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Abstract

:

The World Health Organization has recommended performing at least 60 min a day of moderate-to-vigorous physical activity (MVPA) and reducing sedentarism in children and adolescents to offer significant health benefits and mitigate health risks. Physical fitness and sports practice seem to improve oxidative stress (OS) status during childhood. However, to our knowledge, there are no data regarding the influence of objectively-measured physical activity (PA) and sedentarism on OS status in children and adolescents. The present study aimed to evaluate the influence of moderate and vigorous PA and sedentarism on OS and plasma total antioxidant capacity (TAC) in a selected Spanish population of 216 children and adolescents from the GENOBOX study. PA (light, moderate, and vigorous) and sedentarism (i.e., sedentary time (ST)) were measured by accelerometry. A Physical Activity-Sedentarism Score (PASS) was developed integrating moderate and vigorous PA and ST levels. Urinary 8-hydroxy-2′-deoxyguanosine (8-OHdG) and isoprostane F2α (F2-IsoPs), as markers of OS, were determined by ELISA; and TAC was estimated by colorimetry using an antioxidant kit. A higher PASS was associated with lower plasma TAC and urinary 8-OHdG and F2-IsoPs, showing a better redox profile. Reduced OS markers (8-OHdG and F2-IsoPs) in children with higher PASS may diminish the need of maintaining high concentrations of antioxidants in plasma during rest to achieve redox homeostasis.
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1. Introduction


Physical activity improves cardiorespiratory fitness and strengthens the musculoskeletal system, helping to maintain proper body composition, both in children and adolescents [1,2]. Physical activity practice also seems to reduce lipid peroxidation and improve the antioxidant defense system, resulting in the maintenance of redox homeostasis [3].



The concept of “oxidative stress” has been defined as “an imbalance between oxidants and antioxidants in favor of the oxidants, leading to a disruption of redox signaling and molecular damage” [4]. Urinary isoprostanes and 8-hydroxy-2′-deoxyguanosine (8-OHdG), among other body-oxidized compounds, are well-recognized biomarkers of oxidative stress, which have been found to be increased in several situations, including obesity, type 2 diabetes, and cardiovascular diseases [5]. F2-8-iso-prostaglandin F2α, also known as isoprostane F2α (F2-IsoPs), is generated by free radical-induced peroxidation of arachidonic acid and is currently regarded as one of the most reliable biomarkers of in vivo oxidative stress [6]. In addition, 8-OHdG is considered to be a biomarker of generalized cellular oxidative stress [7]; it can be easily determined in urine with good reproducibility and recovery of untimed samples [8].



Two subsystems integrate the antioxidant defense system: the first is related to the activity of several enzymes such as glutathione peroxidases, glutathione reductase, glutathione S-transferase, superoxide dismutases, and catalase; the second is formed by non-enzymatic antioxidants such as uric acid, tocopherols, ascorbate, glutathione and ubiquinone [9]. The non-enzymatic component can be chemically measured in blood plasma by facing it to several oxidizing substances, obtaining the non-enzymatic antioxidant capacity (NEAC), total antioxidant status, or, henceforth, total antioxidant capacity (TAC). The use of indices of global redox status, such as plasma TAC, may be more appropriate than the comparison of single biomarkers to evaluate oxidative stress. In this context, TAC seems a useful parameter for assessing the global redox status in children and adolescents [10].



Regardless of dietary modifications, physical activity interventions seem to improve body mass index in children and adolescents [11,12]. Similarly, the practice of physical activity, both in adults and children, has been associated with an increase in antioxidants and a reduction of pro-oxidants [13]. Additionally, obesity has been related to an imbalanced redox status [14]. However, it is unclear whether the effect of exercise on redox status is mediated or not by changes in body weight status.



The effect of acute and chronic physical activity practice on oxidative stress responses in children and adolescents has been recently reviewed [15]. Acute exercise seems to induce a relevant, but transient, increase in markers of oxidative stress. In contrast, regular exercise appears to be associated with increased antioxidants and reduced systemic oxidative biomarkers, even independently of body weight status. However, the studies included in that review are heterogeneous in terms of the type of exercise, intensity, and time of physical activity practiced [15].



The World Health Organization (WHO) and other international institutions have recommended that children and adolescents should perform at least an average of 60 min per day of moderate to vigorous-intensity, mostly aerobic activities across the week, in order to achieve several positive outcomes regarding cardiovascular, metabolic, and musculoskeletal health [16]. However, the impact of physical activity, especially in terms of time and intensity, on redox status, has not been accurately described for children and adolescents. In fact, to our knowledge, evaluation of the redox status of children according to objectively-measured physical activity by accelerometry has not been investigated.



We hypothesized that physical activity practice, especially moderate-to-vigorous physical activity (MVPA), and sedentary time could be related to higher plasma levels of TAC in children and adolescents, showing a better global redox status. For this purpose, we aimed to compare plasma levels of TAC and biomarkers of oxidative stress (urinary F2-IsoPs and 8-OHdG) according to a Physical Activity-Sedentarism Score (PASS), characterized by moderate and vigorous physical activity and sedentary time measured by accelerometry, in a cross-sectional sample of Spanish children from the GENOBOX study.




2. Materials and Methods


2.1. Population


The present work was part of the GENOBOX study. GENOBOX is a case-control, multicenter study carried out in a total of 1444 children (706 males and 738 females), aged 3 to 17 years Spanish children during 2012–2015. Detailed inclusion and exclusion criteria as well as informed consent and approval by the local Ethics Committees of the three Spanish Hospitals (Hospital Universitario Reina Sofía, Córdoba; Hospital Clínico Universitario, Santiago de Compostela; and Hospital Clínico Universitario Lozano Blesa, Zaragoza, Spain; Code IDs: Córdoba 01/2017, Santiago 2011/198, Zaragoza 12/2010) where children were recruited have been reported elsewhere [14]. A subsample of 216 children (111 boys) was selected based on the following inclusion criteria for the present study: Caucasian children and adolescents aged 6 to 14 with body composition measured by bioelectrical impedance analysis, valid blood measurements including sex hormones (follicle-stimulating hormone, luteinizing hormone, testosterone in boys, and estradiol in girls), and accurate data from an accelerometry standardized protocol, as well as measured plasma levels of TAC and urinary F2-IsoPs and 8-OHdG. Within the subsample of 216 subjects, a subgroup of 74 children (33 boys) also had measures of plasma carotenes, retinol, and tocopherols.




