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Introduction: Extreme endurance events may result in numerous adverse metabolic, immunologic, and physiological perturbations that may diminish athletic performance and adversely affect the overall health status of an athlete, especially in the absence of sufficient recovery. A comprehensive understanding of the post-marathon recovering metabolome, may aid in the identification of new biomarkers associated with marathon-induced stress, recovery, and adaptation, which can facilitate the development of improved training and recovery programs and personalized monitoring of athletic health/recovery/performance. Nevertheless, an untargeted, multi-disciplinary elucidation of the complex underlying biochemical mechanisms involved in recovery after such an endurance event is yet to be demonstrated.
Methods: This investigation employed an untargeted proton nuclear magnetic resonance metabolomics approach to characterize the post-marathon recovering metabolome by systematically comparing the pre-, immediately post, 24, and 48 h post-marathon serum metabolite profiles of 15 athletes.
Results and Discussion: A total of 26 metabolites were identified to fluctuate significantly among post-marathon and recovery time points and were mainly attributed to the recovery of adenosine triphosphate, redox balance and glycogen stores, amino acid oxidation, changes to gut microbiota, and energy drink consumption during the post-marathon recovery phase. Additionally, metabolites associated with delayed-onset muscle soreness were observed; however, the mechanisms underlying this commonly reported phenomenon remain to be elucidated. Although complete metabolic recovery of the energy-producing pathways and fuel substrate stores was attained within the 48 h recovery period, several metabolites remained perturbed throughout the 48 h recovery period and/or fluctuated again following their initial recovery to pre-marathon-related levels.
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1 INTRODUCTION
The successful completion of endurance running events, such as half-marathons (21.1 km), marathons (42.2 km), and ultra-marathons (>42.2 km) (Ambrozic et al., 2018), is regarded as a remarkable physical (Stöggl and Wunsch, 2016) and mental accomplishment (Hammer and Podlog, 2016). Whether participating recreationally or competitively, these events result in considerable physiological (Sperlich, 2016; D’Silva et al., 2020) and immunological (Nieman, 2007; Barros et al., 2017) responses, in addition to triggering acute metabolic shifts in various energy-producing pathways (Lewis et al., 2010; Schader et al., 2020). These pathways can work in concert with each other, and the relative contribution of each pathway may vary depending on the intensity and duration of the exercise. During a marathon, these pathways may work simultaneously to varying degrees, depending on factors such as the runner’s fitness level, and training and nutrition status. Energy production during endurance exercise typically involves upregulation in both anaerobic and aerobic glycolysis followed by the activation of fatty acid oxidation, amino acid catabolism, ketogenesis, and tricarboxylic acid (TCA)-cycle activity (Stander et al., 2018; Bester et al., 2021), when the glycogen stores or glucose supplies/uptake becomes inadequate (Schader et al., 2020). Furthermore, the exhaustive nature of a marathon is emphasized by the eventual use of other minor energy-producing pathways, including ω-oxidation of fatty acids (Nieman et al., 2013) and autophagy as a means to supply the necessary energy required for completing such an extreme running event (Stander et al., 2018; Dalle Carbonare et al., 2019). Based on the magnitude of these perturbations, it is thought that frequent participation in exhaustive exercises accompanied by inadequate recovery may result in functional overreaching and overtraining syndrome (Nieman and Mitmesser, 2017). In contrast, adequate post-exercise recovery reportedly improves athletic performance (Kellmann et al., 2018), in part, via metabolic acclimation in the form of increased mitochondrial density and oxidative function (Egan and Zierath, 2013), increased monocarboxylate transporters (Philippou et al., 2019), and a slower utilization of carbohydrates as fuel substrates coupled with an upregulated lipid metabolism during the running event (Hawley and Leckey, 2015). In an attempt to facilitate/improve the systematic recovery process, a considerable amount of research has focused on investigating the efficacy of a variety of recovery aids (Saunders et al., 2018; Wilson et al., 2018; Kwiecien et al., 2021; Martinez-Navarro et al., 2021). Regardless, to effectively investigate/develop recovery-enhancing modalities, the connatural recovery (i.e., unaided by recovery modalities) of the perturbed metabolome must first be elucidated. To date, recovery following endurance running has mainly been determined by characterizing the pathophysiology of muscle damage/fatigue, cardiovascular strain, and immunological responses to endurance events (Saunders et al., 2018; Wilson et al., 2018; Bernat-Adell et al., 2021; Kwiecien et al., 2021; Martinez-Navarro et al., 2021). Commonly used biological indicators utilized in the aforementioned investigations included creatine kinase, high sensitivity C-reactive protein, troponin T, interleukin-6, lactate dehydrogenase, tumor necrosis factor-alpha, aspartate aminotransferase, and a variety of physiological performance/subjective pain perception indicators including countermovement jumps, perceived muscle soreness, maximum isometric voluntary contractions, reactive strength index, and maximal aerobic capacity (VO2max). In summary, perceived muscle soreness, strength, and countermovement jumps typically recovered within 48–72 h (Clifford et al., 2017; Wilson et al., 2018; Kwiecien et al., 2021). Moreover, cardiac and muscle damage markers (creatine kinase, troponin T) returned to baseline levels within 96–144 h, whereas markers associated with liver damage (aspartate aminotransferase) remained perturbed at 48 h post-marathon (Clifford et al., 2017; Bernat-Adell et al., 2021; Martinez-Navarro et al., 2021). This further holds true for lactate dehydrogenase and the inflammatory marker C-reactive protein, which recovered after 192 h; however, interleukin-6 and tumor necrosis factor-alpha recovered within 48 and 24 h, respectively (Clifford et al., 2017). Considering exhaustive exercise, metabolic recovery is thought to proceed immediately following cessation of the exercise bout and mainly involves rapid lactate clearance and the restoration of myocellular oxygen levels, ATP, and phosphocreatine stores. In the subsequent phase, anabolic processes associated with the replenishment of fuel substrate reserves, particularly muscle and hepatic glycogen stores, are upregulated. Furthermore, muscle protein anabolism is also upregulated, resulting in the repair of exercise-induced muscle damage and eventual restoration and/or increase in muscle size and strength (Moore, 2019). It is further indicated that lipid catabolism is upregulated within the first 14 h following a marathon (Lewis et al., 2010; Nieman et al., 2013) and may likely be ascribed to lipids serving as the main energy source during recovery in order to facilitate rapid protein turnover and carbohydrate store restoration. Although these measurements are well described and have been applied with relative success, limited literature is available regarding the underlying biochemical mechanisms associated with the recovery of athletes (Nieman et al., 2013; Stander et al., 2020). Studying the post-marathon recovering metabolome using an untargeted metabolomics approach can aid in the identification of biomarkers that may lead to an improved understanding of the mechanisms related with marathon-induced stress, recovery, and adaptation. This may, in turn, facilitate the development of improved personalized training and recovery programs, and the identification of various metabolite markers that may be applied to monitor of athletic health/recovery.
