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Purpose: Tryptophan (TRP) degradation through the kynurenine pathway is responsible for converting 95% of free TRP into kynurenines, which modulate skeletal muscle bioenergetics, immune and central nervous system activity. Therefore, changes in the kynurenines during exercise have been widely studied but not in the context of the effects of remote ischemic preconditioning (RIPC). In this study, we analyzed the effect of 14-day RIPC training on kynurenines and TRP in runners after running intervals of 20 × 400 m.Methods: In this study, 27 semi-professional long-distance runners were assigned to two groups: a RIPC group performing 14 days of RIPC training (n = 12), and a placebo group, SHAM (n = 15). Blood was collected for analysis before, immediately after, and at 6 h and 24 h after the run.Results: After the 14-day RIPC/SHAM intervention, post hoc analysis showed a significantly lower concentration of XANA and kynurenic acid to kynurenine ratio (KYNA/KYN) in the RIPC group than in the SHAM group immediately after the running test. Conversely, the decrease in serum TRP levels was higher in the RIPC population.Conclusion: RIPC modulates post-exercise changes in XANA and TRP levels, which can affect brain health, yet further research is needed.Keywords: kynurenic acid, limb ischemia, long-distance runner, neuro-protective metabolites, tryptophan, xanthurenic acid
1 INTRODUCTION
Remote ischemic preconditioning (RIPC), a procedure in which brief cycles of limb ischemia and reperfusion are induced by inflating and deflating a blood pressure cuff, has attracted attention as a possible support for sports training. Improvements in sports performance have been observed after RIPC (Caru et al., 2019). Several clinical studies have demonstrated its beneficial impact. RIPC has been shown to reduce the markers of heart and liver damage after coronary artery bypass (Venugopal et al., 2009) and liver transplants (Kanoria et al., 2017), respectively. However, the protective mechanisms underlying RIPC are not thoroughly understood. For instance, RIPC has been shown to induce erythropoietin, which provides protective benefits to cardiac tissue. However, data pertaining to the effects of RIPC on metabolism are limited. Tryptophan (TRP) is an essential amino acid that cannot be synthesized during human metabolism and must be supplied through diet (Richard et al., 2009). The required daily dose of L-TRP is 3.5 mg per kg of body mass. Human intake of TRP mainly occurs through consuming dairy products, dark chocolate, eggs, and fish (Friedman, 1996). In humans, TRP is poorly stored by tissues, and solely free plasma TRP is transferred by the large amino acid transporter through the blood-brain barrier. TRP transported to the brain is metabolized into neuroactive TRP metabolites (Agudelo et al., 2014).
Primary TRP metabolites include kynurenine [KYN] (Saran et al., 2021) and monoaminergic neurotransmitters (such as serotonin and melatonin). These metabolites are competitively synthesized via two different pathways. Neuro-protective [kynurenic acid (KYNA), picolinic acid (PA) and xanthurenic acid (XANA)] and neuro-toxic [quinolinic acid (QA), 3-hydroxykynurenin] metabolites are produced during the KYN pathway (Savitz, 2020; Tanaka et al., 2021). The synthesis of specific kynurenine pathway metabolites is tightly regulated and may considerably vary under physiological and pathological conditions. Experimental data consistently imply that shift of the kynurenine pathway to the neurotoxic branch producing QA and 3-HK formation, with a relative or absolute deficiency of KYNA, is a one of the important factors contributing to neurodegeneration. In some diseases increase concentration of KYNA in serum and cerebrospinal fluid is observed (Savitz, 2020; Tanaka et al., 2021). Regarding that penetration of blood brain barrier by KYNA is very poor its serum level reflects formation outside central nervous system and cannot be consider neuroprotective (Agudelo et al., 2014).
Monoaminergic neurotransmitters are synthesized through the serotonergic pathway (Tanaka et al., 2021). The liver-specific enzyme TRP 2,3-dioxygenase (TDO) plays a significant role in the metabolism of TRP, converting over 90% of TRP in the KYN pathway (Cervenka et al., 2017). However, in the lungs, kidneys, spleen, placenta, and blood cells, this reaction is catalyzed by indoleamine-2,3-dioxygenases 1 and 2 [IDO1 and IDO2] (Strasser et al., 2017). IDO typically exhibits minimal activity under normal conditions; however, in the presence of inflammatory signals, its activity significantly increases (Chen and Guillemin, 2009; Yilmaz and Gokmen, 2020; Roth et al., 2021). The enzymatic activity of TDO and IDO is low in the skeletal muscle; therefore, during exercise, it is likely that KYN is produced extramuscularly and is subsequently imported into the skeletal muscle. KYN can be metabolized into KYNA, anthranilic acid (AA), QA, 3-hydroxy-L-KYN (3-HK), XANA, and PA within the skeletal muscle and other tissues. One of the characteristics of adaptation to endurance training is an increase in KYN transaminase (KAT) expression, which catalyzes the conversion of KYN to KYNA (Agudelo et al., 2014; Schlittler et al., 2016; Metcalfe et al., 2018). The transformation of KYN to KYNA serves as a safeguard mechanism against the detrimental effects of KYN on the central nervous system (Agudelo et al., 2014). KYN acts as an agonist of cytosolic transcription factors, such as the aryl hydrocarbon receptor [AhR] (Opitz et al., 2011). KYNA is an antagonist of the glutamate receptors and acts predominantly on the N-methyl-D-aspartate (NMDA) receptor (DiNatale et al., 2010). KAT’s role in producing KYNA helps maintain a balance between excitatory neurotransmitters (glutamate) and inhibitory ones (such as GABA) by inhibiting NMDA receptors, thus reducing glutamate activity in synapses, providing neuroprotective effects and preventing excessive neuronal excitation (excitotoxicity), which can lead to cell damage (Phillips et al., 2019).
Furthermore, KATs are involved in PGC-1α1 regulation mechanism of enhancing the functionality of the malate-aspartate shuttle. This results in a significant enhancement in skeletal muscle bioenergetics (Agudelo et al., 2019); however, the production of QA may have negative consequences. QA can potentially trigger the formation of reactive oxygen species and possesses neuro-toxic properties by activating the NMDA receptor. Additionally, it can disrupt the balance of glutamate release and uptake by neurons and astrocytes and induce lipid peroxidation (Guillemin, 2012; Vecsei et al., 2013; Pukoli et al., 2021).
TRP metabolism can be altered by inflammatory cytokines. Excessive activation of IDO can be induced by pro-inflammatory cytokines, e.g., the interferons alpha (IFN-α) and gamma (IFN-γ), interleukin-1 beta (IL-1β), and tumor necrosis factor-alpha [TNF-α] (Tanaka et al., 2020). Long-distance running has been shown to induce inflammation; moreover, this may affect TRP metabolism.
Recently, we demonstrated that ultramarathon-induced KYN changes could be reduced by vitamin D supplementation (Mieszkowski et al., 2022). We concluded that a decrease in inflammation mediated by vitamin D supplementation was partially responsible for the lower increase in KYN levels observed in athletes after an ultramarathon, when compared with placebo-treated athletes (Mieszkowski et al., 2022).
Some TRP metabolites exert deleterious protective effects on several tissues. Additionally, the protective action of skeletal muscle remote ischemic preconditioning has been well documented; however, its effect on TRP metabolism has not yet been studied. Thus, the purpose of this study was to evaluate whether a 2-week remote ischemic preconditioning training regime could modify post-exercise-induced changes in TRP metabolism.
