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Abstract
Background
The aim of this study was to investigate if the supplementation with Opuntia ficus-indica (OFI) juice may affect plasma redox balance and heart rate variability (HRV) parameters following a maximal effort test, in young physically active women.

Methods
A randomized, double blind, placebo controlled and crossover study comprising eight women (23.25 ± 2.95 years, 54.13 ± 9.05 kg, 157.75 ± 0.66 cm and BMI of 21.69 ± 0.66 kg/m2) was carried out. A juice containing OFI diluted in water and a Placebo solution were supplied (170 ml; OFI = 50 ml of OFI juice + 120 ml of water; Placebo = 170 ml beverage without Vitamin C and indicaxanthin). Participants consumed the OFI juice or Placebo beverage every day for 3 days, before performing a maximal cycle ergometer test, and for 2 consecutive days after the test. Plasma hydroperoxides and total antioxidant capacity (PAT), Skin Carotenoid Score (SCS) and HRV variables (LF, HF, LF/HF and rMSSD) were recorded at different time points.

Results
The OFI group showed significantly lower levels of hydroperoxides compared to the Placebo group in pre-test, post-test and 48-h post-test. PAT values of the OFI group significantly increased compared to those of the Placebo group in pre-test and 48-h post-test. SCS did not differ between groups. LF was significantly lower in the OFI group 24-h after the end of the test, whereas rMSSD was significantly higher in the OFI group 48-h post-test.

Conclusion
OFI supplementation decreased the oxidative stress induced by intense exercise and improved autonomic balance in physically active women.
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Background
It is known that physical exercise induces an alteration in redox balance according to type, intensity, duration and energetic demands of the training stimulus [1–3]. Single intensive bouts of aerobic and anaerobic exercise, as well as chronic exercise promote an increase in the production of reactive oxygen species (ROS) [4, 5], which have different effects on the systemic redox homeostasis depending on the oxidative-stress induced adaptation level [6]. Indeed, the vulnerability of the body to exercise-induced oxidative stress is significantly enhanced in sedentary compared to physically active people [6]. However, scientific evidence still needs to clarify if specific outcomes for ROS generation in health and sport performance are present [7–10]. Agreement although exists regarding oxidative modifications associated to a ROS overproduction, which can limit muscle contraction and induce neuromuscular fatigue, impairing sarcolemmal function, calcium regulation, myofilament interaction and mitochondrial metabolism [8]. However, physiological ROS formation during moderate exercise has an important hormetic function in modulating cell signaling, including the upregulation of antioxidant enzymes [7].
Recently, an increasing number of studies has demonstrated that consumption of specific foods, rich in antioxidants, can ameliorate post-exercise muscle recovery and reduce oxidant load which helps maintaining long-term health in athletes [10, 11]. Among these foods, Opuntia ficus indica (OFI) fruits are considered a valuable ingredient for sports and energy drinks due to the high mineral and vitamin content of calcium, magnesium, potassium, vitamin C [12] and amino acids as proline, glutamine and taurine [13]. Moreover, the characteristic betalains of the OFI fruit have been reported to have health-promoting properties [14, 15]. It has been shown that the consumption of fresh OFI fruit significantly decreases oxidative stress and inflammatory markers, and is associated with an improved antioxidant status in healthy subjects [16, 17]. An example may be found in a study by Khouloud et al. [18], that provided evidence of a reduced exercise-related oxidative stress and muscle damage and improved aerobic performance after 2 weeks of OFI supplementation. These findings suggest that OFI supplementation may be used to improve recovery function following exercise.
A valuable tool employed to measure recovery after exercise, is heart rate variability (HRV) [19]. Different parameters of HRV reflect changes in autonomic nervous system activity and can be altered by high training loads, therefore this tool can be used to evaluate states of fatigue [20].
To the best of our knowledge, there are no studies investigating the effect of OFI supplementation on oxidant and antioxidant production and autonomic status in post-exercise recovery. Therefore, this study aims to investigate the effects of OFI juice supplementation on redox balance and HRV, after a maximal aerobic effort test in physically active women.
Methods
Participants
Ten healthy female subjects were recruited for this study by the sporting center of Palermo university (CUS Palermo). Informed consent was mandatory to participate to this study. The institutional Review Board of Palermo University approved the research protocol (Comitato Etico Palermo 1, N. 04, 2018) and all procedures were carried out in accordance with the Declaration of Helsinki (2000). Before data collection, the recruited participant had to fill an anamnesis questionnaire to exclude smokers, those taking medications (including contraceptive pills) or nutritional supplements, or had recent musculoskeletal injures. Moreover, the participants had to report if they were amenorrhoeic. During the first assessment procedures, the participants had to be in the luteal phase of their menstrual cycle, since this seems to correspond to the lowest physiological ROS production period in women [21]. All participants were considered active. Each participant regularly practiced resistance training 3 to 4 times per week. Of the ten subjects who began the study, two did not complete it and were excluded from the final analysis. The characteristics of the remaining eight participants were 23.25 ± 2.95 years of age, 54.13 ± 9.05 kg, 157.75 ± 0.66 cm with a BMI of 21.69 ± 0.66 kg/m2.
Study design
This is a randomized, double-blind, placebo controlled and crossover design (Fig. 1) study. The participants were randomly divided into two groups, designated as OFI and Placebo. The OFI group received 50 ml of cold-concentrated juice from peeled fresh fruits of Sicilian Opuntia Ficus Indica (NopalRed, Nopal Company srl, Biancavilla, CT, Italy), diluted with water to 170 ml; the Placebo group received 170 ml of a beverage containing the same ingredients of the OFI juice as reported in the commercial preparation, except for the antioxidant Vitamin C and the bioactive phytochemical indicaxanthin. Each participant was instructed to consume either the OFI or Placebo juice along with their breakfast, every day for 3 days before the maximal effort test and continue to take it for 2 consecutive days after the second testing procedure. The supplementation also occurred in the testing days. One week before starting the supplementation, all participants were tested (see following sections) in order to determine a baseline measure. In this occasion, covered bottles of OFI or Placebo were distributed to all participants who were instructed about the procedure of supplement intake.
[image: ../images/12970_2021_444_Fig1_HTML.png]
Fig. 1Study design. The subjects were randomly divided into 2 groups and randomly assigned to either a supplementation of 50 ml of concentred peeled fresh fruit juice of Sicilian OFI, which was diluted to 170 ml with water, or 170 ml of Placebo (PL), for 5 days. One week before starting the supplementation, each participant performed the first maximal effort test (BL). The participants consumed OFI or Placebo for 3 days before the second maximal effort test and continued to take it for 2 consecutive days after the testing procedure. After a 2 week wash out period, the treatments were reversed