Metabolomics may be applied for hypothesis-driven (targeted or semi-targeted) or hypothesis-generating (untargeted) research. If an a priori established list of specific metabolites or a metabolite class is of interest, a targeted or semi-targeted metabolomics approach would be chosen (Manier and Meyer, 2020). However, if a study is explorative in nature, all metabolites present in a sample are of potential interest; therefore, an untargeted metabolomics approach would be used, wherein the number of metabolites investigated is limited only by the capabilities of the chosen analytical platform and associated sample preparation. Considering this, metabolomics ultimately strives to comprehensively detect, identify, and quantify all endogenous and exogenous metabolites (≤1,500 Da) in a biological system at a specific point in time in the presence/absence of a perturbation (e.g., environmental factors, disease, dietary, and lifestyle changes) (Dunn and Ellis, 2005), which is collectively referred to as the metabolome. The metabolome is an amplified, downstream representation of genomic, transcriptomic, and proteomic responses to genetic, environmental, and physiological factors, thereby providing a closer representation of the altered physical state. Although there are a number of studies that have investigated the recovering metabolism after physical activity, very few have utilized untargeted metabolomics to elucidate the recovery of the metabolome after the completion of an endurance running event involving 3–5 h of continuous running (i.e., a marathon) (Nieman et al., 2013; Stander et al., 2020). This distinguishing factor is a key component as it has been established that different exercise intensities (resistance/endurance/aerobic/anaerobic) and durations (time) evoke different metabolic responses and, therefore, different recovery-based changes (Sakaguchi et al., 2019). While several studies have employed an untargeted metabolomics approach to elucidate the metabolic recovery trend of athletes after endurance running races, these studies mainly used LC-MS and GC-MS directed approaches for metabolite profiling. Although these platforms are highly sensitive, their reproducibility and quantitative abilities are negatively affected by factors such as complex sample preparation, instrument variability, and data processing techniques. Different analytical platforms are suitable to analyze different metabolite classes, hence, obtaining a more comprehensive view of the overall metabolome necessitates the consideration of information generated using a variety of analytical platforms.
1H-NMR spectroscopy, as an untargeted metabolomics platform, is not biased to a particular class of compound and provides absolute quantification of identified metabolite markers. Therefore, in addition to potentially identifying metabolites that have not yet been associated with the connatural metabolic recovery of athletes following a marathon, previous hypothesized recovery trends identified using other highly sensitive analytical platforms may also be confirmed. As such, the current investigation employed an untargeted 1H-NMR metabolomics approach to analyze serum samples of 15 marathon participants obtained before, immediately, ∼24 h, and ∼48 h after a marathon, to further investigate the connatural metabolic recovery trend of athletes in response to a marathon.
2 MATERIALS AND METHODS
This investigation is an integrant of a collaboration consisting of several inter-disciplinary aims that fall outside the scope of the current investigation, including clinical and physiological post-marathon recovery measurements (Clifford et al., 2017) as well as complementary multi-platform-based metabolomics investigations (Stander et al., 2018; Stander et al., 2020; Bester et al., 2021). As such, participant recruitment/selection, environmental conditions on the day of the marathon, sample handling, and analytical methodologies employed have previously been described (Clifford et al., 2017; Stander et al., 2018; Stander et al., 2020; Bester et al., 2021) and will only be summarized in the sections below. The study design of the current investigation is visually summarized in Figure 1.
[image: Figure 1]FIGURE 1 | Study design visualizing comparative groups and the sampling timepoints. Recovery confirmation—involved comparing the baseline (PRE) metabolome with corresponding 24 h (D1) and 48 h (D2) post-marathon metabolomes. Recovery trend—involved comparing the perturbed (POST) metabolome with corresponding D1 and D2 metabolomes. Inter-day recovery—involved comparing D1 and D2 metabolomes.
