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Objective: This study aimed to examine the effects of phenylcapsaicin (PC) supplementation on strength performance and neuromuscular activity in young trained male subjects.
Materials and methods: A total of 25 trained subjects [full-squat (SQ) one repetition maximum (1RM) = 125.6 ± 21.0 kg] were enrolled in this randomized, triple-blinded, crossover, placebo-controlled trial. The subjects performed a first session and a post-24 h session for each condition. In the first session, the subjects ingested a high dose of PC (HD, 2.5 mg), a low dose (LD, 0.625 mg), or a placebo (PLA). Their performance in SQ was assessed under a 3% × 8 × 70% 1RM protocol in the first session. Their performances in countermovement jump (CMJ), SQ with 60% 1RM, and isometric squat were measured before and after the SQ protocol in both sessions. The neural activity of the vastus lateralis (VL) and vastus medialis (VM) was recorded via surface electromyography (EMG) and averaged in both sessions.
Results: Significant differences between the conditions were reported for lifting velocity, velocity loss, and the 60% load in dynamic SQ (p range = 0.02–0.04). Electrical changes were not identified for any outcome, although neural activity changed across time (p range ≤0.001–0.006). A significant condition × time effect was observed in CMJ compared to PLA (p ≤0.001) and LD (p ≤0.001). Intra-set analyses revealed higher velocities in HD compared to those in LD (p = 0.01) and PLA (p range = 0.004–0.008).
Conclusion: Therefore, PC may improve the strength performance and attenuate the mechanical fatigue induced by resistance training in SQ and CMJ exercises.
Keywords: electromyography, neuromuscular physiology, resistance training, ergogenic aid, velocity-based training, strength endurance
INTRODUCTION
Human voluntary movement and force production are determined by the nervous system behavior (Alix-Fages et al., 2022b). During strenuous exercise, changes in neuronal circuitry (e.g., supraspinal structure excitability) lead to a decline in fatigue tolerance and sports performance (Alix-Fages et al., 2022a). In this regard, a heterogeneous group of substances known as capsaicinoids, which are found in chili peppers, has emerged as plausible ergogenic nervous system modulators (Jiménez-Martínez et al., 2022). Previously, researchers have focused on the impact of capsaicin (i.e., the main active principle of spicy peppers) on pain relief, weight loss, and performance (Arora et al., 2021; de Moura e Silva et al., 2021).
As a vanilloid-structured substance, capsaicin interacts with the transient receptor vanilloid 1 (TRPV1) (Hayman and Kam, 2008). TRPV1 are receptors related to afferent feedback from III and IV nerve fibers, a type of peripheral afferent fibers that are linked to the detection of pain and the development of central fatigue by affecting both supraspinal and spinal levels of the nervous system (Okano et al., 2015; Alix-Fages et al., 2022a). An exercise experience modulates the nervous system behavior, eliciting a higher tolerance to fatigue and discomfort in high-intensity efforts (i.e., near exhaustion) (Alix-Fages et al., 2022a). However, capsaicin and its analogs have been shown to modulate the mechanical responses to exercise during different intensities and under neural fatiguing conditions (Jiménez-Martínez et al., 2022). In this regard, TRPV1 agonists display their main physiological functions through reducing inflammatory hyperalgesia, downregulating voltage-activated calcium channels, and influencing thermoception (Baamonde et al., 2005; Hayman and Kam, 2008; Fattori et al., 2016). Accordingly, some discomfort-related responses to exercise, such as metabolite accumulation and calcium overload, are linked to III and IV afferent nerve fiber activity during exercise (Taylor et al., 2016; de Moura e Silva et al., 2021). Capsaicin supplementation is able to reduce the afferent signals of pain that are driven from the peripheral to the central nervous system, delaying the onset of fatigue in the neuromuscular junction (Taylor et al., 2016; Jiménez-Martínez et al., 2022). Consequently, the upregulation of TRPV1 leads to a decline in the rate of perceived exertion (RPE) and the perception of pain, as well as discomfort, during exercise (Jiménez-Martínez et al., 2022). For instance, recent evidence highlights that lumbar intrathecal fentanyl (afferent blockage) effectively attenuates the group III and IV afferent feedback during intermittent knee-extensor all-out exercise, resulting in improved physical performance and reduced RPE (Broxterman et al., 2018). Therefore, the increased firing of group III and IV muscle afferents, caused by mechanical forces and metabolite accumulation, has been well-documented to contribute to the development of central fatigue, affecting both spinal and supraspinal levels (Amann et al., 2011; Blain et al., 2016; Sidhu et al., 2017).
Recently, new analogs of capsaicin have been formulated to ensure higher bioavailability and gastrointestinal tolerance (Cross et al., 2020). Phenylcapsaicin (PC) is a synthetic analog of capsaicin composed of 98% of PC and its excipients (Turck et al., 2019). PC pharmacokinetics has shown a fast metabolism (i.e., 30 min) after administration (Turck et al., 2019). For these reasons, the PC ergogenic dose, although lower than that of traditional purified capsaicin, remains to be verified. On the other hand, capsaicin has demonstrated a positive influence on repetitions until failure, total volume load, and the rate of perceived exertion during resistance exercise interventions (de Freitas et al., 2018). Previous research has elucidated the effects of capsaicin on dynamic exercise (Jiménez-Martínez et al., 2022). In this regard, de Freitas et al. (2018) observed that 12 mg of capsaicin enhanced repetitions until exhaustion, total mass lifted, and the rate of perceived effort of four sets at 70% of maximum repetition (1RM) in the squat exercise (SQ) of a double-blinded, randomized, placebo-controlled intervention. However, these previous studies have not addressed different concerns that are still present in the literature. First, previous research studies are based on strength endurance protocols (Jiménez-Martínez et al., 2022), which may not be extrapolated to other types of exercise tasks, such as isometric contractions. In addition, the electromyographical mechanisms underlying the effects of capsaicin on resistance training performance and most of the mechanical outcomes used in the strength and conditioning field, which include the assessment of mechanical fatigue, have not been evaluated yet (de Moura e Silva et al., 2021). Moreover, in these previous studies, submaximal (i.e., not performed until failure) intensities were not assessed (Jiménez-Martínez et al., 2022), which reduces the real applicability of capsaicin on physical conditioning because the induction of excessive fatigue can disturb training adaptations (Pareja-Blanco et al., 2020a). Furthermore, most of the current research studies have not used objective measures of performance (e.g., infrared detection of jump height or linear velocity), which may hinder the estimate of the real impact of this substance on mechanical performance and fatigue (e.g., linear velocity loss) (Sánchez-Medina and González-Badillo, 2011).