Each variable of interest was collected following specific time points: 1) baseline (BL), 2) pre-test, 3) post-test, 4) 24-h and 5) 48-h after the end of the effort test.
Following a wash out period of 15 days, the supplementation order was reversed and the same procedures as above described, were repeated (Fig. 1). Before the testing sessions, the participants completed a 7-day food diary, from which emerged that their caloric and nutrient ingestion (1881 ± 123 Kcal/die composed of 58% carbohydrate of which 10% sugars, 27% lipids and 15% proteins) was in accordance with the daily intake levels of nutrients recommended for the Italian population [22]. Fruit intake was limited to the OFI juice during the supplementation periods. All participants were invited to follow the same dietary plan 1 week before the testing session in order to limit the influence of nutrition on the analysed parameters.
Plasma hydroperoxides concentration, antioxidant capacity, skin carotenoid score and heart rate variability were collected at baseline (BL), day 3 (pre-test and post-test), day 4 (24 h post-test) and day 5 (48 h post-test) of each period. *Indicates the assessment points.
Cardio-pulmonary maximal effort test evaluation
All tests were performed between 8 and 10 a.m., after a 12-h overnight fast. Stature and body mass were measured at baseline using a stadiometer and an electronic weighing scale, respectively (SECA, Germany). All participants performed a graded exercise test to exhaustion, on a cycle ergometer. Each participant cycled for 4 min at a constant work rate of 50 W. Thereafter, the cycle ergometer work rate increased by 25 W ∙ min-1 until the participant reached her limit of tolerance. The pedal rate was maintained at 60 rpm throughout the test. A disposable facemask with a 50–70 ml dead space (Cosmed V2, Cosmed Srl, Italy) was used to collect exhaled air throughout the test. Oxygen uptake (VO2) was recorded with a breath-by-breath measurement system (Cosmed Quark CPET, Cosmed Srl, Italy) and maximal oxygen uptake (VO2max) was defined as the highest consecutive 30 s averaged value achieved during the test. The flow meter and gas analysers were calibrated before each test, according to the manufacturer’s instructions. Heart rate was accurately recorded using a short-range radio telemetry system (Polar Electro Oy, Finland). At test cessation an active recovery period was performed at constant lode on the cycle ergometer, pedaling at 25 W at 40 rpm for 3 min, followed by a 2 min passive rest. HR and VO2 were monitored throughout exercise, recovery time and rest. The test was stopped when one or more of the following criteria were met: 1) attainment of a VO2max plateau < 2.2 ml ∙ Kg-1 ∙ min-1; 2) participants were unable to maintain the required work rate.
Measurement of hydroperoxides concentration and plasma antioxidant capacity
Oxidative stress evaluation was performed with a portable integrated analytical system composed of a photometer and a mini-centrifuge (FRAS 4 Evolvo; H&D Srl, Parma, Italy) as indicated in the study design section. Samples of whole capillary blood were centrifuged for 1:30 min immediately after being collected with a finger puncture, and 10 μL of plasma was used for measuring the concentration of hydroperoxides (using d-ROMs testing) and antioxidant capacity (using PAT testing). The test of active oxygen metabolites (d-ROMs; Diacron International Srl, Grosseto, Italy) measures increases in red color intensity after the addition of a small quantity of plasma to a solution of N,N-diethylparaphenylendiamine (chromogen), buffered to pH 4.8. Such coloring is attributed to the cation radical formation of the amines via oxidation, which is due to alkoxyl and peroxyl radicals. The latter derive from the reaction of the Fe2+ and Fe3+ ions released by proteins in acidic conditions, as created in vitro. The results are expressed as Units Carratelli (U. CARR), and it has been experimentally established that 1 U. CARR corresponds to 0.08 mg/dL H2O2. The normal values of a d-ROMs test range from 250 U to 300 U. CARR (i.e., between 20 and 24 mg/dL H2O2). The plasma antioxidant test (PAT; Diacron International Srl) measures the capacity of a plasma sample to reduce the iron of a colored complex containing ferric ions to its colorless ferrous derivative. The chromatic change of this reaction was photometrically measured at 505 nm, and the results were expressed in U. Cor, in which 1 U. Cor corresponds to 1.4 μmol/L of ascorbic acid used as a standard for reducing the iron. The normal value of a PAT test is > 2200 U. Cor. To maintain consistency, the same set of kits was used for all assessments, and the same operator using the same calibrated machine carried out the evaluations.
Measurement of skin carotenoid score
Skin carotenoid score (SCS) was measured using a portable device (Pharmanex BioPhotonic Scanner S3, NuSkin, Provo, Utah, USA) based on the Resonance Raman Spectroscopy (RRS). All participants placed the palm of their hand against a light window of the device, twice and held it there for 90 s. During the warm-up process, a black calibration cap was placed over the light window and the scanners self-calibrated using a patented process. When a low intensity laser monochromatic light interacts with some molecules, these diffuse the light emitting a new higher wavelength, monochromatic light that can be revealed by a scanner converting Raman intensity in counts. Because of their conjugated carbon backbone molecular structure, carotenoids possess characteristic vibrational/rotational energy levels that make them particularly well suited for RRS, strongly absorbing in the blue wavelength region and emitting in the green region. The green light emitted from the skin is captured by a highly sensitive light detector. The quantity of dermal carotenoids revealed by RRS can be considered as a marker of the individual antioxidative network and its measurement was applied to assess the body redox state of each participant [23]. Scanner signals are visualized as a coloured scale going red (poor carotenoid score, < 19,000) to dark blue (high carotenoid score, > 50,000). When Raman intensity count difference was [image: ../images/12970_2021_444_Figa_HTML.gif] 2000 score between scanner scores, participants were scanned a third time. This was done to minimize the individual variation in the scanner score.
Analysis of heart rate variability and recovery
HRV parameters were collected at baseline, immediately after the maximal graded test, 24 h and 48 h after the end of maximal effort test. Heart rate recovery was measured at 2 min (HRR2) after the end of the test. These measurements were performed with the subjects in a supine position on an examination table for 10 min, during which RR interval recordings were acquired using a portable heart rate monitor (Polar V800, Polar, Finland). The last 5 min of the RR recording were analysed by means of Kubios HRV 2.2 software [24]. HRV time and frequency domains were retrieved [25]. The mean squared differences of successive RR intervals (rMSSD) were retained for the time domain, while the very low frequency (VLF < 0.04 Hz), low frequency (LF from 0.04 to 0.15 Hz) and high frequency (HF from 0.15 to 0.40 Hz) components, in absolute (ms2) and in normalized units (nu) [LFnu: 100 x LF / (total power – VLF), and HFnu: 100 x HF / (total power - VLF)] were retained for the frequency domain. From the values of LF and HF, the LF/HF ratio was determined [26]. The validity of the HRV procedure derived from V800 Polar heart rate monitor is reported elsewhere [27].
Statistical analysis
Data are reported as means and standard deviations. Normal distribution of the data was verified through the Shapiro-Wilk test. A power analysis was calculated through G*Power v3.1.9.4 (power 0.80; α 0.05; effect size 0.5) estimating a sample of 8 participants. A two-way ANOVA for repeated measures (2 treatments × 4 time-measurements) was used to compare all parameters and identify the source of variation and time-treatment interactions. Sidak’s correction was conducted to compare the OFI and Placebo groups. Furthermore, a one-way within participant’s analysis of variance (ANOVA) was conducted to check for differences in-between times (Pre-test, Post-test, 24 h-post-test, 48 h-post-test). Post-hoc analysis with the Tukey’s test was also perform to detect differences between groups. Effect size using Cohen’s d, for time, treatment and time x treatment interactions have been also reported. Level of statistical significance was set at a p-value < 0.05. All analyses were performed with Jamovi (The jamovi project (2021). jamovi (Version 1.6) [Computer Software]. Retrieved from https://​www.​jamovi.​org).
Results
HR and VO2 measured at rest were 83.25 ± 6.45 bpm and 7.66 ± 2.95 ml/min/Kg, respectively, with no difference between the Placebo and OFI group (p > 0.05). Moreover, we did not find any significant difference in VO2max, HRmax and maximal power output reached following the maximal effort test among Placebo, OFI group and baseline conditions (Table 1). Comparing Placebo and OFI groups, we also detected no significant difference in HRR2 after the maximal effort test (Placebo vs OFI: 35.25 ± 3.81 vs. 32.75 ± 4.10 bpm, p > 0.05).
Table 1Physiological parameters measured during the cycle ergometer test