2.2. Clinical and Anthropometric Examination


Medical history and a physical exam including the evaluation of sexual maturity according to Tanner’s five-stages were assessed and confirmed with sexual hormone measurements. Anthropometric measurements were taken by a single examiner, and details have been previously reported [17].




2.3. Blood Sampling


Blood samples were drawn from the antecubital vein between 08:00 and 09:30 h after an overnight fast. Routine blood tests (Glucose (CV = 3.0%), plasma insulin (CV = 2.6%), follicle-stimulant hormone (CV = 3.6%); luteinizing hormone (CV = 3.1%), testosterone (CV = 2%), and estradiol (CV = 1.8%) were measured as previously reported using automated analyzers [17] The homeostasis model assessment of insulin resistance (HOMA-IR) was calculated based on the published equation: HOMA-IR = fasting glucose (mmol) × fasting insulin (mU/mL)/22.5 [18].



Plasma TAC was determined by colorimetry using a commercial antioxidant assay kit (Cat no. 709001, Cayman Chemical, Ann Arbor, MI, USA). Urinary F2-IsoPs was determined by using a commercial competitive ELISA kit (EA85 Oxford Biomedical Research, Oxford, MI, USA) (CV): 14.13%). Urinary 8-OHdG was also determined by using a commercial competitive ELISA kit (KOG-200S/E JaICA, Fukuroi, Japan) (CV: 5.73%). The concentrations were normalized by urinary creatinine and expressed in ng/mg of creatinine. Creatinine concentration in urine samples was determined with a colorimetric kit (Ref. 1001115, Spinreact, Barcelona, Spain) (CV: 2.89%). Measurement of plasma concentrations of retinol, carotenes, and tocopherols were determined after extraction with 1-propanol by ultra-high-pressure liquid chromatography coupled to mass spectrometry UHPLC-MS as reported elsewhere [14].




2.4. Accelerometry


ActiGraph GT3X and GT3X+ accelerometers (ActiGraph; Pensacola, FL, USA) were used to assess physical activity levels in this study. Accelerometers were placed over the right iliac crest and held in place using an adjustable elastic belt for 24 h a day with a minimum of 8 h of monitoring per day for at least 3 days (at least one weekend day). It was programmed for 15 epochs (period of 15 s), as previously recommended [19]. Accelerometry data were processed using the Actilife v6.13.3 program (ActiGraph; Pensacola, FL, USA) replacing, as a missing data code before further analysis, all negative counts and periods of 20 min or more of consecutive zero counts were replaced [20]. The output generated by the ActiGraph GT3X+ included the total volume of physical activity and each physical activity intensity as defined by the cut-points of counts per minute (CPMs) based in the classification by Evenson et al. [21].




2.5. Statistical Analysis


All continuous variables were tested for normality using the Shapiro–Wilk and Kolmogorov tests; the variables following a non-normal distribution were square-root (TAC, 8-OHdG, F2-IsoPs, fat body mass (FM), moderate and vigorous physical activity) or logarithm transformed (sedentary time). The homogeneity of variances was estimated using Levene’s test. Differences between pre-pubertal and pubertal children were analyzed by two-independent-sample t-tests or Mann–Whitney U tests. χ2 tests were applied to categorical variables expressed in percentage.



Principal component analysis (PCA) was performed to investigate the relationships among body mass index, body composition, peripheral tissue insulin resistance—as a risk feature of metabolic syndrome—physical activity levels, and oxidative stress and TAC in the 210 children. Extraction of the initial set of uncorrelated components was accomplished with the principal factor method, and then Varimax orthogonal rotation of components was used to facilitate interpretation. High loading values indicate a stronger relationship between a factor and an observed variable. Factor loadings lower than 0.359 (critical factor, p < 0.001) revealed marginal correlations.



To estimate the overall physical activity and sedentarism levels, a composite activity score of sedentary time, moderate and vigorous intensities was calculated (i.e., PASS). For this purpose, quartiles of each variable were designed, being the minutes of moderate and vigorous physical activity higher for the fourth quartile compared to the first one, and the opposite for sedentary time. Each subject obtained 1 to 4 points according to the quartile of each variable (e.g., 1 point for being in Q1 for moderate physical activity or 4 points for being in Q4 for sedentary time). By summing the points of the three variables, the PASS was obtained for each subject. The PASS ranged from 3 (all variables in the first quartile) to 12 (all variables in the fourth quartile); a higher score indicated a higher active habit. Based on this score, four groups of PASS were established: very low active (VLA; a score of 3), low active (LA; score from 4 to 6), moderately active (MA; score from 7 to 9), and high active (HA; score from 10–12). MANOVA was used to test the difference between the four groups across several outcome variables/outcomes simultaneously and Box’s test looks at the assumption of equal covariance matrices. Pillai’s trace value lower than 0.05 was considered statistically significant for the MANOVA test. Differences between the four groups based on the PASS were later analyzed using univariant ANCOVA (UNIANCOVA), adjusting for age and/or body mass index (BMI) z-score; pairwise differences were assessed by post hoc analyses to determine differences between experimental groups. For those variables not following normality, a Kruskal–Wallis test was used to evaluate differences between groups. Values in the descriptive tables and results are expressed as means and standard deviations. Differences were considered significant when p < 0.05. All statistical procedures were conducted using SPSS (IBM SPSS Statistics, Version 25.0. Armonk, NY, USA).





