with

endurance studies reporting ApoA-IV/ApoE rises and ApoC-II/ApoC-

III decreases,10 all four apolipoproteins were detectable here but sub-

threshold at T1, which likely reflects differences in exercise modality,

sampling timing (immediate/30 min) and training status. Longer-term

plasticity of lipid transport seen in age-stratified cohorts11 may also

explain the relatively small acute T1 effects in our plasma proteome.

Markers of cytoskeletal turnover and tissue repair were also

prominent. TMSB4, PTMA and CFL1 increased, while ACTN1

appeared as a central hub in the interaction network. Together with

an early rise in DCN, these signals point to actin dynamics and

ECM/tendon micro-remodelling that accompany load initiation.31–34

The p1 > p2 pattern for DCN and secretory granule components

(CHGB, SRGN) versus p2 > p1 increases in PPIB, NUCB1, TAGLN sug-

gests a temporal hand-off from rapid injury/traction signalling to
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F IGURE 8 Violin plots showing the distribution of log₂ intensities for six plasma proteins across sessions and sampling timepoints.
(A) S100A8, (B) S100A9, (C) Catalase, (D) glucose-6-phosphate 1-dehydrogenase (G6PD), (E) phosphoglycerate kinase 1 (PGK1), (F) thymosin β4.
The X-axis is arranged in session blocks—T1 (initial—first training), T2 (mid-season training—second training) and R (race-phase) with timepoints

inside each block: p0 (pre-exercise), p1 (immediately post-exercise), p2 (30 min post-exercise). Each violin depicts the full distribution; the thick
horizontal line marks the median, thin bars indicate Q1 and Q3, and dots represent individual samples. Dot colours encode timepoints: green p0,
orange p1, purple p2. The Y-axis shows log2 intensity. This visualisation enables side-by-side comparison of central tendency, dispersion and
distribution shape within and between sessions and timepoints, highlighting exercise-related shifts and potential features such as skewness or
multimodality.
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protein folding/trafficking and cytoskeletal consolidation within the

first 30 min. The ECM-related signal, including the rapid response of

DCN in p1, may also reflect peritendinous remodelling processes

associated with tenocyte traction signalling.

Regarding antioxidant defenses, T1 dataset emphasises redox

network activation rather than large, uniform increases in canonical

ROS-scavenging enzymes at the immediate time points. SOD1

emerged as a network hub (with PPP support via G6PD), yet literature

on acute post-exercise SOD/catalase activity in equine plasma is

mixed, including reports of no significant immediate change immedi-

ately following an endurance race.35,36 This variability likely reflects

compartmentalisation (plasma vs. tissue), timing and exercise type,

and it is consistent with our observation that redox homeostasis at T1

is supported by metabolic routing (PPP/NADPH) alongside selective

protein-level adjustments.

Finally, the down-regulated set at T1 was smaller and less con-

nected. Decreases in proteins related to immune receptors (e.g., LY75,

FCGR3A) and ECM modulators (e.g., TIMP1, EFEMp2) are compatible

with a controlled dampening of inflammatory/remodelling drivers dur-

ing early recovery, a pattern that fits with the GO terms enriched for

immune effector regulation and wound-healing/cell migration and

protease inhibition.37 STRING expansion suggested links to cytokine

signalling nodes (e.g., IL13RA1) and ER-stress/redox adaptors, sup-

porting the notion that pro-inflammatory activation is counter-

balanced by negative-feedback and tissue-protective programmes

within the first hour.

Collectively, T1 couples alarmin-driven innate immune activation

with energy/redox rerouting and cytoskeletal–matrix priming, estab-

lishing a pro-adaptation molecular milieu that matches the volcano/

network/enrichment architecture and the targeted protein shifts.