In addition, as capsaicin may produce an analgesic effect, its impact on direct muscle force production and electromyographical outcomes is relevant. Currently, there are no previous data evaluating the influence of oral capsaicin on force production and neural responses during exercise. In addition, the electromyographical effects of capsaicin have only been evaluated for topical administration (Evans et al., 2021). In this study, topical capsaicin elicited significant changes in the motor unit recruitment pattern, which violated Henneman’s size principle in free-of-pain adults during voluntary trapezius and infraspinatus contractions (Evans et al., 2021). However, these neural responses have not been assessed during dynamic exercise after the ingestion of capsaicin, which makes it difficult to extrapolate this finding to sports performance. In addition, this issue must be highlighted because the neural strategies of the nervous system during exercise are reflected in force production during sports and in the induction of fatigue (Alix-Fages et al., 2022a). None of the previous studies has directly evaluated the effects of capsaicin on force production. Although this can be easily addressed with the use of a force platform (Piqueras-Sanchiz et al., 2021), the information obtained from this approach can be useful in determining whether this substance alters the amount, slope, or time of force production. On the other hand, the “desensitizer” effect of capsaicin on a sports task may lead to a higher degree of fatigue in the post-exercise window. Nevertheless, the effects of capsaicin on mechanical recovery outcomes have not been assessed yet (Jiménez-Martínez et al., 2022). This issue must be pointed out because an acute increase in fatigue could lead to a reduction in force production and sports performance during the subsequent training sessions or competitions (Pareja-Blanco et al., 2020b). Overall, the information about how capsaicin may modulate resistance training performance and fatigue, as well as the neural and mechanical mechanisms underlying these effects, is still lacking in current research studies.
Therefore, this study aims to examine the effects of two different doses of PC on fatigue and short-term mechanical responses, by measuring the isometric and dynamic performance, as well as neural activity, in CMJ and SQ exercises. For the first time, this study included the confluence of neural responses, dynamic and isometric exercise performances, and mechanical fatigue after capsaicinoid ingestion. It was hypothesized that PC may acutely increase velocity in the SQ exercise, neural excitability, and CMJ height. However, due to the improvements in performance, a higher degree of fatigue and a detrimental effect on recovery in post-test measurements were also expected.
MATERIALS AND METHODS
Experimental design
This study was conceived as a randomized, triple-blinded, crossover, placebo-controlled trial. Two weeks before the beginning of the study, the subjects were tested for anthropometrical measures (body mass and height), one-repetition maximum (1RM), and load–velocity relationship in SQ (see the Dynamic full-squat test section). Then, the subjects completed three experimental conditions, each one composed of a main session and a 24-h second session (post 24 h). The three experimental conditions were identical with the only difference in the supplement dose ingested. In addition, the subjects randomly ingested either a placebo (PLA) or a low (LD) or high (HD) dose of PC before the first weekly session. During the first weekly session, the subjects completed a SQ protocol that consisted of three sets of eight repetitions at 70% 1RM. Before (pre), immediately after (post), and 24 h after (post 24 h) the SQ protocol, a battery of tests was conducted to analyze the fatigue induced by each condition: CMJ, two SQ repetitions with 60% 1RM, and maximal isometric SQ at 90°, respectively. Since it is important to standardize temporalization to measure acute responses, the tests were conducted at the following time points: post-CMJ (1 min post-exercise), SQ with 60% 1RM (2 min post exercise), and isometric SQ (3 min post exercise). The electromyographical assessment of each session was recorded while the subjects were performing the SQ tests. The subjects performed each session at the same individual time of the day under stable environmental conditions (22°C–24°C and 55% humidity). The overall design of the study is depicted in Figure 1.
[image: Figure 1]FIGURE 1 | Timeline of the experimental protocol. PC, phenylcapsaicin; CMJ, countermovement jump; EMG, electromyography; 1RM, one-repetition maximum; S1/S2, session 1/2.
Subjects
Sample size calculation was performed using G*POWER software (Heinrich-Heine-Universität Düsseldorf, Germany) with an alpha value of 0.05. Statistical power was fixed at 0.80 and the effect size at 0.60. Based on the total volume in the SQ exercise of the previous research (de Freitas et al., 2018), at least 21 subjects were required for this study. Finally, 25 healthy men (age = 21.7 ± 3.7 years, body mass = 77.4 ± 9.1 kg, height = 176.7 ± 7.2 cm, 1RM in SQ = 125.6 ± 21.0 kg, and 1RM normalized to body mass = 1.64 ± 0.22) with at least 2 years of experience in resistance training (range = 2–5 years) were enrolled in this study. If the subjects suffered from any cardiovascular, muscular, neurological, and/or metabolic disorder, they were directly excluded. Once the subjects were informed about the aim of the study, procedures, and possible risks, the subjects freely signed the informed consent sheet. The present research was approved by the Local Research Ethics Committee of Junta de Andalucía (Code: 0513-N-22) in accordance with the tenets of the Declaration of Helsinki. Each condition was established under the safety ranges proposed by the European Food Safety Authority (EFSA) expert panel (Turck et al., 2019).
The subjects were asked not to ingest stimulants (e.g., caffeine) or other ergogenic aids prior to each session, not to perform strenuous physical activity, and not to modify their dietary intake 2 days before the tests. One of the researchers reminded the subjects to maintain their normal dietary intake and not to train 2 days before the weekly testing sessions with a text message to each one separately. During 3 weeks of the study, two subjects withdrew from the study, one of them due to injury and the other because of missing a session.
Procedures
Supplementation procedures
Supplements and placebo were prepared and packaged by a non-involved researcher in independent installations (Life Pro Nutrition industries, Madrid, Spain). To ensure triple blinding, each package was encoded with a number from one to three. The packages were not unblinded until a third-party researcher performed all the analyses. Packages and capsules were identical in appearance, color, and taste, and their content was only revealed after the independent researcher completed all the analyses. The capsule composition included the following: 1) PLA, a maltodextrin and excipient placebo with a red dye; 2) HD, 2.5 mg of PC (aXivite, Malmö, Sweden); and 3) LD, 0.625 mg of PC. Randomization and crossover were performed 2 weeks before the beginning of the study. To reduce possible bias, a third-party researcher assigned the subjects to each condition in the Research Randomizer website (www.randomizer.org). Each subject consumed one condition per week during the three total weeks of the study. PC doses or placebo was ingested 45 min prior to the first exercise session. Researchers encouraged the subjects to freely select a capsule from the daily assigned condition package. The capsules were taken with water under the supervision of at least one researcher. The randomized, counterbalanced, crossover sequences of each week of the study were eight HD, eight LD, and nine PLA in week 1; seven HD, 10 LD, and eight PLA in week 2; and 10 HD, seven LD, and eight PLA in week 3. This information was pooled after unblinding. The adverse effects were not reported for any of the supplementation conditions. Additionally, to ensure the absence of a maturation effect, order effect statistical analyses were also performed (Supplementary Tables S1–S3 of the Supplementary Material).