2 MATERIALS AND METHODS
2.1 Experimental overview
This study was a double-blind, randomized controlled trial with parallel groups. Participants were randomly assigned to two study groups that underwent either remote ischemic preconditioning (RIPC) or SHAM-controlled intervention (placebo intervention) (RIPC vs. SHAM) for 14 consecutive days. During the first early-morning visit (pre-intervention) to the laboratory, venous blood samples were drawn, and basic anthropometric characteristics were measured, such as age, height, and bioimpedance body composition (InBody 720, South Korea, Seoul). The following day, a 20 × 400 m running trial (running test - RT) was performed with the intensity increasing during each stretch of the run (according to the running trial specifications). Blood samples were collected directly before the trial and immediately (within ∼5 min), 6 h, and 24 h after finishing the running trial. The day after the trial, all participants commenced 14 subsequent days of either the RIPC or SHAM procedure. After the final RIPC or SHAM procedure training day, all participants performed the same 20 × 400 m running trial, with blood collected before the trial and immediately (within ∼5 min), 6 h, and 24 h after finishing the trial. All blood samples were collected, and the serum was separated using a standard laboratory method, aliquoted, and frozen at −80°C until further analysis to evaluate the body’s response to RIPC training on post-exercise-induced changes in KYN metabolism. All laboratory analyses were performed at Gdansk University of Physical Education (Gdansk, Poland).
2.2 Participants
Semi-professional male marathon runners (n = 27) participated in this study. Runners were included in the study if they had completed a minimum of five marathons. The participants were randomly assigned to two groups: experimental (RIPC; n = 12) and control (placebo; SHAM; n = 15).
The basic characteristics of the study population are summarized in Table 1.
TABLE 1 | Descriptive physical parameters before and after 14 days of RIPC/SHAM intervention.
[image: Table 1]In accordance with the medical diagnostics and declaration, none of the runners had any history of known diseases or reported taking any medication due to illness in the 6 months leading up to the experiment.
All runners had at least five marathon history, within a finish time range of 175–210 min. One month before the start of the study, all participants refrained from alcohol and any other substances that could influence their exercise performance and affect the results (excluding caffeine, guarana, theine, and chocolate).
Two weeks before the study, after dietary consultation, all participants adopted a similar eating pattern. The dietary pattern for each individual was determined based on their sex, age, work, and physical activity.
The Bioethics Committee for Clinical Research of the Regional Medical Chamber of Gdansk approved the study protocol (consent no. KB 29/22), which was conducted in accordance with the Declaration of Helsinki. The trial was registered as a clinical trial (NCT05229835, date of first registration: 14/01/2022, direct link: https://classic.clinicaltrials.gov/ct2/show/NCT05229835).
All participants signed a written informed consent form to participate in the study and were informed about the study procedures; however, the participants were not informed about the study rationale and objectives to ensure that they were naive to the potential remote ischemic preconditioning effects.
2.3 Running trial of 20 × 400 m intervals
To induce the intracellular damage caused by physical exercise, interval training of 20 × 400 m with a 200 m active break for each run (jogging break time 75–80 s) was conducted at the beginning and end of the experiment. This is a classic training method used in long-distance running, which, owing to the nature and duration of the exercise, induces visible and significant physiological and biochemical changes. The running trial began at 10:00 a.m. at the Zawisza Athletic Stadium, Bydgoszcz, Kuyavian-Pomeranian Voivodeship, Poland.
During the trial, the temperature varied from 19°C to 21°C, the sky was clear (no visible clouds), and there was no wind. All experimental procedures were performed in September 2021. Weather conditions during both sessions were similar and did not affect the results of the running trials. Due to the varying athletic abilities of the participants in the study, a particular training module was used. The calculation was based on the best result for the 5 km run (performed 21 days before the main experiment).
Before starting the running trial, each participant received a timetable with individual times for each section. The time conditions of each subsequent running section were proportionally limited compared to the preceding one (Table 2).
TABLE 2 | The scheme of interval training 20 × 400 m/200 m adapted to individual physical capabilities, along with sample assumptions for competitors with different times in the 5,000 m run.
[image: Table 2]2.4 RIPC procedures
Each participant underwent 14 consecutive days of either RIPC or SHAM procedure to show its effects on post-exercise-induced changes in the kynurenine metabolism. In both cases, the procedure was performed at the same time (early morning) each day and under the control of colour flow Doppler ultrasound in the supine position, with bilateral arterial occlusion of both legs, according to Mieszkowski et al. (2021b). All participants, before and after any procedures, remained in a lying position for 10 min to normalize cardiac parameters.
The occlusion cuff was positioned proximally around the thigh and inflated to 220 mmHg (to block the arterial inflow) or 20 mmHg (placebo effect) in the RIPC and SHAM groups, respectively. Both procedures consisted of four sets of 5-min inflation, followed by 5-min deflation. The participants did not know the group allocation and differences in the procedures. Each time the procedure is performed, one participant and the researcher stay in the training room.
2.5 Sample collection and measurements of kynurenine metabolite levels
Blood samples were collected at four timepoints (directly before the trial and immediately, 6 h, and 24 h after the 20 × 400 m running trial) and placed into 5 mL BD Vacutainer Clot Activator Tubes (Becton Dickinson and Company, NJ, United States).
The serum was separated by centrifugation at 4,000 × g for 10 min and aliquoted into 500 μL portions. The samples were frozen and stored (≤3 months) at −80°C until further analysis.
KYN metabolites were measured using liquid chromatography coupled with tandem mass spectrometry, with minor modifications, as described by Midttun et al. (2009). Serum samples were analyzed in the positive ion mode using electrospray ionization. Raw data were collected, processed, and quantified using LabSolutions LCGC (Shimadzu Corporation, Kyoto, Japan). Various reagents were used for sample preparation. The derivatization reagent, 4-(4′-Dimethylaminophenyl)-1,2,4-triazoline-3,5-dione (DAPTAD), was synthesized by the Masdiag Laboratory (Warsaw, Poland). Water, ethyl acetate (Avantor Performance Materials Poland, Gliwice, Poland), and methanol (Honeywell; Sigma-Aldrich, Gillingham, Dorset, UK) were used as the solvents. Mobile phases were prepared using acetonitrile (Sigma-Aldrich; Merck KGaA Group, Darmstadt, Germany), water (Avantor Performance Materials Poland, Gliwice, Poland), and formic acid (Merck KGaA, Darmstadt, Germany). All the solvents used were of liquid chromatography-mass spectrometry grade.