2.1 Participants
Voluntary participants (n = 15; 9 males and 6 females) competing in the Druridge Bay Marathon (Northumberland, United Kingdom) were included in this investigation after providing informed consent. Similar to the current investigation, Stander et al. (2020) only characterized the relevant subsection (n = 16) of the complete participant group (n = 34). However, due to limited sample volume, one participant was excluded from the current investigation (n = 15). Eligibility assessment (Clifford et al., 2017) was conducted by means of a health screening questionnaire whereafter those individuals with food hypersensitivity, cardiovascular and musculoskeletal complications/diseases, or those undergoing anti-inflammatory treatment were excluded from the investigation. Female participants were also required to complete a menstrual cycle questionnaire to identify potential hormonal influences. Furthermore, all participating athletes were required to refrain from using any putative recovery aids (e.g., ice baths and compression garments) during the course of this investigation. A summary of participant demographics is provided in Table 1. Ethical clearance was obtained from both the Research Ethics Committee of the Faculty of Health and Life Sciences at the Northumbria University in Newcastle, United Kingdom (HLSTC120716) and the Health Research Ethics Committee of the North-West University, South Africa (NWU-00163-21-A1), as conducted in accordance with the Declaration of Helsinki and International Conference on Harmonization Guidelines.
TABLE 1 | Participant demographics.
[image: Table 1]2.2 Environmental conditions
The 2016 Druridge Bay marathon (Northumberland coast) consisted of four-laps in and around the area of the Druridge Bay country park (Morpeth, United Kingdom). The route was level and encompassed a combination of paved, grassy, and soft sand terrain, the latter covering approximately 6.4 km of the total marathon distance. Environmental conditions were recorded at the commencement (09:00) and conclusion (approximately 13:30) of the marathon (Table 2). Weather conditions remained mostly cloudy with occasional sunshine throughout the race (Clifford et al., 2017).
TABLE 2 | Marathon environmental factors.
[image: Table 2]2.3 Sample collection and storage
Blood samples were collected via antecubital fossa venesection of the basilica vein into 10 mL serum separator tubes before (PRE), immediately after (POST), 24 h (D1), and 48 h (D2) after the successful completion of the marathon. As part of the initial sample processing steps, samples were allowed to coagulate for 30 min before being centrifuged. All serum samples were frozen at −80°C and transported on dry ice to the North-West University, Human Metabolomics: Laboratory of Infectious and Acquired Diseases, South Africa. Here, the serum samples were stored at −80°C prior to metabolomics analyses. Further details regarding sample collection and storage are provided by Stander et al., 2020 and Bester et al., 2021.
2.4 Miniaturized 1H-NMR sample preparation
All samples were randomized and divided into five batches prior to sample preparation and analyses. A pooled quality control (QC) sample, containing 50 µL of each test sample, was prepared and subsequently aliquoted (three per batch, n = 15) in order to avoid multiple freeze/thaw cycles. The buffer solution and samples were prepared by means of a miniaturized 1H-NMR method adapted from Mason et al. (2018) and described in detail by Bester et al. (2021). Briefly, serum macromolecules were removed by filtering 100 µL of each test and QC sample at 6,000 × g for 20 min using pre-rinsed (three times) centrifugal filters (Centrifree Ultacel membrane filters, Merck Millipore, Carrigtwohill, Ireland; 10,000 Da pore size), subsequently avoiding the occurrence of spectral interference and poor spectral baseline caused by proteins. An eVol® NMR automated digital syringe system (Supelco, St. Louis, United States) with a pre-programmed pipetting sequence was utilized to dispense 54 µL of the filtrate and 6 µL buffer solution into 2 mm 1H-NMR tubes. All samples were then loaded onto a SampleXpress autosampler utilizing the Bruker MATCH system. QC samples were strategically analyzed at the beginning, middle, and end of each batch in order to monitor analytical repeatability throughout the entire analysis.
2.5 1H-NMR spectroscopic analyses
All participant and QC samples were analyzed as described by Bester et al. (2021) using a Bruker Avance III HD 500 MHz NMR spectrometer, equipped with a 5 mm triple-resonance inverse (TXI) probe head. To summarize, the experimental parameters of each sample being analyzed were adjusted using Bruker Topspin software (version 3.5) and included shimming to the trimethylsilylpropanoic acid (TSP, internal standard) signal, automatic signal locking to D2O, tuning of the probe head, and pulse calibration. An excitation pulse of 90° was applied to each scan (n = 128) for 8 μs, followed by a relaxation delay of 4 s. Finally, the 1H-NMR spectral width was 6,000 Hz (12.0 ppm).
2.6 Data processing and clean-up
Prior to data processing, Bruker Topspin software (version 3.5) was used to perform data pre-processing steps, namely, Fourier-transformation, baseline phasing/correction, TSP peak calibration, and H2O resonance suppression using the NOESY-presat pulse sequence program. Additionally, manual inspection of the TSP peak width (<1 Hz at half height) was done to ensure proper shimming was applied. Bruker AMIX software (version 3.9.14) was utilized for further data processing, which involved normalization relative to TSP and variable-sized binning (132 bins). In contrast to fixed-sized binning, where each bin has a uniform width, variable-sized binning involves the adjustment of the size of the bins to facilitate greater flexibility in capturing spectral features that may vary in intensity and/or chemical shift, thereby avoiding peaks being split across multiple bins and removing regions of spectral noise, subsequently eliminating the influence of spectral noise during statistical analyses. Data clean-up was executed using MetaboAnalyst version 5.0 (Pang et al., 2021), and included heteroscedasticity correction via natural shift log transformation and auto-scaling.