3. Results


General demographic, anthropometric, physical activity, and peripheral insulin resistance variables in prepubertal and pubertal selected children within the GENOBOX study are shown in Table 1. Within the 216 subjects, 105 were at prepubertal and 111 at the pubertal stage. There were no differences between prepubertal and pubertal groups regarding BMI z-score and percentages of FM and fat free mass (FFM). No differences were also found for moderate physical activity, but it was closed to statistical significance. At the same time, HOMA-IR and sedentary time were significantly higher for those at pubertal status.



From the eight items included in the PCA (physical activity, body composition, insulin resistance, oxidative stress, and total plasma antioxidant capacity), three principal components were extracted (Table 2), which explained 64.4% of the total variance (30% of the variance was explained by the first factor, an additional 21% by the second factor, and another 13% by the third factor) (Table 3). The first principal component, termed “metabolic risk” showed a positive correlation between HOMA-IR, FM, and FFM, and humble correlations for sedentary time (negative) and MVPA (positive). The second component, termed “oxidative stress”, included correlations among urinary F2-IsoPs, 8-OHdG, and sedentary time. The third component named “physical activity” included a positive correlation between FFM and MVPA, and negative with sedentary time. TAC did not reach the critical value to be included in any of the components.



The differences between PASS levels for the variables included in the PCA are presented in Table 4 and Figure 1, Figure 2 and Figure 3. Children with a higher PASS allocated in the high active group had a lower BMI z-score than those in the moderately active and low active groups.



Figure 1 depicts the differences between the PASS levels for the variables with a higher factor loading of the “metabolic risk” component (FM, FFM, and HOMA-IR). Children in the high active group showed the lowest levels of FM and HOMA-IR. No differences were found between groups for FFM.



The influence of PASS on redox status, assessed by plasma TAC, and urinary F2-IsoPs and 8-OHdG, is represented in Figure 2. TAC’s plasma level was lower for those children in the high active group compared to those in the moderately active and low active groups (UNIANCOVA p = 0.035, Figure 2a). Regarding the evaluation of the oxidative stress status, children in the high active group showed lower urine levels of 8-OHdG (Figure 2b) and F2-IsoPs (Figure 2c) than the rest of the groups (UNIANCOVA p = 0.005 and p = 0.036, respectively).



Finally, the plasma concentration of some components of the non-enzymatic antioxidant defense system, retinol, beta-carotene, and tocopherols were measured in a subgroup of our study. Differences in the plasma levels of these biomarkers, according to the PASS groups, are presented in Figure 3. Children in the low active group showed the highest values of retinol (UNIANCOVA, p = 0.002) compared to those in other groups. Regarding tocopherols (UNIANCOVA, p = 0.022), children in the high active group showed lower levels compared with children with very low active and moderately active groups.




4. Discussion


The influence of objectively measured physical activity and sedentary time on redox status of children and adolescents has been scarcely described so far. In the present analysis, a high PASS, characterized by a high time spent on moderate and vigorous physical activity, along with a low sedentary time, was associated with lower levels of plasma TAC, and urinary F2-IsoPs and 8-OHdG and, therefore, to better redox status.



Differences in the redox profile (oxidants and antioxidants) of children and adolescents according to their physical fitness, sports practice, and physical activity collected by questionnaires have been previously reported [15,22,23]. However, since WHO has recommended to “practice at least an average of 60 min per day of moderate- to vigorous-intensity physical activity across the week” and to “limit the amount of sedentary time, particularly the amount of recreational screen time”, we noticed that there are no data about the influence of physical activity, in terms of duration and intensity, and sedentarism on redox status [16]. In this context, our study showed that high active children, who performed 76 min of MVPA on average and spent significantly less time being sedentary, presented lower levels of plasma TAC, urinary F2-IsoPs and 8-OHdG than moderately active children who performed a mean of MVPA of 55 min/day, close to the international recommendation. These results agree with the statements of the WHO about physical activity practice and sedentary time limitation in children and adolescents, but also suggest the possible benefit on redox status of increased MVPA practice.



In our study, contrary to what we expected, children with a higher PASS, especially high active children, showed the lowest plasma TAC concentrations. There are several possible factors that could explain this finding. On one hand, the effect of physical activity practice on redox status is different for acute or chronic exercise. Globally, acute exercise produces a transient increase in both pro-oxidant and antioxidant biomarkers, while a regular physical activity practice improves the antioxidant defense system and reduces the systemic levels of oxidative stress markers [15]. Focusing on TAC plasma levels, they seem to increase in response to acute exercise, while the effect of chronic exercise on these concentrations remains controversial [15,24,25]. Regarding the oxidative stress biomarkers measured in our study, urinary 8 F2-IsoPs and 8-OHdG, the available evidence of the long-term effect of regular physical activity on these parameters is scarce [26,27]. Nasca et al. reported an increase in urinary F2-IsoPs concentrations after a 5-week exercise program in scholars [26]. In contrast, no significant changes in urinary F2-IsoPs concentrations were found after a 3-month exercise program in adolescent girls [27]. These results are controversial and none of these studies measured biomarkers of the antioxidant defense system to evaluate de redox status. However, in our study, we also found that those children with a high PASS and low TAC plasma concentration also showed the lowest urine concentrations of 8-OHdG and F2-IsoPs. In this context, we hypothesize that concomitantly reduced oxidative stress markers in children with a high PASS may explain a diminished need of maintaining high concentrations of antioxidants in plasma during rest to achieve redox homeostasis. Regular practice of physical activity may reduce basal levels of oxidative stress biomarkers, improve the response of the antioxidant defense system to a stress situation, or even both. In this way, it would be interesting to evaluate the differences in the plasma levels of TAC in response to an acute planned exercise between groups with different PASS.