	 	Baseline
	Placebo
	OFI

	VO2max (ml/min/kg)
	33.96 ± 2.23
	33.41 ± 3.29
	35.84 ± 1.84

	HRmax (bpm)
	177.13 ± 8.43
	178.00 ± 9.64
	176.88 ± 8.90

	Power (Watt)
	143.75 ± 17.68
	143.75 ± 17.68
	150.00 ± 18.90


VO2max Maximal Oxygen Consuption, HRmax Maximal Heart Rate



ANOVA showed a significant effect of the treatment (F = 86.11; p < 0.0001; d = 0.27) and the time (F = 6.43; p = 0.0029; d = 0.81) but no interaction between these factors (F = 0.154; p = 0.57; d = 0.01) for hydroperoxides levels. We observed lower hydroperoxide concentrations in OFI compared to the Placebo group in all the examined conditions (Fig. 2). In detail, OFI showed a significant decrease in pre-test (p = 0.0013), post-test (p = 0.0030) and 48 h-post-test (p = 0.0230) compared with the corresponding conditions of the Placebo group (Fig. 2). Baseline hydroperoxides’ concentration was not significantly different compared with Placebo and OFI levels in pre and post-test conditions (p > 0.05). In the OFI group (Fig. 2), oxidant concentration significantly increased immediately after the test (p = 0.0212) and 24 h after the test completion compared with the pre-test levels (p = 0.0056), while it significantly decreased after 48 h-post-test respect to 24 h-post-test (p = 0.0136). Conversely, statistical analysis did not display any significant difference within the Placebo group.
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Fig. 2Changes in plasma hydroperoxide levels in response to OFI or PL supplementation before and immediately, 24 h and 48 h after a maximal effort test. *p < 0.05 OFI pre-, post- and 48 h post-test vs. corresponding PL groups; #p < 0.05 OFI pre-test vs post-test and 24 h post-test; §p < 0.05 OFI 24 h post-test vs 48 h post-test