4.2 | Refined proteomic profile during mid-season
training conditioning (T2)

By mid-season, the plasma proteome shifted from the broad, acute

reactivity seen at T1 towards a more focused and stabilised adapta-

tion. The S100 axis remained a defining feature—S100A8/A9/A12

increased at both p1 and p2, together with DCN and CFL1. STRING

hubs (ACTR3, CFL1, ANXA1, S100A8, S100A16) and GO terms (neu-

trophil chemotaxis; leukocyte/granulocyte migration; positive NF-κB

signalling; zinc-ion sequestration; autocrine signalling; protein nitrosy-

lation) indicate preserved innate readiness (migration/adhesion, NF-

κB priming) balanced with resolution-biased control (e.g., ANXA1 as a

pro-resolving mediator; S100-driven zinc sequestration as ‘nutritional
immunity’). In practical terms, this reads as fewer proteins altered, but

those that do change converge on coordinated immune trafficking

and barrier/adhesion control rather than diffuse activation.38,39

Compared with T1, T2 maintained increases in glycolysis (PGK1)

and PPP support (G6PD) but showed proportionally stronger signals

in detox/glutathione pathways: GSTA3/GST rose (p1 and p2) and

ADH1E and DHDH emerged as carbonyl/xenobiotic-handling

nodes.27,28,40 Together with NUCB1 and LCN9, these point to a more

selective antioxidant/ligand-handling program—consistent with train-

ing adaptation that prioritises ROS buffering and metabolic by-

product clearance over the broader enzyme up-shifts observed at T1.

On the structural side, DCN remained prominently up at p1 (and the

sole p1 > p2 protein at T2), suggesting an immediate ECM/tenocyte

traction signal, whereas p2 favoured protein-folding/secretory and

metabolic consolidation (NUCB1, PPIB, ADH1E, DHDH, GLUD1

higher at p2).41–43

The down-set at T2 was minimal at p1 versus p0 (only CD34) and

selective at p2 versus p0 (e.g., FAT1, COL10A1, OLFM4, APOM,

PLXND1, PCSK5, GALNT18, SDK2, GPNMB, THOp1, EFEMp2).

Functionally, the pattern is compatible with controlled attenuation of

adhesion/ECM remodelling and glycoprotein/secretory processing,

that is, resolution-aligned pruning rather than wholesale suppression.

The transient decrease in CD34 may reflect short-term endothelial/

progenitor marker dynamics with acute loading, but we interpret this

cautiously given the single-protein signal and plasma context.

4.3 | Intense proteomic response to race-phase
effort (R)

The race-phase (R) elicited the most extensive and integrated proteo-

mic shift of the study. The S100 axis intensified, with S100A8

(FC = 2.02), S100A9 (1.84), S100A12 (1.61) and S100G (1.78) among

the most elevated proteins, accompanied by ANXA1 as an inflamma-

tory/pro-resolving hub in the network. Relative to the training ses-

sions (standardised to p2 vs. p0), S100A8 and S100A9 reached their

maxima at R (T1: 1.76/1.73; T2: 1.71/1.48), together with KEGG

enrichment for FcγR-mediated phagocytosis, indicating strong neutro-

phil activation and phagocytic readiness. However, it should be inter-

preted at the plasma proteome level, where the increase in

neutrophil-derived proteins likely reflects cell activation and relocali-

sation rather than a direct increase in phagocytic activity in vivo.

While cellular leakage/haemolysis can contribute to apparent

increases in circulating granulocyte proteins,26 the STRING and GO

architecture supports a genuine innate-immune mobilisation coherent

with maximal exertion. Network analysis revealed a glycolytic module

(TPI1, PGK1, GPI) and PPP enrichment consistent with high ATP and

NADPH demand. Detoxification/antioxidant capacity was markedly

reinforced: GSTA3 (1.97) and ADH1E (1.97), together with DHDH

(1.86) and PPIA (1.82), point to glutathione-dependent conjugation

and carbonyl/xenobiotic clearance, in line with GO terms for oxidant

detoxification and response to toxic compounds. Prior work indicates

training-induced modulation of glutathione-linked enzymes during

2 years of high-intensity training in horses11; the GST surge at R is

congruent with acute ROS neutralisation at peak load.27,28,44

Cytoskeletal control intensified (CFL1, ACTN1 hubs), while VCP

and UBC signalled proteostasis/ubiquitin-dependent turnover—a

canonical response to proteotoxic stress.45 Proteins linked to regener-

ation and actin dynamics rose sharply—PTMA (2.24) and TMSB4

(1.94)—consistent with rapid structural adaptation and early repair sig-

nalling. Together, these modules align with the functional integration
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seen in KEGG clustering, where immunity, metabolism and stress-

response pathways converge.