On the other hand, body composition (FM and FFM) is also related to differences in the redox status of children. Obesity and its associated comorbidities have been linked to imbalanced redox homeostasis both in adults and children [14,28]. In fact, plasma concentrations of TAC seem to be lower in children with obesity when compared to normal-weight peers [24,29,30]. However, Ruperez et al. [14] recently described different plasma TAC concentrations according to pubertal status. Thus, obese children at the prepubertal stage had lower TAC and pubertal children higher TAC than controls [14]. In this context, available evidence suggests that obesity may negatively affect the exercise-related antioxidant responses to acute exercise [15,24]. While the regular practice of physical activity seems to improve both, body composition [11,12] and oxidative stress status [13,15], as much in children as in adults. In order to shed light on the relationships between these variables, the PCA performed in the present study showed that body composition was associated with MVPA and sedentary time (first component: metabolic risk). In contrast, oxidative stress biomarkers were associated with sedentary time (second component: oxidative stress) (Table 3). In addition, a higher score of PASS was associated with lower FM and HOMA-IR, but also with lower levels of TAC, urinary 8-OHdG and F2-IsoPs, even after age- and BMI z-score-adjustments. These data suggest that regular practice of physical activity can influence oxidative stress improvement in both ways, indirectly (through changes in body composition) and directly.



Lastly, pubertal status has been related to differences in the redox response to exercise. Available evidence suggests that the transition from childhood to adolescence may promote a maturation of pro-oxidant and anti-oxidant mechanisms associated with the activation of somatotropic and gonadal axes [15]. Recently, Chaki et al. [31] compared the redox status, from baseline and after a high-intensity exercise, between sedentary pre- and post-pubertal boys. They found in both baseline and post-exercise that pro-oxidant and anti-oxidant biomarkers were higher for those with pubertal maturation. They suggested post-pubertal boys may face to oxidative stress more efficiently than their prepubertal peers [31]. Following the same trend, pubertal children of our sample exhibited higher levels of TAC than those who were prepubertal and the relationship between TAC and PASS levels remained negative for both groups but attenuated for pubertal children (data not shown).



Regarding sedentary time, there are no data about its effect on oxidative stress status in children and adolescents. Previous reports evaluating the influence of sedentarism are only focused in sports practitioners. In these studies, higher plasma TAC levels have been reported in professional sports practitioners (basketball players, judokas, kayakers, and canoeists) than in sedentary controls, both at rest and after exercise [32,33,34]. However, these professional sports practitioners also showed higher levels of OS biomarkers than sedentary controls, both at rest and after exercise.



TAC levels were lower in high active group compared with low active group. However, the concentrations of retinol, beta-carotene, and tocopherols, which contribute to determining TAC, had a different trend. The reason for these apparently contradictory results may be because plasma TAC is influenced not only by liposoluble antioxidants, namely α-tocopherol, β-carotene, which are mainly located in lipoproteins, and retinol, which is bounded to retinol-binding protein but for plasma proteins, notably albumin and other thiols rich proteins, urate and ascorbate. The contribution to TAC from urate has been reported to be (35–65%) and plasma proteins (10–50%), while ascorbate (0–24%) and tocopherol (5–10%) [35].




5. Strengths and Limitations


To our knowledge, this is the first study evaluating the influence of objectively measured physical activity and low active by accelerometry on oxidative stress status in children and adolescents. In addition, most previous studies analyzing redox status of children were focused on obesity and its comorbidities, while the role of physical activity in this relationship had not been adequately investigated. By last, the PASS, which integrates the main components of the WHO recommendations for physical activity and sedentary behavior, showed as a useful parameter to evaluate the health benefits of increased physical activity and reduced sedentary time.



In contrast, our study presents several limitations. First, it is not a longitudinal or intervention study, so we can only describe results and generate hypothesis of the relationship between physical activity and oxidative stress status. Second, among the multiple oxidative stress and antioxidant defense system biomarkers, the most appropriate parameters to evaluate redox status in children and adolescents have not been well established yet. The measurement of TAC is useful for evaluating the redox profile, but it is only a part of the antioxidant defense system. In the same way, F2-IsoPs and 8-OHdG are two of the most common biomarkers of oxidative stress. In this context, we measured plasma TAC and urinary F2-IsoPs and 8-OHdG in an acceptable sample of children and adolescents, while the sample size was substantially reduced when evaluating non-enzymatic biomarkers of oxidative stress (retinol, beta-carotene, and tocopherols) due to the limited availability of blood samples. In this context, due to the variance of plasma TAC and oxidative stress biomarkers, it would be necessary a higher sample size to validate the results of the present work. Furthermore, some other factors not taken into account, such as nutrition or physical fitness, could also mediate the relationship between PA and oxidative stress status.




6. Conclusions


In conclusion, a high physical-activity-sedentarism score characterized by a high time devoted to moderate and vigorous physical activity, along with a low sedentary time, was associated with lower plasma TAC levels and reduced urinary F2-IsoPs and 8-OHdG concentrations, contributing to a better redox profile. Future research should evaluate if these active children perform a better redox response to exercise than those who are less active.