Electromyography
Before electromyography (EMG) recording, a researcher checked whether the subjects were properly shaved. Then, a black permanent marker was used to ensure consistency in the electrode position across conditions (Pareja-Blanco et al., 2020a). Surface EMG electrodes were placed over the vastus medialis (VM) and vastus lateralis (VL) of the right leg according to SENIAM criteria (Hermens et al., 2000) and the previous research of the field (Ortega-Becerra et al., 2021; Piqueras-Sanchiz et al., 2021). EMG signals were evaluated for 60% and 70% 1RM sets and isometric tests in both sessions. EMG signals were recorded continuously using a bipolar, parallel-bar surface electromyographic Wireless Trigno™ sensor (Delsys Inc., MA, United States) (r range = 0.92–0.99) (Poitras et al., 2019). Baseline noise was established at <5 µV peak-to-peak, and the sampling rate was 1926 Hz. The EMG system was set at an inter-electrode distance of 10 mm, common mode rejection ratio >80 dB, and bandwidth filter between 20 and 450 Hz ± 10% (Delsys Inc., MA, United States). Data were stored using EMGworks Acquisition software (Delsys Inc., MA, United States). For each measure, the median frequency (MDF) [ICC (95% CI): 0.95 (0.90–0.98) and CV: 5.3%] and root mean square (RMS) [ICC (95% CI): 0.95 (0.90–0.98) and CV: 7.4%] were individually calculated for VM and VL as excitatory muscle activity assessments and averaged for further analyses as described in the previous research (Kattla and Lowery, 2010; Piqueras-Sanchiz et al., 2021). All the outcomes measured were recorded for each repetition (over sliding windows of 500 ms with an overlap of 499 ms) and averaged for further analysis for dynamic and isometric tests. According to previous research, data were normalized under the daily maximal value of the first isometric signal (Piqueras-Sanchiz et al., 2021). Thus, EMG values were expressed as a percentage of the maximal daily value obtained (Hermens et al., 2000).
Resistance exercise protocol
Warm-up
A standardized warm-up was performed 30 min after capsule ingestion in the first session and immediately after the subjects arrived at the laboratory in the second session. All the subjects were inspected regarding EMG marks before the warm-up. The general warm-up consisted of 5 min of continuous running at 9 km·h−1. Then, a specific warm-up was conducted before each test. The specific warm-up consisted of three sets of 10 repetitions of bodyweight SQs followed by three progressive CMJs and two maximal CMJs. Then, three SQ sets of two repetitions with 40%, 50%, and 60% 1RM were performed before the main SQ test.
Countermovement jump test
The CMJ height was determined using an infrared timing system (OptoJump Next, Microgate, Bolzano, Italy) (r = 0.99) (Glatthorn et al., 2011). The subjects were instructed to perform CMJs with their arms akimbo during eccentric and concentric phases. Accordingly, the CMJ technique was established at approximately 90° of knee flexion, followed by a maximal vertical jump. For each attempt, the landing was required to be in an upright position without bending the knees until the movement was completed. For each measurement, the subjects were required to perform two attempts with an interval of 10 s, and the mean value was calculated for further analyses [ICC (95% CI): 0.99 (0.97–0.99) and CV: 1.9%] (Piqueras-Sanchiz et al., 2021). If the jump height difference was greater than 2 cm between trials, a third measurement was made, and the two nearest values were averaged.
Dynamic full-squat test
An initial test with increasing loads was performed before the start of the study for the individual calculation of the 1RM and load–velocity relationship in the full-SQ exercises (González-Badillo et al., 2017). A Smith machine with no counterweight mechanism was used (Multipower Fitness Line, Peroga, Murcia, Spain). The mean propulsive velocity (MPV) was directly measured for each repetition using a linear velocity transducer (T-Force System, Ergotech, Murcia, Spain) (r = 0.99) (Sánchez-Medina and González-Badillo, 2011) attached perpendicularly to the barbell (González-Badillo and Sánchez-Medina, 2010). Although all the subjects were experienced in all the tests performed, as they had participated in at least two previous studies where these mechanical variables were assessed in the previous 3 months, the initial session was also used as familiarization. Accordingly, all the subjects performed isometric and CMJ tests after the progressive loading test.
Regarding the progressive loading test, the initial load used was 30 kg, and it was progressively increased to 10 kg until it reached a mean propulsive velocity of 0.50 m s−1 or lower. Then, the load was gradually increased (2.5–5.0 kg) until the repetition could not be completed. Three repetitions were completed for light loads (≥1.00 m s−1), two for medium loads (1.00–0.80 m s−1), and one for the heaviest loads (≤0.80 m s−1). Rest periods were set at 3 minutes for light and medium loads and 5 min for heavy loads. The load–velocity relationship was calculated with the best repetition of each attempt (i.e., highest MPV) (Piqueras-Sanchiz et al., 2021).
For the dynamic full-SQ evaluation, two SQ repetitions with 60% 1RM were performed. SQ was performed using a Smith machine (Fitness Line, Peroga, Murcia, Spain) with the subjects starting from the upright position with their knees and hips fully extended, parallel feet and their stance approximately shoulder-width apart, and the barbell resting across the back at the level of the acromion. Each subject descended in a continuous motion, until the top of their thighs was below the horizontal plane and the posterior thighs and shanks making contact with each other (∼35°–40° knee flexion), and then immediately reversed the motion and rose back to the upright position. Unlike the eccentric phase that was performed at a controlled mean velocity (∼0.50–0.65 m s−1), the subjects were encouraged to always perform the concentric phase of SQ at the maximal intended velocity (Pareja-Blanco et al., 2014). The mean propulsive values of velocity were acquired using a linear velocity transducer (T-Force System, Ergotech, Murcia, Spain) attached perpendicularly to the barbell. The highest values of each variable were recorded for further analyses. Resting between sets was set at 2 min.
Isometric squat test
The maximal isometric SQ test was performed at 90° of the knee flexion position (180° = full extension) for elucidating the effects of PC on the maximal isometric force (MIF) [ICC (95% CI): 0.99 (0.97–0.99) and CV: 3.4%] and the maximal rate of force development (RFDmax) [ICC (95% CI): 0.94 (0.86–0.97) and CV: 13.8%] (Piqueras-Sanchiz et al., 2021; Martinopoulou et al., 2022). For this purpose, a Smith machine with customizable height supports was equipped with an 80 × 80 cm dynamometric platform (FP-500, Ergotech, Murcia, Spain). The subjects were instructed to push with their legs against the floor of the platform as hard as possible after the cue “ready, set, go!” The subjects were required to execute two 5-s attempts separated by 1 min of rest per test. The external forces of each attempt were collected at a sampling rate of 1,000 Hz and processed using a specific software (T-Force System, Ergotech, Murcia, Spain) (r = 0.99) (Sánchez-Medina and González-Badillo, 2011). For the RFDmax assessment, the maximum slope in the force–time curve in 20-ms time intervals was selected. Furthermore, as RFD data were represented for different discriminable time gaps, RFD was calculated for the 0–50, 0–100, 0–150, 0–200, and 0–400 ms intervals. RFD and MIF outcomes were both averaged for further analyses. MIF was presented as the percentage of change from the pre-values. The specific warm-up consisted of two submaximal attempts at 70% and 90% of the maximal perceived effort.