The levels of the following KYN metabolites and amino acids were determined: phenylalanine (PHE), tryptophan (TRP), tyrosine (TYR), 3-Hydroxy-L-kynurenine (3-HK), anthranilic acid (AA), kynurenine (KYN), kynurenic acid (KYNA), quinolinic acid (QA) and xanthurenic acid (XANA). A Lactate Scout lactic acid analyzer (SensLab GmbH, Leipzig, Germany) was used to assess changes in lactate concentration during the trials. Capillary blood from the earlobe was collected by qualified medical personnel immediately before the start of the running trial and immediately after the run (to 3 min after the end of the last running trial). Blood samples for the determination (directly before and after the trial) of basic hematological parameters, creatine kinase (CK) and C-reactive protein (CRP) were analyzed by the accredited Synevo Laboratory (Bydgoszcz, Poland; PN-EN ISO 15189) using a hematological analyzer and an enzyme immunoassay method. Changes in systemic immune-inflammation index (SII index) were calculated as [Platelet [PLT] x Absolute Neutrophil [NEU]/Absolute Lymphocyte Counts [LY])/1,000] using the hematological parameters before and after 14-day of RIPC/SHAM intervention (Trifan and Testai, 2020).
2.6 Statistical analysis
The mean ± standard deviation (SD) for all measured variables was documented. The normality of distribution and the homogeneity of variance was checked by using the Shapiro–Wilk’s and Levene’s tests, respectively. As the assumptions of normality and homogeneity of variance were met, the analysis of variance (ANOVA) tests were used. A two-way ANOVA with repeated measures (2 × 4) was performed to investigate the impact of the 14-day remote ischemic preconditioning procedure on post-exercise-induced (20 × 400 m running trial) KYN metabolites (before the trial and immediately, 6 h, and 24 h after the trial) [group: RIPC, SHAM]. Another set of ANOVA with repeated measures (2 × 2) was performed to investigate the studied effect on performance, serum lactic acid, basic hematological parameters, CK, CRP and baseline values of the KYN metabolites (directly before and after the trial in RIPC and SHAM group).
In case of a significant interaction, Tukey’s post hoc test was performed to assess the differences in specific subgroups. In addition, the effect size was determined by eta-squared statistics (ƞ2). The values ≥0.01, ≥0.06, and ≥0.14 indicated small, moderate, and large effects, respectively. All calculations and graphics were performed using the Statistica 12 software (StatSoft, Tulsa, OK, United States). Differences were considered statistically significant at p < 0.05.
3 RESULTS
When examining serum lactate and the physiological parameters by two-way ANOVA, no significant changes or group differences were observed before and after the 14-day RIPC/SHAM intervention (Table 3).
TABLE 3 | Serum lactate and physiological parameters before and after 14 days of RIPC/SHAM intervention.
[image: Table 3]The baseline values of the hematological and muscle damage parameters before and after the 14-day RIPC/SHAM intervention are presented in Table 4. Two-way ANOVA revealed a significant decrease in the baseline CK levels of the RIPC group after the 14-day RIPC intervention (35.2%, p < 0.01). In contrast, a slight increase in the baseline CK levels was observed in the SHAM group.
TABLE 4 | Baseline values of hematological and muscle damage parameters before and after 14 days of RIPC/SHAM intervention.
[image: Table 4]A change in the baseline serum concentration after 14 days of RIPC/SHAM intervention was observed only for phenylalanine (PHE) and the KYNA/KYN ratios. In the case of PHE, two-way ANOVA showed a significant increase in baseline concentration after 14 days of RIPC intervention (7.4%, p < 0.05), whereas in the SHAM group, there was a slight decrease. The analysis of the initial KYNA/KYN concentration showed a significant increase in the SHAM group (13.1%, p < 0.05), whereas no changes were noted in the RIPC group.
Changes in KYN metabolite levels induced by the 20 × 400 m running test before and after the 14-day RIPC/SHAM intervention are presented in Figure 1. The 20 × 400 m RT significantly impacted all KYN metabolites tested, both before and after the 14-day RIPC/SHAM intervention. Regardless of the group factor, immediately after the 20 × 400 m RT, a significant increase in the serum concentration levels of 3-HK (before RIPC/SHAM intervention 29.9%, p < 0.01; after RIPC/SHAM intervention 21.9%, p < 0.01), KYN (before RIPC/SHAM intervention 9.2%, p < 0.01), KYNA(before RIPC/SHAM intervention 43.6%, p < 0.01; after RIPC/SHAM intervention 31.7%, p < 0.01), QA (before RIPC/SHAM intervention 21.6%, p < 0.01; after RIPC/SHAM intervention 11,0%, p < 0.01), and XANA (before RIPC/SHAM intervention 45.6%, p < 0.01; after RIPC/SHAM intervention 35.5%, p < 0.01) were observed in comparison to the baseline values. Moreover, 24 h after the run, the concentration levels of these metabolites and AA were significantly lower than the baseline values. A significant group effect (F = 7.22, p < 0.01, η2 = 0.22) and interactions between the group factor and RT (F = 3.01, p < 0.05, η2 = 0.11) were detected solely in XANA after the 14-day RIPC/SHAM intervention. Post-hoc analysis showed a significantly lower concentration of XANA in the RIPC group compared to the SHAM group immediately after the RT (26.4%, p < 0.05).
[image: Figure 1]FIGURE 1 | Changes in the serum kynurenine metabolite levels induced by a 20 × 400 m running test (RT) before and after the 14-day remote ischemic preconditioning/control intervention (mean and standard deviation). Abbreviations/Symbols: KYN (A), kynurenine; KYNA (B), kynurenic acid; 3-HK (C), 3-hydroxy-L-KYN; AA (D), anthranilic acid; QA (E), quinolinic acid; XANA (F), xanthurenic acid; RIPC, remote ischemic preconditioning group; SHAM, sham control group; I, before the 20 × 400 m RT; II, immediately after the 20 × 400 m RT; III, 6 h after the 20 × 400 m RT; IV, 24 h after the 20 × 400 m RT. Gray color indicates the RIPC group (n = 12); black color indicates the SHAM group (n = 15). * Significant difference vs. RIPC group immediately after the 20 × 400 m RT. The significance level was set at p < 0.05.
Changes in the serum levels of phenylalanine (PHE), tryptophan (TRP), and tyrosine (TYR) induced 20 × 400 m running test (RT) before and after 14 days RIPC/SHAM intervention was shown in Figure 2. Two-way ANOVA demonstrated that the RT significantly affected PHE and TYR both before and after the 14-day RIPC/SHAM intervention. In the case of PHE, a significant increase was noted immediately after (before RIPC/SHAM intervention, 13.1%, p < 0.01) and 6 h after the RT (before RIPC/SHAM intervention, 12.8%, p < 0.01; after RIPC/SHAM intervention, 7.3%, p < 0.01), when compared with the baseline values. ANOVA also revealed in PHE a significant interaction between the group factor and repeated measures (F = 3.29, p < 0.05, η2 = 0.12) after the 14-day RIPC/SHAM intervention. Post-hoc results demonstrated a significant increase in PHE concentration in the SHAM group 6 h after the RT compared to the baseline values (17.1%, p < 0.05); contrastingly, no significant changes were observed in the RIPC group. TRP concentration increased significantly 6 h after the RT, before the 14-day RIPC/SHAM intervention (44.2%, p < 0.01). Conversely, 14 days after the RIPC/SHAM intervention, the group factor (F = 5.67, p < 0.05, η2 = 0.27) significantly impacted the TRP concentrations, whereby a significantly lower TRP concentration was observed in the RIPC group compared to the SHAM group (10.0%, p < 0.01). The lack of a significant impact from the RT may have resulted in the downward trend observed in the TRP concentration of the RIPC group (Figure 2). In the case of TYR, after a slight increase in its concentration immediately after the run, there was a significant decrease 6 h after (before RIPC/SHAM intervention 8.5%, p < 0.05) and 24 h after the 20 × 400 m RT (before RIPC/SHAM intervention 21.7%, p < 0.01; after RIPC/SHAM intervention 14.9%, p < 0.05).