Concerning PAT, we found that, treatment (F = 11.64; p = 0.0113; d = 0.52) but not time (F = 3.648; p = 0.089; d = 0.08) interactions, while no interaction between these factors was present (F = 0.746; p = 0.09; d = 0.04). As shown in Fig. 3, PAT levels in OFI were significantly higher than Placebo group during pre-test (p = 0.0385) and 48 h-post-test (p = 0.0072). After 3 days of OFI supplementation, OFI group exhibited a significant higher concentration of PAT compared to baseline condition (p = 0.0028). In OFI group, PAT levels significantly declined immediately after the effort test (p = 0.0049) and 24 h after the end of the test (p = 0.0072) compared to those before testing (Fig. 3), while they increased 48 h post-test compared to post-test (p = 0.0080) and 24 h-post-test (p = 0.0115). No significant difference in all the examined conditions was present in the Placebo group (Fig.3).
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Fig. 3Measurement of plasma antioxidant capacity following OFI or PL supplementation before,immediately after, 24 h and 48 h after a maximal effort test. *p < 0.05 OFI pre- and 48 h post-test vs corresponding PL groups; #p < 0.05 OFI pre-test vs post-test and 24 h post-test; §p < 0.05 OFI post-test vs 48 h post-test; ˆp < 0.05 OFI 24 h post-test vs 48 h post-test


Statistical analysis revealed a significant effect of time for the SCS score (F = 7.337; p = 0.0015; d = 0.52), whereas no significant effect of the treatment (F = 0.6119; p = 0.4597; d = 0.07) and the interaction between these factors was detected (F = 0.071; p = 0.0920; d = 0.01). No significant difference was highlighted between Placebo and OFI groups (p > 0.05) (Fig. 4). OFI group showed a significant increase in SCS score after 24 h (p = 0.0063) and 48 h (p = 0.0031) of recovery compared with that immediately after the test (Fig. 4). No difference was present in the Placebo group (p > 0.05).
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Fig. 4Variations in Skin Carotenoid Score based on the Resonance Raman Spectroscopy following OFI or PL supplementation before, immediately after, 24 h and 48 h after a maximal effort test. §p < 0.05 OFI post-test vs 24 h-post-test and 48 h post-test


Regarding HRV parameters, we found that LF values were significantly dependent on treatment (F = 11.25; p = 0.0047; d = 0.87) and time (F = 3.056, p = 0.0386; d = 0.39). Moreover, the interaction between these two factors was also significant (F = 3.187, p = 0.033; d = 0.69). As reported in the Table 2, LF parameter of the OFI group significantly decreased compared to the Placebo group 24 h after the end of the test (p = 0.0007). In OFI group, LF value in 24 h post-test was lower than pre-test (p = 0.0309) and post-test (p = 0.0012). In the Placebo group, there were no significant differences among the examined conditions (p > 0.05). Further, we did not observe any significant effect on HF and LF/HF parameters by treatment and time variables (p > 0.05, Table 2). By contrast, these variables significantly affected rMSSD parameters for treatment (F = 10.57; p = 0.0058; d = 1.06) and time (F = 5.338; p = 0.0033; d = 0.26), while no interaction was revealed between them (F = 0.464; p = 0.61; d = 0.26). As reported in the Table 2, rMSSD value of OFI group was higher than the Placebo group in 48 h post-test (p = 0.0117). Moreover, the OFI group showed a decline in post-test respect to pre-test (p0.0249), while an increase was observed at the 48 h post-test compared to the post-test (p = 0.0464). Conversely, no difference was present in the Placebo group (p > 0.05).
Table 2Changes in HRV between Placebo and OFI group after the cycle ergometer test


	 	Group
	Pre test
	Post test
	24 h-post test
	48 h-post test

	LF (ms2)
	Placebo
	66.86 ± 7.09
	66.21 ± 8.04
	66.91 ± 8.20a
	65.12 ± 3.87

	OFI
	62.79 6.04c
	66.90 ± 10.37d
	52.83 ± 4.47acd
	58.11 ± 5.78

	HF (ms2)
	Placebo
	33.00 ± 7.03
	28.74 ± 2.72
	32.98 ± 8.20
	33.02 ± 4.46

	OFI
	33.38 ± 3.52
	34.31 ± 9.31
	31.39 ± 4.39
	36.81 ± 8.54

	LF/HF
	Placebo
	2.15 ± 0.69
	2.32 ± 0.33
	2.20 ± 0.83
	2.01 ± 0.33

	OFI
	1.90 ± 0.26
	2.11 ± 0.68
	1.71 ± 0.23
	1.69 ± 0.58

	RMSSD
	Placebo
	51.68 ± 7.40
	42.18 ± 9.64
	46.55 ± 9.20
	45.53 ± 7.93b

	OFI
	59.40 ± 8.44e
	48.63 ± 6.18ef
	54.85 ± 9.44
	58.48 ± 7.84bf


All data are presented as means±SD. LF Low Frequency, HF High Frequency, LF/HF Low-high frequency ratio; rMSSD Root Mean Square of the Successive Differences. a,b,c,d,e and f denote significant differences (p < 0.05) between groups and within the same group