Full-squat protocol
The execution technique and setting have been described in the “Dynamic full-squat test” section. The SQ protocol consisted of three sets of eight repetitions with 70% 1RM with a 2-min rest period between sets. According to warm-up sets and individual load–velocity relationships, a 70% 1RM load was established daily for each subject. The MPV values for every repetition were recorded. The velocity loss (VLoss) induced within the set was calculated as the relative difference between the fastest repetition velocity and the last repetition velocity of each set (Sánchez-Medina and González-Badillo, 2011). The total volume load accumulated within the session was calculated using the following formula: absolute load lifted (kg) × total repetitions.
Statistical analysis
The normal distribution of the variables and homoscedasticity were tested using the Shapiro–Wilk and Levene’s tests, respectively (p >0.05). A two-way repeated measures analysis of variance (ANOVA) (condition × time) with the Bonferroni post hoc test was used to explore the effect of the interventions (LD, HD, and PLA) across time on the magnitude of each dependent variable and to address the presence of an order effect. A one-way repeated measures ANOVA was used to compare the total volume load. The Greenhouse–Geisser correction was applied when Mauchly’s sphericity test was significant (p ≤0.05). Statistical analyses were performed using the software package SPSS (IBM SPSS version 25.0, Chicago, IL, United States). Statistical significance was established at p ≤0.05. To assess the magnitude of the differences, partial eta-squared values (ƞp2) were derived from ANOVA and were interpreted as low (<0.04), moderate (0.04–0.13), and large (>0.13). Bonferroni post hoc comparisons were used to evaluate pairwise differences. The effect size of post hoc comparisons was calculated by means of Cohen’s d, which was interpreted as a low (<0.50), moderate (0.50–0.79), or large effect (>0.80) (Cohen, 1988).
RESULTS
Electromyography
The descriptive values and statistical comparisons for EMG outcomes are presented in Table 1. Two-way repeated measures ANOVAs did not reveal any condition × time interaction (p range <0.26–0.69). However, a significant time effect for RMS at 60% 1RM, MDF at isometric SQ, MDF at 60% 1RM, and MDF during the SQ protocol (p range <0.001–0.006) was observed. The post hoc Bonferroni test for time only revealed significant differences at 60% load RMS for 1/2 (p = 0.01; d = 1.11) and 2/3 (p = 0.006; d = 1.19) set comparisons.
TABLE 1 | Comparison of electromyographical responses to the three different supplementation conditions using two-way repeated measures analysis of variance.
[image: Table 1]Countermovement jump test
The two-way repeated measures ANOVA revealed significant condition × time interactions for CMJ height (p <0.01) and a significant condition main effect (p <0.001) (Table 3). Post hoc Bonferroni tests showed that HD attained a higher CMJ height than PLA (p <0.001; d = 0.72) and LD (p <0.001; d = 0.37).
Dynamic and isometric squat tests
Regarding the SQ test with 60% 1RM, the two-way repeated measures ANOVA did not reveal significant condition × time interactions (p range = 0.74–0.95). However, a significant time effect (p <0.001) and condition effect (p = 0.03) for MPV were observed (Table 3). Moreover, the two-way repeated measures ANOVA did not reveal significant condition × time interactions (p range = 0.09–0.89) or significant differences for time (p-range = 0.06–0.78) or condition effect (p range = 0.19–0.97) for any of the isometric outcomes (Table 2).
TABLE 2 | Comparison of isometric mechanical responses to the three supplementation conditions using two-way repeated measures analysis of variance.
[image: Table 2]Full-squat protocol
One-way repeated measures ANOVA reported no significant differences between conditions for total volume load (F = 1.09; p = 0.35). The two-way repeated measures ANOVA did not reveal significant condition × time interactions for any variable (p range = 0.12–0.98). However, it revealed significant time effects (p range = 0.001–0.008) for all the analyzed outcomes. Moreover, a significant condition effect was observed for 60% load (p = 0.03), MPVmean (p = 0.02), and VLoss (p = 0.04) (Table 3). The Bonferroni post hoc test revealed no significant differences for conditions (p range = 0.06–0.07). The post hoc Bonferroni test for time analyses revealed significant differences between sets 1 and 2 for all outcomes (p range <0.001 to 0.007; d range = 0.47–0.73). However, Bonferroni post hoc time analyses reported significant differences between sets 1 and 3 for MPV (p <0.001; d = 0.80). For comparisons between sets 2 and 3, all movement velocity outcomes reported significant time differences (p range <0.001 to 0.04; d range = 0.21–0.78). The one-way ANOVA for intra-set analysis revealed significant differences in repetitions 13, 15, 16, 17, 23, and 24 (p range = 0.03–0.04). The post hoc Bonferroni test reported significant differences between HD and PLA in repetition 23 (p = 0.01; d = 0.65) and for HD and LD in repetitions 15 (p = 0.008; d = 0.50) and 16 (p = 0.004; d = 0.46) (Figure 2).
TABLE 3 | Comparison of mechanical responses to the three supplementation conditions using two-way repeated measures analysis of variance and comparison of the descriptive total volume of the squat protocol between the three supplementation conditions using one-way repeated measures ANOVA.
[image: Table 3][image: Figure 2]FIGURE 2 | One-way repeated measures analysis of variance (ANOVA) of the intra-set comparisons of individual repetitions and repetitions across time for different supplementation conditions (PLA, HD, and LD). PLA, placebo; HD, high dose; LD, low dose (*pANOVA ≤0.05; #pBonferroni ≤0.05)
DISCUSSION
The objective of this study was to explore, for the first time, the neuromuscular and mechanical responses to a capsaicinoid supplement in dynamic and isometric exercises. The main findings of this research indicate that a LD or HD of PC does not modulate the electrical signals of quadriceps muscles compared to a PLA. However, the HD condition attained higher velocity values during the main SQ test than LD and PLA. Furthermore, the HD condition also exhibited higher CMJ values across time compared to PLA and LD. Supporting our initial hypothesis, PC may produce an ergogenic effect on SQ performance and may improve mechanical recovery outcomes (e.g., CMJ height and post-test lifting velocity). On the other hand, the initial hypothesis on a nervous system modulator effect was rejected according to the collected electrical signals. Therefore, a HD of PC supplementation may attenuate mechanical fatigue after a submaximal high-intensity session. These effects on fatigue outcomes may not be mediated by the traditional neural mechanisms proposed in the aforementioned literature (Jiménez-Martínez et al., 2022).
