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Metabolomic profile changes following individual -endurance sports: A systematic review
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sportomics. The present systematic review provides a qualitative synthesis of
metabolomics-based studies conducted over the past decade that examined
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Relevant articles published between 2009 and 2025 were retrieved from
PubMed, Google Scholar, and Web of Science. In addition, Persian-language
studies published between 2001 and 2025 were identified through national
databases, including the Iranian Research Institute for Information Science
and Technology (IranDoc), Jihad Daneshgahi Scientific Information
Database, and the National Journals Database (Magiran).

Results:

A total of 257 articles were initially identified. After removing duplicates,
conducting full-text screening, and applying predefined eligibility criteria, 25
studies were included in the final analysis. The findings indicated that across
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hours after exercise. However, despite these acute metabolic responses, most
metabolite levels returned to near baseline values within approximately 24
hours of recovery.

Conclusion:

The reviewed literature demonstrates that competitive endurance exercise
induces continuous and dynamic changes in metabolite concentrations,
particularly those involved in energy metabolism and associated biochemical
pathways. This systematic synthesis provides a valuable reference for
improving the understanding of exercise-induced metabolic regulation in
humans and highlights the potential of metabolomics approaches in sports
science research.
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Extended Abstract

Introduction:

Exercise training induces wide-ranging physiological and biochemical adaptations that directly
influence health, performance, and recovery. Endurance and individual sports, in particular, provide
valuable models for investigating energy metabolism, as they impose sustained metabolic demands
on skeletal muscle and systemic energy pathways. The emergence of metabolomics—defined as the
comprehensive analysis of small-molecule metabolites (<1.5 kDa)—has enabled researchers to
identify metabolic signatures associated with exercise. These signatures reflect both cellular and
systemic responses to physical activity and offer deeper insight into metabolic regulation during
exercise.

Energy Substrates and Key Metabolic Pathways

Carbohydrates and Lipids: Carbohydrate metabolism, through glycolysis and oxidative
phosphorylation, provides rapid ATP production, whereas lipid oxidation supports energy supply
during prolonged activity. Metabolomic studies consistently report post-exercise increases in glucose
intermediates, lactate, free fatty acids, glycerol, and acylcarnitines.

Amino Acids: Physical exercise influences amino acid turnover, with metabolites such as alanine,
tyrosine, and valine frequently elevated after exercise, reflecting their contribution to gluconeogenesis
and energy production.

Ketone Bodies: During prolonged exercise or glycogen-depleted states, ketone bodies—including
3-hydroxybutyrate—serve as alternative substrates for both skeletal muscle and the brain.
Metabolomic evidence indicates a significant increase in these metabolites following endurance
exercise.

Markers and Mechanisms of Adaptation

Lactate: Produced during high-intensity exercise, lactate accumulates rapidly and functions not only
as an energy substrate but also as a signaling molecule involved in metabolic and training adaptations.
Acylcarnitines: These metabolites serve as indicators of mitochondrial fatty acid transport and
oxidation. Their levels consistently increase after endurance exercise, reflecting enhanced
mitochondrial utilization of lipids.

Tricarboxylic Acid (TCA) Cycle Intermediates: Metabolites such as succinate and malate are
frequently elevated following endurance exercise, indicating increased flux through oxidative
metabolic pathways.

Rationale for Metabolomic Studies in Sport

Traditional biomarkers, including hormonal and biochemical indicators, often fail to fully capture the
complexity of physiological responses to exercise. Metabolomics, by simultaneously quantifying
hundreds of metabolites across multiple biological fluids—including blood, urine, saliva, and
sweat—provides a comprehensive overview of exercise-induced metabolic reprogramming. This
approach, sometimes referred to as sportomics, offers new opportunities to identify biomarkers
associated with performance, fatigue, and recovery, thereby bridging the gap between molecular
physiology and applied sports science.

Research Findings:

Yan et al. (2009) reported increased concentrations of carbohydrate and fatty-acid metabolites
alongside reduced amino acid levels following strength—endurance training in rowers.

Stander et al. (2018) demonstrated that marathon running produced substantial changes in serum
metabolites, particularly those associated with carbohydrate metabolism, fatty acids, and TCA cycle
intermediates.

Stander et al. (2020) observed that most metabolic disturbances returned to baseline within 2448
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hours after marathon competition, although some metabolites such as xylulose required longer
recovery periods.