Discussion
The main objective of our investigation was to examine if the supplementation with OFI juice for a short time could modify redox and autonomic status in healthy active women after a single bout of maximal aerobic exercise. Our results show a reduced production of hydroperoxides and an increased antioxidant capacity in the OFI juice supplemented group compared to the placebo group before the test and 48 h after the end of the test. Moreover, the HRV parameters showed a tendency to increased parasympathetic activity and reduced sympathetic activity, which corresponds to improved recovery function following an intense exercise.
Despite moderate exposure to ROS is necessary to induce adaptive responses to training, high-intensity exercise typically results in overproduction of reactive oxygen species [28]. The overproduction of ROS destroys the cell redox-balance and activates various redox-dependent transcription factors finally inducing formation of inflammatory proteins, activation of inflammatory processes and further ROS formation [29]. Counter wise, moderate intensity exercise has been demonstrated to prevent oxidative stress [30]. Nutrition and nutritional supplements are frequently employed strategies to limit the overproduction of ROS [31]. Being high in nutritional and bioactive phytochemicals [32], OFI has received considerable attention in the scientific community as a potential source of natural antioxidants as Vitamin C and bioactive phytochemicals as betalains [16], and as direct functional food [33]. It is known that OFI consumption positively decreases plasma pro-inflammatory markers and oxidative damage to lipids, while increases plasma anti-inflammatory markers and improves antioxidant status in healthy humans [16, 17]. Conversely, little is known about the effects of OFI ingestion in response to physical exercise.
In a previous investigation, we showed that a 48 h recovery following a high intensity training session was not sufficient to restore redox balance in amateur rhythmic gymnasts [3]. Our recommendation was to contrast the temporary redox imbalance caused by high intensity exercise, consuming a balanced diet rich in natural antioxidants and phytochemicals. To have a scientific evidence, the present randomized, double-blind, placebo-controlled and crossover study assessed the antioxidant capacity of OFI juice to counteract oxidative stress induced by a single bout of maximal exercise in physically active women. We observed that the plasma hydroperoxides significantly increased after testing, however the increase was smaller in the group supplemented with OFI than placebo group, thus suggesting that OFI juice was able to limit the formation of ROS and increase antioxidant capacity. Our previous study [16] and the known activity of indicaxanthin as an antioxidant and modulator of the redox balance of cells under a number of pathophysiological conditions [34, 35] suggest a role for this phytochemical in the observed effect. With respect to OFI supplementation, Khouloud et al.18 following an intermittent yo-yo maximal aerobic effort test, not only described a decrease of oxidative stress following OFI supplementation, but also a reduction in the total and LDL cholesterol. Other investigation by the same research group [36] has also evaluated the effects of OFI supplementation following a maximal anaerobic test and similar results for oxidative stress and inflammatory markers were retrieved. Therefore, it seems that OFI supplementation, regardless of the typology of exercises proposed, is able to reduce oxidative stress and promote antioxidant responses. However, in our best knowledge few studies have described antioxidant responses of OFI intake following a maximal exercise [18, 36] and no study has examined redox status during the recovery period. Unlike other studies, we did not observe an increased total antioxidant capacity immediately after the maximal exercise [18, 36]. We found, instead, a significantly higher antioxidant capacity after 3 days of supplementation and 48 h after the end of the maximal exercise in the OFI group. These findings suggest that OFI juice ingestion may contribute, with endogenous antioxidants, to decline the levels of ROS and restore redox balance after exercise-induced stressing stimuli.
To examine the body redox balance, we analysed SCS, which represents a biomarker of overall antioxidant status measuring the quantity of dermal carotenoids with RSS analysis [37]. It has been indeed established that skin carotenoids as α-, γ-, β-carotene, lutein, zeaxanthin, lycopene and their isomers are degraded by stress factors and therefore may serve as markers of antioxidative status [38]. Although SCS significantly increased immediately, 24 h and 48 h after the maximal effort test in response to OFI supplementation, similar values were also present after the placebo supplementation. Changes in human carotenoid levels have been observed across seasons [38], however these have not been observed after relatively short periods [39]. Our investigation comprised of a 5-day supplementation period followed by a 15-day washout, a very restricted time frame, which probably did not allow a measurable variation in skin carotenoid concentration.
Regarding the duration of OFI supplementation, we used a short-term intake because it is known that a chronic supplementation could blunt the adaptive effect of exercise training, interfering with the endogenous antioxidant response to ROS and negatively affecting athletic performance and recovery [40]. Improvements in exercise performance have been observed following acute antioxidant supplementation associated with highly fatiguing exercise [36, 41].
There is increasing body of evidence indicating that the consumption of specific foods, high in antioxidant compounds, can decrease post-exercise recovery time [42, 43]. As an example, cherries and blue berries seem to facilitate the recovery of muscular strength following strenuous eccentric exercise [42, 43]. In our study, we assessed the physiological recovery after the maximal effort test by monitoring the changes in the autonomic nervous system patterns, which reflect changes in HRV measures. A recent paper has discussed if HRV may be an effective method of assessing oxidative stress, concluding that reflections in the time and frequency domain are associated to variations in oxidative markers [44]. Increases in HRV and oxidative stress have been also associated to several pathological conditions [45, 46], however modifications in lifestyle and exercise typology may improve such parameters [30, 47]. The most commonly used HRV measures include rMSSD, LF and HF, which are respectively expression of the parasympathetic, sympathetic and parasympathetic activity levels [25]. Our results have identified changes in different HRV parameters between the placebo and OFI group. In particular, a significant increase in rMSSD and a decrease in LF, 24 h and 48 h after the maximal effort test, were retrieved. These results suggest that OFI supplementation contributes to accelerate recovery time following maximal effort exercise and re-stablish autonomic balance.
To the best of our knowledge, only the study of Schmitt and colleagues [48] has evaluated the effects of OFI intake on parameters of HRV, reporting very similar results compared to those here provided. The overall modifications observed in the HRV parameters may suggest vagal activation and restoration of autonomic activity [49].
The main limitation to this study is the limited number of included participants and the short supplementation period. However, the double-blind, cross-over design has allowed us to effectively evaluate the effects of the supplementation. In addition, we should also consider that sleep records were not retained, therefore we cannot determine if sleep deprivation may have influenced our results. OFI juice can be recommended to physically active people who want to contrast exercise-induced oxidative stress and restore autonomic balance induced by high intensity exercise through a balanced diet rich in natural antioxidant supplements.
Conclusions
The main results of our study suggest that supplementation with a fruit juice of Sicilian Opuntia Ficus Indica (cactus pear) is able to improve redox and autonomic balance in healthy women. These findings may be useful for coaches and people involved in sports nutrition in order to include such nutritional elements in a healthy balanced diet. The inclusion of OFI juice can reduce redox imbalance caused by high intensity exercise and therefore may also be beneficial to avoid overreaching or overtraining in healthy women.
Acknowledgments
Authors wish to thank Dr. Diego Palumbo for his contribution in the placebo preparation, Dr. Alfio Cusumano for having offered the juice of Sicilian Opuntia ficus-indica and students (study courses in “Sport and Movement Sciences”, University of Palermo) who participated in this study with enthusiasm.