In the present study, changes in electrical signals were not detected for RMS or MDF between PLA and LD or HD. However, the protocol was effective, inducing fatigue due to the reduction in the intensity of electrical signals across the SQ sets. In this regard, an increase in RMS may be explained by a higher degree of motor unit recruitment, higher firing rates, or the recruitment of higher-threshold motor units when greater electrical outputs are needed (Bigland-Ritchie et al., 1986; Hunter et al., 2004). By contrast, lower MDF values are highly correlated with a decline in the force production from the fresh state due to impairments in the neural conduction velocity and discharge rates of motor units (Allison and Fujiwara, 2002). Thus, during and after high-intensity exercise, EMG can reflect the changes in neural strategies of the muscle related to the increment in the metabolic activity, hydrogen ion accumulation, and other physiological events inducing fatigue (Mendez-Villanueva et al., 2008). Contrary to the present findings, the previous research has documented that topical capsaicin administration may alter Henneman’s size principle (De Luca and Contessa, 2012), eliciting a greater number of motor units recruited in upper-limb isometric contractions (Evans et al., 2021). Nevertheless, the effects of an oral capsaicin supplement on electrical muscle signals have not been evaluated previously. In addition, although the mechanical performance was higher in the HD condition (i.e., lower velocity loss in all the sets), the null changes in electrical signals may be interpreted, bearing in mind that other physiological mechanisms may be presented in the ergogenic effect of PC supplementation (de Moura e Silva et al., 2021). Furthermore, if a direct neural mechanism would have appeared improving the neural output, HD may have attained higher RMS values during and in the post-squat window (Alix-Fages et al., 2022a), which suggests that PC does not provide an ergogenic effect on the acute recovery of the neural output. For this reason, PC may exert its main effects directly in the muscle junction upregulating the efflux of calcium channels and acetylcholine turnover without a direct effect on the neural raw output (de Moura e Silva et al., 2021).
Regarding mechanical outcomes, the present results have not displayed an ergogenic mechanical effect of PC on post hoc comparisons of velocity outcomes, although the CMJ height and intra-set lifting velocities were reported significant in the post hoc comparisons. However, as the velocity was higher in both HD and LD of PC, a plausible delaying effect on neuromuscular fatigue may have been presented (i.e., a lower velocity loss in all the sets and a higher CMJ height). Within this context, previous research has focused on the effects of capsaicin supplementation on strength endurance tasks performed until exhaustion (Jiménez-Martínez et al., 2022). For instance, a four sets at 70% 1RM until failure SQ protocol documented an ergogenic response to 12 mg of purified capsaicin in comparison to a placebo (de Freitas et al., 2018). In this study, the authors reported a higher number of repetitions until exhaustion and, consequently, a rise in the total mass lifted. However, the effects of capsaicin on mechanical fatigue were only approached by the inter-set analysis of the number of repetitions in the SQ exercise. Moreover, the effects of capsaicin on a non-exhaustive task after an SQ exercise have not been assessed previously (de Moura e Silva et al., 2021; Jiménez-Martínez et al., 2022). Accordingly, these aforementioned protocols may provide low applicability on the strength and conditioning or sports performance fields due to the high levels of fatigue induced (Pareja-Blanco et al., 2020b). Nevertheless, according to the current results and previous research, capsaicin may improve efforts performed close to muscular failure on account of the regulation of TRPV1 in the context of high degrees of metabolic fatigue during exercise (de Freitas et al., 2018; de Freitas et al., 2019), due to the responses of III and IV nerve afferent fibers (Taylor et al., 2016). For this reason, it could be hypothesized that the differences reported between the current study and the previous research may be explained by the fact that in the present study, the exercise volume was matched. This is corroborated by the growing gap reported between increasing MPVs in the intra-set analysis, where most of the significant differences were found in favor of the HD condition at the end of the last repetitions and mainly in the last set.
Concerning the influence of HD on mechanical recovery, the two dynamic indicators of fatigue (i.e., increasing MPV with 60% 1RM and CMJ height) exhibited higher values in the post-exercise window in favor of HD. According to the previous literature, SQ dynamic strength (Nuzzo et al., 2008) is highly correlated with the CMJ height (Bauer et al., 2019). Consequently, these effects on CMJ performance may have been mediated by the less mechanical fatigue accumulated according to the % of VLoss reported in the HD group. These findings are meaningful, as the reported improvements in the mechanical outcomes can be associated with a 2.5% enhancement of force production (Sánchez-Medina et al., 2017). Nonetheless, in both dynamic mechanical recovery variables, the post-24 h values returned close to the baseline, which suggests that this mechanical effect may be only considered during the first hours of the acute time course recovery window (Pareja-Blanco et al., 2019). Regarding isometric testing, as mentioned previously, the null effects of PC on MIF and RFD outcomes may be explained by the lower metabolic demands across the time required in isometric tasks (Wells et al., 2009). Accordingly, previous research did not report performance improvements from a low dose of capsaicin in knee-extension isokinetic exercises when the range of motion was restricted (Cross et al., 2020). Thus, PC’s TRPV1 activity may enhance resistance training during dynamic exercises but not in short-duration isometric tasks. Moreover, this rationale could also be the cause of the contrary results observed between dynamic fatigue and isometric fatigue in the present study, given that afferent III and IV nerve fibers mainly detect metabolic discomfort during exercise (Collins et al., 2018; Alix-Fages et al., 2022a). Within this context, exercise “perceived pain” could be explained as a manifestation of these nerve fiber firing, which is a biochemical target of PC supplementation, and leads to a lesser extent of efficiency in the neuromuscular junction, reducing (e.g., regulation of calcium overload) the velocity of crossbridge cycling, a mechanism directly involved in dynamic contractions (Collins et al., 2018; de Moura e Silva et al., 2021; Jiménez-Martínez et al., 2022). Additionally, the lack of a dose–response effect in most of the variables studied (i.e., isometric and electrical) may be explained by the existence of a threshold in TRPV1 peripheral activation, which is in line with the different doses of capsaicin employed in the previous literature (Jiménez-Martínez et al., 2022). In this sense, the current HD dose of PC may correspond to the most used evidenced ergogenic dose of capsaicin due to its near five-fold higher bioavailability (Turck et al., 2019; Framroze, 2022; Jiménez-Martínez et al., 2022; Jiménez-Martínez et al., 2023).