Author Contributions


Conceptualization, M.G.-C., R.L., G.B., Á.G., L.A.M. and C.M.A.; methodology, M.G.-C., R.L., G.B., L.A.M., C.M.A., M.D.M. and F.J.L.-C.; formal analysis, F.J.L.-C., M.D.M. and F.J.A.-G.; investigation, F.J.L.-C., F.J.A.-G., A.I.R., and R.V.-C.; resources, M.G.-C., R.L., G.B. and C.M.A.; data curation, F.J.L.-C., F.J.A.-G. and Á.G.; writing—original draft preparation, F.J.A.-G., F.J.L.-C., Á.G., M.G.-C. and C.M.A.; writing—review and editing, all the group; visualization, F.J.A.-G., F.J.L.-C., Á.G., M.G.-C., M.D.M., A.A.-R. and C.M.A.; supervision, M.G.-C., Á.G. and C.M.A.; project administration, M.G.-C., R.L., G.B. and C.M.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Plan Nacional de Investigación Científica, Desarrollo e Innovación Tecnológica (I + D + I), Instituto de Salud Carlos III-Health Research Funding (FONDOS FEDER) (PI11/02042, PI11/02059, PI11/01425; PI16/00871, PI16/01301, PI16/01205) and RETIC (Redes temáticas de investigación cooperativa) (Red SAMID RD12/0026/0015). The authors also acknowledge Instituto de Salud Carlos III for personal funding of A.A.R: Contratos i-PFIS: doctorados IIS-empresa en ciencias y tecnologías de la salud de la convocatoria 2017 de la Acción Estratégica en Salud 2013–2016 (IFI17/00048). Á.G. was funded by the Research Plan of the Vice-Rectorate of Research and Transfer of the University of Granada, Spain This paper will be included in F.J.A. doctorate, under the “Biomedicine Program” at the University of Córdoba, Spain.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the local Ethics Committee of each hospital (Code IDs: Córdoba 01/2017, Santiago 2011/198, Zaragoza 10/2010).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy restrictions.




Acknowledgments


The authors would like to thank the children and parents who participated in the study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



García-Hermoso, A.; Ezzatvar, Y.; Ramírez-Vélez, R.; Olloquequi, J.; Izquierdo, M. Is device-measured vigorous-intensity physical activity associated with health-related outcomes in children and adolescents? A systematic review and meta-analysis. J. Sport Health Sci. 2020. [Google Scholar] [CrossRef]

	



Saunders, T.J.; Gray, C.E.; Poitras, V.J.; Chaput, J.P.; Janssen, I.; Katzmarzyk, P.T.; Olds, T.; Connor Gorber, S.; Kho, M.E.; Sampson, M.; et al. Combinations of physical activity, sedentary behaviour and sleep: Relationships with health indicators in school-aged children and youth. Appl. Physiol. Nutr. Metab. 2016, 41, S283–S293. [Google Scholar] [CrossRef]

	



Watson, T.A.; MacDonald-Wicks, L.K.; Garg, M.L. Oxidative stress and antioxidants in athletes undertaking regular exercise training. Int. J. Sport Nutr. Exerc. Metab. 2005, 15, 131–146. [Google Scholar] [CrossRef] [PubMed]

	



Sies, H. Oxidative stress: Concept and some practical aspects. Antioxidants 2020, 9, 852. [Google Scholar] [CrossRef]

	



Basu, S. F2-isoprostanes in human health and diseases: From molecular mechanisms to clinical implications. Antioxid. Redox Signal. 2008, 10, 1405–1434. [Google Scholar] [CrossRef]

	



Roberts, L.J.; Morrow, J.D. Measurement of F2-isoprostanes as an index of oxidative stress in vivo. Free Radic. Biol. Med. 2000, 28, 505–513. [Google Scholar] [CrossRef]

	



Kasai, H.; Crain, P.F.; Kuchino, Y.; Nishimura, S.; Ootsuyama, A.; Tanooka, H. Formation of 8-hydroxyguanine moiety in cellular dna by agents producing oxygen radicals and evidence for its repair. Carcinogenesis 1986, 7, 1849–1851. [Google Scholar] [CrossRef] [PubMed]

	



Saito, S.; Yamauchi, H.; Hasui, Y.; Kurashige, J.; Ochi, H.; Yoshida, K. Quantitative determination of urinary 8-hydroxydeoxyguanosine (8-OH-dg) by using ELISA—PubMed. Res. Commun. Mol. Pathol. Pharmacol. 2000, 107, 39–44. [Google Scholar] [PubMed]

	



Urso, M.L.; Clarkson, P.M. Oxidative stress, exercise, and antioxidant supplementation. Toxicology 2003, 189, 41–54. [Google Scholar] [CrossRef]

	



Morandi, A.; Corradi, M.; Piona, C.; Fornari, E.; Puleo, R.; Maffeis, C. Systemic anti-oxidant capacity is inversely correlated with systolic blood pressure and pulse pressure in children with obesity. Nutr. Metab. Cardiovasc. Dis. 2020, 30, 508–513. [Google Scholar] [CrossRef]

	



Mead, E.; Brown, T.; Rees, K.; Azevedo, L.B.; Whittaker, V.; Jones, D.; Olajide, J.; Mainardi, G.M.; Corpeleijn, E.; O’Malley, C.; et al. Diet, physical activity and behavioural interventions for the treatment of overweight or obese children from the age of 6 to 11 years. Cochrane Database Syst. Rev. 2017, 6, CD012651. [Google Scholar] [CrossRef]

	



Al-Khudairy, L.; Loveman, E.; Colquitt, J.L.; Mead, E.; Johnson, R.E.; Fraser, H.; Olajide, J.; Murphy, M.; Velho, R.M.; O’Malley, C.; et al. Diet, physical activity and behavioural interventions for the treatment of overweight or obese adolescents aged 12 to 17 years. Cochrane Database Syst. Rev. 2017, 6, CD012691. [Google Scholar] [CrossRef]

	



de Sousa, C.V.; Sales, M.M.; Rosa, T.S.; Lewis, J.E.; de Andrade, R.V.; Simões, H.G. The Antioxidant Effect of Exercise: A Systematic Review and Meta-Analysis. Sport. Med. 2017, 47, 277–293. [Google Scholar] [CrossRef]

	