2.7 Statistical analyses
Firstly, in order to obtain a global view of the metabolic changes over the entire study timeframe, binned data of all the timepoints (PRE, POST, D1, and D2) were subjected to an analysis of variance (ANOVA) simultaneous component analysis (ASCA) (Smilde et al., 2005; Zwanenburg et al., 2011) using MATLAB version R2021b (Moler, 2021) equipped with the PLS Toolbox version 9.0 (Eigenvector Research, 2021). Secondly, comprehensive uni- and multivariate pairwise comparisons were used to identify those metabolites that 1) did not recover within 24 h (PRE vs. D1) and 48 h (PRE vs. D2) after the marathon, and 2) fluctuated significantly during the 24 h (POST vs. D1) and 48 h (POST vs. D2 and D1 vs. D2) recovery periods. A schematic representation of the statistical group comparisons and the multi-statistical approach used are provided in Figures 1, 2, respectively. Multivariate analyses were performed to visually evaluate the variances between each comparative group and included principal component analyses (PCA) using MetaboAnalyst (version 5.0). Thereafter, univariate analyses of the pairwise comparisons transpired in a bi-phasic manner to identify significant bins (phase 1) and subsequently select significant metabolites (phase 2) based on the results from phase 1. These univariate analyses included a paired t-test corrected for multiple testing by the Benjamini-Hochberg procedure (MetaboAnalyst, version 5.0), as well as an independent effect size calculation (Excel 2019; Microsoft 365, version 2204), based on Glass’s Δ effect size, as described by Ialongo. (2016). During phase 1, statistical significance was determined by means of an adjusted p-value (≤0.05) and a large effect size (d-value ≥ 0.8), whereafter the associated peaks of the selected bins were identified and quantified (Section 2.8). During phase 2, metabolites were selected based on an adjusted p-value (≤0.05) and a moderate effect size (d-value ≥ 0.5). Statistically significant metabolites were then subjected to quantitative enrichment analyses (MetaboAnalyst, version 5.0) using the Kyoto Encyclopedia of Genes and Genomes (KEGG; Supplementary Figure S1) and Small Molecule Pathway Database (SMPDB; Supplementary Figure S2) as reference, thereby aiding in their interpretation. Finally, a metabolic map visualizing the main metabolic pathways involved in the identified metabolite fluctuations was constructed using PowerPoint 2016 (Microsoft 365, version 2204).
[image: Figure 2]FIGURE 2 | Multi-statistical approach summary. Statistical design indicating data visualization, significant bins selection, and significant metabolites selection methods/criteria. Comparative groups include baseline (PRE), perturbed (POST), 24 h (D1), and 48 h (D2) post-marathon, and are shown in relation to the three statistical objectives: metabolic recovery confirmation (red, dashed lines), overall metabolic recovery visualization (green, dotted lines), and metabolic recovery trend characterization (blue, solid lines).
2.8 Metabolite identification, confirmation, and absolute quantification
Metabolites were identified using a pure chemical compound library, of which the respective 1H-NMR assignments are indicated in Supplementary Table S1. To establish a level 1 confidence identification (Schrimpe-Rutledge et al., 2016), metabolite identities were confirmed using homonuclear-correlation spectroscopy (COSY) and homonuclear J-resolved spectroscopy (JRES) 2D-NMR analyses (Bester et al., 2021). COSY and JRES spectra were acquired while maintaining identical experimental conditions to that of the 1D-1H-NMR analyses, allowing for accurate correlations between 1D and 2D data of non-novel metabolites. A spectral width of 8,000 Hz per dimension was recorded for both COSY and JRES spectra, at 16 scans per increment, 2 s recycle delay, and 8.5 µs pulse. 1H-NMR based quantification of the identified metabolite concentrations was done by associating the number of protons represented by those metabolite peaks with a good signal-to-noise ratio to their signal intensities. Thereafter, the data were equated to the TSP signal concentration (0.5805 mM), which is produced by a known number of protons (H+ = 9). Considering that quantification is based on the exact number of protons of each compound, it is possible to calculate the absolute concentration of every detected metabolite.
3 RESULTS
The multi-statistical approach discussed in Section 2.7 (Figure 2) involved the use of multivariate analyses to visualize the metabolomics data, and univariate analyses to identify significant metabolites. Following phase 1 of the statistical analyses, 29 (PRE vs. D1), 27 (PRE vs. D2), 69 (POST vs. D1), 77 (POST vs. D2), and 0 (D1 vs. D2) bins of the initial 132 bins were identified to vary significantly (p-value ≤ 0.05 and d-value ≥ 0.8) in-between timepoints. Following phase 2, 3 (PRE vs. D1; Supplementary Table S2), 2 (PRE vs. D2; Supplementary Table S3), 22 (POST vs. D1; Supplementary Table S4), 22 (POST vs. D2; Supplementary Table S5), and 0 (D1 vs. D2) statistically significant (p-value ≤ 0.05 and d-value ≥ 0.5) metabolites were selected. In total, 26 distinct metabolites were obtained, the concentrations of which are presented in Table 3. The metabolic impact of the marathon itself (PRE vs. POST) has previously been investigated and may be referred to for further information (Stander et al., 2018; Bester et al., 2021). The results below commences with 1) an overall evaluation of the recovering metabolome (PRE, POST, D1, and D2; Section 3.1), followed by 2) the identification those metabolites that did not recover (PRE vs. D1 and PRE vs. D2; Section 3.2), and 3) those that changed significantly (POST vs. D1 and POST vs. D2; Section 3.3) within the 24 and 48 h recovery periods.
TABLE 3 | Metabolites associated with post-marathon recovery—Average concentrations (and standard deviation) of all 26 statistically significant serum metabolites that changed before (PRE), directly after (POST), 24 h (D1), and 48 h (D2) after completion of a marathon.