[image: Figure 2]FIGURE 2 | Changes in the serum levels of phenylalanine, tryptophan and tyrosine induced by a 20 × 400 m running test (RT) before and after the 14-day ischemic preconditioning intervention (mean and standard deviation). Abbreviations/Symbols: PHE (A), phenylalanine; TRP (B), tryptophan; TYR (C), tyrosine; RIPC, remote ischemic preconditioning group; SHAM, sham control group; I, before the 20 × 400 m RT; II, immediately after the 20 × 400 m RT; III, 6 h after the 20 × 400 m RT; IV, 24 h after the 20 × 400 m RT. Gray color indicates the RIPC group (n = 12); black color indicates the SHAM group (n = 15). # Significant difference vs. before and 24 h after the 20 × 400 m RT in SHAM group. The significance level was set at p < 0.01.
Changes in kynurenine metabolite and tryptophan ratios induced 20 × 400 m RT before and after 14 days of RIPC/SHAM intervention presented in Figure 3. Regardless of the group, there was a significant increase in the KYNA/KYN ratio (before RIPC/SHAM intervention, 33.3%, p < 0.01; after RIPC/SHAM intervention, 30.0%, p < 0.01), KYNA/QA (before RIPC/SHAM intervention, 25.9%, p < 0, 01; after RIPC/SHAM intervention, 22.4%, p < 0.01) immediately after the 20 × 400 m RT compared to the baseline values. After the experiment, there was a significant decrease in KYN/TRP concentration at 6 h (13.5%, p < 0.01) and 24 h (14.4%, p < 0.01) after the 20 × 400 m RT compared to the low increase noted immediately after the run. In contrast, after the experiment, the significant effect of the group factor (F = 5.96, p < 0.05, η2 = 0.19) was significantly lower regarding KYN/TRP values in the SHAM group compared to the RIPC group (18.4%, p < 0.05). After the experiment, a significant interaction between the group and repeated measurement (F = 3.34, p < 0.05, η2 = 0.12) in KYNA/KYN was also noted. Post-hoc results demonstrate significantly lower values in the RIPC group immediately after the 20 × 400 m RT compared to the SHAM group (15.1%, p < 0.05).
[image: Figure 3]FIGURE 3 | Changes in the kynurenine metabolite and tryptophan ratios induced by a 20 × 400 m running test (RT) before and after the 14-day ischemic preconditioning intervention (mean and standard deviation). Abbreviations/Symbols: KYNA/KYN (A) kynurenic acid/kynurenine ratio; KYNA/QA (B), kynurenic acid/quinolinic acid ratio; KYN/TRP (C), kynurenine/tryptophan ratio; RIPC, remote ischemic preconditioning group; SHAM, sham control group; I, before the 20 × 400 m RT; II, immediately after the 20 × 400 m RT; III, 6 h after the 20 × 400 m RT; IV, 24 h after the 20 × 400 m RT. Gray color indicates the RIPC group (n = 12); black color indicates the SHAM group (n = 15). * Significant difference vs. RIPC group immediately after the 20 × 400 m RT. The significance level was set at p < 0.05.
4 DISCUSSION
We previously showed that ultramarathons induce significant changes in serum KYN levels and that vitamin D modifies TRP metabolism during exercise (Mieszkowski et al., 2022). In the present study, we confirmed that strenuous interval exercise (20 × 400 m) also induces significant changes in metabolism. We observed that KYN, KYNA, QA, PA, and 3-HK increased after exercise, and RIPC did not affect these changes. Remote ischemic preconditioning of skeletal muscles can exert beneficial effects on other tissues. In our previous study, we demonstrated that remote ischemic preconditioning changes serum exerkine levels and reduces inflammation. This may be an effective method to reduce marathon-induced oxidative stress and decrease liver and heart injury markers (Mieszkowski et al., 2021a).
Some of the TRP metabolites may present neuroprotective or neurotoxic activity (neuro-protective [kynurenic acid (KYNA), picolinic acid (PA) and xanthurenic acid (XANA)] and neurotoxic [quinolinic acid (QA), 3-hydroxykynurenin (3-HK)] (Agudelo et al., 2018; Jung et al., 2020). The synthesis of specific kynurenine pathway metabolites is tightly regulated and may considerably vary under physiological and pathological conditions. Therefore, understanding the effects of RIPC on TRP metabolism may allow for a better understanding of the mechanisms underlying its effects. Here, we observed that XANA was the only metabolite whose blood concentration after exercise was affected by RIPC. It is important to note that XANA can penetrate the blood-brain barrier (Fukui et al., 1991). XANA has been shown to have beneficial impacts on the central nervous system such as stimulating dopamine release in the cortex and striatum (Taleb et al., 2021). We speculate that the lower concentration of XANA observed in athletes who underwent 14 days of RIPC training may be attributed to an increase in its absorption by the brain. XANA is formed from 3-HK during a reaction that is catalyzed by KATs. The same enzymes are responsible for KYNynA formation. Exercise-induced changes in the serum concentrations of 3-HK and KYNA were the same in both the SHAM group and RIPC-trained athletes. Thus, it can be assumed that RIPC training does not influence XANA formation but rather its transport into the target tissue (brain). Conversely the ratio of KYNA/KYN indicates activity of KAT an enzyme that can be upregulated by endurance exercise training (Agudelo et al., 2014). Here we observed that the ratio was lower after exercise in RIPC-trained athletes. The meaning of this changes are elusive as we have not measured the activity of KATs in skeletal muscle after RIPC training.
Changes in the KYNA/QA and KYN/TRP ratios induced by exercise were the same in both SHAM group and RIPC-trained athletes. Former is regarded “neuro-protective” because of the anticipated neuroprotective properties of KYNA and the neurotoxic properties of QA and the later reflects activity of IDO (Cervenka et al., 2017).
Another important aspect evaluated in this study was the effect of RIPC training on exercise-induced changes in serum TRP levels. As most KYNs increase after exercise, TRP levels are expected to decrease. TRP and KYN have been shown to decrease in the circulatory system following acute endurance exercise (Schlittler et al., 2016; Isung et al., 2021). Here, we observed that after exercise, serum TRP did not change; however, after RIPC training, its concentration remained below that of the control group. The effect of RIPC training on TRP metabolism, therefore, remains unclear. After the 14 days of RIPC training, there was visible, yet nonsignificant decrease in serum TRP levels after the run in the RIPC group. During exercise, serum TRP is taken up by various cells and metabolized to KYN and other metabolites. Several serum TRP metabolites increase after exercise, explaining some decreases observed in TRP levels. However, the decrease in TRP observed in the RIPC group cannot be explained by differences in KYN formation. During long-term exercise, more skeletal muscle proteins undergo proteolytic degradation, and more amino acids are exported into the blood. Endurance exercise increases the expression of Atrogin-1, which is known to stimulate skeletal muscle protein degradation (Stefanetti et al., 2015).