Collectively, an acute HD (i.e., 2.5 mg) of PC may reduce mechanical fatigue (i.e., higher CMJ height) after submaximal resistance exercise, as a consequence of a positive effect on the mechanical performance (i.e., higher MPV values and a lower % of VLoss) compared to LD and PLA. Therefore, PC may serve as a tool for reducing fatigue during high-volume resistance exercise workouts. Finally, a triple-blind, crossover, placebo-controlled design and the enrollment of trained subjects as described in previous research (de Freitas et al., 2018) were considered the important strengths of this current study. Nevertheless, some limitations may be remarkable. First, a nutritional follow-up of the subject’s diet and supplementation was not directly registered. Second, this study was conducted on trained men under laboratory conditions; for this reason, the present finding may be cautiously interpreted in other populations and environments. Moreover, bipolar surface EMG might not detect the contractile properties of the muscle in isolation. Accordingly, future research studies may add more accurate measures, such as high-density EMG, for the assessment of the neural effects of PC. Finally, the rate of perceived exertion or perceived pain was not evaluated in this study, which may be useful in future studies for the understanding of the sensitivity mechanisms underlying supplementation with capsaicin. On the other hand, it would be valuable to determine the impact of PC on protocols where exercise volumes were not matched. In addition, sets may be performed until exhaustion, and a force platform and linear transducer may be used.
CONCLUSION
Acute PC ingestion may be considered an ergogenic aid (2.5 mg) for dynamic resistance exercise sessions when more than one exercise is performed. Consistently, mechanical fatigue after a submaximal exercise may be delayed and attenuated by PC. In addition, further research studies must deeply examine the existence of neural mechanisms underlying the capsaicinoid ergogenic impact.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Local Research Ethics Committee of Junta de Andalucía (Code: 0513-N-22). The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
The study and methodology were conceived by PJ-M, FP-B, CA-F, and JC. JS-V, PC-D, CC-C, IA-I, and PJ-M were involved in data collection and treatment. The writing of the manuscript was carried out by PJ-M and CA-F. All authors contributed to the article and approved the submitted version.
FUNDING
This study was supported by aXichem who provided the scientific materials. However, the company was not involved in the study design, data collection, or data entry, and there were no restrictions on the analysis, writing, or publication.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2023.1215644/full#supplementary-material
REFERENCES
 Alix-Fages, C., Del Vecchio, A., Baz-Valle, E., Santos-Concejero, J., and Balsalobre-Fernández, C. (2022a). The role of the neural stimulus in regulating skeletal muscle hypertrophy. Eur. J. Appl. Physiol. 122, 1111–1128. doi:10.1007/s00421-022-04906-6
 Alix-Fages, C., Grgic, J., Jiménez-Martínez, P., Baz-Valle, E., and Balsalobre-Fernández, C. (2022b). Effects of mental fatigue on strength endurance: A systematic review and meta-analysis. Mot. Control 27, 442. doi:10.1123/mc.2022-0051
 Allison, G. T., and Fujiwara, T. (2002). The relationship between EMG median frequency and low frequency band amplitude changes at different levels of muscle capacity. Clin. Biomech. 17, 464–469. doi:10.1016/S0268-0033(02)00033-5
 Amann, M., Blain, G. M., Proctor, L. T., Sebranek, J. J., Pegelow, D. F., and Dempsey, J. A. (2011). Implications of group III and IV muscle afferents for high-intensity endurance exercise performance in humans. J. Physiology 59, 5299–5309. doi:10.1113/jphysiol.2011.213769
 Arora, V., Campbell, J. N., and Chung, M.-K. (2021). Fight fire with fire: Neurobiology of capsaicin-induced analgesia for chronic pain. Pharmacol. Ther. 220, 107743. doi:10.1016/j.pharmthera.2020.107743
 Baamonde, A., Lastra, A., Juarez, L., Hidalgo, A., and Menéndez, L. (2005). TRPV1 desensitisation and endogenous vanilloid involvement in the enhanced analgesia induced by capsaicin in inflamed tissues. Brain Res. Bull. 67, 476–481. doi:10.1016/j.brainresbull.2005.07.001
 Bauer, P., Sansone, P., Mitter, B., Makivic, B., Seitz, L. B., and Tschan, H. (2019). Acute effects of back squats on countermovement jump performance across multiple sets of a contrast training protocol in resistance-trained men. J. Strength Cond. Res. 33, 995–1000. doi:10.1519/JSC.0000000000002422
 Bigland-Ritchie, B. R., Dawson, N. J., Johansson, R. S., and Lippold, O. C. (1986). Reflex origin for the slowing of motoneurone firing rates in fatigue of human voluntary contractions. J. Physiology 379, 451–459. doi:10.1113/jphysiol.1986.sp016263
 Blain, G. M., Mangum, T. S., Sidhu, S. K., Weavil, J. C., Hureau, T. J., Jessop, J. E., et al. (2016). Group III/IV muscle afferents limit the intramuscular metabolic perturbation during whole body exercise in humans. J. Physiology 594, 5303–5315. doi:10.1113/JP272283
 Broxterman, R. M., Hureau, T. J., Layec, G., Morgan, D. E., Bledsoe, A. D., Jessop, J. E., et al. (2018). Influence of group III/IV muscle afferents on small muscle mass exercise performance: A bioenergetics perspective. J. Physiology 596, 2301–2314. doi:10.1113/JP275817
 Cohen, J. (1988). Statistical power analysis for the behavioral sciences. Hillsdale, N.J.Lawrence Erlbaum Associates. 
 Collins, B. W., Pearcey, G. E. P., Buckle, N. C. M., Power, K. E., and Button, D. C. (2018). Neuromuscular fatigue during repeated sprint exercise: Underlying physiology and methodological considerations. Appl. Physiol. Nutr. Metab. 43, 1166–1175. doi:10.1139/apnm-2018-0080
 Cross, B. L., Parker, D., Langan, S. P., and Grosicki, G. J. (2020). Effect of a commercially available low-dose capsaicin supplement on knee extensor contractile function. Int. J. Exerc. Sci. 7, 312–318.
 de Freitas, M. C., Cholewa, J. M., Freire, R. V., Carmo, B. A., Bottan, J., Bratfich, M., et al. (2018). Acute capsaicin supplementation improves resistance training performance in trained men. J. Strength Cond. Res. 32, 2227–2232. doi:10.1519/JSC.0000000000002109
 de Freitas, M. C., Cholewa, J. M., Panissa, V. L. G., Toloi, G. G., Netto, H. C., Zanini de Freitas, C., et al. (2019). Acute capsaicin supplementation improved resistance exercise performance performed after a high-intensity intermittent running in resistance-trained men. J. Strength Cond. Res. Publ. 36, 130–134. Ahead of Print. doi:10.1519/JSC.0000000000003431
 De Luca, C. J., and Contessa, P. (2012). Hierarchical control of motor units in voluntary contractions. J. Neurophysiology 107, 178–195. doi:10.1152/jn.00961.2010
 de Moura e Silva, V. E. L., Cholewa, J. M., Billaut, F., Jäger, R., de Freitas, M. C., Lira, F. S., et al. (2021). Capsaicinoid and capsinoids as an ergogenic aid: A systematic review and the potential mechanisms involved. Int. J. Sports Physiology Perform. 16, 464–473. doi:10.1123/ijspp.2020-0677
 Evans, V., Koh, R. G. L., Duarte, F. C. K., Linde, L., Amiri, M., and Kumbhare, D. (2021). A randomized double blinded placebo controlled study to evaluate motor unit abnormalities after experimentally induced sensitization using capsaicin. Sci. Rep. 11, 13793. doi:10.1038/s41598-021-93188-7
 Fattori, V., Hohmann, M., Rossaneis, A., Pinho-Ribeiro, F., and Verri, W. (2016). Capsaicin: Current understanding of its mechanisms and therapy of pain and other pre-clinical and clinical uses. Molecules 21, 844. doi:10.3390/molecules21070844
 Framroze, Z. (2022). Placebo controlled study to investigate the relationship between lowering serum zonulin levels and improved body weight composition using a daily oral dose of phenylcapsaicin. Int. J. Clin. Ski. 7, 1. 