Rupérez, A.I.; Mesa, M.D.; Anguita-Ruiz, A.; González-Gil, E.M.; Vázquez-Cobela, R.; Moreno, L.A.; Gil, Á.; Gil-Campos, M.; Leis, R.; Bueno, G.; et al. Antioxidants and oxidative stress in children: Influence of puberty and metabolically unhealthy status. Antioxidants 2020, 9, 618. [Google Scholar] [CrossRef]

	



Avloniti, A.; Chatzinikolaou, A.; Deli, C.K.; Vlachopoulos, D.; Marco, L.G.; Leontsini, D.; Draganidis, D.; Jamurtas, A.Z.; Mastorakos, G.; Fatouros, I.G. Exercise-induced oxidative stress responses in the pediatric population. Antioxidants 2017, 6, 6. [Google Scholar] [CrossRef]

	



WHO. WHO Guidelines on Physical Activity and Sedentary Behaviour; WHO: Geneva, Switzerland, 2020; ISBN 9789241550536. [Google Scholar]

	



Cole, T.J.; Bellizzi, M.C.; Flegal, K.M.; Dietz, W.H. Establishing a standard definition for child overweight and obesity worldwide: International survey. Br. Med. J. 2000, 320, 1240–1243. [Google Scholar] [CrossRef] [PubMed]

	



Matthews, D.R.; Hosker, J.P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.F.; Turner, R.C. Homeostasis model assessment: Insulin resistance and β-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia 1985, 28, 412–419. [Google Scholar] [CrossRef] [PubMed]

	



Migueles, J.H.; Cadenas-Sanchez, C.; Ekelund, U.; Delisle Nyström, C.; Mora-Gonzalez, J.; Löf, M.; Labayen, I.; Ruiz, J.R.; Ortega, F.B. Accelerometer Data Collection and Processing Criteria to Assess Physical Activity and Other Outcomes: A Systematic Review and Practical Considerations. Sport. Med. 2017, 47, 1821–1845. [Google Scholar] [CrossRef] [PubMed]

	



Treuth, M.S.; Schmitz, K.; Catellier, D.J.; McMurray, R.G.; Murray, D.M.; Almeida, M.J.; Going, S.; Norman, J.E.; Pate, R. Defining accelerometer thresholds for activity intensities in adolescent girls. Med. Sci. Sports Exerc. 2004, 36, 1259–1266. [Google Scholar] [CrossRef] [PubMed]

	



Evenson, K.R.; Catellier, D.J.; Gill, K.; Ondrak, K.S.; McMurray, R.G. Calibration of two objective measures of physical activity for children. J. Sports Sci. 2008, 26, 1557–1565. [Google Scholar] [CrossRef]

	



Llorente-Cantarero, F.J.; Gil-Campos, M.; Benitez-Sillero, J.D.; Muñoz-Villanueva, M.C.; Túnez, I.; Pérez-Navero, J.L. Prepubertal children with suitable fitness and physical activity present reduced risk of oxidative stress. Free Radic. Biol. Med. 2012, 53, 415–420. [Google Scholar] [CrossRef]

	



Llorente-Cantarero, F.J.; Gil-Campos, M.; de Benitez-Sillero, J.D.; Muñoz-Villanueva, M.C.; Tasset, I.; Pérez-Navero, J.L. Profile of oxidant and antioxidant activity in prepubertal children related to age, gender, exercise, and fitness. Appl. Physiol. Nutr. Metab. 2013, 38, 421–426. [Google Scholar] [CrossRef]

	



Paltoglou, G.; Fatouros, I.G.; Valsamakis, G.; Schoina, M.; Avloniti, A.; Chatzinikolaou, A.; Kambas, A.; Draganidis, D.; Mantzou, A.; Papagianni, M.; et al. Antioxidation improves in puberty in normal weight and obese boys, in positive association with exercise-stimulated growth hormone secretion. Pediatric Res. 2015, 78, 158–164. [Google Scholar] [CrossRef] [PubMed]

	



Alghadir, A.H.; Gabr, S.A.; Iqbal, Z.A.; Al-Eisa, E. Association of physical activity, vitamin E levels, and total antioxidant capacity with academic performance and executive functions of adolescents. BMC Pediatrics 2019, 19, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Nasca, M.M.; Zhang, R.; Super, D.M.; Hazen, S.L.; Hall, H.R. Increased oxidative stress in healthy children following an exercise program: A pilot study. J. Dev. Behav. Pediatrics 2010, 31, 386–392. [Google Scholar] [CrossRef] [PubMed]

	



Youssef, H.; Groussard, C.; Lemoine-Morel, S.; Jacob, C.; Moussa, E.; Fazah, A.; Pineau, J.C.; Pincemail, J.; Cillard, J.; Delamarche, A. Aerobic training suppresses exercise-induced lipid peroxidation and inflammation in overweight/obese adolescent girls. Pediatric Exerc. Sci. 2015, 27, 67–76. [Google Scholar] [CrossRef]

	



Paltoglou, G.; Schoina, M.; Valsamakis, G.; Salakos, N.; Avloniti, A.; Chatzinikolaou, A.; Margeli, A.; Skevaki, C.; Papagianni, M.; Kanaka-Gantenbein, C.; et al. Interrelations among the adipocytokines leptin and adiponectin, oxidative stress and aseptic inflammation markers in pre- and early-pubertal normal-weight and obese boys. Endocrine 2017, 55, 925–933. [Google Scholar] [CrossRef]

	



Vehapoglu, A.; Turkmen, S.; Goknar, N.; Özer, Ö.F. Reduced antioxidant capacity and increased subclinical inflammation markers in prepubescent obese children and their relationship with nutritional markers and metabolic parameters. Redox Rep. 2016, 21, 271–280. [Google Scholar] [CrossRef]

	



Rowicka, G.; Dyląg, H.; Ambroszkiewicz, J.; Riahi, A.; Weker, H.; Chełchowska, M. Total Oxidant and Antioxidant Status in Prepubertal Children with Obesity. Oxid. Med. Cell. Longev. 2017, 2017. [Google Scholar] [CrossRef]