[image: Table 3]3.1 The overall metabolic recovery within 48 h post-marathon
To visualize the overall (PRE, POST, D1, and D2) metabolic changes of the runners, an ASCA model was constructed, and the resulting scores were grouped according to the time component of the current study design (Figure 3). Evidently, a nearly complete metabolic recovery to a pre-marathon-related state was achieved within 48 h, as indicated by the relative propinquity of the D1 and D2 ellipsoids to that of PRE. However, the slight off-center positioning of these ellipsoids may suggest the presence of small differences between the pre-marathon and recovering metabolomes. Subsequent pairwise comparisons were therefore performed to identify these differences.
[image: Figure 3]FIGURE 3 | General metabolome recovery trend. An analysis of variance (ANOVA) simultaneous component analysis (ASCA) plot visualizing the time dependent recovery of the marathon-induced perturbed metabolome. PRE: Pre-marathon; POST: directly post-marathon; D1: 24 h post-marathon; D2: 48 h post-marathon; PC: Principal component. A 95% confidence interval is displayed.
3.2 Confirmation of metabolome recovery to a pre-marathon related state
Pairwise multivariate analyses commenced with the comparison of the PRE metabolite profiles of athletes to corresponding D1 and D2 profiles, as a means of determining whether the serum metabolome of the athletes has indeed recovered to the pre-marathon state. When considering the PCA plots of the respective pairwise comparisons (Figures 4A, B), the confined positioning of the D1 and D2 ellipsoids relative to that of PRE confirms metabolic recovery of athletes within 48 h post marathon. However, univariate statistical methods indicated that 3 (valine, ethanol, and methanol; Supplementary Table S2; Supplementary Figure S3) and 2 metabolites (ethanol and tyrosine; Supplementary Table S3; Supplementary Figure S4) remained perturbed (p-value ≤ 0.05 and d-value ≥ 0.5) after 24 and 48 h, respectively. The concentration changes of these metabolites are presented in Table 3.
[image: Figure 4]FIGURE 4 | Metabolome recovery confirmation. Principal component (PC) analysis plots indicating baseline (PRE, red diamonds) metabolome data relative to that of the (A) 24 h (D1, green triangles) and (B) 48 h (D2, black upside-down triangle) post-marathon metabolomes. A 95% confidence interval is displayed.
3.3 Significant metabolite changes during post-marathon recovery
To further elucidate the recovery trend of the perturbed metabolome within 24 and 48 h post-marathon, the POST metabolite profiles of the athletes were compared to their corresponding D1 and D2 profiles. The respective PCA plots of these comparisons (Figures 5A, B) demonstrate the extent to which the metabolome changes relative to the perturbed POST state during the recovery period. Concentrations of the metabolites (n = 22) that appear to be significantly affected (p-value ≤ 0.05 and d-value ≥ 0.5) during the first 24 h (Supplementary Table S4) and 48 h (Supplementary Table S5) of recovery are provided in Table 3.
[image: Figure 5]FIGURE 5 | Metabolome recovery trend. Principal component (PC) analysis plots indicating perturbed (POST, blue square) metabolome data relative to that of the (A) 24 h (D1, green triangles) and (B) 48 h (D2, black upside-down triangle) post-marathon metabolomes. A 95% confidence interval is displayed.
4 DISCUSSION
To determine which mechanisms are pertinent to the metabolic recovery of athletes after a marathon, it is imperative to first consider the metabolic changes induced by this endurance event. Although this falls outside of the scope of the current investigation, these changes have previously been characterized (Lewis et al., 2010; Stander et al., 2018; Hargreaves and Spriet, 2020; Bester et al., 2021), and may be referred to for a comprehensive overview. Briefly, previous literature reports adaptations in fuel substrate and associated energy-producing pathways. These typically include the initial “depletion” of glycogen and glucose stores, followed by a transient hampering of insulin secretion and insulin-dependent glucose uptake (via GLUT4). The associated increased insulin resistance was also demonstrated in the current study by elevated POST 2-hydroxybutyric acid concentrations (Sousa et al., 2021). In turn, this is thought to not only result in intracellular hypoglycemia/extracellular hyperglycemia, but also the activation of alternative fuel substrate catabolism/utilization pathways, such as gluconeogenesis, amino acid catabolism, ketogenesis, and lipolysis (Lewis et al., 2010; Stander et al., 2018; Bester et al., 2021). Moreover, it reported that the significant strain placed on the TCA cycle and electron transport chain further leads to an imbalanced redox potential and the activation of minor energy-producing pathways including α/ω-oxidation and mTOR-mediated substrate release (Stander et al., 2018).
Based on these metabolic adaptations, the current investigation aimed to provide a better understanding of the connatural metabolic recovery trend of athletes over a 48 h period after completing a marathon. This was achieved by 1) confirming whether metabolic recovery to a pre-marathon related state was attained at 24 h and/or 48 h, respectively, and 2) determining the recovery trend of the perturbed metabolome after 24 and 48 h of recovery. The comprehensive significance of these observed metabolic changes (Table 3) is discussed below and schematically represented in Figure 6.
[image: Figure 6]FIGURE 6 | Post-marathon recovering metabolome. Metabolic map indicating the 26 metabolites (in bold) that changed significantly (p ≤ 0.05 and d ≥ 0.5) during a 48 h post-marathon recovery period. Metabolites are grouped according to their relevance to recovering gut microbiota metabolism (purple), redox potential and ATP store restoration (blue), glycogen resynthesis and glycemic flux restoration (green), the consumption of energy drinks (pink), amino acid metabolism (yellow), and delayed-onset muscle soreness (red). Those metabolites with two-group associations are indicated as dual-colored checkered sections. ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine monophosphate; NAD+, nicotinamide adenine dinucleotide; NADH, reduced nicotinamide adenine dinucleotide; NADP+, nicotinamide adenine dinucleotide phosphate; NADPH, reduced nicotinamide adenine dinucleotide phosphate; Pi, inorganic phosphate; CoA, coenzyme A; FAD, flavin adenine dinucleotide; FADH2, reduced flavin adenine dinucleotide; GTP, guanosine triphosphate; GDP, guanosine diphosphate; UDP, uracil-diphosphate.