Conversely, RIPC inhibits sarcolemma protein proteolysis via matrix metalloprotease-2 (MMP-2) inhibition (Bin et al., 2023). Hence, skeletal muscle proteolysis may be partially inhibited in athletes after RIPC training. Our data supports this assumption. First of all, CK, a marker of skeletal muscle damage, was significantly lower after RIPC training, indicating protection, whereas no changes were observed in the SHAM group. In addition, changes in the serum levels of the aromatic amino acid PHE in the SHAM group were distinct from those of the RIPC-trained group. PHE is not degraded by skeletal muscle and can, therefore, be used to indicate the balance between protein synthesis and degradation. We observed a significant increase in serum PHE levels in the SHAM group and no change in the RIPC group, indicating higher proteolysis in the control group. The observed decrease in the serum TRP levels after exercise in the RIPC group may have positive implications. Serotonin is formed from TRP in the central nervous system, and this process is regulated by serum TRP availability (Patrick and Ames, 2014). A decrease in serum TRP levels can lead to reduced serotonin formation, which can reduce exercise-induced fatigue (Yamamoto and Newsholme, 2000; Yamamoto and Newsholme, 2003). A notably higher KYN/TRP ratio in the RIPC group compared to SHAM suggests increased activation of IDO activity (Badawy and Guillemin, 2019). We assume that this observation is not coincidental but is a rather consequence of differences in TRP concentration after the run.
In conclusion, our data demonstrate that repeated RIPC intervention in the form of training modifies exercise-induced changes in XANA, PHE, and TRP. These changes could have significant physiological effects and should be studied further in the context of brain health, cognitive function and central fatigue.
5 LIMITATIONS OF THE STUDY
The current study has some potential limitations. The first limitation is the relatively small sample size. Further studies should be performed, with an increased sample size and/or implementing a crossover study design. Second, the study did not include a specific control of the dietary regime, and potential changes in the amount of consumed dietary products might have interfered with the applied intervention. However, it should be mentioned that 2 weeks before the study, after dietary consultation, all participants were asked to adopt a similar eating pattern determined by their sex, age, work, and physical activity. So, we conclude that the effect of this factor on achieved results should be limited but not entirely forgotten and discarded.
The third limitation, as highlighted by previous studies applying this specific remote ischemic procedure, was the challenge of conducting a truly double-blind study. The issue arises because the SHAM intervention does not induce perceptible pain, making it difficult to maintain indistinguishable conditions between the experimental groups. Mieszkowski et al. (2021b) proposed that a 20-mmHg compression in the SHAM group allows participants to experience external tissue pressure, yet this does not lead to sensations of pain or even discomfort during procedure performance.
5.1 Practical applications and further research
This study provides insight into the metabolic effects of using RIPC as a sport enhancement method. Although it was established in previous studies that RIPC could improve inflammation status and modify post-exercise tissue disfunction, none of them assessed the direct effect of this training method on kynurenine metabolism. Our findings provide valuable information that RIPC modulates post-exercise changes in XANA and TRP levels, which can be beneficial for brain health, yet further researches are needed to establish the direct mechanism of observed action and how this type of stimulus affects tissues over a more extended period.
Further clinical evaluation is required to determine whether RIPC can improve clinical outcomes and brain health not only in healthy populations but also in the case of patients suffering from many ischemic tissue injuries and problems (post-stroke etc.). Such observations and results could contribute to a change in clinical practice and widely use of this training procedure in different age and health populations.
DATA AVAILABILITY STATEMENT
All original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The studies involving humans were approved by Regional Medical Chamber of Gdansk (consent no. KB 29/22). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.
AUTHOR CONTRIBUTIONS
PB: Conceptualization, Data curation, Methodology, Resources, Validation, Writing–original draft, Writing–review and editing. JM: Conceptualization, Formal Analysis, Funding acquisition, Methodology, Project administration, Supervision, Visualization, Writing–original draft, Writing–review and editing. BS: Data curation, Investigation, Resources, Validation, Visualization, Writing–original draft. TK: Data curation, Investigation, Resources, Validation, Writing–original draft. JR: Project administration, Supervision, Validation, Writing–review and editing. BN: Conceptualization, Formal Analysis, Investigation, Methodology, Software, Validation, Writing–review and editing. AD: Data curation, Resources, Software, Writing–review and editing. KK: Formal Analysis, Methodology, Resources, Software, Validation, Writing–review and editing. AB: Data curation, Investigation, Methodology, Resources, Software, Validation, Writing–review and editing. JA: Conceptualization, Methodology, Supervision, Visualization, Writing–original draft, Writing–review and editing. AK: Data curation, Formal Analysis, Funding acquisition, Methodology, Project administration, Resources, Supervision, Visualization, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by the Knowledge Grant from the National Science Centre, Poland–Miniatura-6 (grant number: 2022/06/X/NZ7/00776). The sponsor had no role in the design of the study; in the collection, analysis, and interpretation of data; in the writing of the manuscript; and in the decision to submit the article for publication.
ACKNOWLEDGMENTS
We gratefully acknowledge all the participants in this study.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Agudelo L. Z., Femenia T., Orhan F., Porsmyr-Palmertz M., Goiny M. Martinez-Redondo V., et al. (2014). Skeletal muscle PGC-1α1 modulates kynurenine metabolism and mediates resilience to stress-induced depression. Cell 159 (1), 33–45. doi:10.1016/j.cell.2014.07.051
 Agudelo L. Z., Ferreira D. M. S., Cervenka I., Bryzgalova G., Dadvar S. Jannig P. R., et al. (2018). Kynurenic acid and Gpr35 regulate adipose tissue energy homeostasis and inflammation. Cell Metab. 27 (2), 378–392. doi:10.1016/j.cmet.2018.01.004
 Agudelo L. Z., Ferreira D. M. S., Dadvar S., Cervenka I., Ketscher L. Izadi M., et al. (2019). Skeletal muscle PGC-1α1 reroutes kynurenine metabolism to increase energy efficiency and fatigue-resistance. Nat. Commun. 10 (1), 2767. doi:10.1038/s41467-019-10712-0
 Badawy A. A., Guillemin G. (2019). The plasma [Kynurenine]/[Tryptophan] ratio and indoleamine 2,3-dioxygenase: time for appraisal. Int. J. Tryptophan Res. 12, 1178646919868978. doi:10.1177/1178646919868978
 Bin E. P., Zaobornyj T., Garces M., D'Annunzio V., Buchholz B. Marchini T., et al. (2023). Remote ischemic preconditioning prevents sarcolemmal-associated proteolysis by MMP-2 inhibition. Mol. Cell Biochem. 479, 2351–2363. doi:10.1007/s11010-023-04849-2
 Caru M., Levesque A., Lalonde F., Curnier D. (2019). An overview of ischemic preconditioning in exercise performance: a systematic review. J. Sport Health Sci. 8 (4), 355–369. doi:10.1016/j.jshs.2019.01.008
 Cervenka I., Agudelo L. Z., Ruas J. L. (2017). Kynurenines: tryptophan's metabolites in exercise, inflammation, and mental health. Science 357 (6349), eaaf9794. doi:10.1126/science.aaf9794
 Chen Y., Guillemin G. J. (2009). Kynurenine pathway metabolites in humans: disease and healthy States. Int. J. Tryptophan Res. 2, 1–19. doi:10.4137/ijtr.s2097