Authors’ contributions
Conceptualization and methodology, M.B. and A.M.P.; formal analysis, M.T.; investigation, A. C and D.C.; data curation, A.B. and E.T.; writing—original draft preparation, M. B and A.M.P.; writing—review and editing, L.T. and E.T.; supervision, M.A.L. and A.P.; All authors have read and agreed to the published version of the manuscript.

Funding
This research received no external funding.

Availability of data and materials
The datasets used and/or analysed during the current study are available from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of the University of Palermo (Comitato Etico Palermo 1, N. 04, 2018).

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

Competing interests
The authors declare no conflict of interest.


References
	1.
Finaud J, Lac G, Filaire E. Oxidative stress : relationship with exercise and training. Sports Med. 2006;36(4):327–58. https://​doi.​org/​10.​2165/​00007256-200636040-00004.CrossrefPubMed

	2.
Steinbacher P, Eckl P. Impact of oxidative stress on exercising skeletal muscle. Biomolecules. 2015;5(2):356–77. https://​doi.​org/​10.​3390/​biom5020356.CrossrefPubMedPubMedCentral

	3.
Bellafiore M, Bianco A, Battaglia G, Naccari MS, Caramazza G, Padulo J, et al. Training session intensity affects plasma redox status in amateur rhythmic gymnasts. J Sport Health Sci. 2019;8(6):561–6. https://​doi.​org/​10.​1016/​j.​jshs.​2016.​04.​008.CrossrefPubMed

	4.
Mastaloudis A, Leonard SW, Traber MG. Oxidative stress in athletes during extreme endurance exercise. Free Radic Biol Med. 2001;31(7):911–22. https://​doi.​org/​10.​1016/​S0891-5849(01)00667-0.CrossrefPubMed

	5.
Fisher-Wellman K, Bloomer RJ. Acute exercise and oxidative stress: a 30 year history. Dynamic Med. 2009;8(1):1–1. https://​doi.​org/​10.​1186/​1476-5918-8-1.Crossref

	6.
Radak Z, Chung HY, Koltai E, Taylor AW, Goto S. Exercise, oxidative stress and hormesis. Ageing Res Rev. 2008;7(1):34–42. https://​doi.​org/​10.​1016/​j.​arr.​2007.​04.​004.CrossrefPubMed

	7.
Gomez-Cabrera MC, Domenech E, Viña J. Moderate exercise is an antioxidant: upregulation of antioxidant genes by training. Free Radic Biol Med. 2008;44(2):126–31. https://​doi.​org/​10.​1016/​j.​freeradbiomed.​2007.​02.​001.CrossrefPubMed

	8.
Reid MB. Free radicals and muscle fatigue: of ros, canaries, and the ioc. Free Radic Biol Med. 2008;44(2):169–79. https://​doi.​org/​10.​1016/​j.​freeradbiomed.​2007.​03.​002.CrossrefPubMed

	9.
Yavari A, Javadi M, Mirmiran P, et al. Exercise-induced oxidative stress and dietary antioxidants. Asian J Sports Med. 2015;6:e24898.Crossref

	10.
McLeay Y, Stannard S, Houltham S, Starck C. Dietary thiols in exercise: oxidative stress defence, exercise performance, and adaptation. J Int Soc Sports Nutr. 2017;14(1):12. https://​doi.​org/​10.​1186/​s12970-017-0168-9.CrossrefPubMedPubMedCentral

	11.
Jówko E, Długołęcka B, Makaruk B, Cieśliński I. The effect of green tea extract supplementation on exercise-induced oxidative stress parameters in male sprinters. Eur J Nutr. 2015;54(5):783–91. https://​doi.​org/​10.​1007/​s00394-014-0757-1.CrossrefPubMed

	12.
Chiteva R, Wairagu. Chemical and nutritional content of opuntia - ficus (l.). Afr J Biotechnol. 2013;12:3309–12.

	13.
Tibe O, Modise D, Mogotsi KK. Potential for domestication and commercialization of Hoodia and Opuntia species in Botswana. Afr J Biotechnol. 2008;7(9).

	14.
Butera D, Tesoriere L, Di Gaudio F, et al. Antioxidant activities of sicilian prickly pear (opuntia ficus indica) fruit extracts and reducing properties of its betalains: Betanin and indicaxanthin. J Agric Food Chem. 2002;50(23):6895–901. https://​doi.​org/​10.​1021/​jf025696p.CrossrefPubMed

	15.
Tesoriere L, Fazzari M, Angileri F, Gentile C, Livrea MA. In vitro digestion of betalainic foods. Stability and bioaccessibility of betaxanthins and betacyanins and antioxidative potential of food digesta. J Agric Food Chem. 2008;56(22):10487–92. https://​doi.​org/​10.​1021/​jf8017172.CrossrefPubMed

	16.
Tesoriere L, Butera D, Pintaudi AM, Allegra M, Livrea MA. Supplementation with cactus pear (opuntia ficus-indica) fruit decreases oxidative stress in healthy humans: a comparative study with vitamin c. Am J Clin Nutr. 2004;80(2):391–5. https://​doi.​org/​10.​1093/​ajcn/​80.​2.​391.CrossrefPubMed

	17.
Attanzio A, Tesoriere L, Vasto S, et al. Short-term cactus pear [opuntia ficus-indica (l.) mill] fruit supplementation ameliorates the inflammatory profile and is associated with improved antioxidant status among healthy humans. Food Nutr Res. 2018. p. 62.