4.1 Restoration of redox potential and ATP stores
Upon cessation of endurance exercise, the initial steps of metabolic recovery involves the rapid restoration of myocellular oxygen levels, ATP production, and replenishment of phosphocreatine stores (Egan and Zierath, 2013). In the current investigation, this was confirmed (Table 3; Figure 6) by the reduction in phosphagen catabolism intermediates (creatine and creatinine) and hypoxanthine concentrations to PRE-related levels by D1. Initial POST elevations in hypoxanthine were ascribed to an upregulated purine catabolism during the marathon, as ATP is broken down to adenosine and eventually hypoxanthine. The latter is then further sequentially catabolized to xanthine and uric acid by an oxygen and NAD+-dependent multifunctional enzyme collectively referred to as xanthine oxidoreductase (Bortolotti et al., 2021), or may be directly eliminated via urinary excretion (Kelly et al., 2020). As such, a D1 reduction in hypoxanthine concentrations may not only support the aforementioned reduction in ATP catabolism but is also indicative of the amelioration of circulating oxygen levels and intracellular redox potential (Yin et al., 2021). The latter further coincides with a reduction in D1 and D2 concentrations of ketone bodies (3-hydroxybutyric acid, acetoacetic acid, and acetone), 2-hydroxybutyric acid, and TCA-cycle intermediates (citric acid and succinic acid), which were perturbed at POST due to the extensive strain placed on the electron transport chain leading to an imbalanced mitochondrial NAD+:NADH ratio during the marathon (Tretter et al., 2016; Koutnik et al., 2019; Rojas-Morales et al., 2020; Sousa et al., 2021). Although NAD+ and NADH were not directly measured as part of this investigation, previous literature (Esterhuizen et al., 2017) has suggested that a 3-hydroxybutyric acid:acetoacetic acid ratio may be used as a proportional indicator of the mitochondrial NAD+:NADH ratio. In the current investigation, a POST 3-hydroxybutyric acid:acetoacetic acid ratio of 8:1 was observed, which recovered to PRE-related levels of approximately 2:1 by D1. Additionally, the reduction in ketone bodies may be directly associated with a reduction in lipolysis and the subsequent production of acetyl-CoA, as indicated by the reduction in the acetylcarnitine levels to PRE-related concentrations by D1. Finally, carnitine plays a role in the maintenance of the mitochondrial acetyl-CoA/CoA-SH ratio via the carnitine acetyltransferase-catalyzed production of acetylcarnitine during conditions of accumulating acetyl-CoA (Stephens, 2018). Considering this buffering role of carnitine, the rapid normalization of acetylcarnitine further indicates the restoration of the marathon-induced high mitochondrial acetyl-CoA/CoA-SH ratio.
4.2 Glycogen resynthesis and glycemic flux restoration
According to previous literature (Egan and Zierath, 2013), muscle glycogen resynthesis is prioritized in the immediate hours following endurance activity and is supported by dietary intake. However, as opposed to the initial rapid restoration of ATP stores, muscle glycogen is only thought to recover to pre-perturbed levels within 24–48 h after cessation of endurance exercise (Figure 6). This coincides with the normalization of glucose and pyruvic acid concentrations (Table 3) to PRE-related concentrations only within 48 h post-marathon (D2) in this investigation. Although not considered statistically significant, glucose initially decreased to below baseline at D1 and normalized at D2, whereas pyruvic acid initially increased at D1 before normalizing at D2. These interim fluctuations may be indicative of a temporary upregulation of post-marathon glycogenesis as a means of restoring glycogen reserves, followed by a rapid stabilization once these reserves have been recovered. The restoration of blood glucose levels is expected to be a result of both post-marathon dietary carbohydrate intake, as well as the subsequent replenishment of liver and muscle glycogen levels. Additionally, rapid convalescence of lactic acid concentrations by D1 (Table 3) highlights the occurrence of gluconeogenesis (via the Cori cycle) and glycogenesis, the former of which provides additional glucose to support the latter and coincides with the initial increased D1 pyruvic acid concentrations (Brooks, 2020).