San-Millan et al. (2020) identified metabolic responses in elite cyclists and suggested that lactate
accumulation is closely associated with improved endurance capacity and mitochondrial adaptation.
Moreira et al. (2018), using Raman spectroscopy, detected urinary metabolites linked to athletic
performance in swimmers.

Nieman et al. (2013) found that intensified endurance training induced significant changes in lipid
and carbohydrate metabolites that persisted even after 14 hours of recovery.

Hoeg et al. (2020) reported that phosphatidylcholine concentrations were associated with
ultramarathon performance.

Shi et al. (2020) observed significant increases in amino acid and lipid metabolites after marathon
running, which were correlated with VOmax and body composition.

Methodology:

This study was designed as a systematic review conducted in accordance with Cochrane
recommendations and the PRISMA guidelines. A comprehensive search strategy was applied across
major international databases, including Web of Science, Scopus, and PubMed, up to September
2024. Persian-language databases, including Magiran and SID, were searched up to February 2024.
Keywords in both English and Persian included terms related to exercise, sport, elite athletes, specific
individual sports (running, rowing, swimming, cycling), and metabolomics. Manual searches were
also conducted through Google Scholar. Two independent reviewers screened the studies, and
disagreements were resolved by a third reviewer.

Inclusion criteria consisted of original human studies examining metabolomic changes in individual
sports, published in either English or Persian. Exclusion criteria included animal studies, theses,
conference abstracts, non-randomized studies, and investigations limited to a single acute training
session. Extracted data included study design, participant characteristics, exercise protocols, analyzed
biofluids, metabolomic platforms used, and reported dietary interventions where applicable.

Findings:

A total of 25 eligible studies were included, covering endurance and individual sports such as running,
rowing, swimming, and cycling. These studies utilized advanced metabolomic platforms—including
GC-MS, LC-MS, CE-MS, UPLC-MS, and NMR spectroscopy—to quantify metabolic changes.

The findings consistently demonstrated significant post-exercise alterations in metabolites associated
with carbohydrate metabolism (e.g., lactate, pyruvate, and glycolytic intermediates), lipid metabolism
(free fatty acids, acylcarnitines, glycerol), amino acid metabolism (alanine, tyrosine, valine), and
ketone body production (3-hydroxybutyrate and acetoacetate). More than 100 metabolites exhibited
at least a twofold increase within several hours after exercise. Although these metabolic responses
were pronounced, most metabolite concentrations returned to baseline within 24-48 hours of
recovery. Furthermore, differences were observed across sports disciplines, with endurance sports
producing more extensive metabolic alterations than power-based individual sports.

Discussion:

The reviewed evidence indicates that exercise induces dynamic, systemic, and time-dependent
changes in the human metabolome. The immediate metabolic response is characterized by accelerated
carbohydrate utilization and lactate accumulation, reflecting the rapid demand for ATP resynthesis.
During prolonged exercise, increased lipid oxidation and ketogenesis indicate a metabolic shift
toward alternative energy substrates. Amino acid metabolism also contributes to energy production,
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particularly through gluconeogenesis during extended exercise.

The consistent elevation of acylcarnitines across studies highlights their role as potential biomarkers
of mitochondrial fatty acid transport and oxidation. Recovery dynamics further demonstrate that
while most metabolites return to baseline within approximately 24 hours, some metabolic pathways—
such as nucleotide and pyrimidine metabolism—remain altered for longer periods. These findings
suggest potential applications for metabolomics in monitoring recovery and physiological adaptation.
Additionally, differences in metabolomic profiles between elite and non-elite athletes highlight the
potential of metabolomics for performance profiling, fatigue assessment, and individualized training
strategies.

Conclusion:

This systematic review provides a comprehensive synthesis of metabolomic changes associated with
endurance and individual sports. Exercise consistently modulates metabolite concentrations across
multiple metabolic pathways, particularly those related to energy metabolism. These findings
highlight metabolomics as a promising approach for advancing the understanding of exercise
physiology and its implications for athletic performance and health promotion. Future research should
prioritize large-scale cross-sectional and case-control studies to better elucidate the interactions
between exercise load, metabolite dynamics, and recovery processes. Such investigations may
contribute to the development of evidence-based strategies for training, nutrition, and recovery
management in both elite athletes and the general population.
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1 . Tricarboxylic acid cycle
2 . Nicotinamide adenine dinucleotide
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