	



Chaki, B.; Pal, S.; Chattopadhyay, S.; Bandyopadhyay, A. High-intensity exercise-induced oxidative stress in sedentary pre-pubertal & post-pubertal boys: A comparative study. Indian J. Med. Res. 2019, 150, 167–174. [Google Scholar] [CrossRef]

	



Yilmaz, N.; Erel, Ö.; Hazer, M.; Baǧci, C.; Namiduru, E.; Gül, E. Biochemical assessments of retinol, α-tocopherol, pyridoxal—5-phosphate oxidative stress index and total antioxidant status in adolescent professional basketball players and sedentary controls. Int. J. Adolesc. Med. Health 2007, 19, 177–186. [Google Scholar] [CrossRef]

	



Teixeira, V.; Valente, H.; Casal, S.; Pereira, L.; Marques, F.; Moreira, P. Antioxidant status, oxidative stress, and damage in elite kayakers after 1 year of training and competition in 2 seasons. Appl. Physiol. Nutr. Metab. 2009, 34, 716–724. [Google Scholar] [CrossRef] [PubMed]

	



Abed, K.; Rebai, H.; Bloomer, R.J.; Trabelsi, K.; Masmoudi, L.; Zbidi, A.; Sahnoun, Z.; Hakim, A.; Tabka, Z. Antioxidant status and oxidative stress at rest and in response to acute exercise in judokas and sedentary men. J. Strength Cond. Res. 2011, 25, 2400–2409. [Google Scholar] [CrossRef] [PubMed]

	



Wayner, D.D.; Burton, G.W.; Ingold, K.U.; Barclay, L.R.; Locke, S.J. The relative contributions of vitamin E, urate, ascorbate and proteins to the total peroxyl radical-trapping antioxidant activity of human blood plasma. Biochim. Biophys. Acta 1987, 924, 408–419. [Google Scholar] [CrossRef]








[image: Antioxidants 10 00320 g001 550] 





Figure 1. Fat mass, fat-free mass and HOMA-IR according to Physical Activity-Sedentarism Score (PASS) groups in Spanish children from the GENOBOX study. FM: fat mass; FFM: fat-free mass; HOMA-IR: homeostasis model assessment-insulin resistance; VLA: very low active; LA: low active; MA: moderately active; HA: high active. Differences between PASS levels were analyzed using one-way ANCOVA, adjusting for age and/or BMI z-score; pairwise differences were assessed by post hoc analyses to determine differences between experimental groups. For those variables not following normality, a Kruskal–Wallis test was used to evaluate differences between groups. FM: # Differences between the HA and VLA of (p = 0.003). HOMA-IR (UNIANCOVA, p=0.005): † Differences between HA vs. LA and VLA (p = 0.018 and p = 0.010, respectively); * Differences between A vs. LA and VLA (p = 0.014 and p = 0.010, respectively). p for trend for HOMA-IR (p = 0.001) and FM (p = 0.044). 
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Figure 2. (a)Total plasma antioxidant capacity, (b) urinary 8-hydroxy-2’-deoxyguanosine and (c) F2α-Isoprostanes by Physical Activity-Sedentarism Score (PASS) groups in Spanish children from the GENOBOX study. TAC: total plasma antioxidant capacity; 8-OHdG: 8-hydroxy-2’-deoxyguanosine; F2-IsoPs: F2α-isoprostanes; PA: physical activity; VLA: very low active; LA: low active; MA: moderately active; HA: high active. Differences between PASS levels were analyzed using one-way ANCOVA, adjusting for age and/or BMI z-score; pairwise differences were assessed by post hoc analyses to determine differences between experimental groups. For those variables not following normality, a Kruskal–Wallis test was used to evaluate differences between groups. * Differences with HA score. p for trend for TAC (p = 0.020). 
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Figure 3. (a) Plasma retinol, (b) beta-carotene, and (c) tocopherols levels according to the Physical-Activity-Sedentarism Score (PASS) levels in Spanish children from the GENOBOX study. PA: physical activity; VLA: very low active; LA: low active; MA: moderately active; HA: high active. Differences between PASS levels were analyzed using one-way ANCOVA, adjusting for age and/or BMI z-score; pairwise differences were assessed by post hoc analyses to determine differences between experimental groups. For those variables not following normality, a Kruskal–Wallis test was used to evaluate differences between groups. * Differences with HA; # Differences with VLA; † Differences MA. p for trend for retinol (p = 0.043) and tocopherols (p = 0.040). 
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Table 1. General demographic, anthropometric, physical activity, and peripheral insulin resistance variables in prepubertal and pubertal Spanish children from the GENOBOX study.
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	Variables
	All Participants