4.3 Amino acid metabolism and delayed-onset muscle soreness
The previously reported upregulation of amino acid catabolism during the marathon (Bester et al., 2021) result in the accumulation of ammonia and consequential upregulated urea cycle (Takeda and Takemasa, 2013). This was confirmed by the reduced POST ornithine concentrations observed in the current study (Table 3) although not significantly so. Furthermore, an endurance exercise-induced upregulated decarboxylation of ornithine (Turchanowa et al., 2000) may result in polyamine accumulation and consequential enhanced muscle recovery (Pitti et al., 2019; Sagar et al., 2021; Schranner et al., 2021). In accordance with previous literature (Stander et al., 2020) and the D1 recovery of ornithine concentrations to PRE-related levels, several amino acids (lysine, proline, isoleucine, and leucine) and associated catabolic intermediates (2-hydroxybutyric acid, 3-hydroxyisobutyric acid, and 3-methyl-2-oxovaleric acid) steadily recovered to PRE-related concentrations by D1, indicating the reduced need to produce energy via amino acid catabolism, increased dietary protein intake, and a metabolic shift towards protein synthesis (Figure 6). Although the recovery trend of valine was similar to that of the aforementioned amino acids, this BCAA did not fully recover by D1 to PRE-related concentrations (p = 2.85 × 10−2, d = 0.54; Supplementary Table S2; Supplementary Figure S3A). The delayed recovery of valine coincides with the aforementioned delay in post-marathon pyruvic acid and glucose recovery, thereby suggesting the involvement of valine in post-marathon glycogen resynthesis (Figure 6). Moreover, valine supplementation has been reported to facilitate post-exercise glycogen resynthesis and improve spontaneous muscle activity (Tsuda et al., 2018). Nevertheless, valine is an essential amino acid, and the involvement of dietary intake should therefore also be considered, not only in the post-marathon recovery of both valine and glycogen, but also in the preservation of muscle glycogen during the endurance event. As opposed to the steady increase in the BCAAs and lysine concentrations between D1 and D2 (although not significantly so), proline concentrations decreased at D2 following its initial recovery at D1 to PRE-related levels (Table 3). Although not considered statistically significant, this reduction may be ascribed to the occurrence of delayed-onset muscle soreness (DOMS; Figure 6). DOMS is typically defined as acute muscle pain experienced between 24 and 72 h following intensive exercise, which peaks after 48 h (Wilke and Behringer, 2021). Accordingly, an elevated serum hydroxyproline concentration was seen by Stander et al. (2020) 48 h post-marathon, indicating the onset of delayed post-marathon collagen breakdown. Additionally, the non-significant D2 elevation in creatine (Table 3) and previously reported elevations in inflammatory markers and epidermal growth factor (Clifford et al., 2017) have respectively been associated with an upregulation in creatine kinase activity and the regulation of muscle anabolism/repair, which further supports the occurrence of DOMS. In addition, the aforementioned reduction in citric acid concentrations within 48 h post-marathon, although not significantly so, may also be attributed to an upregulated ATP-citrate lyase activity. This enzyme has been associated with increased skeletal muscle regeneration and myofiber differentiation via histone acetylation (Das et al., 2017), thereby associating citric acid with DOMS.
In contrast to the previously described amino acids, tyrosine and phenylalanine were elevated after the completion of the marathon. This is ascribed to a reduced liver function (Ishikawa et al., 2017), supported by the elevated post-marathon AST levels previously described by Clifford et al. (2017). Moreover, liver function is directly related to the Fischer’s ratio (Fischer et al., 1976; Chen et al., 2020), which was decreased at POST (1.85) when compared to PRE (2.85) in the current study. Nevertheless, liver function was recovered by D1 (2.63) to PRE-related levels. Additionally, the elevated POST phenylalanine and tyrosine levels may also indicate reduced brain glycogen levels (Matsui et al., 2019), concurring with the marathon-induced initial depletion of glycogen stores. Interestingly, following initial D1 recovery of phenylalanine and tyrosine, their concentrations decreased at D2 (Table 3) relative to PRE levels, with that of tyrosine being statistically significant (p = 1.29 × 10−2, d = 1.20; Supplementary Table S3; Supplementary Figure S4A). This delayed response may also be linked to the aforementioned elevated DOMS-associated inflammatory markers (Lenn et al., 2002). The expression of guanosine-triphosphate-cyclohydrolase-1 is typically upregulated by these inflammatory markers, subsequently leading to the upregulation in tetrahydrobiopterin synthesis (Chen et al., 2011), and consequently the activities of tyrosine hydroxylase and phenylalanine hydroxylase (Capuron et al., 2011). The resultant induced breakdown of tyrosine and phenylalanine may likely increase dopamine, epinephrine, and norepinephrine levels, which have been implicated in the modulation of muscle pain through mechanisms which remain to be elucidated (Brumovsky, 2016; Kirkpatrick et al., 2016; Mizumura and Taguchi, 2016). This suggests the possible involvement of these neurotransmitters, tyrosine, and phenylalanine in DOMS. Of note is the neutralizing effect of ROS on tetrahydrobiopterin and consequential accumulation of tyrosine and phenylalanine, providing an additional explanation for the elevated POST concentrations thereof.
4.4 Gut microbiota
Methanol is typically produced endogenously by gut microbiota via anaerobic fermentation (Figure 6, purple) in healthy humans (Dorokhov et al., 2015; Pechlivanis et al., 2015). However, during long-distance aerobic/endurance running, intestinal absorption of this metabolite is reportedly downregulated (Komarova et al., 2014; Walter et al., 2021) due to the diversion of splanchnic blood flow to the working skeletal muscles (de Oliveira et al., 2014). Although not chronic or serious, the marathon-induced gastrointestinal discomfort may result in increased mesenteric ischemia and decreased gastrointestinal perfusion, thus ascribing the initial reduction of POST serum methanol concentrations. Moreover, the severity of these endurance running-induced deleterious gastrointestinal symptoms is associated with the distance and intensity of the endurance race (Pfeiffer et al., 2012), and the associated impaired gut function affects runners even during the post-marathon recovery stage (de Oliveira et al., 2014). Accordingly, methanol concentrations gradually increased at D1 and D2 in the current study (Table 3) but did not recover to PRE-related levels within 24 h after the marathon (p = 5.13 × 10−3, d = 2.67; Supplementary Table S2; Supplementary Figure S3B). Furthermore, various environmental factors have a large effect on the severity of the gastrointestinal changes occurring during a marathon, and higher temperatures have been related to an increased prevalence of dehydration and gastrointestinal damage (Simons and Kennedy, 2004; Walter et al., 2021). However, considering the relatively cold temperatures during the course of the marathon in this study (Table 2), extensive gastrointestinal damage would have been unlikely, supported by the rapid recovery of methanol by D2 (Table 3).