 Glatthorn, J. F., Gouge, S., Nussbaumer, S., Stauffacher, S., Impellizzeri, F. M., and Maffiuletti, N. A. (2011). Validity and reliability of optojump photoelectric cells for estimating vertical jump height. J. Strength Cond. Res. 25, 556–560. doi:10.1519/JSC.0b013e3181ccb18d
 González-Badillo, J. J., and Sánchez-Medina, L. (2010). Movement velocity as a measure of loading intensity in resistance training. Int. J. Sports Med. 31, 347–352. doi:10.1055/s-0030-1248333
 González-Badillo, J. J., Yañez-García, J. M., Mora-Custodio, R., and Rodríguez-Rosell, D. (2017). Velocity loss as a variable for monitoring resistance exercise. Int. J. Sports Med. 38, 217–225. doi:10.1055/s-0042-120324
 Hayman, M., and Kam, P. C. A. (2008). Capsaicin: A review of its pharmacology and clinical applications. Curr. Anaesth. Crit. Care 19, 338–343. doi:10.1016/j.cacc.2008.07.003
 Hermens, H. J., Freriks, B., Disselhorst-Klug, C., and Rau, G. (2000). Development of recommendations for SEMG sensors and sensor placement procedures. J. Electromyogr. Kinesiol. 10, 361–374. doi:10.1016/S1050-6411(00)00027-4
 Hunter, S. K., Duchateau, J., and Enoka, R. M. (2004). Muscle fatigue and the mechanisms of task failure. Exerc. Sport Sci. Rev. 32, 44–49. doi:10.1097/00003677-200404000-00002
 Jiménez-Martínez, P., Alix-Fages, C., Janicijevic, D., Miras-Moreno, S., Chacón-Ventura, S., Martín-Olmedo, J. J., et al. (2023). Effects of phenylcapsaicin on aerobic capacity and physiological parameters in active young males: A randomized, triple-blinded, placebo-controlled, crossover trial. Front. Physiol. 14, 1190345. doi:10.3389/fphys.2023.1190345
 Jiménez-Martínez, P., Ramírez-Campillo, R., Flandez, J., Alix-Fages, C., Baz-Valle, E., and Colado, J. C. (2022). Effects of oral capsaicinoids and capsinoids supplementation on resistance and high intensity interval training: A systematic review of randomized controlled trials. J. Hum. Sport. Exer. 18 (2), 375–389. doi:10.14198/jhse.2023.182.09
 Kattla, S., and Lowery, M. M. (2010). Fatigue related changes in electromyographic coherence between synergistic hand muscles. Exp. Brain Res. 202, 89–99. doi:10.1007/s00221-009-2110-0
 Martinopoulou, K., Donti, O., Sands, W. A., Terzis, G., and Bogdanis, G. C. (2022). Evaluation of the isometric and dynamic rates of force development in multi-joint muscle actions. J. Hum. Kinet. 81, 135–148. doi:10.2478/hukin-2021-0130
 Mendez-Villanueva, A., Hamer, P., and Bishop, D. (2008). Fatigue in repeated-sprint exercise is related to muscle power factors and reduced neuromuscular activity. Eur. J. Appl. Physiol. 103, 411–419. doi:10.1007/s00421-008-0723-9
 Nuzzo, J. L., McBride, J. M., Cormie, P., and McCaulley, G. O. (2008). Relationship between countermovement jump performance and multijoint isometric and dynamic tests of strength. J. Strength Cond. Res. 22, 699–707. doi:10.1519/JSC.0b013e31816d5eda
 Okano, A. H., Fontes, E. B., Montenegro, R. A., Farinatti, P. de T. V., Cyrino, E. S., Li, L. M., et al. (2015). Brain stimulation modulates the autonomic nervous system, rating of perceived exertion and performance during maximal exercise. Br. J. Sports Med. 49, 1213–1218. doi:10.1136/bjsports-2012-091658
 Ortega-Becerra, M., Sánchez-Moreno, M., and Pareja-Blanco, F. (2021). Effects of cluster set configuration on mechanical performance and neuromuscular activity. J. Strength Cond. Res. 35, 310–317. doi:10.1519/JSC.0000000000003907
 Pareja-Blanco, F., Rodríguez-Rosell, D., Aagaard, P., Sánchez-Medina, L., Ribas-Serna, J., Mora-Custodio, R., et al. (2020b). Time course of recovery from resistance exercise with different set configurations. J. Strength Cond. Res. 34, 2867–2876. doi:10.1519/JSC.0000000000002756
 Pareja-Blanco, F., Alcazar, J., Sánchez-Valdepeñas, J., Cornejo-Daza, P. J., Piqueras-Sanchiz, F., Mora-Vela, R., et al. (2020a). Velocity loss as a critical variable determining the adaptations to strength training. Med. Sci. Sports Exerc. 52, 1752–1762. doi:10.1249/MSS.0000000000002295
 Pareja-Blanco, F., Rodríguez-Rosell, D., Sánchez-Medina, L., Gorostiaga, E., and González-Badillo, J. (2014). Effect of movement velocity during resistance training on neuromuscular performance. Int. J. Sports Med. 35, 916–924. doi:10.1055/s-0033-1363985
 Pareja-Blanco, F., Villalba-Fernández, A., Cornejo-Daza, P., Sánchez-Valdepeñas, J., and González-Badillo, J. (2019). Time course of recovery following resistance exercise with different loading magnitudes and velocity loss in the set. Sports 7, 59. doi:10.3390/sports7030059
 Piqueras-Sanchiz, F., Cornejo-Daza, P. J., Sánchez-Valdepeñas, J., Bachero-Mena, B., Sánchez-Moreno, M., Martín-Rodríguez, S., et al. (2021). Acute mechanical, neuromuscular, and metabolic responses to different set configurations in resistance training. J. Strength Cond. Res. Publ. 36, 2983–2991. Ahead of Print. doi:10.1519/JSC.0000000000004068
 Poitras, I., Bielmann, M., Campeau-Lecours, A., Mercier, C., Bouyer, L. J., and Roy, J.-S. (2019). Validity of wearable sensors at the shoulder joint: Combining wireless electromyography sensors and inertial measurement units to perform physical workplace assessments. Sensors 19, 1885. doi:10.3390/s19081885