(216)
	Prepubertal

(105)
	Pubertal

(111)
	p-Value





	Age (years)
	10.8 ± 2.2
	9.4 ± 1.7
	12.1 ± 1.7
	<0.001



	Weight (kg)
	50.3 ± 17.3
	41.8 ± 12
	58.2 ± 17.9
	<0.001



	Height (m)
	1.47 ± 0.13
	1.38 ± 0.10
	1.55 ± 0.10
	<0.001



	BMI (kg/m2)
	22.9 ± 5.2
	21.7 ± 4.5
	23.9 ± 5.6
	0.003



	BMI z-score
	1.15 ± 2.14
	1.11 ± 2.38
	1.15 ± 2.18
	0.886



	FM (kg)
	15.2 ± 9.3
	12.8 ± 7
	17.3 ± 10.6
	0.001



	FM (%)
	27.8 ± 9.9
	27.9 ± 9.3
	27.6 ± 10.4
	0.836



	FFM (kg)
	35.1 ± 10.2
	29.4 ± 6.4
	40.4 ± 10.3
	<0.001



	FFM (%)
	71.6 ± 11.1
	71.5 ± 10.4
	71.7 ± 11.8
	0.887



	Normal weight (%)
	34.9
	14.9
	20.2
	0.342 *



	Overweight (%)
	23
	11.5
	11.5
	0.342 *



	Obesity (%)
	42.1
	22.6
	19.2
	0.342 *



	HOMA-IR
	2.91 ± 1.81
	2.32 ± 1.54
	3.40 ± 1.83
	<0.001



	ST (min/d)
	482 ± 97
	467 ± 103
	495 ± 89
	0.018



	PA Moderate (min/d)
	38 ± 14
	40 ± 13
	36 ± 15
	0.050



	PA Vigorous (min/d)
	15 ± 10
	14 ± 8
	16 ± 11
	0.251



	MVPA (min/d)
	53 ± 21
	54 ± 20
	52 ± 23
	0.494







BMI: body mass index; FM: fat mass; FFM: fat-free mass; HOMA-IR: homeostasis model assessment-insulin resistance; ST: sedentary time; PA: physical activity; MVPA: mean moderate-vigorous physical activity. Data are shown as mean ± SD. Student’s t-test for parametric analysis and U de Mann–Whitney for non-parametric analysis was used to compare variables between prepubertal and pubertal stages. * represents p value for Chi-square test.
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Table 2. Principal component analysis for the GENOBOX study extracted from physical activity, body composition, peripheral tissue insulin resistance, oxidative stress, and total plasma antioxidant capacity variables.
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Variables

	
Component matrix a




	
Factor *




	
Metabolic Risk

	
Oxidative Stress

	
Physical Activity






	
HOMA-IR

	
0.831

	

	




	
FM (kg)

	
0.804

	

	




	
FFM (kg)

	
0.798

	

	
0.388




	
TAC (mM)

	
0.356

	

	




	
8-OHdG (ng/mL)

	

	
0.859

	




	
F2-IsoPs (ng/mL)

	

	
0.831

	




	
MVPA (min/d)

	
−0.377

	

	
0.771




	
ST (min/d)

	
0.366

	
0.387

	
−0.422








HOMA-IR: homeostasis model assessment-insulin resistance; FM: fat mass; FFM: fat-free mass; TAC: plasma total antioxidant capacity; 8-OHdG: urinary 8-hydroxy-2′-deoxyguanosine; F2-IsoPs: urinary F2α-isoprostanes; MVPA: mean moderate-vigorous physical activity; ST: sedentary time. a Extraction of the initial set of uncorrelated components was accomplished with the principal factor method, and then the Varimax orthogonal rotation of components was used to facilitate interpretation. The number of components retained was based on Scree plot analysis and eigenvalues greater than 1 (with the components accounting for more of the total variance than any single variable). * Factor loading is the product-moment correlation (a measure of linear association) between an observed variable and an underlying factor. A significant loading factor was defined as a value greater than 0.359 (p < 0.01).
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Table 3. Eigen values and percentages of variance associated with each linear component (factor) before extraction, after extraction, and after rotation, in the principal component analysis for the GENOBOX study of children relating physical activity, body composition, and peripheral tissue insulin resistance to risk factors for oxidative stress and total plasma antioxidant capacity.
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Component

	
Total Variance Explained




	
Initial Eigenvalues

	
Sums of Loads Squared from Extraction

	
Sums of Loads Squared of Rotation




	
Total

	
% of variance

	
% Accumulated

	
Total

	
% of Variance

	
% Accumulated

	
Total

	
% of Variance

	
% Accumulated






	
1

	
2.402

	
30.029

	
30.029

	
2.402

	
30.029

	
30.029

	
2.232

	
27.901

	
27.901




	
2

	
1.694

	
21.175

	
51.204

	
1.694

	
21.175

	
51.204

	
1.634

	
20.424

	
48.325




	
3

	
1.063

	
13.293

	
64.496

	
1.063

	
13.293

	
64.496

	
1.294

	
16.171

	
64.496








The first value in the row gives the proportion of variance (the degree of spread in the data set) explained by body composition and tissue peripheral resistance; the second value, the proportion explained by oxidative stress; and the third value, the proportion explained by the level of MVPA and sedentarism.
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Table 4. Differences in body mass index (BMI) z-score, moderate-vigorous physical activity and sedentary time between groups of Physical Activity-Sedentarism Score (PASS) of the Spanish children from the GENOBOX study.
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Variables

	
Physical Activity-Sedentarism Score Levels

	
p-Value

	
p-Value for Trend




	
Very Low Active

(12)

	
Low Active

(65)

	
Moderate Active

(82)

	
High Active

(57)






	
BMI z-score

	
1.25 ± 1.4 a,b

	
1.57 ± 2.1 a,b

	
1.41 ± 1.9 a,b

	
0.51 ± 2.9 a,c

	
0.046

	
0.029




	
PASS

	
3 a

	
5.27 ± 0.78 b

	
8 ± 0.84 c

	
10.88 ± 0.81 d

	
<0.001

	
<0.001




	
MVPA (min/d)

	
22 ± 5 a

	
34 ± 11 b

	
55 ± 12 c

	
76 ± 17 d

	
<0.001

	
<0.001




	
ST (min/d)

	
601 ± 70 a

	
517 ± 92 b

	
471 ± 95 c

	
397 ± 54 d

	
<0.001

	
<0.001








BMI: body mass index; PASS: Physical Activity-Sedentarism Score; PA: physical activity; MVPA: moderate-vigorous physical activity; ST: Sedentary time. Data are shown as mean ± SD. One-way ANOVA test was used to compare variables among the different PASS levels. No matching superscript letters (a, b, c, d) indicate significant differences (p < 0.05) by pairwise post hoc test adjusted for age and/or BMI z-score to determine which experimental groups differed from each other.
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