	18.
Khouloud A, Abedelmalek S, Chtourou H, et al. The effect of opuntia ficus-indica juice supplementation on oxidative stress, cardiovascular parameters, and biochemical markers following yo-yo intermittent recovery test. Food Sci Nutr. 2017;6:259–68.Crossref

	19.
Gifford RM, Boos CJ, Reynolds RM, Woods DR. Recovery time and heart rate variability following extreme endurance exercise in healthy women. Physiol Reports. 2018;6(21):e13905. https://​doi.​org/​10.​14814/​phy2.​13905.Crossref

	20.
Freeman JV, Dewey FE, Hadley DM, Myers J, Froelicher VF. Autonomic nervous system interaction with the cardiovascular system during exercise. Prog Cardiovasc Dis. 2006;48(5):342–62. https://​doi.​org/​10.​1016/​j.​pcad.​2005.​11.​003.CrossrefPubMed

	21.
Cornelli U, Belcaro G, Cesarone MR, Finco A. Analysis of oxidative stress during the menstrual cycle. Reprod Biol Endocrinol. 2013;11(1):74. https://​doi.​org/​10.​1186/​1477-7827-11-74.CrossrefPubMedPubMedCentral

	22.
Bianco A, Mammina C, Thomas E, Bellafiore M, Battaglia G, Moro T, et al. Protein supplementation and dietary behaviours of resistance trained men and women attending commercial gyms: a comparative study between the city Centre and the suburbs of Palermo, Italy. J Int Soc Sports Nutr. 2014;11(1):30. https://​doi.​org/​10.​1186/​1550-2783-11-30.CrossrefPubMedPubMedCentral

	23.
Mayne ST, Cartmel B, Scarmo S, Jahns L, Ermakov IV, Gellermann W. Resonance raman spectroscopic evaluation of skin carotenoids as a biomarker of carotenoid status for human studies. Arch Biochem Biophys. 2013;539(2):163–70. https://​doi.​org/​10.​1016/​j.​abb.​2013.​06.​007.CrossrefPubMed

	24.
Tarvainen MP, Niskanen JP, Lipponen JA, Ranta-aho PO, Karjalainen PA. Kubios hrv--heart rate variability analysis software. Comput Methods Prog Biomed. 2014;113(1):210–20. https://​doi.​org/​10.​1016/​j.​cmpb.​2013.​07.​024.Crossref

	25.
Shaffer F, Ginsberg JP. An overview of heart rate variability metrics and norms. Front Public Health. 2017;5:258. https://​doi.​org/​10.​3389/​fpubh.​2017.​00258.CrossrefPubMedPubMedCentral

	26.
Cataldo A, Bianco A, Paoli A, Cerasola D, Alagna S, Messina G, et al. Resting sympatho-vagal balance is related to 10 km running performance in master endurance athletes. Eur J Trans Myol. 2018;28(1). https://​doi.​org/​10.​4081/​ejtm.​2018.​7051.

	27.
Giles D, Draper N, Neil W. Validity of the polar v800 heart rate monitor to measure rr intervals at rest. Eur J Appl Physiol. 2016;116(3):563–71. https://​doi.​org/​10.​1007/​s00421-015-3303-9.CrossrefPubMed

	28.
He F, Li J, Liu Z, et al. Redox mechanism of reactive oxygen species in exercise. Front Physiol. 2016;7:486.PubMedPubMedCentral

	29.
Sallam N, Laher I. Exercise modulates oxidative stress and inflammation in aging and cardiovascular diseases. Oxidative Med Cell Longev. 2016;2016:7239639.Crossref

	30.
Simioni C, Zauli G, Martelli AM, Vitale M, Sacchetti G, Gonelli A, et al. Oxidative stress: role of physical exercise and antioxidant nutraceuticals in adulthood and aging. Oncotarget. 2018;9(24):17181–98. https://​doi.​org/​10.​18632/​oncotarget.​24729.CrossrefPubMedPubMedCentral

	31.
Guo Q, Li F, Duan Y, Wen C, Wang W, Zhang L, et al. Oxidative stress, nutritional antioxidants and beyond. Sci China Life Sci. 2020;63(6):866–74. https://​doi.​org/​10.​1007/​s11427-019-9591-5.CrossrefPubMed

	32.
de Wit M, du Toit A, Osthoff G, Hugo A. Cactus pear antioxidants: a comparison between fruit pulp, fruit peel, fruit seeds and cladodes of eight different cactus pear cultivars (opuntia ficus-indica and opuntia robusta). J Food Meas Characterization. 2019;13(3):2347–56. https://​doi.​org/​10.​1007/​s11694-019-00154-z.Crossref

	33.
El-Mostafa K, El Kharrassi Y, Badreddine A, et al. Nopal cactus (opuntia ficus-indica) as a source of bioactive compounds for nutrition, health and disease. Molecules. 2014;19(9):14879–901. https://​doi.​org/​10.​3390/​molecules1909148​79.CrossrefPubMedPubMedCentral

	34.
Attanzio A, Frazzitta A, Busa R, et al. Indicaxanthin from opuntia ficus indica (l. Mill) inhibits oxidized ldl-mediated human endothelial cell dysfunction through inhibition of nf-κb activation. Oxidative Med Cell Longev. 2019;2019:3457846.Crossref

	35.
Tesoriere L, Attanzio A, Allegra M, Gentile C, Livrea MA. Indicaxanthin inhibits nadph oxidase (nox)-1 activation and nf-κb-dependent release of inflammatory mediators and prevents the increase of epithelial permeability in il-1β-exposed caco-2 cells. Br J Nutr. 2014;111(3):415–23. https://​doi.​org/​10.​1017/​S000711451300266​3.CrossrefPubMed

	36.
Aloui K, Abedelmalek S, Boussetta N, Shimi I, Chtourou H, Souissi N. Opuntia ficus-indica juice supplementation: what role it plays on diurnal variation of short-term maximal exercise? Biol Rhythm Res. 2017;48(2):315–30. https://​doi.​org/​10.​1080/​09291016.​2016.​1263000.Crossref