 DiNatale B. C., Murray I. A., Schroeder J. C., Flaveny C. A., Lahoti T. S. Laurenzana E. M., et al. (2010). Kynurenic acid is a potent endogenous aryl hydrocarbon receptor ligand that synergistically induces interleukin-6 in the presence of inflammatory signaling. Toxicol. Sci. 115 (1), 89–97. doi:10.1093/toxsci/kfq024
 Friedman M. (1996). Nutritional value of proteins from different food sources. A review. J. Agric. food Chem. 44, 6–29. doi:10.1021/jf9400167
 Fukui S., Schwarcz R., Rapoport S. I., Takada Y., Smith Q. R. (1991). Blood-brain barrier transport of kynurenines: implications for brain synthesis and metabolism. J. Neurochem. 56 (6), 2007–2017. doi:10.1111/j.1471-4159.1991.tb03460.x
 Guillemin G. J. (2012). Quinolinic acid, the inescapable neurotoxin. FEBS J. 279 (8), 1356–1365. doi:10.1111/j.1742-4658.2012.08485.x
 Isung J., Granqvist M., Trepci A., Huang J., Schwieler L. Kierkegaard M., et al. (2021). Differential effects on blood and cerebrospinal fluid immune protein markers and kynurenine pathway metabolites from aerobic physical exercise in healthy subjects. Sci. Rep. 11 (1), 1669. doi:10.1038/s41598-021-81306-4
 Jung T. W., Park J., Sun J. L., Ahn S. H., Abd El-Aty A. M. Hacimuftuoglu A., et al. (2020). Administration of kynurenic acid reduces hyperlipidemia-induced inflammation and insulin resistance in skeletal muscle and adipocytes. Mol. Cell Endocrinol. 518, 110928. doi:10.1016/j.mce.2020.110928
 Kanoria S., Robertson F. P., Mehta N. N., Fusai G., Sharma D., Davidson B. R. (2017). Effect of remote ischaemic preconditioning on liver injury in patients undergoing major hepatectomy for colorectal liver metastasis: a pilot randomised controlled feasibility trial. World J. Surg. 41 (5), 1322–1330. doi:10.1007/s00268-016-3823-4
 Metcalfe A. J., Koliamitra C., Javelle F., Bloch W., Zimmer P. (2018). Acute and chronic effects of exercise on the kynurenine pathway in humans - a brief review and future perspectives. Physiol. Behav. 194, 583–587. doi:10.1016/j.physbeh.2018.07.015
 Midttun Ø., Hustad S., Ueland P. M. (2009). Quantitative profiling of biomarkers related to B-vitamin status, tryptophan metabolism and inflammation in human plasma by liquid chromatography/tandem mass spectrometry. Rapid Commun. Mass Spectrom. 23 (9), 1371–1379. doi:10.1002/rcm.4013
 Mieszkowski J., Borkowska A., Stankiewicz B., Kochanowicz A., Niespodzinski B. Surmiak M., et al. (2021a). Single high-dose vitamin D supplementation as an approach for reducing ultramarathon-induced inflammation: a double-blind randomized controlled trial. Nutrients 13 (4), 1280. doi:10.3390/nu13041280
 Mieszkowski J., Brzezinska P., Stankiewicz B., Kochanowicz A., Niespodzinski B. Reczkowicz J., et al. (2022). Direct effects of vitamin D supplementation on ultramarathon-induced changes in kynurenine metabolism. Nutrients 14 (21), 4485. doi:10.3390/nu14214485
 Mieszkowski J., Stankiewicz B. E., Kochanowicz A., Niespodzinski B., Borkowska A. E. Sikorska K., et al. (2021b). Remote ischemic preconditioning reduces marathon-induced oxidative stress and decreases liver and heart injury markers in the serum. Front. Physiol. 12, 731889. doi:10.3389/fphys.2021.731889
 Opitz C. A., Litzenburger U. M., Sahm F., Ott M., Tritschler I. Trump S., et al. (2011). An endogenous tumour-promoting ligand of the human aryl hydrocarbon receptor. Nature 478 (7368), 197–203. doi:10.1038/nature10491
 Patrick R. P., Ames B. N. (2014). Vitamin D hormone regulates serotonin synthesis. Part 1: relevance for autism. FASEB J. 28 (6), 2398–2413. doi:10.1096/fj.13-246546
 Phillips R. S., Iradukunda E. C., Hughes T., Bowen J. P. (2019). Modulation of enzyme activity in the kynurenine pathway by kynurenine monooxygenase inhibition. Front. Mol. Biosci. 6, 3. doi:10.3389/fmolb.2019.00003
 Pukoli D., Polyak H., Rajda C., Vecsei L. (2021). Kynurenines and neurofilament light chain in multiple sclerosis. Front. Neurosci. 15, 658202. doi:10.3389/fnins.2021.658202
 Richard D. M., Dawes M. A., Mathias C. W., Acheson A., Hill-Kapturczak N., Dougherty D. M. (2009). L-tryptophan: basic metabolic functions, behavioral research and therapeutic indications. Int. J. Tryptophan Res. 2, 45–60. doi:10.4137/ijtr.s2129
 Roth W., Zadeh K., Vekariya R., Ge Y., Mohamadzadeh M. (2021). Tryptophan metabolism and gut-brain homeostasis. Int. J. Mol. Sci. 22 (6), 2973. doi:10.3390/ijms22062973
 Saran T., Turska M., Kocki T., Zawadka M., Zielinski G. Turski W. A., et al. (2021). Effect of 4-week physical exercises on tryptophan, kynurenine and kynurenic acid content in human sweat. Sci. Rep. 11 (1), 11092. doi:10.1038/s41598-021-90616-6
 Savitz J. (2020). The kynurenine pathway: a finger in every pie. Mol. Psychiatry 25 (1), 131–147. doi:10.1038/s41380-019-0414-4
 Schlittler M., Goiny M., Agudelo L. Z., Venckunas T., Brazaitis M. Skurvydas A., et al. (2016). Endurance exercise increases skeletal muscle kynurenine aminotransferases and plasma kynurenic acid in humans. Am. J. Physiol. Cell Physiol. 310 (10), C836–C840. doi:10.1152/ajpcell.00053.2016
 Stefanetti R. J., Lamon S., Wallace M., Vendelbo M. H., Russell A. P., Vissing K. (2015). Regulation of ubiquitin proteasome pathway molecular markers in response to endurance and resistance exercise and training. Pflugers Arch. 467 (7), 1523–1537. doi:10.1007/s00424-014-1587-y
 Strasser B., Becker K., Fuchs D., Gostner J. M. (2017). Kynurenine pathway metabolism and immune activation: peripheral measurements in psychiatric and co-morbid conditions. Neuropharmacology 112 (Pt B), 286–296. doi:10.1016/j.neuropharm.2016.02.030
 Taleb O., Maammar M., Klein C., Maitre M., Mensah-Nyagan A. G. (2021). A role for xanthurenic acid in the control of brain dopaminergic activity. Int. J. Mol. Sci. 22 (13), 6974. doi:10.3390/ijms22136974
 Tanaka M., Bohar Z., Vecsei L. (2020). Are kynurenines accomplices or principal villains in dementia? Maintenance of kynurenine metabolism. Molecules 25 (3), 564. doi:10.3390/molecules25030564
 Tanaka M., Toth F., Polyak H., Szabo A., Mandi Y., Vecsei L. (2021). Immune influencers in action: metabolites and enzymes of the tryptophan-kynurenine metabolic pathway. Biomedicines 9 (7), 734. doi:10.3390/biomedicines9070734
 Trifan G., Testai F. D. (2020). Systemic Immune-Inflammation (SII) index predicts poor outcome after spontaneous supratentorial intracerebral hemorrhage. J. Stroke Cerebrovasc. Dis. 29 (9), 105057. doi:10.1016/j.jstrokecerebrovasdis.2020.105057
 Vecsei L., Szalardy L., Fulop F., Toldi J. (2013). Kynurenines in the CNS: recent advances and new questions. Nat. Rev. Drug Discov. 12 (1), 64–82. doi:10.1038/nrd3793
 Venugopal V., Hausenloy D. J., Ludman A., Di Salvo C., Kolvekar S. Yap J., et al. (2009). Remote ischaemic preconditioning reduces myocardial injury in patients undergoing cardiac surgery with cold-blood cardioplegia: a randomised controlled trial. Heart 95 (19), 1567–1571. doi:10.1136/hrt.2008.155770
 Yamamoto T., Newsholme E. A. (2000). Diminished central fatigue by inhibition of the L-system transporter for the uptake of tryptophan. Brain Res. Bull. 52 (1), 35–38. doi:10.1016/s0361-9230(99)00276-2
 Yamamoto T., Newsholme E. A. (2003). The effect of tryptophan deficiency in the brain on rat fatigue levels: a rat model of fatigue reduction. Adv. Exp. Med. Biol. 527, 527–530. doi:10.1007/978-1-4615-0135-0_60
 Yilmaz C., Gokmen V. (2020). Neuroactive compounds in foods: occurrence, mechanism and potential health effects. Food Res. Int. 128, 108744. doi:10.1016/j.foodres.2019.108744
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Brzezińska, Mieszkowski, Stankiewicz, Kowalik, Reczkowicz, Niespodziński, Durzyńska, Kowalski, Borkowska, Antosiewicz and Kochanowicz. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-15-1462289-t002.jpg
5,000 m run Running pace  Average time  Running pace Running pace Running pace Running pace