 Sánchez-Medina, L., and González-Badillo, J. J. (2011). Velocity loss as an indicator of neuromuscular fatigue during resistance training. Med. Sci. Sports Exerc. 43, 1725–1734. doi:10.1249/MSS.0b013e318213f880
 Sánchez-Medina, L., Pallarés, J., Pérez, C., Morán-Navarro, R., and González-Badillo, J. (2017). Estimation of relative load from bar velocity in the full back squat exercise. Sports Med. Int. Open 01, E80–E88. –E88. doi:10.1055/s-0043-102933
 Sidhu, S. K., Weavil, J. C., Mangum, T. S., Jessop, J. E., Richardson, R. S., Morgan, D. E., et al. (2017). Group III/IV locomotor muscle afferents alter motor cortical and corticospinal excitability and promote central fatigue during cycling exercise. Clin. Neurophysiol. 128, 44–55. doi:10.1016/j.clinph.2016.10.008
 Taylor, J. L., Amann, M., Duchateau, J., Meeusen, R., and Rice, C. L. (2016). Neural contributions to muscle fatigue: From the brain to the muscle and back again. Med. Sci. Sports Exerc. 48, 2294–2306. doi:10.1249/MSS.0000000000000923
 Turck, D., Castenmiller, J., De Henauw, S., Hirsch-Ernst, K. I., Kearney, J., Maciuk, A., et al. (2019). Safety of phenylcapsaicin as a novel food pursuant to Regulation (EU) 2015/2283. EFS2 17, 1. doi:10.2903/j.efsa.2019.5718
 Wells, G. D., Selvadurai, H., and Tein, I. (2009). Bioenergetic provision of energy for muscular activity. Paediatr. Respir. Rev. 10, 83–90. doi:10.1016/j.prrv.2009.04.005
Conflict of interest: PJ-M and CA-F are scientific advisors of a sports supplement brand (Life Pro Nutrition).
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Jiménez-Martínez, Sánchez-Valdepeñas, Cornejo-Daza, Cano-Castillo, Asín-Izquierdo, Alix-Fages, Pareja-Blanco and Colado. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-14-1215644-t003.jpg
Condition ANOVA

PLA Condition Condition x time
“Total volume load (kg) 20801 £357.6 | 201463809 | 21017 £3529 | F=109p=035
60% load MPV (m:s™) | Pre 091 +0.07 093 £ 0.06 0.93 + 0.06 F=394;p =003 | F=soss; P <0001* | F =048 p=074
Post 0.77 + 0.09 0.80 + 0.08 0.81 £ 0.12 np? =019 np* =075 np’ = 0.03
Post24 | 089 %007 093 = 0.09 091 = 0.08 | [
MPVbest (ms™) Set 1 077 £ 0.04 078 £ 005 0.79  0.06 F=140;p =014 F = 6553 p <0001 | F=001p=090
Set 2 072 £ 0.04 l 072 £ 007 0.74 £ 007 np* = 0.09 | np* =073 [
Set3 070 £ 0.05 071 007 0.73 + 0,05
MPVmean (ms™) Set 1 0652001 | 066+007 0.68 + 0.07 F=4.14;p =002 | Foosa P <0001 P05 p=077
Set2 0.60 £ 0.05 0.60 £ 0.07 0.64 £ 0.08 np? =017 np* =083 np* = 0.02
Sees | 057+006 058 = 0.08 0.61 % 0.08 [ [ 7
VLoss (%) Set 1 294 +85 297 £ 109 266+ 94 F=373p=004 | F=543p=0008 | F=01Lp=098
Set 2 299118 309 102 266+ 117 np? = 0.14 npt =021 np* = 0.006
Set 3 342119 344122 298+ 109
CMJ height (cm) Pre 39.94 £ 9.63 40.15 £ 961 40.18 £ 9.88 F=97.10; p <0.001* | F =282 p =007 F =348 p = 001
Post 3292 +824 3313 £829 3473 £ 9.08 np* = 0.80 np* = 0.10 np* = 0.13
Post24 | 3907 £9.12 4002 £ 9.68 3971971 | [

Mean + standard deviation. PLA, placebo; HD, high dose; LD, low dose; MPV, mean propulsive velocity; VLoss, percentage of velocity loss during a set; MPVbest, the highest value of each set;
MPVmean, the mean value of all repetitions conducted in each set; CMJ, countermovement jump. * Significant difference (p <0.05).
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Mean  standard deviation. PLA, placebo; HD, high dose; LD, low dose; RMS, root mean square; MDF, median frequency; VL, vastus lateralis; VM, vastus medialis. Post, post-exercise measure;
post-24, 24 h post-exercise measure. Isometric: values obtained from the isometric squat test; 60% 1RM load: values obtained from two full-squat (SQ) repetitions against the 60% IRM load; SQ
protocol: values obtained from SQ protocol, i.e., from three SQ sets of eight repetitions with 70% 1RM load. * Significant difference (p <0.05).
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Set 3 2,6007 £ 13305 | 22605+ 1,0329 | 24505 + 12754
REDgz00 (Ns") | Set 1 24009 £ 13222 | 26973 £1219.1 | 24569 10521 | F=028p=076 | F=256p=010 | F=16%p=016
Set 2 2,384.1 £ 9185 21783 £ LIOLI | 1,9733 £ 12148 | np’ =002 np* = 0.15 np = 0.10
Set3 22953 £ 14307 | 2,067.3 £ 978.1 23618 + 12146
REDg_jo0 (N-s") | Set 1 17871 £ 9748 17649 + 898.6 17848 + 809.4 F=047p=062 | F=3%p=006 | F=027p=08
Set2 1,652.5 + 7720 14896 + 7339 15213 + 8539 np? = 0.03 np* =023 np? = 0.02
Set3 16318 £ 1,0451 | 16103 7739 16644 + 9120

Mean * standard deviation. PLA, placebo; HD, high dose; LD, low dose; MIF, maximal isometric force; REDmax, maximal rate of force development; REDy.., rate of force development from
the onset of force production to 50 ms; RFDy-0, ate of force development from the onset of force production to 100 ms; RED. 155, rate of force development from the onset of force production
o 150 e BEBL .o rate of lovoe development fom the onset of force production 10 200 e RFDG s sate of forcs: development fiom the cnset of forcs prodiuction o400 ms:
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