The down-set involved ECM/secretory and signalling nodes, includ-

ing IGF1 (�1.38), EFEMp2 (�1.37) and PCDH18 (�1.39). GO highlights

proteoglycan metabolism, peptidyl-lysine oxidation and sulphotransfer-

ase activity, together with terms implicating satellite-cell regulation. This

pattern suggests a transient suppression/re-prioritisation of matrix/

growth signalling post-race, potentially reallocating resources towards

detoxification, redox control and cytoskeletal resilience.46–48 However,

the observed decreases in ECM- and IGF1-related signals in R–p2 may

also reflect a short-term re-allocation of resources away from matrix

maintenance, rather than unequivocal proteolysis. This interpretation

requires further validation using dedicated ECM marker panels, such as

collagen pro-peptides and assays of MMP activity.

Overall, R captures a peak-workload molecular signature: alarmin-

driven innate activation, high-flux energy/PPP support, glutathione-

centred detox, proteostasis and rapid cytoskeletal–repair cues. As a

cautious take-home plasma marker panel for ‘peak load’, PTMA,

TMSB4, S100A8/A9, GSTA3 and ADH1E emerge as candidates—

pending independent validation and strict control for haemolysis. The

dense STRING network and pathway clustering emphasise that these

processes are co-regulated, not merely co-occurring.

4.4 | Integrated comparison and proposed
biomarkers of training adaptation

Within-session contrasts show a transient, T1-dominant erythrocyte/

oxygen-transport and redox imprint immediately post-exercise (p1),

shifting at T2—particularly at recovery (p2)—towards ECM/immune/

coagulation features. This trajectory aligns with a move from broad

early reactivity to focused adaptation later in training8,11 and is consis-

tent with the concept of trained tolerance—attenuated breadth with

preserved specificity.49

Following the first session, we observed a rapid inflammatory–

redox signature consistent with acute systemic stress. Particularly

S100A8/A9 rose early as sensors of immune activation and physiolog-

ical strain, accompanied by TMSB4 and PTMA, suggesting onset of

cytoprotective/angiogenic programs that also feature during racing.

As S100G is typically an intracellular protein, its presence in plasma

most likely reflects release from cells (muscle, intestine, leukocytes)

and/or microdisruptions of cellular membranes. It should also be

noted that there is a potential risk of co-occurrence with an RBC-

related signature. Increased PGK1 and G6PD point to glycolysis/PPP-

driven metabolic reprogramming with enhanced redox buffering,

while antioxidant defenses (e.g., SOD1, catalase) support oxidative-

stress control20,21,27–29,31–33,35,36 Collectively, S100A8, S100A9,

TMSB4, PTMA, PGK1, G6PD, SOD1 and catalase emerge as early-

phase biomarker candidates at T1.

At mid-season conditioning, the number of significantly altered pro-

teins decreased and the profile narrowed, indicating stabilised responses.

Continued up-regulation of S100A8/A9, DCN and CFL1 indicates modu-

lated inflammatory and structural remodelling, while increases in

glutathione S-transferases, PPIA and NADP-dependent oxidoreductases

support maintained redox control. A notable decrease of CD34 suggests

reduced regenerative demand under routine conditioning. Thus, sustained

S100A8/A9, GST, DCN, CFL1 and CD34# form a parsimonious mid-

season adaptation set. However, the differences observed between T1

and T2 at p < 0.05 (uncorrected for FDR) should be considered exploratory

findings.

The Race-Phase elicited the marked up-regulation of PTMA,

S100 family proteins, TMSB4 and key glycolytic/antioxidant enzymes

(e.g., GSTA3, CAT, G6PD, ADH1E) indicate high energetic demand

with intensified detox/redox control. Concurrent down-modulation of

ECM/adhesion and immune-receptor modules (e.g., fibulins/EFEMP,

collagens, IL-13Rα1, selected C-type lectins) suggests short-term rep-

rioritisation away from remodelling/surveillance during peak output—

compatible with potential physiological peak load. However, the pre-

sent data indicate a peak physiological strain thus the identified

markers should be regarded as candidates for monitoring load/fatigue

and require clinical validation with overtraining phenotyping.

Across sessions, consistently modulated proteins, S100A8/A9,

TMSB4, GSTs, PPIA/NUCB1, DCN, PGK1, G6PD, SOD1, CAT, may

represent promising longitudinal indicators of training status/readiness.