time of the 400 m in in in in
sections sections 1-5 | sections 6-10 sections 11-15 sections 1620
[min:s] [s] [s] [s] [s] [s]
15 300 72 72-71 70-69 68-67 66-62
15:25 ‘ 305 74 74-73 72-71 70-69 68-64
15:50 310 76 76-75 74-73 72-71 70-66
16:15 315 78 78-77 76-75 7473 72-68
16:40 320 80 80-79 78-77 7675 74-70
17:05 325 82 82-81 80-79 78-77 76-72
17:30 330 84 84-83 82-81 80-79 78-74
17:55 335 86 86-85 84-83 82-81 80-76
18:20 340 88 88-87 86-85 84-83 8278
18:45 345 %0 90-89 88-87 86-85 84-80
19:10 350 92 92-91 90-89 88-87 86-82
1935 355 94 94-93 92-91 90-89 88-84
20:00 400 9% 96-95 94-93 92-91 90-86
2025 405 98 98-97 96-95 94-93 92-88
20:50 410 100 100-99 98-97 96-95 94-90
2115 415 102 102-101 100-99 98-97 96-92
21:40 420 104 104-103 102-101 100-99 98-94
22:05 425 106 106-105 104-103 102-101 100-96
22:30 430 108 108-107 106-105 104-103 102-98
22:55 435 110 110-109 108-107 106-105 104-100
23:20 440 12 12111 110-109 108-107 106-104
2345 445 114 114-113 112-111 110-109 108-104
24:10 450 116 116-115 114-113 112-111 110-106
24:35 455 118 118-117 116-115 114-113 112-108
25:00 500 120 120-119 118-117 116-115 114-110