	37.
Ermakov IV, Ermakova M, Sharifzadeh M, Gorusupudi A, Farnsworth K, Bernstein PS, et al. Optical assessment of skin carotenoid status as a biomarker of vegetable and fruit intake. Arch Biochem Biophys. 2018;646:46–54. https://​doi.​org/​10.​1016/​j.​abb.​2018.​03.​033.CrossrefPubMedPubMedCentral

	38.
Darvin ME, Sterry W, Lademann J, Vergou T. The role of carotenoids in human skin. Molecules. 2011;16(12):10491–506. https://​doi.​org/​10.​3390/​molecules1612104​91.CrossrefPubMedCentral

	39.
Perrett DI, Talamas SN, Cairns P, Henderson AJ. Skin color cues to human health: carotenoids, aerobic fitness, and body fat. Front Psychol. 2020;11:392. https://​doi.​org/​10.​3389/​fpsyg.​2020.​00392.CrossrefPubMedPubMedCentral

	40.
Merry TL, Ristow M. Do antioxidant supplements interfere with skeletal muscle adaptation to exercise training? J Physiol. 2016;594(18):5135–47. https://​doi.​org/​10.​1113/​JP270654.CrossrefPubMedPubMedCentral

	41.
Matuszczak Y, Farid M, Jones J, Lansdowne S, Smith MA, Taylor AA, et al. Effects of n-acetylcysteine on glutathione oxidation and fatigue during handgrip exercise. Muscle Nerve. 2005;32(5):633–8. https://​doi.​org/​10.​1002/​mus.​20385.CrossrefPubMed

	42.
Connolly DA, McHugh MP, Padilla-Zakour OI, Carlson L, Sayers SP. Efficacy of a tart cherry juice blend in preventing the symptoms of muscle damage. Br J Sports Med. 2006;40(8):679–83; discussion 683. https://​doi.​org/​10.​1136/​bjsm.​2005.​025429.CrossrefPubMedPubMedCentral

	43.
McLeay Y, Barnes MJ, Mundel T, Hurst SM, Hurst RD, Stannard SR. Effect of New Zealand blueberry consumption on recovery from eccentric exercise-induced muscle damage. J Int Soc Sports Nutr. 2012;9(1):19. https://​doi.​org/​10.​1186/​1550-2783-9-19.CrossrefPubMedPubMedCentral

	44.
Lee C-H, Shin H-W, Shin D-G. Impact of oxidative stress on long-term heart rate variability: linear versus non-linear heart rate dynamics. Heart Lung Circ. 2020;29(8):1164–73. https://​doi.​org/​10.​1016/​j.​hlc.​2019.​06.​726.CrossrefPubMed

	45.
Fadaee SB, Beetham KS, Howden EJ, Stanton T, Isbel NM, Coombes JS. Oxidative stress is associated with decreased heart rate variability in patients with chronic kidney disease. Redox Rep. 2017;22(5):197–204. https://​doi.​org/​10.​1080/​13510002.​2016.​1173326.CrossrefPubMed

	46.
Santa-Rosa FA, Shimojo GL, Dias DS, Viana A, Lanza FC, Irigoyen MC, et al. Impact of an active lifestyle on heart rate variability and oxidative stress markers in offspring of hypertensives. Sci Rep. 2020;10(1):12439. https://​doi.​org/​10.​1038/​s41598-020-69104-w.CrossrefPubMedPubMedCentral

	47.
Thomas E, Bellafiore M, Gentile A, Paoli A, Palma A, Bianco A. Cardiovascular responses to muscle stretching: a systematic review and metaanalysis. Int J Sports Med. 2021. https://​doi.​org/​10.​1055/​a-1312-7131. Epub ahead of print.

	48.
Schmitt L, Fouillot JP, Nicolet G, Midol A. Opuntia ficus indica's effect on heart-rate variability in high-level athletes. Int J Sport Nutr Exerc Metab. 2008;18(2):169–78. https://​doi.​org/​10.​1123/​ijsnem.​18.​2.​169.CrossrefPubMed

	49.
Martinmäki K, Rusko H. Time-frequency analysis of heart rate variability during immediate recovery from low and high intensity exercise. Eur J Appl Physiol. 2008;102(3):353–60. https://​doi.​org/​10.​1007/​s00421-007-0594-5.CrossrefPubMed



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/12970_2021_444_Fig4_HTML.png
SCS score

50000 -

§ §
= o - L -
40000 -
o= r~—— —n
30000
= 4 T
20000 -
10000~
0 I I I I
Pre test Post test 24h-post test 48h-post test

OFI
4 Placebo





OEBPS/navigation.xhtml

    
      Contents


      
        		Redox and autonomic responses to acute exercise-post recovery following Opuntia ficus-indica juice intake in physically active women


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/images/12970_2021_444_Fig1_HTML.png
OFI
5to8

Placebo
1to4

*24h  *48h
OFI / PL Supplementation

L0 1

Placebo
5to8

I

OFI
1to4

*24h  *48h
OFI / PL Supplementation

nEany

Day 1 Day 2 Day*3 Day 4 Day 5

I

Maximal Test

15 days Wash-out

Day 1 Day 2 Day*S Day 4 Day 5

|1

Maximal Test





OEBPS/images/12970_2021_444_Fig2_HTML.png
500

400

100

*

T
Pre test

T
Post test

T
24h-post test

T
48h-post test

OFI
4 Placebo





OEBPS/images/12970_2021_444_Fig3_HTML.png
U. COR

4000=

§
3000 L § #
5_'* —{ H—%
* - -+ *
2000
1000
0 T T T T
Pre test Post test 24h-post test 48h-post test

OFI
4 Placebo





OEBPS/css/sidebar.gif





OEBPS/images/12970_2021_444_Figa_HTML.gif