Lipocalins/cytosolic fatty-acid-binding domain proteins show contrast-

dependent shifts, implicating lipid transport during high demand. A pre-

liminary monitoring panel spanning may be proposed: immune/stress

(S100A8, S100A9, TMSB4), antioxidant (SOD1, GST, CAT), energy

metabolism (PGK1, G6PD, lipocalins) and structural remodelling (DCN,

ARP3, CFL1), with TIMP1, IL-13Rα1 and selected ECM components as

potential peak load flags (down-modulation). Practical deployment

requires targeted validation (ELISA or targeted MS), larger cohorts and

longitudinal sampling to resolve effect size versus kinetics, platform var-

iance and environmental/individual modifiers.

An additional layer of interpretation may involve extracellular ves-

icles (EVs), which have been increasingly recognised as carriers of

membrane-associated proteins released after exercise. In human stud-

ies, EVs have also been linked to transient changes in endothelial

progenitor–like signals, such as CD34, providing a possible explana-

tion for the temporary shifts observed in our dataset.50,51 Considering

EV-mediated release in sport horses may therefore offer a mechanis-

tic framework that connects cellular activation and remodelling with

the appearance of circulating protein markers. Future work integrating

EV profiling with plasma proteomics could validate this hypothesis.

4.5 | Main limitations

This study has several limitations. The breed distribution was unbal-

anced (Arabians predominated) and not all horses completed every

sampling. While this reduces generalisability, the within-subject

design, consistent training, and paired statistics mitigate confounding,

and exploratory checks did not indicate age/sex bias. Immediate post-

race sampling (R-p1) was not feasible, so inter-session effects rely on

R-p2 versus T1/T2-p2; because p1–p2 differences were modest at T1

and T2, R-p2 likely captures the dominant race signature. Strong
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increases in hemoglobin subunit alpha/hemoglobin subunit beta

(HBA/HBB), carbonic anhydrase 1/carbonic anhydrase 2, alpha hemo-

globin stabilizing protein and biliverdin reductase B, especially in R

versus T2, are consistent with erythrocyte admixture/haemolysis;

exercise-induced haemolysis is well documented,52,53 and visibly

haemolysed samples were excluded as recommended,54 though sub-

clinical haemolysis may itself carry information on training load.52,53

TMT-based quantification can attenuate FCs (ratio compression) with-

out altering directionality, so targeted assays (ELISA, MRM, PRM) may

show larger effects.54,55 We did not perform targeted verification

(PRM/SRM) or ELISA in this cohort, which is an explicit limitation of a

discovery-phase study. Given expected TMT ratio compression, effect

sizes reported here are conservative and require targeted follow-up in

independent samples. The availability of equine-reactive assays for

selected proteins (e.g., calprotectin, DCN) supports feasibility; how-

ever, antibody cross-reactivity and matrix effects warrant careful vali-

dation. Signals involving latherin (Equc1) warrant caution:

contamination is unlikely with sterile vacutainers, yet as a secreted

lipocalin it may contribute to plasma signal; genuine regulation cannot

be excluded and requires orthogonal validation.56,57 More broadly,

the axes we report—innate activation (e.g., S100A8/A9/A12), redox/

energetic support and cytoskeletal/ECM remodelling—are not specific

to exercise alone, and plasma offers limited tissue-of-origin specificity

with potential extracellular-vesicle contributions; establishing physio-

logical and clinical specificity will therefore require independent vali-

dation under field conditions, including temporal profiling and

interference testing (haemolysis/lipemia, dehydration/haemoconcen-

tration). Finally, although our indication differs, successful plasma-

proteomics applications in equine disease (e.g., EMS) support the

robustness and translational potential of blood-based proteomics.58

5 | CONCLUSIONS

This study reveals distinct proteomic signatures associated with dif-

ferent stages of racehorse training and racing, reflecting immune acti-

vation, metabolic shifts, antioxidant defense and tissue remodelling.

Early training triggered broad stress responses, while mid-season

adaptation showed more focused regulation. Racing induced the

strongest changes, including markers of high metabolic demand and

signs of potential physiological peak load.

Key proteins—such as S100A8, S100A9, thymosin β4, PGK1,

G6PD and catalase—emerged as potential biomarkers of training

response and fatigue (Table 1 and Figure 8). A proposed biomarker

panel may support monitoring of performance, recovery, peak physio-

logical strain and trajectories of adaptation. However, these candidates

require further validation before clinical application. Given the con-

served nature of many stress, immune and metabolic pathways, these

findings may also have broader translational relevance for athletic mon-

itoring and fatigue assessment in other species, including humans.
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