OPS/images/fphys-15-1462289-t003.jpg
Variable Unit RIPC group (n = 12) SHAM group (n = 15)
Before After Before After
Mean+SD Mean+SD Mean+SD Mean + SD

AVG running time for 400 m 8646 £6.8 82.62+9.37 91.48 +11.05 82.12+15.14

Maximal heart rate during 20 x 400 m running test bpm 187.00 +6.69 18521%8.72 18655 6.42 181.22 +7.82

lag serum concentration immediately after 20 x 400 m running test | mmol/L. 11214247 10.80 £ 1.91 11.60 £ 4.60 1261 £3.49





OPS/images/fphys-15-1462289-g003.gif
PAKYNACYN:  Dapre: At
005

oot
Z o
s

oo

BKYNAQA  Before Ater

&Y

©KYNTRP  Before
=

ooz





OPS/images/fphys-15-1462289-t001.jpg
Variable RIPC group (n = 12) SHAM group (n = 15)
Before After Before After
Mean + SD Mean + SD Mean + SD Mean + SD
Body height an 180,00+ 6.67 - 17933 £7.09 -
Body mass kg 789+5.11 79.41+£4.12 79.05 +7.84 78.65+9.14
Percent body fat % 13024444 1335335 1290 £ 6.00 1321£5.17
Body Mass Index kg/m? 2428465 24625472 2367 £296 2332356






OPS/images/fphys-15-1462289-t004.jpg
Variable RIPC group (n = 12) SHAM group (n = 15)

Before After Before After

Mean + SD Mean + SD Mean + SD Mean + SD
WBC X10° L 571+102 611%154 600+ 1.83 565+ 148
Ly x10° pL. 212068 203054 2154053 203054
MO % 10* uL 0.57£0.13 0.59 +0.20 0.50 £0.11 0.45£0.11
NEU x10° uL. 276+ 059 3124148 2,96+ 1.40 275+0.64
RBC x 10° L. 493030 494029 4932027 ‘ 496022
Hb g/dL 1415+ 088 1500077 15342095 15254061
He % 42865224 431032257 42,57 £1.67 42.97%1.76
Mcv fL 86.99+2.70 8740 +2.67 86345292 86.53+2.34
MCH g 3052095 3062+ 1.03 30.63 % 101 3076+ 1.04
MCHC gdL 35.17£077 3512£0.63 35.45£0.67 35382 0.68
Plt x10° L. 233,57+ 35.14 24385+ 34.16 250,09 £53.74 254,09 £ 55.85
MPV L 1050 + 101 1017 068 1052£1.03 1067099
RDW % 13.05£050 1365047 12852049 12824051
SIT Index x10° cells/L. 313.60 £ 98.13 33403 +144.16 342.21 % 165.67 346,61+ 102.87
cK UL 28169 + 141.07 182.30 +90.33° 17618 + 68.43 195.63 % 58.39
CRP mg/L 0.88+037 078045 106 £0.69 0.980.62

Note: RIPC, remote ischemic preconditioning group; SHAM, sham-controlled group; WBC, white blood cells; LY, lymphocytes; MO, monocytes; NEU, neutrocytes; RBC, red blood cells; Hb,
hemaoglobin; Ht, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, the mean concentration of corpuscular hemoglobin concentration; Plt, platelets;
MPV, mean platelet volume; RDW, red blood cell distribution width; SII, Systemic immune-inflammation index; CK, creatine kinase; CRE, c-reactive protein. ‘Significant difference vs. before
14-days of RIPC/SHAM, intervention in RIPC, group at p < 0.01.





OPS/xhtml/nav.xhtml
Contents

		Cover

		Direct effects of remote ischemic preconditioning on post-exercise-induced changes in kynurenine metabolism		Purpose

		Methods

		Results

		Conclusion

		1 Introduction

		2 Materials and methods		2.1 Experimental overview

		2.2 Participants

		2.3 Running trial of 20 × 400 m intervals

		2.4 RIPC procedures

		2.5 Sample collection and measurements of kynurenine metabolite levels

		2.6 Statistical analysis





		3 Results

		4 Discussion

		5 Limitations of the study		5.1 Practical applications and further research





		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-15-1462289-g001.gif





OPS/images/fphys-15-1462289-g002.gif
(MPHE  Before










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
¥ frontiers | Frontiers in Physiology