4.5 Consumption of energy drinks
Initial elevations in ethanol and propylene glycol directly after the marathon (POST) may be ascribed to 1) the consumption of energy drinks during the marathon, as many ingredients thereof (such as ginseng) are dissolved in small amounts of these alcohols (Lutmer et al., 2009); and 2) ineffective clearance via alcohol dehydrogenase during endurance exercise (Choi and So, 2018). Although ethanol and propylene glycol concentrations decreased significantly within 24 h post-marathon, only propylene glycol recovered to PRE-related levels (Table 3). Ethanol reductions were more prominent and remained well below PRE levels at both D1 (p = 3.68 × 10−4, d = 2.67; Supplementary Table S2; Supplementary Figure S3C) and D2 (p = 2.73 × 10−4, d = 2.22; Supplementary Table S3; Supplementary Figure S4B). This may be ascribed to elevated post-marathon ethanol elimination due to vasodilation and hydration. Additionally, post-marathon ethanol breakdown may aid in acetyl-CoA production and the recovery of NAD:NADH ratios, ATP, and fuel substrate stores (Figure 6).
5 LIMITATIONS AND FUTURE PERSPECTIVES
Inter-individual variability is an unavoidable limitation in any study involving human participants. As such, the current study employed a paired univariate statistical design to select significant features, thereby ensuring that each participant served as their own control. Additionally, adding dietary restrictions to the already refrained use of recovery aids was considered too much of an interference to the personalized regimens of the study participants. Nevertheless, dietary influences were considered as possible influencing factors during interpretation of the identified metabolite changes. Considering that alanine and glycine were not detected in the current investigation, further targeted investigation into the post-marathon recovering amino acid profile should be done to affirm whether alanine and glycine, which are common metabolites in serum, play a significant role in recovery. Furthermore, lipid profiles were not detected in the current investigation, likely as a result of the polar buffer solution that contained a polar locking compound, namely, deuterium oxide. Future, more targeted examinations of the non-polar metabolite classes (e.g., lipids) using 1H-NMR metabolomics would significantly aid in providing a more comprehensive view of the post-marathon recovering metabolome. However, this would require additional sample preparation steps to extract these non-polar metabolites, thereby incorporating additional analytical steps that may inevitably invite cumulative analytical variation and negate the proficient analytical repeatability associated with 1H-NMR. Finally, energy drink consumption was not monitored during the marathon run of the current investigation. As such, the metabolic implications of energy drink consumption during these exhaustive exercises may also hold promising insights and should be further evaluated.
Future studies may consider conducting in-depth statistical correlations between the metabolic fluctuations associated with post-marathon recovery and exercise performance parameters to further aid in the development of personalized recovery strategies. Moreover, the identification of those metabolites associated with recovering neurotransmitter and aromatic amino acid levels, collagen breakdown, muscle damage, and histone acetylation may be a promising direction for future metabolomics studies. While doing so, it would be beneficial to extend the monitored recovery period to at least 72 h following aerobic/endurance exercise, thereby providing a better understanding of the complete recovery process of the post-marathon metabolome, and determine optimal time points for sample collection for similar studies in the future. Additionally, while methanol has largely been regarded as a metabolic waste molecule or contaminant, statistically significant normalization of this metabolite was observed in this investigation, suggesting that it may play a role in normal metabolic processes and warrants further investigation. Nevertheless, low concentrations of this metabolite are present in healthy human serum, the rapid normalization of which, as seen herein, suggests that it does play a role in normal metabolic processes. An additional consideration is that the urinary elimination of certain metabolites (e.g., hypoxanthine, lactate, and pyruvate) could be contributing to the post-marathon recovering metabolome. Therefore, using both serum and urine collected from the same cohort, at the same times, could provide valuable information regarding which metabolites are recovering due to dietary intake, inherent recovery mechanisms, or increased urinary excretion.
6 CONCLUSION
In the current investigation, a recovered post-marathon serum metabolome may be defined as the restoration of the perturbation-induced altered metabolic flux and associated serum metabolite concentrations to their pre-perturbation/pre-marathon levels. In the case of exercise, this involves the recovery of metabolic fuel substrate levels, ATP stores, and the amelioration of other exercise induced physiological changes including, but not limited to, gastrointestinal, muscle, liver, kidney, and cardiovascular damage. To summarize, the current study utilized an untargeted 1H-NMR metabolomics approach to evaluate the recovering serum metabolome following a marathon by characterizing those metabolites (26 distinct metabolites in total) that 1) did not recover (n = 4) and 2) changed significantly (n = 25) within 24 and 48 h post-marathon. This allowed for the identification of several metabolites (proline, creatine, citric acid, phenylalanine, and tyrosine) possibly associated with DOMS, which is commonly experienced by marathon athletes irrespective of their training status. Finally, the metabolite markers identified in this study and the metabolic recovery mechanisms described by these gives clues to improved recovery strategies, which may include pre- and post-training/race supplementation with phenylalanine, tyrosine, valine, and/or proline. Furthermore, these “late-stage recovery” metabolite markers may also be used for personalized monitoring of athletic health/recovery/performance.
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2-hydroxybutyric acid (11266)° 342 (157) 624 (17.5) 352 (157) 342 (13.6)
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Pyruvic acid (1060) 603 (23.1) 1123 (40.9) | 684 (25.1) | 60.1 (22.4)
Succinic acid (1110) 158 (2.5) 242 (7.5) 144 (22) 160 (3.0)
Tyrosine (6057)*¢ 69.3 (15.5) 762 (212) 67.3 (19.5) 533 (18.3)
Valine (6287)** 262.7 (65.2) 1980 (38.2) 2250 (425) 2369 (522)
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